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RESUME

Les eaux usées des buanderies (EUB) constituent I'une des principales sources de contamination
de | 6envi ronnementéthpxglates (NPEO). haodégyatationm GurNeEO conduit a
la formation de sous-produits tels que le nonylphénol (NP), composé reconnu plus persistant que
|l e NPEO. Le NP est un perturbateur endocrinien, C
des perturbations de la faune aquatique (impacts sur la reproduction et la biodiversité) et constitue
de plus, méme a faibles doses, un risque pour la santé humaine. Cette étude explore la
dégradation simultanée du NPEO et de la demande chimique en oxygene (DCO) dans les eaux
usées industrielles issues des buanderies en utilisant deux systemes hybrides distincts. Ces
systemes comprennent l'ultrafiltration (UF) utilisé comme prétraitement, suivi soit de I'adsorption
(ADS) sur charbon actif modifié ou du traitement par électro-oxydation (EO). L'objectif principal
de cette recherche est d'améliorer la qualité des eaux usées traitées pour répondre aux normes
adaptées a la réutilisation des eaux usées des buanderies (EUB) dans les premiers cycles du
lavage du linge. Les concentrations résiduelles requises pour une réutilisation des EUB sont
respectivement de NPEO < 200 pg.L* et DCO <100 mg.L™,

La premiére partie des travaux s'est concentrée sur I'amélioration de la capacité d'adsorption du

charbon activé (CA) pour I'élimination du NPEO. Les objectifs incluent la préparation et la
caractérisation du charbon activé fonctionnalisé, ainsi que la comparaison de [efficacité
d'adsorption entre le charbon activé fonctionnalisé et non fonctionnalisé. Une série de tests visant

la fonctionnalisation du charbon actif a été effectuée : i) un traitement acide avec 10 % de HCl a

75 AC; ii) un traitement t;b&tene oxydatioredars 10990de HNOZ s o u s
a 75 °C. Les essais d'adsorption en mode cuvée (batch) ont montré que la meilleure efficacité
d'élimination a été obtenue avec du charbon activé traité thermiquement a 900 °C sous flux de

N2 (Pur). Les résultats ont montré que le traitement thermique a conduit & une augmentation de
21%l16 e n |  vde NREO4:7etde16%l6enl vement de | a DCO, compar af
actif non modifié. De plus, la capacité d'adsorption du NPEOs3.17 a été améliorée de 35 % grace

au traitement thermique. Par ailleurs, les échantillons de charbon activé modifié et non modifié

ont été caractérisés en termes de propriétés structurales, morphologiques et chimiques. Les

résultats ont montré que le traitement thermique du charbon actif sous flux de N» a conduit a
I'élimination de groupements fonctionnels de surface, en particulier les groupes oxygénés. Par
conséquent, le caractere hydrophile du charbon a été réduit. Ces observations sont en accord

avec | e fait guben dessous de | a concentration



s'adsorbent en tant que monomeres par leur partie hydrophobe sur une surface hydrophobe du

charbon activé.

Dans la deuxieme partie des travaux, le charbon actif modifié a été installé dans une colonne
déadsorption fonct i ondyramique pour I'élimondtion sindltangedu MREO o n

et DCO des eaux réelles de buanderies. Les eaux de buanderies ont été préalablement ultra-

filtrées (UF) et soumises au traitement subséquent par ADS (couplage UF-ADS). L'utilisation de

['ultrafiltration (UF) comme prétraitement a permis d'éliminer les solides et les colloides avant

l'adsorption. L'UF a conduit & une réduction des matiéres en suspension (MES) de 14 + 2 a 3.0

+ 1.3 mg.L? et de la turbidité de 110 + 1.4 a 1.8 + 0.9 UNT. De plus, la concentration de NPEO

et de DCO a diminué de 1095 + 50 pg.L* et 585 + 14 mg.L* dans les eaux usées de buanderie

enrichies a 533 + 78 pug.L? et 281 + 9 mg.L! dans le perméat, respectivement. Le perméat de

|l 6UF a ensuite ®t® trait® par adsorption dynamigqg
tenant compte de paramétres tels que le temps de rétention hydraulique (TRH), le rapport
hauteur/diam tre ( H/ D) de la colonne, et la ter
d 6 a d s o L'yilisatianm'un TRH de 9,6 min, débune temp®rature de | deau
de 20 AC et d'un ratio H/ D de 6,9 a permiaantddenr ec
jusqu'a 99 %. Dans ces conditions, 82 % de la DCO a été simultanément éliminée. Par la suite,

les performances épuratoires de la colonne de filtration-ADS (comprenant le charbon actif

modifié) ont été étudiées pendantuntemps de f onct i on rsepnrms (soitdBa)nvi r on
permettant ainsi de traiter 100 L d6EUB. Les conc
temps ont été en dessous de la limite de la concentration requise de NPEO (< 200 pg.L™) pour

une réutilisation des eaux dans les premiers cycles du lavage du linge. En ce qui concerne la

DCO, les concentrations résiduelles mesurées ont été en dessous de la limite de la concentration

requise (DCO <100 mg.L?) jusqud”™ ce que ursoitveoukil (vt a 63chtow | de 3
2,6 jours). La régénération du charbon activé modifié est nécessaire par la suite pour lui redonner

sacapacit® dbéadsorption initiale

La troisieme partie des travaux a consisté a concevoir et a optimiser le procédé d'électro-
oxydation (EO) entantque post-t r ai t ement des EUB (ul t-ogdatiom,t rati ol
configuration UF-EO). Divers facteurs tels que la concentration de Na>SO., la densité de courant,
le temps d'électrolyse et le type de cathode ont été étudiés a l'aide de la méthodologie de plan
factoriel pour évaluer leurs impacts sur la dégradation de la DCO, la consommation d'énergie et
|l es co%ts dobop®r antindamue.que legesnpsrd@lsctralyse ptésentedl'impact le

plus significatif, avec une influence de 77,4 % sur la dégradation du DCO. Les conditions

Vi



optimales du processus ont été déterminées, indiquant qu'en utilisant une cathode en graphite,
en appliguant une densité de courant de 15 mA-cm= avec 4 g-L* de Na;SQ,, et en mettant en
T uvr e mpsde tratement de 120 min, |l es co3%ts doo @@s,ebtusm?
tout en garantissant que I'eau traitée réponde aux normes de réutilisation. L'étude a également
exploré les effets de la concentration initiale de NPEO et du pH dans des conditions optimales.
Les résultats ont montré que le maintien de la concentration initiale de NPEO inférieure a 600
ug.L? est essentiel pour se conformer aux normes de rejets et de réutilisation des effluents.
L'efficacité d'élimination dans un environnement acide a surpassé celle dans un environnement

alcalin, avec une efficacité d'élimination de la DCO presque 10 % plus élevée a un pH de 3 par

pourr a

rapport a un pH de 11. Les résultats ont également démontré quele NP (sous-pr odui t déoxyda

du NPEO) est successivement d®gr ad®, ateignard ane t
dégradation de 94 % aprées 2 h de traitement.

Les obijectifs atteints tout au long de cette étude fournissent les bases d'une approche optimisée
pour le traitement des eaux usées industrielles de buanderies. Ces procédés constituent des
approches prometteuses pour la réutilisation potentielle des EUB. Cependant, des recherches

supplémentaires sont essentielles pour améliorer la rentabilité globale du procédé.

Mots-clés : adsorption, charbon activé modifié, conception expérimentale, décontamination de

I'eau, dégradation, eaux usées de buanderies, électro-oxydation, fonctionnalisation de surface,

nonylphénols éthoxylates, ultrfiltration, réutilisation
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ABSTRACT

Laundry wastewater (LWW) is one of the major sources of nonylphenol ethoxylate (NPEO) in
wastewater treatment plants. The degradation of NPEO, whether within treatment plants or the
natural environment, leads to the formation of the more persistent nonylphenol (NP). NP is
suspected to be an endocrine disruptor, meaning it is a substance that causes disturbances in
aqguatic fauna (impacting reproduction and biodiversity) and, even at very low doses, poses a risk
to human health. This study investigates the simultaneous degradation of NPEO and chemical
oxygen demand (COD) in industrial LWW using two distinct hybrid systems. These systems
involve ultrafiltration (UF) as a pre-treatment, followed by either adsorption (ADS) with modified
activated carbon or the electro-oxidation (EO) process. The main objective of this research is to
enhance the quality of treated LWW to meet standards suitable for reuse in the first washing
cycles. The residual concentrations required for LWW reuse are NPEO <200 pg.L* and COD are
<100 mg.L?

The first part of the work focused on improving the adsorption capacity of activated carbon (AC)
for the removal of NPEO. The objectives included the preparation and characterization of
functionalized activated carbon, as well as comparing the adsorption efficiency between
functionalized and non-functionalized activated carbon. A series of tests aimed at functionalizing
the activated carbon were conducted: i) acid treatment with 10% HCI at 75 °C; ii) thermal
treat ment atN;f®w, and g)Oxidatiordwith 10% HNO3 at 75 °C. The batch adsorption
process revealed that the highest removal efficiency was achieved using heat-treated activated
carbon at 9 0 LOflowe(Bur). Ulnedresults ddowed that heat treatment led to a 21%
increase in NPEQOs.17 removal and a 16% increase in COD removal, compared to unmodified
activated carbon. Thermal treatment contributed to a 35% increase in the adsorption capacity of
NPEOs.17. Additionally, samples of modified and unmodified activated carbon were characterized
in terms of structural, morphological, and chemical properties. The results showed that thermal
treatment of activated carbon under N: flow led to the removal of surface functional groups,
particularly oxygenated groups. Consequently, the hydrophilic nature of the carbon was reduced.
These observations are consistent with the fact that below the critical micelle concentration,
ethoxylated surfactants adsorb as monomers through their hydrophobic part on the hydrophobic

surface of activated carbon.

In the second part of the study, modified activated carbon was installed in an adsorption column

operating in continuous mode to simultaneously remove NPEO and COD from real laundry
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wastewater. The laundry wastewater was pre-filtered (UF) and then subjected to subsequent
treatment by ADS (UF-ADS coupling). The use of ultrafiltration (UF) as a pretreatment allowed
for the removal of solids and colloids before adsorption. UF led to a reduction in total suspended
solids (TSS) from 14 + 2 to 3.0 + 1.3 mg.L? and turbidity from 110 + 1.4 to 1.8 = 0.9 NTU.
Additionally, the concentration of NPEO and COD decreased from 1095 + 50 pg.L™* and 585 + 14
mg.L? in spiked laundry wastewater to 533 + 78 pg.L™* and 281 + 9 mg.L? in the permeate,
respectively. The UF permeate was then treated by dynamic adsorption. The process was
designed and optimized considering parameters such as hydraulic retention time (HRT), column
height-to-diameter ratio (H/D), and the temperature of the feed water. The use of an HRT of 9.6
min, a wastewater temperature feeding the column of 20°C, and a H/D ratio of 6.9 allowed removal
rates of NPEO of up to 99% to be recorded. Under these conditions, 82% of the COD was
simultaneously removed. Subsequently, the purification performance of the filtration-ADS column
(including modified activated carbon) was studied for an operating time of about 7 days (or 178
h), thus allowing treatment of 100 L of laundry wastewater. The residual concentrations measured
over time were below the required concentration limit for NPEO (< 200 pg.L?) for reuse of water
in the first laundry washing cycles. Regarding residual concentrations of COD, it should be noted
that the measured concentrations were below the required concentration limit (COD < 100 mg.L"
1) until a total volume of 34 L was collected (after 63 h or 2.6 days). However, regeneration of the

modified activated carbon is necessary thereafter to restore its initial adsorption capacity.

The third part of the work consisted of designing and optimizing the electro-oxidation (EQ) process
as a post-treatment of laundry wastewater (ultrafiltration followed by electro-oxidation, UF-EO
configuration). Various factors, such as Na.SO4 concentration, current density, electrolysis time,
and cathode type were investigated using factorial design methodology to assess their impacts
on COD degradation, energy consumption, and operational cost. Results indicated that
electrolysis time had the most significant impact, with a 77.4% influence on COD degradation.
Optimal process conditions were determined, indicating that utilizing a graphite cathode, applying
a current density of 15 mA-cm2 with 4 g-L* of Na,SO4, and implementing 120 min treatment time
could reduce operational costs to 3.65 USD-m™ while ensuring treated water met reuse
standards. The study also explored the effects of initial NPEO concentration and pH under optimal
conditions. It indicated that maintaining an initial NPEO concentration below 600 ug-L? is
essential to comply with effluent discharge and reuse standards. The removal efficiency in an
acidic environment surpassed that in an alkaline environment, with nearly 10% higher COD

removal efficiency at a pH of 3 compared to a pH of 11. The results also demonstrated that NP



(oxidation by-product of NPEO) is successfully degraded during the EO process, achieving a 94%

degradation after 2 h of treatment.

The objectives achieved throughout this study provide an overview of an optimized approach for
treating industrial laundry wastewater. These processes represent promising approaches for the
potential reuse of laundry wastewater. However, further research is essential to improve the

overall profitability of the process.

Keywords: adsorption, degradation, electro-oxidation, experimental design, laundry wastewater,
modified activated carbon, nonylphenol ethoxylates, reuse, surface functionalization,

ultrafiltration, water decontamination

Xi






TABLE DES MATIERES

REMERCIEMENTS ..ottt ettt e ettt e e et et e e e e et e e e e et e e e e eta e aeenenns i
RESUME ..ottt ettt ettt e et e et et et e e teeae et e et e et e e te e st et e et e eteaae et e eteeteaae et e nteateereenes \%
A B S T R A T ettt e et e ettt e et et et et e e et e e eaa e e eeaans IX
TABLE DES MATIERES ....cviitieieeecee ettt ettt ettt et eaeetesveaneeeteateateatesnaeeaesteareanens Xl
LISTE DES FIGURES. ... .ottt e e e e et e et e e e e e e e e neaaa s XIX
LISTE DES TABLEAUX ...ttt e e ettt e e e e e et e ettt e e e e e aeeennnes XX
LISTE DES EQUATIONS ..ottt ettt eaeeteata et e eaestesteeneeaeeaearnaneenes XXVII
LISTE DES ABREVIATIONS ......cooiitiiteieeeeeete ettt ettt ettt e atesveenaeaeeteatesneaneas XXIX
AVANT-PROPOS ...ttt e et e e e et e e e et e e e et e e e eeeans XXXIV
1 INTRODUGCTION. .. ettt e et e et et e e e e et e e e e et e e e e et e e aeeta e aeerenns 1
1.1 CONTEXTE : APERGU DES NONYLPHENOLS ETHOXYLATES (NPEO)......ccviiiiiiiiie e 3
1.1.1 Production, consommation et présence des NPEO dans l'environnement............c........... 3

112 Mécanisme de dégradation du NPEO ........cc.coiiiiiiiiiiiiiiie et 5

113 L'impact néfaste du NPEO €t AU NP .......coooiiiiiiiii e 8

1.2 REVUE DE LA LITTERATURE ....ccttttitiiee ittt r e n e s s en e e e s s st ba e e s e e e s e s snnrae s 9

1.2.1 Caractéristiques des eaux usées de buanderies et normes de réutilisation et des rejets 10

1.2.2 Traitement des eaux USEES de BUANUENE ..........eeiiiiiiiiiiiiiee e 14
1.3 PROBLEMATIQUE, HYPOTHESE, OBJECTIFS ET ORIGINALITE ....covtniiiiiieee et e e e et e e e e e e e e e e eean 32
131 [ 0] 0] (=T 4 F= L 1[0 [ 1= PR PPPRPRR 32
1.3.2 HYPOTNESES ...ttt e e e e e et e e et e e e 35
133 L0 =Tod 1] £ TP RP PRSP 39
134 OFIGINAIITE ...ttt e bt e e e sa b et e e e eab et e e e et e e e e nnbee e e eneee 40
1.4 METHODOLOGIE GENERALE ......ututttttttitttttatatetasabetessbsssssbebs s sb e s e s st s sttt s st e st s e bs s bnbsbnbnbnbnnes 40

1.4.1 Echantillonnage des EUB et préparation d'eaux usées de buanderie synthétiques et

enrichies40

1.4.2 Prétraitement par Ultrafiltration...............oooooiiiiiiiic e 41
143 Post-traitement par adSOMPLION..........oiuiiie e 42
1.4.4 MESUIE AU NPEO ....cii ittt e e e ettt e e e e e e s st e e e e e e s s snntnnaneeeeeeeannns a7
1.45 [ LTSI U =0 L= = 10 L SO PRER 48

2 MANAGEMENT OF GREYWATER: ENVIRONMENTAL IMPACT, TREATMENT,

RESOURCE RECOVERY, WATER RECYCLING, AND DECENTRALIZATION........c..cceeveen. 49
21 INTRODUGCTION ...ttt s s s s e e e ene e e snnnrnnnrnrnnnne 51
2.2 GREYWATER AND ITS CHARACTERISTICS .....uuttitiiiieeiieitiieier e s e s s st r e e e s s snnneeen e e s s s s snnnneeeeee s s 52
2.3 ENVIRONMENTAL IMPACTS AND HEALTH RISKS OF GREYWATER ....cctiiiiiiiiiriiiiiieeeieiinneeeee s s 57

Xiii



2.3.1 Yo = T To I ] - L | ST 61

2.3.2  Water resource and maring life..........ooiiiiiiiiiii e 62
233 HUMAN NBAITN ...t e e e e e e eee e e e e e anns 63
2.4 WHY DECENTRALIZED GREYWATER TREATMENT? ...eiiiitiieeeitteeessnteeeesstteeessteeeesssneesssseeesssnsneeesans 64
24.1 PrMAry tre@lMENT... ... et e e e e e 66
24.2 SECONAAIY FEAIMENT.......eiieiiiiie etttk e et e e st e e et e e e e anbeeeeeneee 67
2.4.3 (DTS 1= o 1o o PSPPSR 72
2.4.4 Combined treatment system (Multi-Stage ProCESSES) ....coovvuvrrrirrieeeiiiiiiiiereee e e s e ssreneeeeeens 75
25 GREYWATER TREATMENT AND DECENTRALIZATION ...iitiiie e 80
2.6 RESOURCE RECOVERY FROM GWV .....uititiiiiitititiiiiiiititatatatatatababababetsbsbsbsbsbsbsbsbsbsbsbsbsbsbsbsbsbsbssnsnsnnes 85
26.1 Ve L= g = Tod P g g P U1 T PP ERRPR 85
2.6.2 NULTTIENT FTECOVEIY ...ttt ettt skt e s e bt e e e et e s eeb e e e enbneeeeneee 89
2.6.3 ENEIQY FBCOVEIY ..ottt e e e bbbt se e be e b e e bebebenese s s nnnrarernnes 90
2.7 TECHNO-ECONOMICAL ASPECTS ....tttttetutsssussssssnsssnsssssnssssssssssssssssssssssssssssssssssssssssssssssssssssmsnnsnmnnnnns 91
2.8 CHALLENGES AND RECOMMENDATIONS .....ciiitie it ieieieeeieeeae e e e e a e e e e s e e e e e e s e s e s e s e s e aeaeaaanae s e aeaeaeaeaeaeaeens 95
2.9 (67e] N1 U] [0] F TR 99

3 GREYWATER CHARACTERISTICS, IMPACTS, TREATMENT, AND RECLAMATION

USING ADSORPTION PROCESSES TOWARDS THE CIRCULAR ECONOMY ..., 101
3.1 INTRODUGCTION ...tttttttttttttittsesesesesee stk s s s s e e s enbnenrnnns 104
3.2 GREYWATER AND ITS CHARACTERISTICS .. ittt it teee e et e e e e s e e n e a e e a e a e s e aeaa s e aaaeaeaeaeaeae e s 105

321 L )Y (or= I o T= L= Vg 0= 1= T 113
3.2.2 L4 g 1= o T Tor= LI 0T= 1= V0 0= (= P 113
3.2.3 =30 (ol [{ox= 1IN o T= 1= Ta 0= (=] £ TSP 114
3.3 PROBLEMS ...tttk s st n e b e bnnnn e 115
3.4 REUSING WATER AND CONTRIBUTION IN CIRCULAR ECONOMY ......uuuururtrurnrnrnrnnnnnnnrnnnrnrnnnrnrnnnrennnnnes 118
34.1 Characteristics Of reUSING WALET ........cooiiiiiiiiiiiie e 119
3.4.2 Contribution of reusing water in circular ECONOMY .........c.ceeiiiiiiiiiiiiee e 123
3.5  DIFFERENT METHODS OF SEPARATION ON THE SURFACE .......uuvtteiittreeeiitrreeesissreeessssseeessssseeesnnsnees 124
351 10N EXCHANGE......ccc e 125
3.5.2 AdSOIPLION ..o 126
3.6 REMOVAL OF POLLUTANTS ....tttutttututututatttasasasssasssssassssssssssssssssss s ssssssssssbsss s ssbs st s s s bs s s bsbsbsbnbnnes 162
3.6.1 YU = 1o - U | USSR 167
3.6.2 Chemical OXYgen DEMANG ..........ocuuiiiiiiiieee ittt ee e e e e sbaeeeeans 170
3.6.3 Y]] = 1SS 171
3.64 (D)= T TP TP PP R PP PPORPRPRPRPRPRPN 173
3.6.5 PROSPRNOIOUS ...t e e e e e e s bbbae e e e e e e e aans 174
3.6.6 N 1o To = o DO PP R TTOTPUPPPPRT 175

Xiv



3.6.7 (@ 11 1= T oT0] 2] 0T 10 o £ S S 176

3.7 TECHNO-ECONOMIC ASPECTS ..iuuiittiittieittiettetstaeetaett ettt ettt etaaesttaera ettt resaetaesstreranessneeesnseees 176
3.8 CHALLENGES AND PERSPECTIVES. ..ccuuutiiitteiettttieeesteeesetaeeesatnsessasasesetaessestsesesssseretseesssnnseseres 177
3.9 (OL] Nl I 1] NN 179

4 REMOVAL OF NONYLPHENOL ETHOXYLATE FROM LAUNDRY WASTEWATER

USING MODIFIED AND FUNCTIONALIZED ACTIVATED CARBON ......ccciiiiiiiieciii e 181
4.1 [N (0] 010 ey 1 (o] N TP PR PR PRPRPRPRPN 185
4.2 EXPERIMENTAL PROCEDURE .....uututututututttatstutetasstssasssssssssassssssssssssssssssssssssssssssssssssssssssssssnsnssnsnnns 188

4.2.1 = U= = PR PP U PPRPR 188
4.2.2 Functionalizing activated CarboNS............coiiiiiiiiiii e 189
4.2.3  AdSOIPUON PrOCEUAUIE ....coiiiieii ettt ettt et s et e s e b e e e e nbe e e e e eneee 190
4.2.4 INStruments and anNalYSIS .......coovveiiiiiii 192
4.3 RESULTS AND DISCUSSION .....uuuieteteteetttti e eeeeeeesteuaaseeeseeesssiaeeeaeseestnna s eaeseeesabanaeaeaeseesrnnnaeens 194
43.1 NPEO and COD FEMOVAL ......ciiiiiiiiiiiiiiiee ettt ettt a e e ebnbn e e e e e e e e anaes 194
4.3.2 Characteristic of functionalized activated carbon .............cccvveiiii e, 200
4.3.3  AdSOrption ISONEIMS ....coiiiiiiiiiii ettt e e 206
4.3.4  AdSOIPON KINELICS ...ttt nbe e e 211
4.3.5 Number of the adSOrption CYCIES ........c.eiiiiiiiiiii e 214
4.4 CONCLUSION . ..ottt e e e a e r e a e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e s e e e e e s e s e aaaeaeaaaeanaaanans 215

5 COUPLING ULTRAFILTRATION AND ADSORPTION WITH MODIFIED ACTIVATED
CARBON FOR THE TREATMENT OF NONYLPHENOL ETHOXYLATE-CONTAMINATED

LAUNDRY WASTEWATER. ...ttt e e et e e e e e e e e eeeas 217
51 INTRODUGCTION ...ttt ekttt s st s et e e s bnbnnen 220
5.2 MATERIALS AND METHODS ....ttuueteeettetttti e e e eeeeasteaaa s e e et eeetsbi s e e e aeeeeebaa e s eeeteeebaba s e eeaeeeenbnnnaeeeas 222

5.2.1 CREMICAIS ..ottt e e e e et e e e e e e s e abbe e e e eae s 222
5.2.2 Laundry wastewater sampling, preparing laundry wastewater NPEO-spiking and
(ol g T T Tt (= 1 Ao TP PRPT PP 222
523 Laundry wastewater pre-treatment using ultrafiltration ..............cccccvoieee i 223
5.2.4 Treatment of permeate coming from UF using the adsorption process ..........cc.cccovuueee.. 224
5.25 EXPErimental deSIGN.......cooiiiiiiiiie e 225
5.2.6 Breakthrough behaviour Of ADS PrOCESS........uuuuiuuiiiiiiiiirieirreirierrrerrierrierrierre————.. 226
5.2.7 INSrUMENt AN BNAIYSIS ....eeeiiiiiiiiee e e e e e e e e e 227
5.3 RESULTS AND DISCUSSION ....tuuieteeettettuti e eeteeeasbauaassaeeseeeassi s eeeaeseestasaasseeeaeeessbaa s e eeaeeeesrannaaeens 229

5.3.1 Contribution of the experiment parameters on the adsorption process using the factorial
(o LT o T 1 g =11 T o (o] (oo V2 PSPPSR 229
5.3.2 Effect of the experiment parameters on the adsorption process using Box-Behnken

(o LT o T g g =11 T o (o] (oo V2 PSPPSR 231

XV



5.3.3 Modelling of the breakthrough CUIVe............ccuiiiiiiii e 238
534 Effect of NPEO and COD CONCENLIALION ........vvvvvvrvvirirerirerererersrersrsrerersrsrsrererersr.—.. 246
5.4 (7o) N[0 I 1= [ ] N R 249

6 HYBRID PROCESS COMBINING ULTRAFILTRATION AND ELECTRO-OXIDATION FOR
COD AND NONYLPHENOL ETHOXYLATE REMOVAL FROM INDUSTRIAL LAUNDRY

WASTEWATER ...t e et e e ettt e e e e et e e e e aa e e e eeaaeas 250
6.1 INTRODUCTION ...eutietieteesteestte sttt esteesbeesbeestseeaeeebeesbeesbe e sheeaab e e s ke et e e ke e et e e eb et esb e e be e nbeenbeesaeennbeannis 253

6.2 MATERIALS AND METHODS ...uuttiuteeuteeteestesateeasaeeseesteesteesaeesasessbeanseebeesbeeassessseenbeenbeesbeesanesnnesnnes 257
6.2.1 CREIMICAIS ...ttt et e e et b et e e st e e e s st e e e e e anbreeeeaa 257

6.2.2 Laundry wastewater sampling and pre-treatment using ultrafiltration .................c.......... 257

6.2.3 L T=Tod 0] Y (o (=T (o o] Y= 11 ] o F PSR 258

6.2.4 EXPerimental PrOCEAUIE ..........vviieieieieeeieieteieteteieieeaeeeeeeeeeeeeeeeeeseeeseseeseesseesenenssnssnrnrnrnrnrnnes 260

6.2.5 Analytical MethOdS .........oovvviiiii 263

6.3 RESULTS AND DISCUSSION .....uuuuuturururerersrerersrsssrsssssssssssssssrsssssssssssssssssssrsssssssssrsrsrsrsrsssrsrsrsrsrsrnnes 264

6.3.1  Contribution of the experiment parameters on COD removal using the factorial design

(011 pTeTo (o] (o o | TP P PP UT PP PPPPPPRPPPPRPN 264
6.3.2 Effect of the experiment parameters on COD removal using Box-Behnken design
(011 pTeTo (o] (o o | TP P PP UT PP PPPPPPRPPPPRPN 266
6.3.3 Effect of initial NPEO and COD CONCENIratioN............ccveeirriiieiiiiie e 279
6.3.4 L= To o1 T T 1= N o o 282
6.3.5 NPEO degradation and by-product formation..................eeeeueveieimieieininreinieineein. 284
6.4 1070] (01U L= (0] OO PE PP PP PPPPPPRPPR 285
7 DISCUSSION GENERALE ET CONCLUSION ......ocoiiiiicieeeeeeceete e, 287

7.1 PREPARATION DE CHARBON ACTIF MODIFIE ET FONCTIONNALISE POUR AMELIORER
L'ELIMINATION DE NPEO . .ottt e et e e e e et e st e et e e et e e st e et e eenas 289

7.2 COUPLAGE UF ET ADS UTILISANT DU CHARBON ACTIF MODIFIE POUR LE TRAITEMENT DES EUB

CONTAMINEES PAR LE NPEO ...ttt ettt e e 290

7.3 COUPLAGE UF ET EO POUR LE TRAITEMENT DES EUB CONTAMINEES PAR LE NPEO.................... 291

7.4 ETUDE COMPARATIVE ENTRE LES PROCEDES UF-ADS ETUF-EO ....ccccooveviiiiiicceeee e, 292

7.5 LO70] [0 B L] [0 PO PP PP 294

7.6 RECOMMANDATIONS ....cetieteit ittt e e s ettt e e e e s e s et r e e e s e s b b et et e e e s e s ar et e e e e s e s b nraeeeeeesenae 296

8 REFERENCES BIBLIOGRAPHIQUES .........coiiteeieeeeeee ettt ve e, 298

9 ANNEXE | : DOCUMENT SUPPLEMENTAIRE DU CHAPITRE 4....coooovviiiieieeeee e, 331
10 ANNEXE Il: COMPARISON BETWEEN MODIFIED AND UNMODIFIED ACTIVATED

CARBON IN CONTINUQUS ADSORPTION ...t 332

11 ANNEXE IIl : DOCUMENT SUPPLEMENTAIRE DU CHAPITRE 5.....oooviviieieceer e 334

11.1 BREAKTHROUGH CURVE AND MODELLING ... .ceitttsuteasteesteesseesseesseeasenasseesseessesssessssessesssesssesssessens 334



0 O R = T = T o AN F= T Eo 4 Lo o [ 334

11.1.2  YOON-NEISON MOUEL......ceiiiiiiiiiiiiieie ettt 335
11.1.3  ThOMAS MOAEI ... .eeiiiiiiiiee ettt e e et e e s b e e e e 335
11.1.4  WOIDOISKa MOUEI ..o 336
N - 1 11T Lo [ PP P TP PP PPPPUPPPON 337
11.1.6  Clark MOGEI ..ot e et e e s b e e 337
0 1= | PP PP PPTP PPN 338
L1.3  FIGURE cetttiie ettt ettt ettt e e o4t e et e e et e e e e e e e e e e e e e er e e e s e 339
12 ANNEXE IV : DOCUMENT SUPPLEMENTAIRE DU CHAPITRE 6......ccovoveveiecieevreenen 342
A O o 16 /. I T PRSPPI 342
o 1= | PPN 343
L12.3  FIGURE ceeiiiiii ittt a e e a e 344

XVii






FIGURE 1-1

FIGURE 1-2

FIGURE 1-3

FIGURE 1-4

FIGURE 1-5
FIGURE 1-6
FIGURE 1-7

FIGURE 1-8
FIGURE 1-9

FIGURE 3-1

FIGURE 3-2

FIGURE 4-1

FIGURE 4-2

FIGURE 4-3

FIGURE 4-4

FIGURE 4-5

FIGURE 4-6

FIGURE 4-7

FIGURE 5-1
FIGURE 5-2
FIGURE 5-3
FIGURE 5-4

LISTE DES FIGURES

STRUCTURE MOLECULAIRE DU NONYLPHENOL (A GAUCHE) ET DE NONYLPHENOLS ETHOXYLATE
(A DROITE). ADAPTE DE PRIAC ET AL. (2017) «.uttiiieiiiiiee ettt 4

VOIES DE DEGRADATION DU NPEO. ADAPTE DE RENNER (1997) ...ccciiiiiiiiiiiiie e 6

CLASSIFICATION DES PROCEDES D'OXYDATION AVANCEE (POA). ABREVIATIONS UTILISEES : O3
OZONATION ; H202 PEROXYDE D'HYDROGENE ; UV RAYONNEMENT ULTRAVIOLET ; US ENERGIE

ULTRASONORE ; FE2* ION FERREUX. ADAPTE DE POYATOS ET AL. (2010). ....eeveiiveeiiiieiiieeeee. 25
SCHEMA EXPLICATIF DE L&@XYDATION DIRECTE ET INDIRECTE DES POLLUANTS LORS DE

LELECTROLYSE. ADAPTE DE CHIANG ET AL. (1995) ...iiiiiiiiiiiiiieee et e e stnnne e e e 27
INTERACTION ENTRE LA MOLECULE DE NPEO ET LA SURFACE DU CHARBON ACTIF .....ccoeeeeeeens 38
CONFIGURATION EXPERIMENTALE DE L'UNITE D'ADSORPTION EN FIOLES ERLENMEYER............ 44
CONFIGURATION EXPERIMENTALE DE L'UNITE D'ADSORPTION EN MODE D@PERATION DYNAMIQUE
.......................................................................................................................................... 45
CONFIGURATION EXPERIMENTALE DE L'UNITE D'ELECTRO-OXYDATION ......cuvvvvevrieininrnrnrnrnnnnnnns 47
DIAGRAMME DE LA METHODE D'EXTRACTION EN PHASE SOLIDE POUR L'ANALYSE DU NPEO ET DU
1N PR PRRPRR 48
ADSORPTION KINETIC MODELS IN THE DISCONTINUOUS BATCH SYSTEM....ccuvvuiiiiiiiniierinninnnenns 153
ADSORPTION KINETIC MODELS IN THE CONTINUOUS SYSTEM ..cevvvviiiiiieeeieeiiniinieeesseenninnnnnneens 157
TYPICAL FTIR SPECTRA OF (A) P, (B) PHT AND (C) PCLHTHN cteteiiiitiiiieee e 201

TYPICAL SEM IMAGES OF THE SAMPLES, (A) P NON-FIBER ZONE, (B) P FIBER ZONE, (C) Pt
NON-FIBER ZONE, (D) PHt FIBER ZONE, (E) PctHT,HN NON-FIBER ZONE, AND (F) PciHTHN FIBER
4] =P 203

TYPICAL TRANSMITTANCE SPECTRA OF P, PuTt, AND PciHT,HN SUSPENSION SAMPLES AFTER 24 H
SETTLEMENT TIME .tiitniiiieitt e et e et e et e e e e et e e et e e et e e st e e st e e ta e ea e e st e annessnnaetnsaeaneseteesnaaesnns 206

IMAGE OF THE P, Pxt, AND Pc HT,HN SUSPENSIONS IN DISTILLED WATER AFTER 24 H SETTLEMENT

ADSORPTION ISOTHERM OF A) NPEOs3.17 AND B) COD BY Pt (CONDITIONS: INITIAL NPEO3.17 =
971 +£93 uG.L L, INITIALCOD =573 55 MG.L1, T=20+2¢e OPH =7.0 £ 0.5, SHAKER SPEED
=150 RPM, TREATMENT TIME = 180 MIN) ...uuuuuuruuurnrernrninrnentnrnnnrnrnrnrnenrnnnnnrnnnnnnsssnnnnennnnnnnnnne 208

ADSORPTION KINETICS OF COD ON Pt (CONDITIONS: INITIAL COD =573 + 55 MG/L, T=20+ 2
e CPH =7.00.5, SHAKER SPEED = 150 RPM, TREATMENT TIME =48 H) .....cvvvvvivivenrnrnnnnnnns 212

EFFECT OF THE NUMBER OF ADSORPTION CYCLES ON THE COD REMOVAL ON PHt (CONDITIONS:
INITIAL NPEO3.17 =971 £ 93 pG.L1, INITIALCOD =573 55 MG.L1, T=20+2e CPH=7.0%
0.5, SHAKER SPEED = 150 RPM, TREATMENT TIME = 180 MIN)....utvrrieeeesiieirinreeeeeseennennneeeeens 215

CONTRIBUTIONS OF DIFFERENT FACTORS ON COD REMOVAL BY FD ....cviiiiiiiiiiiiiciiccii 231
COMPARISON BETWEEN EXPERIMENTAL AND PREDICTED VALUES FOR REMOVAL OF COD.....233
CONTOUR PLOTS OF THE COD REMOVAL A) HRT=5, B) HRT= 10, AND C) HRT=15 .......... 234

THE BREAKTHROUGH CURVE FOR NPEO3.17 UNDER OPTIMAL CONDITIONS (INITIAL
CONCENTRATION OF NPEO3.17 =534 + 78 uG.L 1, HRT=9.6 MIN, H/D=6.9, AND T=20+2¢ C)
........................................................................................................................................ 239

XiX



FIGURE 5-5

FIGURE 5-6

FIGURE 5-7

FIGURE 6-1

FIGURE 6-2

FIGURE 6-3

FIGURE 6-4

FIGURE 6-5

FIGURE 6-6

FIGURE 6-7

FIGURE 6-8

FIGURE 6-9

FIGURE 6-10

FIGURE 7-1

FIGURE 9-1
FIGURE 9-2
FIGURE 10-1

FIGURE 10-2

FIGURE 11-1
FIGURE 11-2
FIGURE 11-3

FIGURE 12-1
FIGURE 12-2

FIGURE 12-3

THE BREAKTHROUGH CURVE FOR COD UNDER OPTIMAL CONDITIONS (INITIAL CONCENTRATION

OF COD =281 + 9 MG.L%, HRT=9.6 MIN, H/D=6.9, AND T=20£2€ C.)ueeccvrrirrarrirainenne 241
EFFECT OF INITIAL CONCENTRATION OF NPEO3.17 ON EFFLUENT CONCENTRATION AT OPTIMAL
CONDITIONS (HRT=9.6 MIN, H/D=6.9, T=20£2€ C.)ocieeeiiiiiiririeeiee e s stiieeee e s sivnene e e 246
EFFECT OF INITIAL CONCENTRATION OF COD ON EFFLUENT CONCENTRATION IN OPTIMAL
CONDITIONS (HRT=9.6 MIN, H/D=6.9, T=20£2€ C.)ocieeeiiiiiiiiiiiee e s sitiieeeee e s sniineeeee e 248
SCHEMATIC DIAGRAM OF THE EXPERIMENTAL SET-UP OF THE ELECTRO-OXIDATION UNIT........ 260
CONTRIBUTIONS OF DIFFERENT FACTORS ON COD REMOVAL BY FD .....ccccviivieiiiiiieeeiiiieeene 266
COMPARISON BETWEEN EXPERIMENTAL AND PREDICTED VALUES FOR COD REMOVAL .......... 269

CONTOUR PLOTS OF THE COD REMOVAL FOR A PAIR OF BDD/GR ELECTRODES A) T=30 MIN, B)
T=75 MIN, C) T=120 MIN, D) J=6 MA.CM?, E) J=12 MA.CM?, F) J=18 MA.CM2, G) [NA2SO4]=1

G.L2, H) [NA2SO4]=3 G.L2, AND 1) [NA2SO4]=5 G.L L .oiiiiiiiee e 271
EFFECT OF THE INITIAL CONCENTRATION OF NA2SO4 ON THE OPERATING COST WITH BDD/GR
A) J=6 MA.CM2, B) J=12 MA.CM2, AND C) JZ18 MA.CMZ ...ttt 276

COD AND NPEO CONCENTRATION DURING THE EO PROCESS AND UNDER OPTIMAL CONDITIONS
(BDD/GR, [NA2SQ4] =4 G.L1, 3 =15 MA.CM2) OTHER CONDITIONS: [NPEO3-17Jo =341 + 8 uG.L"
1, [COD]0=239 = 6 MG.L2, INITIAL PHZO.6 ...ccoiviiiei ittt 279

EFFECT OF INITIAL CONCENTRATION OF NPEO ON EFFLUENT CONCENTRATION AT OPTIMAL
CONDITIONS (BDD/GR, [NA2SQ4]=4 G.L%, 3=15 MA.CM2, ELECTROLYSIS TIME=120 MIN) .... 280

EFFECT OF INITIAL CONCENTRATION OF COD ON EFFLUENT CONCENTRATION AT OPTIMAL
CONDITIONS (BDD/GR, [NA2SQ4]=4 G.L, 3=15 MA.CM2, ELECTROLYSIS TIME=120 MIN) .... 281

CHANGES IN SOLUTION PH DURING THE EO PROCESS (BDD/GR, [NA2SO4] =4 G.L1,1=15
MA.CM2, ELECTROLYSIS TIMEZ120 MIN) c.teteeiitieeeeiiieeeeiieeeeestreeessnireeessntneesssnnneeessnsneaesnnens 284

DEGRADATION OF NPEO3-17 AND NP IN SOLUTION DURING THE EO PROCESS UNDER OPTIMAL
CONDITIONS (BDD/GR, [NA2SO4] =4 G.L1, =15 MA.CM2, ELECTROLYSIS TIME= 120 MIN) 285

SCHEMA REPRESENTANT L'OBJECTIF GLOBAL ET LES OBJECTIFS SPECIFIQUES DE LA THESE

o ] = N =1 =P 288
EFFECT OF Put DOSE ON THE NPEO3-17 REMOVAL AND ADSORPTION CAPACITY ...uvvvvnivnnnnnn. 331
EFFECT OF Put DOSE ON THE COD REMOVAL AND ADSORPTION CAPACITY ..vvvviiineeiieeenneennn. 331
CONTINUOUS ADSORPTION OF NPEO OVER TIME USING MODIFIED AND UNMODIFIED ACTIVATED
(07N 21 =T N TP 332
CONTINUOUS ADSORPTION OF NPEO OVER TIME USING MODIFIED AND UNMODIFIED ACTIVATED
(07 =] =10 N 333
CONTOUR PLOTS OF THE COD REMOVALA) T=20¢e (B) T=35e CANDC) T=50¢ C......... 339
CONTOUR PLOTS OF THE COD REMOVAL A) H/D= 1.9, B) H/D=4.4, AND C) H/D=6.9.......... 340
3D SURFACE PLOT OF THE BBD FOR COD REMOVAL AS A FUNCTION OF HRT AND INITIAL
TEMPERATURE A) H/D=1.9, B) H/D=4.4, AND C) H/D=6.9.....cccoitiiiiiiiiiiiiiiee e 340
CONTOUR PLOTS OF THE COD REMOVAL FOR A PAIR OF BDD/CF ELECTRODES........ccccevvv.... 344

3D SURFACE PLOT OF THE BBD FOR COD REMOVAL AS A FUNCTION OF CURRENT DENSITY AND
ELECTROLYSIS TIME AT [NA2SO4] =5 G.L'1 A) BDD/GR B) BDD/CF-.........covviiiiiiciiiieien 345

EFFECT OF ELECTROLYTE CONCENTRATION (NA2SO4) ON OPERATING COST OF THE EO
PROCESS USING BDD/CF ...ttt ettt 345

XX



FIGURE 12-4

FIGURE 12-5

FIGURE 12-6

FIGURE 12-7

EFFECT OF INITIAL CONCENTRATION OF COD ON COD DEGRADATION (BDD/GR, [NA2SO4] = 4
Gl J 2 15 MALCM ™) ettt ettt ettt st e bbb e be e eab e e be e e sabe e nee e 346

EFFECT OF INITIAL PH ON NPEO DEGRADATION AT OPTIMAL CONDITIONS (BDD/GR,
[NA2SO4]=4 G.L1, 3=15 MA.CM2, ELECTROLYSIS TIME=120 MIN),[NPEO3-17]0 =341 + 8 uG.L*!

........................................................................................................................................ 346
EFFECT OF INITIAL PH ON COD REMOVAL AT OPTIMAL CONDITIONS (BDD/GR, [NA2S0O4]=4 G.L"
1,J=15 MA.CM2, ELECTROLYSIS TIME=120 MIN) ..eeeeiitreieeiitieeeeiitieeeesitreeeesirreeessssneeessnrneeeesns 347
DEGRADATION OF NPEO3.17 AND NP IN SOLUTION AFTER 120 MIN OF THE EO TREATMENT

UNDER OPTIMAL CONDITIONS (BDD/GR, [NA2SO4] =4 G.L'1, 1= 15 MA.CM?) ..vvivieee 347

XXi






TABLEAU 1.1
TABLEAU 1.2
TABLEAU 1.3
TABLEAU 1.4

TABLEAU 1.5

TABLEAU 1.6
TABLEAU 1.7
TABLEAU 1.8
TABLEAU 2.1

TABLEAU 2.2

TABLEAU 2.3
TABLEAU 2.4
TABLEAU 2.5

TABLEAU 2.6

TABLEAU 2.7
TABLEAU 2.8
TABLEAU 3.1
TABLEAU 3.2
TABLEAU 3.3
TABLEAU 3.4
TABLEAU 3.5
TABLEAU 3.6
TABLEAU 3.7
TABLEAU 3.8
TABLEAU 3.9
TABLEAU 4.1

TABLEAU 4.2

TABLEAU 4.3

TABLEAU 4.4

LISTE DES TABLEAUX

PROPRIETES DE CERTAINS NPEO ET NP ...uiii et 7
CARACTERISTIQUES DES EAUX USEES DE BUANDERIES ....cccceiiiitttrtireeeeesssinnrnneeeeeessesnsnsnnneeeees 11
NORMES DE REJET ET DE REUTILISATION DE L'EAU TRAITEE ..vvvvvrreeeesiiirnrreeeeeeessnsnnnneeeesessannns 13
QUELQUES CARACTERISTIQUES DES MEMBRANES A ENTRAINEMENT PAR PRESSION. ADAPTE DE
ABDEL-FATAH (2018) ET OBOTEY EZUGBE AND RATHILAL (2020) ....ovvvveieeeiiiiiiieieee e e e 18
RESUME DES ETUDES ANTERIEURES SUR LE TRAITEMENT DES EUB A L'AIDE D'UN PROCEDE

(o] 112 NSRS 29
CARACTERISTIQUES DES EUB ET EUB ENRICHIES .....uuuiiiiiiiciiieeeeeieeeeete et ee et eeeaaa e 41
CARACTERISTIQUES DE L'UF UTILISEE. ..uuuiiieeiieiitie i e e e e e s eeets s s e e e e ettt s e e e e e s eeatnnn e e e e e eeeannnanns 42
DIMENSIONS DES COLONNES D'ADSORPTION EN MODE D@&PERATION DYNAMIQUE ..........vvvvenins 45
CHARACTERISTICS OF GREY WASTEWATER FROM THE URBAN AND RURAL AREA.........cuvvvuunnnnns 54
IMPACTS AND HEALTH RISKS WHILE REJECTING UNTREATED GW INTO THE ENVIRONMENT OR
REUSING UNTREATED GW ... ittt ee ettt e e e e ettt s e e e e e e e et e s e e e e eeaaata e e eeaaeane 59
A SUMMARY OF MULTI-STAGE PROCESSES FOR TREATMENT OF GREYWATER .....cvvvveeeeeiiiennnnn. 76
SELECTED STUDIES ON THE DECENTRALIZED WASTEWATER TREATMENT SYSTEMS.......c..cc...... 81
OVERVIEW OF REGULATIONS AND GUIDELINES FOR WASTEWATER REUSE .....ccvvveeeeiiiiiiinneeeenn, 87
OVERVIEW OF REGULATIONS AND GUIDELINES FOR WASTEWATER REUSE (CONTINUED TABLEAU
205 ISR 88
TREATMENT COST OF TYPICAL GW DECENTRALIZED SYSTEMS ...ccoiiiiiiieieieie i 92
CHALLENGES ON UTILIZING DECENTRALIZED GREYWATER TREATMENT SYSTEMS......cuvvvvvvuennnn. 97
CHARACTERISTICS OF GREYWATER GENERATED FROM MIXED SOURCES AND LAUNDRY ......... 107
CHARACTERISTICS OF GREYWATER GENERATED FROM KITCHEN AND BATHROOM ...........vvvue. 110
GUIDELINES AND REGULATIONS FOR REUSE OF TREATED GREYWATER .....cvvvvvvvvvrininreisrninennns 121
ADSORBENTS APPLIED FOR THE TREATMENT OF GREYWATER ....cceiiviiiiiiiiiieieeeeeeeeeeeeeeeeeeeee 128
MODIFIED ADSORBENTS USED FOR THE TREATMENT OF GREYWATER......cuuiiiiiiieriiiiiiinnneennenns 138
ADSORPTION ISOTHERM MODELS.....uuittetetttttitiasseeeteestssisesesessssssnsssesesessssssnnaeeessseesmsns 147
ADSORPTION REACTION MODELS ..1tuuutteetttttttttiaeseeeteestssasesesessssssnsssesesessssssnnaeeesssessssnnnnens 155
THEORETICAL AND EMPIRICAL DIFFUSION-BASED MODELS......ccctvttiiiiieeeiereiriiinneeessennsnnnnnnenns 159

REMOVAL OF POLLUTANTS IN SYNTHETIC AND REAL GREYWATER BY ADSORPTION PROCESS.. 163
CHARACTERISTICS OF ACTIVATED CARBONS .. .cuuiiittiitiiiiieiiiieiinessieesaesstsstnsesanessteesnessnns 189

COD REMOVAL USING DIFFERENT ADSORBENT MATERIALS (P, HD AND F400) WITH OR WITHOUT
PRETREATMENT (CONDITIONS: INITIAL COD =573 + 55 MG.L1, T=20+2¢e CPH=7.0+0.5,
SHAKER SPEED = 150 RPM, TREATMENT TIME = 180 MIN) ..eeiiceviiiieieeeessieiieereeeeessesenenneneeeens 195

NPEO3-17 REMOVAL USING DIFFERENT ADSORBENT MATERIALS (P AND HD) WITH OR WITHOUT
PRETREATMENT (CONDITIONS: INITIAL NPEO3.17 =971+ 93 pG.L'1, T=20+2¢ CPH=7.0%
0.5, SHAKER SPEED = 150 RPM, TREATMENT TIME = 180 MIN).....uuetteaeiniiiiiiieieeaeaaniiieeeeeenns 197

SEM-EDS ELEMENTAL CONTENTS OF THE PROLINE® BEFORE AND AFTER MODIFICATION...... 204

XXiii



TABLEAU 4.5

TABLEAU 4.6

TABLEAU 4.7

TABLEAU 4.8

TABLEAU 5.1

TABLEAU 5.2
TABLEAU 5.3

TABLEAU 5.4

TABLEAU 5.5

TABLEAU 5.6
TABLEAU 5.7
TABLEAU 5.8

TABLEAU 5.9

TABLEAU 5.10

TABLEAU 5.11

TABLEAU 6.1

TABLEAU 6.2

TABLEAU 6.3

TABLEAU 6.4
TABLEAU 6.5
TABLEAU 6.6

TABLEAU 6.7

TABLEAU 11.1

TABLEAU 11.2

TEXTURAL CHARACTERISTICS OF THE PROLINE® BEFORE AND AFTER MODIFICATION. ............. 204

ISOTHERM MODELS AND PARAMETERS FOR NPEQO3.17 ADSORPTION ON PHT (CONDITIONS: INITIAL
NPEQO317=9714+93 uG.L1, T=20+2¢e OPH =7.0+ 0.5, SHAKER SPEED = 150 RPM,
TREATMENT TIME = 180 MIN) ... iutttiieeeeeesesiiieteeeeee et e snnteaeeeeeeesssssntnnaeeseessannsnsnnneasesssnnnsnnnnns 210

ISOTHERM MODELS AND PARAMETERS FOR COD ADSORPTION ON PHt (CONDITIONS: INITIAL
COD=573+55MG.L1, T=20+2¢ OPH=7.0+0.5, SHAKER SPEED = 150 RPM, TREATMENT
LY =i 1 1 Y 11N ) PR 211

KINETIC MODELS AND PARAMETERS FOR COD ADSORPTION ON Put (CONDITIONS: INITIAL COD
=573+55MG.LL, T=20+2¢ OPH=7.0%0.5, SHAKER SPEED = 150 RPM, TREATMENT TIME

e PRSPPI 214
CHARACTERISTICS OF LWW, SPIKED LWW AND STANDARD FOR REUSING RECLAIMED WATER

........................................................................................................................................ 223
CHARACTERISTICS OF UF USED IN THIS WORK ...tuuuiiieeeieeiiiiisieeesessasiiiaeseaeseessnnnnseessesssnsnnns 223
CHARACTERISTICS OF UF PERMEATE ..uuuuiiieiiiiettiiie s e e e s eeetttae s e e e e e s eaat s e e e e e s aestana s eessaeannnnnns 224

EXPERIMENTAL RANGE AND LEVELS OF INDEPENDENT PROCESS VARIABLES USING FD
Y (= 2 (0] n 0TI 0T c) 2P 226

EXPERIMENTAL FACTORIAL MATRIX IN A 23 DESIGN IN FD METHODOLOGY AND COMPARISON
BETWEEN OBSERVED AND PREDICTED VALUES ...uuiivtiiiiiiiiieeieiiteeeiiestesatseaniesanesstnsesnnessnns 230

BOX-BEHNKEN MATRIX AND COMPARISON BETWEEN OBSERVED AND PREDICTED VALUES...... 232
ANALYSIS OF VARIANCE (ANOVA), FIT SUMMARY RESULTS FOR COD REMOVAL................... 234
OPTIMUM OPERATING CONDITIONS 1..ivttiittntittieetteettieestessteestneranessteessessneestneessesstaersnesann. 238

PARAMETERS PREDICTED FROM THE BOHART-ADAMS AND WOLBORSKA MODELS AND MODEL
DEVIATIONS FOR NPEO3-17 ADSORPTION BY Prt AT OPTIMAL CONDITIONS (INITIAL
CONCENTRATION OF NPEO3.17 =534 + 78 nG.L 1, HRT=9.6 MIN, H/D=6.9, AND T=20+2¢ C)
........................................................................................................................................ 240

PARAMETERS PREDICTED FROM THE BOHART-ADAMS, YOON-NELSON, THOMAS, YAN, AND
CLARK MODELS AND MODEL DEVIATIONS FOR COD ADSORPTION BY MODIFIED ACTIVATED
CARBON (PHT) AT OPTIMAL CONDITIONS (INITIAL CONCENTRATION OF COD =281 + 9 MG.L%,

HRT=9.6 MIN, H/D=6.9, AND T=Z20 £ 2 € C.)..uuuuuuriiuriirrerruerrerrernrnenennnrnrsrnnnnnrnrnnnnnnsn. 243
COMPARISON BETWEEN THIS STUDY AND OTHER STUDIES ON BREAKTHROUGH MODELS FOR
(G101 B =] = /[0 17N 245
CHARACTERISTICS OF LWW, SLWW, UF-S PERMEATE AND GUIDELINE RECOMMENDED FOR
WATER REUSE IN THE INITIAL WASHING CYCLES. ..uuiiitniiiiiiiieeiiee e st e et eeae st ee e e saneseaneees 258
EXPERIMENTAL RANGE AND LEVELS OF INDEPENDENT PROCESS VARIABLES USING FD

Y 1= 12 0] 50 ]I 1720 261
THE EXPERIMENTAL FACTORIAL MATRIX IN A 24 DESIGN IN FD METHODOLOGY AND THE
RESPONSE VALUES ...uuittiitieteitete et et et e ea s et s ea e s e e ea s et s eaesansea s et s eaesansea e tnsebesansrnseanseneranns 265
BOX-BEHNKEN MATRIX AND RESPONSE VALUES ....cvutiitnieitieeieieieeeteesaesetseansesanesstnsesnnssenns 267
ANOVA RESULTS OF THE QUADRATIC MODEL FOR COD REMOVAL EFFICIENCY .......ccvvvvvnnnen. 270
OPTIMUM OPERATING CONDITIONS 1. ittuiittntitteettesiteestesstesssneesanesstneesnesstsstneesnesstaessnaessnns 278
FINAL CONCENTRATION OF COD AND NPEO, BY EXTENDING ELECTROLYSIS TIME ACCORDING
TO THE PSEUDO-ZERO-ORDER MODEL KINETIC .uuivutiituiiitniesteieieesniersnessseessessnesssnsersnessnns 282
DIMENSIONS OF FIXED-BED COLUMNS ...uitttiittiiiteettetiiessteesaesstesstnsesanesstnessnessnesstnsesnnessnns 338
ANOVA RESULTS OF THE LINEAR MODEL FOR COD REMOVAL ......iivuiiitiieiieeeiieeeieeiveeeaneeen 339

XXIV



TABLEAU 12.1  KINETIC MODELS AND PARAMETERS FOR NPEO AND COD OXIDATION IN OPTIMAL CONDITIONS
(BDD/GR, [NA2SO4]=4 G.L™1, 3=15 MA.CM2, ELECTROLYSIS TIME=120 MIN), OTHER
CONDITIONS: [NPEO3.17]0=341 + 8 uG.L%, [COD]0=239 + 6 MG.L L, INITIALPH=9.6.............. 343

TABLEAU 12.2  EFFECT OF INITIAL COD CONCENTRATION IN KINETIC MODELS FOR COD OXIDATION IN OPTIMAL
CONDITIONS (BDD/GR, [NA2SQ4]=4 G.L, 3=15 MA.CM2, ELECTROLYSIS TIME=120 MIN),
C0,1=239+ 6, Co2=302 + 13, C0,3=443+ 33, AND C04 =577+ 20 MG.L Y ......coctvrrririnnens 343

XXV






LISTE DES EQUATIONS

EQUATION 1.1 - PRINCIPALES REACTIONS DANS UNE CELLULE EC ....ocviviieeiieeteceecee ettt 15
EQUATION 1.2 - BILAN DE MASSE DANS L'ADSORPTION MODE BATCH ....c.veuveueiteereiteeteseseeeessisassssssesssssesessssssnens 23
EQUATION 1.3 - OXYDATION DIRECTE SUR LE PROCEDE EQ......coccviiiiieieiieeeeieetesteetestseteeie e ses st sesetesaesaneannns 27
EQUATION 1.4 - REACTION PARASITE DE FORMATION D@XYGENE .......ceveieeeaeeereiteereseeeeeessissssssssesssssesesssssaninns 28
EQUATION 1.5 - AGENTS OXYDANTS GENERES A LA SURFACE DE L'ANODE RESPONSABLES DE L'OXYDATION
1N =T o =S PP 28
EQUATION 2.1 - THE SODIUM ADSORPTION RATIO ... .veeeveteteeeeautateeeeaseseseseesesesseseeeseasesesessesnseeseseseseseseeesseaneens 61
EQUATION 3.1 - THERMODYNAMICS OF ADSORPTION .....evteuvtetteeeseeeeeeeseseeesesesesessesesesesessesnesesessesseesenesens 151
EQUATION 3.2 - THE PORE VOLUME AND SURFACE DIFFUSION MODEL (PVSDM) MODEL.........ccoveveeveveeerennne. 154
EQUATION 3.3 - THE PORE VOLUME AND SURFACE DIFFUSION MODEL (PVSDM) MODEL..........coveveeveeererennne. 157
EQUATION 4.1 - REMOVAL EFFICIENCY +.uvvteeteeeteeeeeseeseeseeeseeeseseasseesseeseesseesseseesseeseeeseeeseseseseseteeaeeseeseresines 191
EQUATION 5.1 - RESPONSE PREDICTION: LINEAR POLYNOMIAL MODEL BY 23 FACTORIAL DESIGN. ....veeevevvernnn. 229
EQUATION 5.2 - COD REMOVAL PREDICTION: A LINEAR POLYNOMIAL MODEL BY FACTORIAL DESIGN. .....ccvev.... 229
EQUATION 5.3 = PARETO ANALYSIS . .veteteteeeeeeseteeeeeseeeseeseeseeeseneeseeesseeseesseeeaeseeseeeseeeseeseneseresateeaeeesaeesereseaeas 230
EQUATION 5.4 - COD REMOVAL PREDICTION: A LINEAR POLYNOMIAL MODEL BY BBD......cooveioeieeeeeeeeeeeseeenn 233
EQUATION 5.4 - COD REMOVAL PREDICTION: A LINEAR POLYNOMIAL MODEL BY BBD......cooveieeeeeeeeeeeeeseean 233
EQUATION 5.5 - HYDRAULIC RETENTION TIME. ... uveuveueeeeeesseseesseseesseseesessessssesssssesesssesesssssssssssesssssesanesesseseens 236
EQUATION 6.1 - DIRECT OXIDATION ON THE EQ PROCESS ......ocovtveieieeeeeeeeeee e e eeee e e e ees e e e s e see e e 255
EQUATION 6.2 | REACTION AT CATHODE SURFACE ON THE EO PROCESS ......uviveieteeeeeeeeeeeeeeeeeeee e 256
EQUATION 6.3 - COD REMOVAL EFFICIENCY ......veueeeeeeeeeseeeeeeeeeeeeeeeeee e e e e e eeeeeeeeeeeeeeeeee e see e eeeeseeeeeseeeeeens 260
EQUATION 6.4 - ENERGY CONSUMPTION IN THE ELECTRO-OXIDATION PROCESS .......veveeeeeeeeeeeeeeeeeeseeees e, 260
EQUATION 6.5 - OPERATING COST IN THE ELECTRO-OXIDATION PROCESS........evveieeeeeeeeeeeeeseeseeeeeeeesseeeeseeeeens 261
EQUATION 6.6 - COD REMOVAL PREDICTION: A LINEAR POLYNOMIAL MODEL BY 24 FACTORIAL DESIGN............. 264
EQUATION 6.7 - COD REMOVAL PREDICTION: A QUADRATIC POLYNOMIAL MODEL BY BBD. .....veeovviieeeeeeeen 269
EQUATION 6.8 - THE SIDE REACTION IN THE EO PROCESS .....uvteeteeetteeeeeeeeeeeeeeeeeeeeeseeeseeseeeseeeeeeeaaeeesaeesneseneas 273
EQUATION 6.9 - PATHWAYS FOR SO4%S2052 ®FORMATION DURING EO WITH BDD IN THE PRESENCE OF SULFATE
1] PP PPPT PRSPPI 274
EQUATION 6.10 - HYDROGEN PEROXIDE GENERATION IN SITU FROM DISSOLVED OXYGEN BY USING THE CF
(071 11 00 P 277
EQUATION 6.11 - FORMATION OF HYDROPEROXYL RADICALS .....veveeeeeeeeeeeeeeeeeeeeeeeee e e e e ee e eeaeeeseeeeeeas 277
EQUATION 6.12 - FORMATION OF PERSULFATE USING NA2SO4 AS A SUPPORTING ELECTROLYTE ....cvveveeee... 283
EQUATION 6.13 - FORMATION OF HYDROGEN PEROXIDE THROUGH PERSULFATE HYDROLYSIS ....ovveveeveeeeenenn.. 283
EQUATION 11.1 - BOHART-ADAMS BREAKTHROUGH MODEL FOR Cr/C0 << L oo, 334
EQUATION 11.2 - BOHART-ADAMS BREAKTHROUGH MODEL ....v.eveeteeeeeeseeeeeeseeeeeeeeseeeseeeseesseseseeeeaessaessenesenens 334
EQUATION 11.3 - YOON-NELSON BREAKTHROUGH MODEL «...vveeveeeteeeeeeeeeeeeeeseeeeeeeeseeeseeseeeseseseeeeseeeseeeseneseneas 335

XXVii



EQUATION 11.4 - THOMAS BREAKTHROUGH MODEL ........cvvittiteseseeeseseeeeeseesesessessesasssesessssssssssssssssesanesesseseens 335

EQUATION 11.5 - GENERAL EQUATION FOR THE BREAKTHROUGH CURVE .....vveiveeeeeeteeeeeeseeeeeeeseeeeneaeeeeeneeenes 336
EQUATION 11.6 - WOLBORSKA BREAKTHROUGH MODEL .....vvtvteeveseteeeeese st eeee et eeeeeeeateaeseseeeeeesnesseeneseeeeeeneeeens 336
EQUATION 11.7 - WOLBORSKA BREAKTHROUGH MODEL WITH Ci << Ca AND Vit K< Vz.vveeeeeeeeeeeeeee e 336
EQUATION 11.8 - GENERAL EQUATION FOR THE BREAKTHROUGH CURVE (C1/Co << 1) w.vviuveeiieeeercveceecie e, 337
EQUATION 11.9 - YAN BREAKTHROUGH MODEL ... vtetuteteeeeeeeeeeeeeesteesteeaeeeeeeeaeseesseeseeeseesoeeseresaneeseeeseeseesines 337
EQUATION 11.10 - CLARCK BREAKTHROUGH MODEL .....vveeveetteeeeeeteesteeseeeseeeeseeseeeseeeseeseseseseseneeseeseesenesines 338
EQUATION 12.1 - THE ACTUAL EQUATION FOR COD REMOVAL BASED ON FACTORIAL DESIGN- GRAPHITE CATHODE
........................................................................................................................................ 342
EQUATION 12.2 - THE ACTUAL EQUATION FOR COD REMOVAL BASED ON FACTORIAL DESIGN- CARBON FELT
L0711 [ ] =N 342
EQUATION 12.3 - THE ACTUAL EQUATION FOR COD REMOVAL BASED ON BOX-BEHNKEN DESIGN- GRAPHITE
L0711 2 [ ] 5 =N 342

EQUATION 12.4 - THE ACTUAL EQUATION FOR COD REMOVAL BASED ON BOX-BEHNKEN DESIGN- CARBON FELT
(07X 112 [ ] 5 =S 342

XXViii



French
APE
AT
BET
BRM
CA
CMC
DBO
DCO
DDB
DER
EC
EO
EUB
FC
FTIR
H/D
LSS
MEB
MES
MF
MSR
Nb/DDB
NF
NP
NPEO
ol

OP
OPEO
PBB
PES
PF

LISTE DES ABREVIATIONS

Agence de protection de I'environnement
Azote total

Brunauer-Emmett-Teller

Bioréacteur a membrane

Charbon activé

Concentration micellaire critique
Demande biochimigue en oxygéne
Demande chimique en oxygéne
Diamant dopé au bore

Dispersion d'énergie des rayons X
Electrocoagulation

Electro-oxydation

Eaux usées des buanderies

Feutre de carbone

Transformée de Fourier infrarouge
Rapport hauteur/diamétre de la colonne
Lente sur sable

Microscopie électronique a balayage
Matiéres en suspension
Microfiltration

Méthodologie de surface de réponse
Niobium revétue de diamant dopé au bore
Nanofiltration

Nonylphénol

Nonylphénol éthoxylate

Osmose inverse

Octylphénol

Octylphénol éthoxylates

Plan Box-Behnken

Polyéther sulfone

Plan factoriel

XXIX



Pur
POA
PT
RBGS
RSS
STEP
STP
TRH

UF
English
A800
AC
ACc
AChn
ACur
ADS
adj-R?
AMPT PAN
ANOVA
AOPs
AOS
APEO
BBD
BDD
BJH
BOD
BzZC
CCD
CF
Ci4sHTAB
CMC
COD
CPC
CTAB
Ci4TAB

Charbon actif modifié

Procédés d'oxydation avancée

Phosphore total

Réacteur biologique a garnissage en suspension
Rapide sur sable

Stations d'épuration des eaux usées

Stations d'épuration conventionnelles

Temps de rétention hydraulique

Ultrafiltration

Algibon, derived from mesoporous alginic acid
Activated carbon

Modified activated carbon with hydrochloric acid
Functionalized activated carbon with nitric acid
Heat-treated activated carbon under Nz gas
Adsorption

Adjusted determination coefficient

Ammonium molybdophosphatei polyAcryloNitrile
Analysis of variance

Advanced oxidation processes

Alpha-olefin sulfonate

Alkylphenol ethoxylate, alkylphénols éthoxylates
Box Behnken design

Boron-doped diamond

Barrett-Joyner-Halenda

Biochemical oxygen demand

Benzalkonium chloride

Central Composite design

Carbon felt

14-Hydroxy-N,N,N-Trimethyletradecan1-Aminium Bromide

Critical micelle concentration
Chemical oxygen demand
Cetylpyridine chloride

Cetyl trimethyl ammonium bromide

N,N,N-Trimethyltetradecan-1-aminium bromide

XXX



CWWTP Centralized wastewater treatment plant

DGW Dark greywater

DGWTS Decentralized greywater treatment system
DO Dissolved oxygen

DOC Dissolved organic carbon

DOM Dissolved natural organic matter

DTAB Dodecyl trimethylammonium bromide
DWWTP Decentralized wastewater treatment plant
DWWTS Decentralized wastewater treatment system
EC Electrical conductivity

E. coli Escherichia coli

EDS Energy dispersive X-ray spectrometry
EMTM External mass transfer model

EO Electro-oxidation

EPA Environmental Protection agencies

F400 FILTRASORB® 400

FC Fecal coliform

FD Factorial design

FTIR Fourier transform infrared

GAC Granular activated carbons

Gr Graphite

GW Greywater

HAIX Hybrid anion exchange

HD HYDRODARCO® 3000

HDPCI Hexadecylpyridinium chloride

H/D Height-to-diameter ratio

HPC Heterotrophic plate count

HRT Hydraulic retention time

HSDM Homogeneous surface diffusion model

| Current density

LAS Linear alkylbenzene sulfonate
LECA Lightweight expanded clay

LGW Light greywater

LWW Laundry wastewater

MBAS Methylene blue active substances

XXXI



MBBR
MBR
MCM-41
MIEXs
MN100
MN200
MWCO
NF

NP
NPEO
nZvi
OoP
OPEO

Pur

RZ

PAC
POP
pred-R?
PVDM
PVSDM

RE
RMSE
RSF
RSM
S300
SAR
SDBS
SDM
SEM
SG
SRT
SSE
SSF

Moving bed biofilm reactor
Membrane bioreactor

Mobil composition of matter no. 4
Magnetic ion-exchange resins
Macronet E MN10O
Macronet E MN20O
Molecular weight cut-off
Nanofiltration

Nonylphenol

Nonylphenol ethoxylate

Nano zero-valent iron
Octhylphenol

Octhylphenol ethoxylate

ProLine®

Modified activated carbon
Coefficient of determination
Powder activated carbon
Persistent organic pollutant
Predicted determination coefficient
Pore volume diffusion model

Pore volume and surface diffusion model
Removal efficiency

Regeneration efficiency

Root mean squared error

Rapid sand filtration

Response surface methodology
Starbon, carbonaceous mesoporous polysaccharide-derived materials
Sodium adsorption ratio

Sodium dodecylbenzene sulfonate
Surface diffusion model

Scanning electron microscopy
Silica Gel

Sludge retention time

Sum of squared errors

Slow Sand Filtration

XXX



TAMR
TDS
TKN
TOC
TN

TP
TSS
TTFC
UF

uv
XOCs
Www
WWTS
WWTP
Greek
bCD-P
GO
pH
3

Thermophilic aerobic membrane reactor
Total dissolved solids

Total Kjeldahl nitrogen

Total organic carbon

Total nitrogen

Total phosphorous

Total suspended solid
Thermotolerant fecal coliforms
Ultrafiltration

Ultraviolet

Xenobiotic organic compounds
Wastewater

Wastewater treatment system
Wastewater treatment plant

b-Cyclodextrin polymer

Standard Gibbs free energy change
Standard enthalpy change
Standard entropy change

XXXiii



AVANT-PROPOS

Cette these est divisée en trois parties principales : Partie |, Partie Il et Partie 111

La Partie | comprend l'introduction générale (Chapitre 1) et deux autres chapitres (Chapitre 2 et

Chapitre 3) présentés respectivement sous forme de revue de littérature. Le chapitre 1 présente

le contexte, les défis et enjeux scientifiques liés a la gestion et au traitement des eaux usées de

buanderie, faisant ainsi ressortir les besoins en recherche dans ce domaine. Le Chapitre 1 se
termine par | a pr®sentation des objectifs et de |
des objectifs fixés dans le cadre de la présente these de doctorat. Le deuxieme chapitre (Chapitre

2) traite pour sapartdel 6 assaini ssement d®centralis® des eaux
ressour ces, incluant |l a r®cup®ration des eaux trai
eau de lavage (ou nettoyage), | edu de refroidissement ou comme eau de procédé, etc. Ce
Chapitre2afat®g al ement | 6obj et dobéun WatertSciente& Technolagyh s e pu
DOI 10.2166/wst.2022.226 : Khajvand et al. (2022). Management of greywater: environment

impact, treatment, resource recovery, water recycling, and decentralization. Le troisieme

chapitre (Chapitre 3) présente une revue de littérature exhaustive consacr ®e , débune pe
caractéristigues et impacts des eaux grises, et déoaut rpag op@d ®s dadadsor g
potentiellement utilisés pour le traitement et la réutilisation des eaux grises dans une perspective

d 6 ® ¢ oerciocutdire. Ce Chapitre3a f ai t | 6obj et dBnuinonmantatScientee publ i
and Pollution Research, DOI 10.1007/s11356-021-16480-z : Khajvand et al. (2021) Greywater
characteristics, impacts, treatment, and reclamation using adsorption processes toward

the circular economy.

La Partie Il, comprenant les Chapitres 4, 5 et 6, présente les résultats et leurs intégration sous la
forme d'articles scientifiques. Le Chapitre 4 aborde les objectifs #1 et #2, en discutant de la
modification et de la caractérisation du charbon actif pour éliminer la DCO et le NPEO des EUB.
Le Chapitre 4 de ce tr avai énslajoufnal Envirohntema $ciertce: d dun a
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1 INTRODUCTION

L'augmentati on des quantit®s d O dears ximpacts®®surduai r e

I'environnement, en particulier sur la faune aquatique et la santé humaine, agissent comme un
catalyseur incitant les entreprises a élargir leurs perspectives. Ceci améne les entreprises a
adopter des stratégies leur permettant de se conformer aux exigences législatives et a s'engager
dans des activités de gestion écologiquement responsables pour le traitement et la réutilisation
des eaux usées (Ciabattia et al., 2009). La réutilisation des eaux usées présente une solution
viable pour atténuer les codts globaux associés a la gestion de ces dernieres, étant donné son

potentiel a réduire le volume d'eau acheminé vers les stations de traitement (Tony et al., 2019).

Diverses catégories d'eaux usées, y compris municipales, pétrolieres, hospitalieres et de
buanderies, sont générées a la fois dans des contextes industriels et urbains. Par exemple, en
Italie, le secteur des buanderies consomme en moyenne 15 litres d'eau pour laver 1 kilogramme
de vétements et rejette quotidiennement une quantité substantielle de 400 000 litres d'eaux
usées(Ciabattia et al., 2009). La qualité des eaux usées de buanderies dépend de facteurs tels
gue la charge de linge, le volume d'eau utilisé et les types de détergents employés (Mozia et al.,
2020). Les eaux usées de buanderies (EUB) présentent une composition chimique complexe,
comprenant des graisses, des colorants, des matiéres en suspension, des sels, des matiéres
organiques, des surfactants, des solvants, des plastifiants, des émulsifiants, et méme des
pathogenes (Khajvand et al., 2022). Parmi ces éléments, les surfactants se démarquent en tant
gue polluants spécifiques dans les EUB, ayant des impacts a la fois a court et a long terme sur
la vie marine. De nombreux détergents, en raison de leur résistance a une dégradation facile et
de leur accumulation dans les organismes vivants, sont considérés comme des polluants
toxiques. De plus, les surfactants modifient les caractéristiques du sol et compromettent la vie

végétale (Tony et al., 2019).

Le nonylphénol éthoxylate (NPEO), un surfactant non ionique polyvalent, est largement utilisé
dans les désinfectants, les agents de nettoyage, les détergents, les peintures et les savons (De
La Fuente et al., 2010; Soares et al., 2008). En raison de leur application répandue, des quantités
substantielles de NPEO sont introduites dans les stations d'épuration des eaux usées (STEP),
ou ils subissent une biotransformation, formant du nonylphénol et ses éthoxylates a chaines
courtes, a savoir les éthoxylates de mono- et di-nonylphénol (Priac et al., 2017). Des recherches

indiquent que les effluents des STEP sont une des sources majeures de la présence de ces



contami nant s dan ¢Brunnreehal, 1L988) Komerirteln 2006; Sabik et al., 2004;
Soares et al., 2008).

La rédaction de la présence de nonylphénols éthoxylates dans les effluents provenant des zones
résidentielles et industrielles est crucial en raison de leurs répercussions potentielles sur la santé
humaine et la vie aquatique. Des efforts considérables ont été déployés ces derniéres années
pour leur élimination (Drogui et al., 2012). Le traitement des eaux usées provenant des
buanderies nécessite des systémes complexes souvent composés de plusieurs étapes en vue
de répondre aux normes de réutilisation (Ciabattia et al., 2009; HealthNSW, 2000; Lade &
Gbagba, 2018; Mostafazadeh et al., 2019). Les méthodes physico-chimiques conventionnelles
telles que la coagulation, la floculation, la filtration et la sédimentation sont couramment utilisées
en tant que prétraitement (Kumari & Kumar, 2023; Patifio et al., 2018). Cependant, ces méthodes
demeurent insuffisantes pour éliminer les substances réfractaires et non biodégradables. La
combinaison de ces techniques avec d'autres procédés tels que la filtration membranaire
(Camacho-Munoz et al., 2012; Li et al., 2000; Mostafazadeh et al., 2019), I'adsorption (Akbari
Benghar et al., 2021; de Araujo et al., 2022; Fan et al., 2011; Li et al., 2020; Liu et al., 2006; Murai
et al., 2006; Yuan et al., 2008) et les procédés d'oxydation avancée (Barrera et al., 2021; da Silva
et al., 2015; De La Fuente et al., 2010; Gao et al., 2021; Ji et al., 2022; Sivri et al., 2020) améliore
la qualité des effluents, les rendant propices a la réutilisation (Garcia-Segura et al., 2018).
Néanmoins, chaque approche est sujette a ses propres limites. Le choix de I'approche la plus
appropriée pour le traitement des eaux usées dépend de nombreux facteurs tels que la qualité
de l'affluent, la qualité attendue de l'effluent, le contexte social et réglementaire, I'empreinte
environnementale, le colt du trait e me n t et |l a consommation d
viable a I'échelle industrielle, un processus de traitement doit étre efficace, économique et
respectueux de l'environnement. Ces exigences restreignent la capacité de la majorité des

procédés a étre appliqués commercialement (Siyal et al., 2020).

En se basant sur les considérations susmentionnées, cette recherche vise a améliorer la qualité
des eaux usées de buanderies traitées en éliminant efficacement le NPEOs.17 et la demande
chimigue en oxygéne (DCO) pour se conformer aux normes de réutilisation dans les cycles de
lavage du linge (NPEO < 200 pg.L?, DCO <100 mg.L* et MES <10 mg.L?) (Mostafazadeh et al.,
2019). La présente étude se concentre sur l'utilisation d'un processus de traitement séquentiel
qui implique l'ultrafiltration en tant que prétraitement suivi, soit de I'adsorption en lit fixe avec du

charbon actif modifié, soit de I'électro-oxydation en tant que post-traitement. Le charbon actif

®ner g
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simultanément le NPEOs.17 et la DCO des eaux usées de buanderies. De plus, les procédés
d'adsorption (ADS) et d'électro-oxydation (EQO) sont concus et optimisés en utilisant la
méthodologie de surface de réponse (MSR). Des expériences ultérieures sont menées dans des
conditions optimales pour évaluer l'impact des concentrations initiales de NPEO et de DCO sur

I'efficacité globale du processus de traitement.

1.1 Contexte : apercu des nonylphénols éthoxylates (NPEO)

Les surfactants des alkylphénols éthoxylates (APEOS) sont des molécules synthétiques qui,
malgré leur colt élevé, sont utilisées dans une grande variété de domaines et de produits tels
gue les agents de lavage, les pesticides, les industries textiles et de cuir, etc. Cela est di a leurs
divers et substantiels roles : ils peuvent nhotamment agir en tant que détergents, émulsifiants,
dispersants, ou solubilisants (Priac et al., 2017). Environ 80 % des APEQOs sont représentés par
les nonylphénols éthoxylates, et | e r est ectylpherol éthaxylates (OPEO®R. dBdune
des principales applications de ces produits chimiques est la production de détergents. Les eaux
usées de lavage contiennent principalement ces composés considérés comme des perturbateurs
endocriniens. Les NPEO et OPEO sont instables dans I'environnement, et en raison de leur
utilisation, de leur rejet et de leur biodégradation, le nonylphénol (NP) et I'octylphénol (OP)
émergent. Ces derniers sont reconnus comme des perturbateurs endocriniens. Le NP et 'OP
sont devenus une préoccupation environnementale mondiale en raison de leur aptitude a se
transporter sur de longues distances, de leur persistance dans les environnements naturels, et
de leur tendance a la bioaccumulation dans les tissus gras des organismes. lls sont également
toxigues pour les organismes aquatiques, méme si les concentrations sont relativement faibles
(Bhandari et al., 2021; Siyal et al., 2020). Bien que moins toxiques que le NP, les NPEOs

demeurent hautement toxiques pour les organismes marins.

1.1.1 Production, consommation et présence des NPEO dans I'environnement

La production de NPEO implique la réaction du NP avec I'oxyde d'éthyléne dans des conditions
basiques. Ce processus est régi par le rapport molaire de NP a 'oxyde d'éthyléne, qui détermine
le degré d'éthoxylation. Dans cette réaction, le NP sert d'ancre hydrophobe, et des molécules
d'oxyde d'éthyléne sont ajoutées a sa structure, conférant des caractéristiques hydrophiles. Les
conditions basiques, généralement obtenues en utilisant des catalyseurs alcalins facilitent le

processus d'éthoxylation (EPA, 2010). La Figure 1-1 présente la structure moléculaire générale



du NP et du NPEO, ou n est le nombre moyen de moles d'oxyde d'éthylene par mole de

nonylphénol et varie de 1 a 100 (Priac et al., 2017).

OH
CyHyg —QO—&CHszHQ—O—)EH
X

CgHyg

Figure 1-1 Structure moléculaire du nonylphénol (a gauche) et de
nonylphénols éthoxylate (a droite). Adapté de Priac et al. (2017)

La production annuelle mondiale de NPEO était estimée a environ 500 000 tonnes en 1995.

Soixante pour cent de cette production finissaient en dernier lieu dans I'environnement aquatique

(Renner, 1997; Solé et al., 2000). Aux Etats-Unis, la consommation de NPEO est significative.

Elle se situant en 2002 entre 122 000 et 168 000 tonnes (EPA, 2010).D6apr s | a base de
obtenue par Environnement Canada, le Canada a rapporté une utilisation estimée de 18 000

tonnes de NP et de NPEO en 1998 (Government of Canada, 2022). En Chine, la production de

NPEO était d'environ 50 000 tonnes en 2006, dont la plupart a envahi I'environnement aquatique

(Xu et al., 2006). L'Union européenne a rapporté une production annuelle de 118 000 tonnes en

1997 (European Chemicals Bureau, 2002), tandis que le Japon en a produit 34 600 tonnes en

1998 (Ken-ichi Miyamoto, 2001).

De nombreux autres pays, y compris la Chine, I'Inde et plusieurs pays d'’Amérique du Sud
continuent d'utiliser et de produire des composés de nonylphénol en grandes quantités, et sans
aucune prise de mesures en vue d 6 ®| i oui rédeire leur utilisation. Les nonylphénols
éthoxylates ont été progressivement remplacés par d'autres surfactants sur la plupart des
marchés européens, canadiens et japonais, principalement par des éthoxylates d'alcool. Ces
surfactants sont moins efficaces mais considérés comme plus sirs pour I'environnement du fait

de leur aptitude a se dégrader plus facilement (Soares et al., 2008).

Le NPEO et ses produits de dégradation (par exemple, le NP) ne sont pas produits naturellement.
Leur pr®sence dans | ' envi r o'activiéerhemaihe. Le IRefle NREQ e | e
péneétrent principalement dans I'environnement par le biais des effluents (liquides et boues) des

stations d'épuration des eaux usées industrielles et municipales, mais aussi par déversement



direct, comme lors de l'application de pesticides (Ying et al., 2002). Le NP et le NPEO ont été
identifiés dans divers compartiments environnementaux, notamment les eaux de surface, les
eaux souterraines, les boues des stations d'épuration des eaux usées, les sédiments, le sol, l'air,
et méme l'eau potable (Ahel et al., 1994a; Ahel et al., 1994b; Ahel et al., 1996; Petrovic et al.,
2002; Shao et al., 2005; Venkatesan & Halden, 2013; Vikelsge et al., 2002).

1.1.2 Mécanisme de dégradation du NPEO

Plusieurs études se sont spécifiquement penchées sur la biodégradation du NPEO. Ces multiples
recherches ont mis en évidence que des composés présentant une plus grande résistance a la
dégradation par rapport au composé d'origine sont produits. La biodégradation des NPEO dans
les stations d'épuration conventionnelles débute généralement par un raccourcissement de la
chaine éthoxylate, conduisant a des NPEOs a chaine courte contenant une ou deux unités
d'éthoxylate (Ying et al., 2002). Ensuite, les NPE avec des chaines plus courtes se dégradent en
NP. Des recherches sur la dégradation du NPEO en conditions anaérobies indiquent que le NP
est le principal produit de dégradation; il ne subit pas de transformation ultérieure et est fortement
adsorbé sur les solides des boues (Schroder, 2001; Soares, 2005). Le NP a également été
observé dans des environnements bien aérés initialement contaminés par des nonylphénols
éthoxylates (Corsi et al., 2003; Koh et al., 2005). Une transformation ultérieure se produit par
I'oxydation de la chaine d'éthoxylée, produisant principalement une série de carboxylates d'éther,
incluant l'acide nonylphénoxy acétique et l'acide éthoxy nonylphénoxy acétique (Ying et al.,
2002). La Figure 1-2 illustre les voies impliquées dans la dégradation du NPEO.
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Figure 1-2 Voies de dégradation du NPEO. Adapté de Renner (1997)

La demi-vie des NPEO peut varier en fonction de la longueur de la chaine, de la concentration
initiale de NPEO, des conditions environnementales, de l'activité microbienne, de la présence
d'autres contaminants, de I'exposition aux rayons de soleil et de la présence de facteurs de
dégradation (Brooke & Thursby, 2005; Ying et al., 2002). Certaines études ont été réalisées sur
la dégradation des NPEO et de leurs métabolites dans I'eau de riviére, I'eau de mer, les sédiments
ainsi que le sol et elles révelent une large gamme de taux de dégradation (Ekelund et al., 1993;
Lu et al.,, 2008; Rudling & Solyom, 1974; U.K.EnvironmentAgency, 1997). Le Tableau 1.1

présente la demi-vie et certaines propriétés des NPEO et du NP.



Tableau 1.1 Propriétés de certains NPEO et NP

o Formule Poids moléculaire Solubilité dans Demi-vie
Abréviation o CMC[g.L
moléculaire [g.mol?] Il *eau (7 9% [jour]
NP C1sH240 220 0,00512 35d-58e-150f
NPEO: C17H2802 264 0,0030° 479-119
NPEO: C19H32203 308 0,0034° 28h
NPEOg¢ C33Hs0010 617 0,042¢ 3

a (Brix et al., 2001) b(Ahel & Giger, 1993) ¢ (Calvo et al., 2009)

d (Staples et al., 2001) dans les boues d'une station d'épuration avec un systeme aérobie.

¢ (Ekelund et al., 1993) dans I'eau de mer.

f(U.K. Environment Agency, 1997) dans l'eau de surface.

9 (Ken-ichi Miyamoto, 2001) dans l'eau traitée. Lademi-vi e ®t ait de 47 jours

h(Rudling & Solyom, 1974) dans les boues activées d'une station d'épuration des eaux usées avec un

syst me a®robie © 20 eC.

P (Lu et al., 2008) dans les boues d'épuration d'une station d'épuration des eaux usées avec un systeme

anaérobie

Les molécules de surfactants peuvent se dissoudre dans I'eau sous forme de monomeres,
s'adsorber a une interface, ou étre incorporées avec d'autres molécules de surfactants pour
former une micelle. La concentration a partir de laquelle on observe la formation de micelles est
appelée la concentration micellaire critique (CMC) (Tran, 2009). La formation de micelles a partir
de molécules amphiphiles est influencée par le ratio entre les tailles des composants
hydrophobes et hydrophiles au sein de la molécule. Si la partie hydrophobe I'emporte
significativement sur la partie hydrophile, dépassant la concentration au-dela de la solubilité des
monomeres (molécules individuelles), cela conduit & une séparation de phase au lieu de la
formation de micelles. Brix et al. (2001) ont calculé la CMC du NP en réalisant une extrapolation
linéaire sur le graphique du log(CMC) par rapport a la tension superficielle. Leurs résultats
suggérent une CMC probable pour le NP proche de 6x10'° mol.L?, soit environ 13 mg.L™. Cette

valeur est presque trois fois la solubilité observée du NP dans I'eau (5,1 mg.L?). De plus, elle



dépasse le seuil de concentration ou une séparation de phase visuelle est évidente. Ceci confirme

la conclusion que le NP ne subit pas de formation de micelles (Brix et al., 2001).

De plus, les valeurs de CMC pour le NPEO; et le NPEO n'ont pas été trouvées car ceux-ci sont
identifiés comme insolubles dans I'eau. En revanche, les oligoméres supérieurs (éthoxylate >5)
sont solubles dans I'eau ou hydrophiles (Priac et al., 2017). Par conséquent, la CMC du NPEO;
ou du NPEO; est probablement proche de la CMC du NP (6 x 10° mol.L?), en se basant sur la
relation établie entre les valeurs de CMC et la longueur moléculaire des NPEO (Hou et al., 2006).

1.1.3 L'impact néfaste du NPEO et du NP

Les effets des nonylphénols éthoxylates et du nonylphénol sur I'environnement sont
préoccupants, avec des impacts documentés sur les écosystémes aquatiques et des menaces
potentielles pour la santé humaine. Giger et al., 1984 ont établi que les nonylphénols éthoxylates
et leurs produits de dégradation étaient plus toxiques pour la vie aquatique que leurs précurseurs.
Par la suite, Soto et al., 1991 ont observé de maniére fortuite que le NP était capable d'induire la
prolifération des cellules tumorales du sein. Le nonylphénol a été identifi€ comme une substance
capabl e doi mhatuelle 171b-estradiolreatrant en compétition pour le site de liaison
du r®cepteur de I(daBisaetah, 015 kiu et &.t2006;eSbares et al., 2008).
Des effets nuisibles du NP sur les systémes reproducteur, immunitaire et nerveux central ont été
observés chez diverses espéces, notamment les poissons, les rats, les oiseaux et les humains,
pouvant entrainer des anomalies chez les embryons et les futures générations (Ho & Watanabe,
2017). De plus, des études sur la cancérogenése ont suggéré une corrélation entre I'exposition
au NP et un risque accru de cancer de la prostate chez les hommes (Forte et al., 2016). Le
nonylphénol a prouvé son interférence avec les systémes de régulation cellulaire par plusieurs
mécanismes, notamment en induisant une toxicité respiratoire, en affectant le transport du
calcium, en inhibant la croissance des cellules souches neurales, en augmentant la prolifération
des cellules de la glande mammaire, en altérant la cinétique du cycle cellulaire, et en produisant

des associations télomériques et des aberrations chromosomiques (Soares et al., 2008).

L'exposition principale de 'homme au NP a lieu suite a la consommation d'aliments contaminés
et d'eau potable, car le NP des contenants en plastique et les emballages peut se dissoudre dans
ces sources. Des voies suppl ®mentaires d' expositi
produits de soins personnels et des détergents. La présence de NP a été dépistée dans le lait
maternel, le sang et I'urine humains (Priac et al., 2017). Depuis lI'année 2000, le NP et ses

éthoxylates ont été désignés comme des substances dangereuses prioritaires selon la Directive



2000/60/CE (Directive2000/60/EC, 2000) établie par le Parlement européen et le Conseil. Des
restrictions de commercialisation et d'utilisation du NP et des NPEO ont été mises en place en
vertu de la Directive 2003/53/CE (Directive2003/53/EC, 2003), avec des réglementations
spécifiques sur la concentration de NP dans les eaux de surface détaillées dans la Directive
2008/105/CE (Directive2008/105/EC, 2008). En conséquence, le niveau annuel moyen de NP ne
doit pas dépasser 0,3 pg.L? dans les eaux de surface (Directive2008/105/EC, 2008).
Reconnaissant les risques potentiels associés au NP, |'Agence pour la protection de
I'environnement des Etats-Unis (EPA) a formulé des lignes directrices pour la qualité de I'eau
ambiante préconisant que les concentrations de NP dans I'eau douce restent en dessous de 6,6
€g.L* et dans I'eau salée soient maintenues en dessous de 1,7 €g.L ™ (EPA, 2005). De plus, les
directives canadiennes pour la qualité de I'eau recommandent que les concentrations de NP ne
dépassent pas 1,0 ug.L? dans les eaux douces et 0,7 ug.L* dans les eaux marines (Environment
Canada, 2001). La Ville de Québec a établi des normes pour le rejet des eaux usées industrielles
dans | 6 ®g out et dndaine sihsi qua elans | 6 ®gpoluuv i al et . lepur s d ¢
concentrations en NP et NPEO devraient étre inférieures a 120 et 200 £g.L* pour le rejet dans
| 6®gout detm2ett120galLe pour un rejet dans un cours d'eau, respectivement (Ville
de Quebec, 2019).

1.2 Revue de la littérature

Sabeen et al., 2018 rapporte qu'environ la moitié des eaux de surface sont polluées par les rejets
d'eaux usées non traitées. Etant donné que cette situation a des répercussions sur
| eBvironnement, cela a suscité une attention ~ | 6 ® antematibnale pour protéger
I'environnement contre les principales sources de contamination et éviter une plus vaste étendue
de la pollution (Chrispim et al., 2019; Kong et al., 2019). Le rejet des eaux usée de buanderie
(EUB) non traitées provoque des dommages au sol et aux cours d'eau receveurs en raison de la
concentration élevée en matiere organique, de la teneur en éléments nutritifs, des surfactants et
des pathogénes (Benami et al., 2016). Par conséquent, le traitement et la récupération des eaux
usées de buanderies semblent étre cruciaux pour réduire leurs effets néfastes potentiels sur la
santé et I'impact environnemental. De plus, I'évaluation des aspects techno-économiques devient
essentielle compte tenu de la nature complexe des contaminants dans les EUB. Dans la
littérature, divers procédés de traitement des eaux usées de buanderies sont suggérés. La plupart
des unités de traitement rapportées dans la littérature sont des procédés tels que I'adsorption, la
filtration, la désinfection ou des méthodes biologiques, tandis que les technologies plus récentes

integrent des traitements d'oxydation avancée. Avant de discuter des méthodes de traitement,

9



les caractéristiques des EUB et les normes/réglementations imposées pour la réutilisation et le

rejet de I'eau récupérée sont évaluées.

121 Caractéristigues des eaux usées de buanderies et normes de
réutilisation et des rejets

Les eaux usées de buanderies contiennent des concentrations élevées de produits chimiques
provenant de poudres & lessive ainsi que d'agents de blanchiment, et éventuellement d'huile, de
colorants, de sels, de pathogenes, etc. (Tony et al., 2019). En général, les effluents de buanderie
contiennent des niveaux élevés de matiéres en suspension (MES), de demande biochimique en
oxygene (DBO), de demande chimique en oxygene (DCO) et de phosphore total (PT). Le pH des
EUB varie sur une large plage, de neutre a 12,5, en fonction du type de détergent et d'autres
produits chimiques utilisés dans le processus de lavage (Shang, 2012). Les surfactants sont les
principaux constituants chimiques présents dans les EUB, et sont libérés par les produits de
nettoyage. Ceux-ci sont classés en quatre groupes en fonction du type de charge de la téte
hydrophile, notamment des surfactants anionique, cationique, non ionique et amphotére. De
nombreux détergents sont des polluants toxiques, car ils ne peuvent pas se dégrader et
s'accumulent a l'intérieur des organismes vivants (Tsyntsarski et al., 2014). Les EUB contiennent
également du sodium, dont la présence dans les eaux usées de buanderies est utilisée comme
contre-ion aux surfactants anioniques utilisés dans les détergents en poudre pour lessive
(Eriksson et al., 2002). Le phosphore, I'azote et leurs dérivés sont présents dans les EUB dans
lesquelles ont été utilisés des détergents (Christova-Boal et al., 1996). De plus, des niveaux
élevés de zinc et d'aluminium ont été signalés dans ces EUB (Christova-Boal et al., 1996). Les
autres éléments présents dans les eaux usées de buanderies sont le fer, le cuivre et le plomb
(Alomar et al., 2020). La principale raison de la présence de colorants dans les effluents d'EUB
est le lessivage des colorants des vétements. Les colorants ont une nature persistante et
récalcitrante (Ghodbane & Hamdaoui, 2010; Girses et al., 2016). Les caractéristiques des EUB

recueillies dans la littérature sont répertoriées dans le Tableau 1.2.
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Tableau 1.2 Caractéristiques des eaux usées de buanderies

(Mostafazadeh (Ciabattia et (Ghaitidak & (Shaikh & (Shang, ( Go sTurk |
et al., 2019) al., 2009) Yadav, 2013) Ahammed, 2020) 2012) et al., 2005)

Paramétres
Temp®r ature [ ec 22,4-35,0 38 62
Turbidité [UNT] 50-450 40-150 328-444 34-510 110 £ 56
Conducti vi]t ® [ & 300-3000 1300-3000 29-7030 2020
ST [mg.LY] 2021-2700
MES [mg.L7] 50-465 90-200 188-315 33 - 4564 168 + 96 35
pH 7-10 7,0-9,0 8,3-9,3 5,0-10,3 10,6 £ 0,2 9,6
DBOs [mg.L] 44,3-462 44-3330 195
DCO [mg.L1] 230-3000 400-1000 58-1339 58-4155 414 + 105 280
AT [mg.L Y] 14,28 2,8-31,0 2,75
NHai N [mg.L] 2,45
PT [mg.L1] 51,58 0,2-51,6 23,5+ 9,6 9.9
Surfactant anionique [mg.L7] 1-15® 42-118 ® 10,1

Surfactant non ionique [ug.L?] 260-2400 @ 1000-10000 ©

a: nonylphénol éthoxylé, b: substance active bleu de méthyléne, c: substance active de bismuth
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Compte tenu de la rareté des ressources en eau douce et du potentiel de la réutilisation de I'eau
pour minimiser les impacts environnementauy, les possibilités et les avantages de la réutilisation
de l'eau a travers des évaluations du cycle de vie méritent d'étre évaluées (Mo & Zhang, 2013).
L'approche de I'économie circulaire vise a recycler les ressources pour réduire la pression sur les
celles-ci qui sont de plus en plus limitées, améliorer leur durabilité et protéger I'environnement
(Coronaetal.,2019). Loéenjeu est de fournir une quant
adéquate (Alharbi et al., 2019). Les EUB récupérées peuvent étre réutilisées dans le processus
du cycle de lavage du linge ou a d'autres fins telles que des applications agricoles, industrielles
et environnementales (Corona et al., 2019). La réglementation ou les directives sur la réutilisation
de l'eau varient d'un pays a l'autre et, dans certains cas, d'un Etat a l'autre. De plus, elle est
réglementée en fonction de l'objectif d'utilisation. Par conséquent, aucune norme unique et
uniforme existe pour la réutilisation des eaux usées récupérées. Le Tableau 1.3 présente les

normes de rejet et de réutilisation des eaux traitées.
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Tableau 1.3 Normes de rejet et de réutilisation de I'eau traitée
Rejet (égout Rejet (cours Réutilisation Réutilisation  Réutilisation Réutilisation  Réutilisation
domestique) d'eau) (chasse d'eau) (irrigation) (buanderie) (buanderie) (buanderie)
Paramétre
(Ville de (Ville de (Health (Le, 2005) (Mostafazadeh (Ciabattiaet (Lade &
Quebec, 2019) Quebec, 2019) Canada (2010) et al., 2019) al., 2009) Gbagba, 2018)
Température [°C] <65 <45
pH 6,0-9,5 6,0-9,5 6,5-8,5 6,5-8,5 6,0-9,0
Conductivité [uS.cm] 950-1900 02000
MES [mg.L7] <500 <30 O 20 " 10 05 10
Turbidité [UNT] O 5 02 2
DBOs[mg.L] <500 <15 O 20 * 40 10
DCO [mg.L] <1000 <60 * 100 0100
PT [mg.L7] n.a. <0,40 "12
Surfactants [mg.L1] 020
NP [ug.L1] <120 <29
NPEO [ug.L7] <200 <120 ' 200
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Par cons®quent, des traitements appropri ®s

i ndi spensabl es afin do®l i mi ner | es cont ami

I'environnement.

1.2.2 Traitement des eaux usées de buanderie

Le traitement des EUB est complexe en raison de la forte concentration en surfactants et de la
présence importante de matieres organiques et inorganiques. Par conséquent, la conception d'un
systeme approprié capable d'atteindre la qualité requise a un codt raisonnable est cruciale
(Ciabattia et al., 2009). Le systéme mis en place pour le traitement des EUB peut utiliser I'une
des technologies physiques, chimiques et biologiques, ou des procédés intégrés. Il comprend
également un prétraitement pour la séparation solide-liquide et I'élimination des graisses, ainsi
gu'un post-traitement pour I'élimination des composés récalcitrants, suivie de la désinfection en
vue de rencontrer les exigences microbiologiques (Li et al., 2009). Voici quelques-unes des
méthodes qui ont été utilisées pour le traitement des EUB.

1.2.21 Coagulation et floculation

L'un des prétraitements des EUB souvent utilisés consiste en la coagulation et la floculation,

suivies de la flottation par air dissous. La coagulation est un traitement bien connu qui déstabilise

les fines particules en suspension suite™ | 6 aj out doéun produit 3tehi

de Fe®"). Aprés avoir été neutralisées électriquement, ces particules ont tendance a se regrouper
et a former des flocs de 20 a 50 um de diameétre (Ciabattia et al., 2009). Les polyméres a longue
chaine ou les polyelectrolytes utilisés dans les réactifs de floculation améliorent la formation et la
cohésion des flocs. En tant que systéeme de séparation solide/liquide, la flottation permet la

séparation des flocs du liquide (Ciabattia et al., 2009).

L'électrocoagulation (EC) est un procédé qui découle de la coagulation chimigue conventionnelle.
Comparée a la coagulation chimique, I'EC offre plusieurs avantages, notamment une faible
salinité de l'effluent aprés le traitement, une empreinte écologigue réduite, une production
moindre de résidus solides et une automatisation facile (Drogui et al., 2007). L'électrocoagulation
est un procédé de traitement des eaux usées qui consiste a appliquer une tension électrique
continue a des électrodes sacrificielles, généralement en fer ou en aluminium, dans une cellule
électrochimique. Au coumpptiecho6di on d uespgerscc@aduntsidsEuCspnt
génerés par dissolution anodique et formation simultanée d'ions hydroxyle et de gaz d’hydrogene

(H2) a la cathode. Ce processus produit des hydroxydes et/ou polyhydroxydes d'aluminium ou de
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fer, avec l'avantage de générer H; aidant & amener les particules floculées a la surface tout en
leur fournissant une flottabilité supplémentaire leur permettant de flotter a la surface de I'eau.
Ainsi, les principales étapes de I'électrocoagulation peuvent étre résumées comme suit : (i)
dissolution du métal a lI'anode, (ii) formation de complexes hydroxyles, (iii) déstabilisation des
particules, et (iv) agrégation des particules (Islam, 2019). L e équations sutvantes décrivent

les principales réactions se produisant dans une cellule EC.

Equation 1.1 - Principales réactions dans une cellule EC

A l'anode : O ©°0 £Q (1)

A la cathode : ¢col ¢Q o c¢cho © 2

Dans la solutionenvrac: 0 ¢do o0 00 3)
Ou 0 ¢) est le métal sous forme solide [sans unité spécifique]

M(@g)"* est I'ion métallique en solution (ion fer ou aluminium) [concentration en mol L]
M(OH)n(s) est I'hnydroxyde métallique sous forme solide [sans unité spécifique]

ne' est le nombre d'électrons transférés dans la réaction a I'électrode [sans unité]

Le procédé d'EC a été largement étudié (Ciabattia et al., 2009; Geetal., 2 00 4 -Tursetal.t ar
2005; Wang et al., 2009) pour le traitement des EUB en tant que prétraitement. Ce systéme peut
étre insuffisant pour traiter les effluents de buanderies industrielles fortement variables
conformément a la législation sur le rejet des eaux usées. Par conséquent, un post-traitement est

nécessaire pour atteindre la norme de réutilisatonou de rej et dans | denvironn

1.2.2.2 Filtration

La filtration élimine les matiéres solides en suspension d'un mélange liquide a 'aide d'un médium
filtrant qui permet au fluide de passer a travers les pores du filtre tout en piégeant les particules
solides. Du sable de quartz, du sable de silice, du charbon anthracite, du gravier, du grenat, de
la magnétite, du papier, du tissu, du coton, de I'amiante, du verre et d'autres matériaux peuvent
étre utilisés pour produire le filtre. La filtration dans le traitement des eaux usées élimine la
majorité des particules solides de I'eau (Ahmed & Arora, 2012). La filtration est simple du point
de vue technologique (équipement simple) et adaptable a divers formats de traitement. Un autre
avantage de cette méthode est son faible colt d'investissement et d'exploitation. Le sable est le

milieu filtrant le plus couramment utilisé. Un filtre & sable peut étre utilisé en prétraitement, en
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filtration latérale ou en filtration de polissage a différentes étapes de la gestion de I'eau. Un filtre
a sable offre souvent un effluent avec un potentiel de réutilisation. Cependant, pour les eaux
usées fortement contaminées, cette méthode est inefficace. D'autres inconvénients de cette

approche incluent sa non-sélectivité et le colmatage du filtre (Crini & Lichtfouse, 2019).

La filtration sur sable est subdivisée en deux types de filtration : filtration lente et filtration rapide,
chacune servant des objectifs distincts. Au-dela des différences de vitesse de filtration, les deux
types divergent dans les processus de traitement sous-jacents. La filtration rapide sur sable (FRS)
est un traitement physique, tandis que la filtration lente sur sable (FLS) est principalement
biologique. Dans la FLS, une population microbienne se forme sur la couche supérieure de sable,
appelée « schmutzdecke », la rendant biologiguement active. Les LSS fonctionnent a des taux
de charge faibles (0,1 a 0,3 m3.h’>.m) et sont efficaces pour une turbidité inférieure a 10-20 UNT,
nécessitant un prétraitement en cas de dépassement. La FRS excelle dans I'élimination rapide
de grosses particules en suspension, avec des débits de filtration élevés (4-12 m3.h2.m?) et des
besoins en surface compacte (Verma et al., 2017; WHO(s.d.), 2009).

La filtration sur sable a été utilisée pour I'élimination des particules et la réduction de la turbidité
en tant que prétraitement. Le systéme de filtration comprend premiérement un filtre a gravier
grossier (511 0 mm) , sui vi déun filtre © trois couches ¢
sable biologiquement actif. Cette approche multi-étapes a démontré une performance efficace
dans le traitement des EUB, utilisant des matériaux économiques et présentant une efficacité
d 6 ® i mdes eohtaminants (Yaseen et al., 2019). La filtration sur sable seule peut ne pas
suffire pour [I'élimination de certains polluants, en particulier les composés réfractaires. Par
conséquent, elle trouve principalement une application en tant que prétraitement ou traitement

secondaire dans le processus des EUB.

1.2.2.3 Technologies membranaires

Une membrane est une barriere qui sépare deux phases en restreignant sélectivement le
mouvement des composants a travers elle. Les membranes existent depuis le 18e siécle. Depuis
lors, de nombreuses avancées ont été faites pour rendre les membranes plus adaptées a une
large gamme d'applications. Le mouvement des médias a travers les membranes est basé sur
diverses forces motrices (pressions, concentration, potentiel électrique). La force motrice la plus
utilisée est la pr e s s i st-a-dird la diféérence de pression hydrostatique). Pour réaliser la
séparation, ces processus dépendent de la pression hydraulique. Quatre types de procédés

membranaires sont utilisés : la microfiltration (MF), l'ultrafiltration (UF), la nanofiltration (NF) et
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I'osmose inverse (Ol). Outre leurs exigences en matiére de pression, la principale différence entre
ces processus est la taille des pores de la membrane. Le Tableau 1.4 résume les principales

caractéristiques de ces procédés (Obotey Ezugbe & Rathilal, 2020).
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Tableau 1.4 Quelques caractéristiques des membranes a entrainement par pression. Adapté de Abdel-Fatah (2018) et Obotey Ezugbe and
Rathilal (2020)

Processus de Taille des Pression Type de membrane Perméabilité moyenne Solutés réeinus

membrane pores [um] [kPa] [L.m2.h1kPal]

MF 0,21 5 <200 Poreuse, asymétrique 5 Bactéries, graisses, huiles,
ou symétrique colles, matiéres organiques,

micro-particules

UF 0,027 0,2 1007 1000 Microporeuse, 15 Protéines, pigments, huiles,
asymeétrique sucre, matiéres organiques,

microplastiques

NF <0,002 5007 3500 Etroite poreuse, 0,171 0,2 Pigments, sulfates, cations
asymeétrique, composite divalents, anions divalents,
en film mince lactose, saccharose, chlorure de

sodium

ol <0,002 15007 Semi-poreuse, 0,057 0,1 Tous les contaminants, vy

15000 asymétrique, composite compris les ions monovalents

en film mince
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Les technologies membranaires, en particulier les techniques de membranes utilisant la pression
hydrostatique (comme force motrice), sont considérées comme l'une des solutions les plus
prometteuses pour la réutilisation de l'eau. Pour les EUB, les processus membranaires
présentent plusieurs avantages par rapport au traitement conventionnel, notamment une
meilleure qualité de l'effluent, une réduction de l'impact environnemental des boues, une
empreinte réduite, une flexibilité améliorée et une tolérance importante a la variabilité de la qualité
de I'eau (Shang, 2012). Cependant, I'un des inconvénients de ces processus est I'encrassement
de la membrane, provoqué par le dépbt de contaminants présents dans les eaux usées a la
surface ou a l'intérieur des pores des membranes. En conséquence, il y a une diminution du flux
de perméat au fil du temps, affectant la productivité du systéme, augmentant la consommation
d'énergie ou de produits chimiques, créant un risque de destruction de la membrane (en
particulier des membranes polymériques) et augmentant les codts globaux de traitement. Comme
I'encrassement affecte directement les codts du cycle de vie de la membrane, celle-ci nécessite
un prétraitement adéquat de I'alimentation et un protocole de nettoyage bien élaboré (Mozia et
al., 2 01 6 ;-Turl et salt, 2005). Lors de |l a consid®rati on
échelle, un lavage chimique fréquent de la membrane doit étre envisagé. De plus, les méthodes
générales pour surmonter I'encrassement comprennent la modification de la membrane avec des
additifs hydrophiles et 'optimisation des paramétres opérationnels (Sumisha et al., 2015). En
outre, ce processus produit un concentrat, transférant ainsi la pollution d'une phase a une autre,

nécessitant un traitement ultérieur pour dégrader ou éliminer les polluants transférés.

Les technigues membranaires peuvent également étre considérées comme des méthodes
attrayantes pour éliminer les surfactants des solutions aqueuses. Les principaux avantages des
processus membranaires entrainés par la pression pour |'élimination des surfactants des
solutions aqueuses comprennent leur grande sélectivité sans recours a des changements de
phase ou a des additifs chimiques. Les parametres les plus cruciaux déterminant I'efficacité de la
séparation des surfactants par des procédés membranaires sont la concentration micellaire
critique et la taille des micelles par rapport aux diametres des pores des membranes. La MF et
| U§ ont été suggérées comme moyens de récupération des surfactants avec des concentrations
micellaires critiques. Si la concentration en surfactants est inférieure a la valeur de la CMC, alors

la NF serait efficace pour le processus d'élimination (Kowalska, 2014).

L6OUF a principalement ®t ® propos®e comme ®tape de

r®utilisati on des eaux us ®e s . é | " ®chell d0ldual ab

®gal ement ®t ® ®tudi ®e pour la r®utilisation
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répondait aux exigences réglementaires ainsi qu'aux exigences de réutilisation dans le processus
de lavage ( G o sTwrk et al., 2005). Un systéme combiné comprenant la coagulation et la MF a
été utilisé pour traiter les eaux usées de buanderies afin de réduire I'encrassement, d'augmenter
le flux critique et d'augmenter I'élimination des contaminants (Shang et al., 2015). De plus,
Ciabattia et al. (2009) o n t ut il i s® I-téaitéfmentcdesnttd® pepnetsarit aux eaux
t r ai té&vrersutiliséd dans les premiers de lavage du linge. Guilbaud et al. (2010) ont utilisé
un processus de NF simple pour traiter les eaux usées de buanderies sur des navires. La
membrane tubulaire PCI-AFC80 (35 bar, 25 °C) a conduit a la production d'un perméat exempt
de micro-organismes et de matiéres en suspension, avec une DCO de 48 mg.L* et une COT de
7 mg.Lt. lls ont conclu que le prétraitement était nécessaire pour réduire la consommation

d'énergie et les codts.

1.2.2.4 Méthode biologique

Le traitement biologique des eaux usées a recourt a des bactéries, des protozoaires et des
microorganismes spécialisés pour décomposer les polluants organiques. Trois types de
traitements sont couramment employé: aérobie, anaérobie et anoxique. Le traitement aérobie,
utilisant de l'oxygéne pour la dégradation, produit du dioxyde de carbone et de I'eau mais
consomme plus d'énergie. Les systémes aérobies couramment utilisés incluent ceux a aération
prolongée, les réacteurs biologiques a garnissage en suspension (RBGS), les bioréacteurs a
membrane (BRM), les réacteurs a film fixe aérobie immergé, les disques biologiques rotatifs et
les bioréacteurs séquentiel. lls sont adaptés aux eaux usées avec une DCO inférieure a 1000
mg.LL. Certains inconvénients y sont associés, tels que le colmatage de I'équipement d'aération
pendant le fonctionnement, une mise a I'échelle complexe et des défaillances mécaniques. Les
systémes de traitement anaérobies régissent le traitement biologique ou les micro-organismes
dégradent les contaminants organiques en l'absence de t ou't accepteur

sulfate ou oxygéene). Le traitement anaérobie est généralement moins colteux que la plupart des
processus de traitement aérobies, car ce processus peut produire de I'énergie et, par conséquent,
étre indépendant des sources d'énergie externes ou réduire la consommation d'énergie externe.
De plus, ces systemes sont plus adaptés pour traiter les eaux usées a haute charge polluante
(avec une DCO de plus de 4000 mg.L?) (Singh et al., 2015). Dans les systémes anoxiques, il y a
une absence d'oxygéne moléculaire. Certains types de bactéries prosperent dans cet
environnement, utilisant des accepteurs d'électrons alternatifs tels que le nitrate (NO3’) au lieu de

l'oxygéne lors du processus de respiration. Dans la méthode biologique anoxique, I'absence
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d'oxygéne favorise le processus de dénitrification, ou les bactéries convertissent le nitrate en N

ou d'autres composés azotés (Von Sperling, 2007).

L'avantage de | "utilisation de traitements biolog
chimiques impliqués, et le processus est respectueux de l'environnement. Certains des

inconvénients majeurs de ce processus incluent le large espace nécessaire au stockage des

déchets biologiques et les périodes plus longues pour différentes méthodes de traitement des

effluents par rapport aux méthodes de traitement chimique. Pour chaque effluent individuel, les

processus de traitement biologique doivent étre optimisés et ajustés. En fait, avant un processus

de traitement biologique, chaque effluent doit étre caractérisé pour déterminer sa condition

unique. Le pH des eaux usées joue un role vital dans I'efficacité de la dégradation bactérienne

des polluants. Le m®t abol i sme bact®rien est ralenti par | 0
ce qui conduit finalement & leur extinction (Ramcharan & Bissessur, 2017).

Le traitement biologique est la méthode la plus économique pour éliminer la charge organique
caractérisée par la DCO biodégradable. Cependant, cette méthode n'est pas capable d'éliminer
tous les types de substances organiques. Les processus biologiques ont été étudiés (Bering et
al., 2018; Braga et al., 2015; Gutiérrez et al., 2022; Okada et al., 2014; Ventura et al., 2023) pour

le traitement des EUB et I'élimination des surfactants.

1.2.2.5 Adsorption

L'adsorption permet d diminer les substances organiques et inorganiques d'une solution en la
mettant en contact avec un solide de haute porosité. Les forces intermoléculaires de surface font
en sorte que le soluté est fixé au solide, le soluté capturé étant appelé adsorbat et la phase solide
étant appelée adsorbant (Rashed, 2013). La distribution d 6 u n  eriré¢ la lig®de et le solide
est déterminée par le degré d'affinité entre l'adsorbat et I'adsorbant (Rouquerol et al., 2013). Les
principaux mécanismes d'adsorption des surfactants sur les substrats solides sont (1) I'échange
d'ions, (2) la formation de paires d'ions, (3) la liaison hydrophobe, (4) I'adsorption par polarisation
des électrons P et (5) I'adsorption par forces de dispersion (forces de London - van der Waals).

Ces forces peuvent évaluer le comportement des surfactants a l'interface (Paria & Khilar, 2004).

Bien que de nombreux procédés aient été utilisés pour le traitement des EUB, I'adsorption est
actuellement considérée comme l'une des approches efficaces et prometteuses en raison de la
simplicité de conception, de la facilité d'utilisation, du faible colt de démarrage et d'exploitation,

et de la grande variété de matériaux adsorbants (Liu et al., 2019; Tony et al., 2019). La propriété
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fondament al e &€ sarcapacitesd'adsdoption.tCe paramétre dépend de la surface,
du volume de pores, de la porosité des adsorbants, ainsi que de la nature chimique de 'adsorbat
et du solide (Tripathi et al., 2013).

Type dbébadsorbants

Les adsorbants peuvent étre classés en adsorbants naturels et synthétiques. Les adsorbants
naturels courants sont les zéolithes, le charbon de bois, les argiles, les minéraux argileux et les
minerais. Ce type d'adsorbant est abondant, relativement peu colteux a fournir et posséde
| 6aptitude “Les-‘adsorlmntsnspnthétiues®ont quant a eux préparés a partir de
produits agricoles et de déchets, de déchets industriels, de boues d'épuration et d'adsorbants
polymeres (Rashed, 2013). Un adsorbant doit étre stable thermiquement, mécaniquement et
chimiqguement, avoir une grande surface, un volume de pores élevé, une forte capacité
déadsorption, un co%t bas, °toutengalantsgarduneé dnétique
rapide ddadsor pti on dé(Rodrigees 201%).@GRécdnament, une grande variété
d'adsorbants naturels a été utilisée pour le traitement des EUB (Adak et al., 2005; Agustina, 2014;
Fang et al., 2016; Schouten et al., 2007). Cependant, les adsorbants synthétiques ont été utilisés
plus fréguemment que les naturels. Le charbon activé, en particulier dans le traitement des eaux
usées, est un adsorbant reconnu pour sa capacité élevée en raison de son volume microporeux
abondant et de sa grande surface spécifique (Akbari Benghar et al., 2021; Liu et al., 2006; Yuan
et al., 2008).

La performance des adsorbants dépend du type de matériaux. Par conséquent, un adsorbant
spécifigue n'est pas utile pour I'élimination de tous les types de contaminants. Dans certains cas,
pour atteindre une élimination raisonnable, il est vital d'utiliser un adsorbant plus étendu ou de
modifier un adsorbant spécifique. L'ajout de groupement fonctionnel a l'adsorbant conduit a
améliorer sa capacité a fixer ou adsorber davantage de polluants. Le choix d'un groupement
fonctionnel dépend a la fois des propriétés de l'adsorbant et de l'adsorbat. Le groupement
fonctionnel affecte I'efficacité, la capacité, la sélectivité et la réutilisabilité de I'adsorbant. La
modification peut étre divisée en trois catégories : (i) modification chimique, (ii) modification
physique et (iii) modification biologique. Différents traitements permettent de modifier les
adsorbants, tels que le traitement acide, le traitement alcalin, I'imprégnation, le traitement par

micro-ondes, le traitement par I'ozone, le traitement au plasma, etc. (Bhatnagar et al., 2013).

Modélisation de I'adsorption
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En fonction du mode opératoire, I'adsorption peut étre classée selon le mode en cuvée (statique)
ou a flux continue (dynamique). Dans le processus statique, l'adsorbant est maintenu en
suspension dans la solution grace a une agitation. L or s d 6 ssns dynanoqoes la solution
traverse une colonne a lit fixe pour une adsorption en continue. L'adsorption en cuvée est utilisée
pour obtenir une capacité d'adsorption maximale, une vitesse d'adsorption et des paramétres
thermodynamiques. En revanche, le processus dynamique révele des informations sur les
conditions de fonctionnement, la capacité maximale du lit, les résistances au transfert de masse

et les parametres de mise a I'échelle (Adrian et al., 2017).

L'adsorption en cuvée est mi s e e n dahsuum systéme fermé dans des conditions stables.

Une quantité spécifique d'adsorbant (m) est agitée avec le volume initial de la solution (V) jusqu'a

ce que le systéeme atteigne I'équilibre. La concentration de I'adsorbat spécifique dans la solution

diminue de Cop a Ce. La concentration de polluantger et enue sur | 6adsorbant ,
cal cul ®e en r ®alisant | e biélatfinal. Bhanode auvée éstatgue)l, r e | 6 ®
le bilan de masse est donnée par le jeu dd ® q u a suivamtas (Adrian et al., 2017).

Equation 1.2 - Bilan de masse dans I'adsorption mode batch

a a a (4)
wo6 o a ©)
6 O a (6)
i} 0
(0V)
6 O , (7
” r]
Oou mo est la masse initiale du polluant [mg]
meest | a masse r®siduell efmdlu polluant ~ |1 6®quilibre
Mads €St lamassedupol | uant adsor b® [mg]lr | adsorbant
Mad estlamassede | 6adg¢$gpr bant

V est le volume du liquide a traiter [L]
)} estleratioentrelamassedeléadsor bant et |Ige'lvol ume trait®

Co est la concentration initiale [mg.L™]
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Ceestlaconcentration celle efmgeydi str®e ~ | 6®quilibre

ge est la quantité de pollutant par unité de masse d'adsorbant a I'équilibre [mg.g]

L'adsorption dynamique généralement mi s e e n ddnhsuun systeme ouvert ou la solution
contenant des solutés absorbables est pompée a travers une colonne a lit fixe. Pendant
l'opération, l'adsorbat est transféré de la phase liquide a la phase solide. La concentration de
I'adsorbat évolue de Co a I'entrée a C; a la sortie. Les informations les plus cruciales qui peuvent
étre extraites du processus continu sont le temps de percée (t,), le temps d'épuisement (te) et la
longueur de la zone de transfert de masse (Zm) (Adrian et al., 2017).

La suppression des NPEO par adsorption en lit fixe continu (dynamique) a fait I'objet de plusieurs
études (de Araujo et al., 2022; Murai et al., 2006; Narkis & Weinberg, 1989; Paria & Yuet, 2007),
explorant chacune différents aspects du processus. Dans I'étude de Paria et Yuet (2007), I'impact
des longueurs de chaine éthoxylate (9, 12, 15 et 40) et de la concentration initiale de NPEO sur
l'adsorption en colonne a été étudié. Les résultats ont montré qu'une augmentation du nombre
de groupes éthoxylate entrainait un début précoce de la percée, et le temps nécessaire pour
atteindre I'équilibre diminuait en conséquence. Une étude récente a examiné l'adsorption de
NPEO dans des roches réservoirs, en se concentrant sur l'influence de la concentration micellaire
critigue (CMC). Les concentrations initiales ont été fixées aux niveaux -50 % CMC, CMC et +50
% CMC. Les essais réalisés en dessous de la valeurs de CMC ont nécessité des volumes de
solution plus importants pour saturer les roches car les monoméres de surfactant étaient
dispersés. A linverse, lorsque le CMC a été imposée ou en imposant des concentrations
supérieures au CMC, la saturation s 6 e st pplus dapidement, car les micelles se
désagrégeaient au contact, fournissant des monomeéres adsorbants. Des concentrations de
surfactant plus élevées ont conduit a une saturation plus rapide des roches, nécessitant un

volume de solution injecté moins important pour atteindre la saturation (de Araujo et al., 2022).

1.2.2.6 Procédés d'oxydation avancés

Les procédés d'oxydation avancée (POA) sont des technologies de traitement des eaux qui
reposent sur la génération in situ d'oxydants puissants, tels que les radicaux hydroxyles et les
radicaux sulfate, pour la dégradation des contaminants organiques réfractaires (Ghime & Ghosh,
2020). Les radicaux hydroxyles sont des agents oxydants puissants, peu sélectifs et capables
d'agir sur un grand nombre de composés organiques, dont beaucoup ne peuvent pas étre
facilement dégradés par les systemes biologiques classiques (Ghernaout & Elboughdiri, 2020).

Le traitement chimique des eaux usées basé sur les POA peut minéraliser completement les
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polluants en CO,, en eau et en composés inorganiques, ou tout au moins les transformer en

produits moins nocifs. La Figure 1-3 présente la classification des POA (Poyatos et al., 2010).

Procédés d'oxydation

avanceée

Procédés Procédés
homogénes hétérogenes
1 I 1
Avec de Sans énergie Ozonation
I'énergie s | catalytique
1 II 1
Rayonnement Energie Energie O; en milien Ozonation
ultraviolet ultrasonore électrique alcalin  |["|photocatalytique|
| oyuv 0,/US | O}?ydafno_n | om0, || Phc};'rgcat@lyse
¢lectrochimique hétérogéne
H,0,/UV H,0,/US Oxyd?_nion H,0,/catalyseur
— ~2-2 -2 anodique — 22
. Electro-
—{O5/F0/UV —| Fenton
Photo-Fenton
— Fez_ngong\/'

Classification des procédés d'oxydation avancée (POA). Abréviations utilisées : O3
ozonation ; H202 peroxyde d'hydrogéne ; UV rayonnement ultraviolet ; US énergie
ultrasonore ; Fe?* ion ferreux. Adapté de Poyatos et al. (2010).

Figure 1-3

Au cours des derniéres décennies, I'électro-oxydation (EO) a suscité une attention croissante
pour le traitement de I'eau et des eaux usées, principalement en raison de son efficacité élevée
pour éliminer les substances bio-réfractaires (Martinez-Huitle et al., 2023; Nair et al., 2023; Qiao
& Xiong, 2021). Néanmoins, ce domaine nécessite davantage de recherches pour surmonter les
obstacles avant la commercialisation (Zhang et al., 2013). La prochaine section explique la

technologie d'électro-oxydation.
Electro-oxydation

Le procédé d'électro-oxydation ou d'oxydation anodique s'est imposé comme une méthode viable
pour traiter les eaux usées générées dans diverses industries. Une revue compléte de son
efficacité dans le traitement d'effluents synthétiques, ainsi que d'effluents industriels et urbains

réels, a été réalisée par plusieurs chercheurs (Garcia-Segura et al., 2018; Sarkka et al., 2015;

25



Zaviska et al., 2009). Leurs conclusions ont montré des résultats remarquables en termes de
réduction de la DCO et de I'élimination compléte des polluants organiques persistants. De plus,
une enquéte sur les tendances de développement des technologies électrochimiques et de leurs
applications dans le traitement de l'eau et des eaux usées a été menée sur la base des
publications annuelles (Cong et al., 2016). L'étude a noté une augmentation substantielle du
nombre de travaux de recherche publiés sur le processus d'oxydation, avec un pourcentage
annuel de publications sur les procédés électrochimiques ayant doublé entre 2004 et 2012.
Ghime et Ghosh (2019) ont étudié I'effet des configurations de réacteur, des types d'électrodes,
du pH, de la température et de la densité de courant utilisé pour les procédé d'oxydation
électrochimique pour I'élimination des contaminants des eaux usées. Au cours de la derniére
décennie, des processus basés sur I'oxydation ont été étudiés et utilisés pour aborder I'élimination
des NPEO a la fois dans des solutions synthétiques et effluents réels (Barrera et al., 2021; da
Silva et al., 2015; De La Fuente et al., 2010; Gao et al., 2021, Ji et al., 2022; Sivri et al., 2022;
Vences-Benitez et al., 2017). L'EO s'est révélée étre une technologie prometteuse pour la
remédiation environnementale en raison de sa simplicité, de I'absence d'exigences spéciales en
équipement, de son efficacité élevée dans I'élimination des polluants organiques, de l'absence
de génération de pollution secondaire et de sa nature respectueuse de I'environnement (Daghrir
et al., 2014; Qiao & Xiong, 2021).

Deux mécanismes différents existent pour éliminer les impuretés dans les eaux usées par EO,
I'oxydation directe et I'oxydation indirecte. L'oxydation anodique directe se produit a la surface de
I'électrode, ou les composés organiques sont oxydés. L'oxydation indirecte implique la génération
électrochimique d'un médiateur (tel que H20,, HCIO et S,0s*) pour faciliter le processus
d'oxydation. Le mécanisme de dégradation électrochimique des polluants des eaux usées est
généralement un processus complexe impliquant le couplage d'une réaction de transfert
d'électrons avec une étape de chimisorption dissociée (Chiang et al., 1995). La Figure 1-4 illustre

le traitement électrolytique direct et indirect des polluants.
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L'oxydation directe peut étre réalisée par minéralisation a l'aide de radicaux hydroxyle (TOH)
générés a la surface de I'électrode par des anodes avec une surtension d'oxygéne élevée, telles
que IrOz, PbO; et le diamant dopé au bore (DDB). Plus précisément, les radicaux "OH sont
exclusivement formés sur les électrodes d'anode par I'oxydation de I'eau (Equation 1.3 (8)), et les
composés organiques peuvent subir une oxydation partielle (Equation 1.3 (9)) ou une
minéralisation compléte (Equation 1.3 (10)) par leur réaction avec les radicaux "TOH adsorbés
(Drogui et al., 2007; Mostafazadeh et al., 2019).

Equation 1.3 - Oxydation directe sur le procédé EO

b 0600 H'O O Q ty
D IO YOO YO O Q 9)
b X0 YOO Gé 05 O Q (10)

Un phénomene de compétition peut se produire pendant I'oxydation et ainsi réduire I'efficacité de
dégradation des polluants. La formation d'oxygéne est un exemple de réaction parasite, comme
(Mostafazadeh et al., 2019).
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Equation 1.4 - Réaction parasite de formation dé@xygéne

H,O+M(OH°) - M 4O, 3H' 3e (11)

Dans un mécanisme d'oxydation indirecte, les polluants subissent des transformations oxydatives

sans participer directement & un échange d'électrons a la surface d'une anode en présence

d'autres substances. L6 ®1 ectrol yse indirecte consiste
qui réagira en solution avec les contaminants. L6acti on i ndirecte peut
dohal og®nBr eu!l) guQar réduction de | 6 0 x y g s,nlesquetles séactians

permettent de générer des oxydants tels que HCIO, HBrO, IOH, Is ou H,O, (Canizares et al.,
2005; Canizares et al., 2002). Des composés tels que les sulfates (SO4+%) peuvent également étre
oxydés en persulfates (H.S20sg), un oxydant puissant pouvant avantageusement étre exploité
pour | 6oxydation des (Equationalriild).desthalogéaures, sets lque tei
chlorure (CI), peuvent étre oxydés en hypochlorite (HCIO) via la réaction Equation 1.5-13. De
plus, I'oxygéne dissous peut étre réduit pour former du peroxyde d'hydrogéne (H20.), selon la
réaction Equation 1.5-14. Les agents oxydants générés a la surface de l'anode, responsables de
I'oxydation des composés inorganiques et organiques, comprennent le chlore/hypochlorite, le
peroxyde d'hydrogéne, l'acide peroxodisulfurique et I'ozone (Li et al., 2010; Scialdone et al.,
2009).

Equation 1.5 - Agents oxydants générés a la surface de I'anode responsables de I'oxydation indirecte

¢Y  ¢O ° 0YS ¢Q (12)

0 ¢OU O 06 a000b cQ (13)

¥) ¢O ¢Q ©° 00 (14)
1.2.2.7 Procédé combiné

Les méthodes les plus prometteuses pour éliminer presque complétement des polluants des eaux
usées sont les technologies combinées (Bajpai et al., 2019). Diverses méthodes de traitement
peuvent étre combinées pour atteindre I'objectif d'améliorer la qualité de I'eau traitée. Le Tableau
1.5 résume les études antérieures sur le traitement des eaux usées de buanderies a l'aide de

méthodes de traitement combiné.
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Tableau 1.5

Résumé des études antérieures sur le traitement des EUB a I'aide d'un procédé combiné.

Procédé

Objectif

Efficacité de I'élimination

Avantages/Désavantages

Réf.

1. UF + ADS
2. UF + NF
3.UF +EO

Traitement et réutilisation
des eaux usées
industrielles et élimination
des NPEO et DCO

1. Résine : 71 %<DCO0<80 %,

NPEO=95 %

1. CA : 68 %<DCO<79 % , NPEO=80 %

2. DCO>87 % , NPEO=93 %
3. DCO>87 % , NPEO=93 %

Avantages : les effluents des
procédés n° 2 et 3 satisfont la
norme requise pour la
réutilisation. Inconvénients :
aucune analyse de rentabilité n'a
été réalisee.

(Mostafazadeh
et al., 2019)

EC + EF

Elimination de la turbidité,
de la DCO, du phosphate
et des surfactants

DCO. PO

MBAS %0
Turbidi%t® 90
Phospha%e 90

Avantages : 16 féicacité
d'élimination relativement élevée
malgré la simplicité du
processus. Inconvénients : les
caractéristiques de I'effluent ne
respectent pas les directives
chinoises en matiere de
réutilisation.

(Geetal,,
2004)

1. RMAT + NF

2. RMAT + NF + ADS
sur CA

Elimination des
surfactants non ioniques
(TAS) et des surfactants

anioniques (MBAS)

1. TAS=85 % , MBAS=80 %

2. TAS >95 % , MBAS >89 %

Inconvénients : les surfactants
de l'effluent ne respectaient pas
les réglementations italiennes en

matiére de réutilisation.

(Collivignarelli
etal., 2019)

1. RBGS + MF + NF

2. RBGS + UV/Os + MF
+NF

Traitement et réutilisation
des eaux usées
industrielles

Effluent du RBLM :
DBO: 951 97 %
DCO=90i 93 %

Surfactants = 8971 99 %

Un post-traitement était nécessaire
avant une éventuelle réutilisation des

EUB.

Avantages : 16 e @raitée de la
deuxiéme option pourrait étre
réutilisée dans le processus de
lavage.

Inconvénients : aucune analyse
codt-efficacité.

(Mozia et al.,
2020)
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Procédé

Objectif

Efficacité de I'élimination

Avantages/Désavantages

Réf.

CFi FAD + filtration sur

Traitement et réutilisation
des eaux usées

DCO=87 %

Surfactant non ionique=87 %

Avantages : le perméat de I'UF
satisfait la norme requise pour la
réutilisation. Inconvénients :

(Ciabattia et al.,

sable + Oz + ADS + UF : . w o N 2009)
industrielles Surfactsnt anionique=93 % ['unité d'UF a entrainé un co(t
q supplémentaire de 25%.
= 0,
1.DCO=93 % Avantages : I'effluent de MP
. Surfactant anionique=95 % satisfait la norme requise pour la
1. CFi FAD + ADS on Traitement des EUB et . p réutilisation dans l'industrie de la : "
CA réutilisation dans (rejet dans l'eau) blanchisserie. Inconvénients : GIO ;'JBJS et
2. UF + Ol (PM) lindustrie de la buanderie 2.DCO=99 %, les co(ts totaux de la MP étaient al )
Surfactant anionique=99 % (réutilisation 2,5 fo:rc,aglsuosrstlii\r/]es que
dans l'industrie de la buanderie) '
AProcédé UV/Os efficace pour la Avantages : I'eau traitée pourrait
) o minéralisation compléte des surfactants  étre réutilisée dans le processus _
BAAP + UV/Os + Traitement et réutilisation résiduels. de buanderie. (Benis et al.,
MF/UF + chlorination des EUB réelles 2021)
A MF/ UF utilis®e Codt total du procédé estimé a

solides en suspension restants.

de 0,65 0/ m

ADS : adsorption; BAAP : boues activées a aération prolongée; CA : charbon actif; CFi FAD : coagulation/floculation/flottation par air dissous; EC :
électrocoagulation; EF : électroflottation; EGSB : réacteur a lit de boues granulaires expansé; MF : microfiltration; NF : nanofiltration; Oz : ozonation;
Ol : osmose inverse; PM : procédé membranaire; RBGS : réacteur biologique a garnissage en suspension; RMAT : réacteur membranaire aérobie
thermophile; UF : ultrafiltration; UV : ultraviolet.
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Seul un nombre limité d'études se sont intéressés © | 0 ®t l'élichieatioth du NPEO dans les
eaux usées des buanderies (EUB) réelles en utilisant un procédé de traitement hybride
(combinaison de procédés). Mostafazadeh et al. (2019) ont utilisé une série de traitements
couplés. L'ultrafiltration a premiérement été utilisée sur les EUB, puis ils ont traité le filtrat a I'aide
doéun pdadso®iib® uti |l i sant charbon acti fduogystem&dei ne ®c't
nanofiltration ou de I'électro-oxydation pour éliminer le NPEO des EUB. Bien que l'eau traitée par
le systeme UF/ADS ne satisfasse pas aux normes de réutilisation, les deux autres systemes
produisaient de l'eau de qualité réutilisable dans les premiers cycles de lavage du linge.
Cependant, plusieurs études ont été menées pour explorer des systemes combinés pour
I'élimination des surfactants, de la DCO et de la turbidité. Collivignarelli et al. (2019) Collivignarelli
et al. (2019) ont utilisé un systéme comprenant un réacteur membranaire aérobie thermophile,
une nandfiltration et une adsorption sur charbon actif pour éliminer les surfactants non ioniques
(TAS) et les surfactants anioniques (MBAS) des EUB réelles. lls ont suivi les performances de
l'usine pendant trois mois dans des conditions de stress élevé, marquées par des pointes
soudaines de charge et des concentrations élevées de surfactants. Cette approche a permis
I'élimination de TAS > 95 % et de MBAS > 76 %. Le co(t d'exploitation total des processus par
unité d'eau estimé a été calculé a 8,74 i m™3. Cependant, les concentrations de surfactants dans

I'effluent ne respectaient pas les réglementations italiennes en matiere de réutilisation des eaux.

Dans le cadre d'une étude a I'échelle pré-industrielle, des expérimentations ont été menées,
comprenant un pré-traitement par coagulation, par floculation et par flottation a air dissous, suivi
d'une filtration sur sable, d'une ozonation, d'une adsorption (ADS) sur charbon actif et d'une
ultrafiltration (UF) en flux tangentiel. Dans des conditions de traitement optimisées, I'étude a
montré que l'effluent du filtre a charbon actif respectait les limites de rejet requises pour les eaux
de surface en Italie. Un post-traitement par UF sur des membranes planes (sous forme de module
plan) a encore réduit la teneur résiduelle en polluants, permettant la réutilisation des effluents
traités dans les processus de lavage du linge. Les coits d'exploitation totaux pour cette approche
se sont élevés a 0,81 G . ‘H(Ciabattia et al., 2009). De plus, G o s {Tark et al. (2005) ont utilisé
deux systemes combinés différents. Le premier processus comprenait un pré-traitement par
précipitation, par coagulation et par floculation, suivi de 'ADS sur charbon actif. Une méthode
alternative comprenait une UF suivie d'une osmose inverse (Ol). lls ont conclu que le perméat de
| O3 était satisfaisant et acceptable pour la réutilisation de I'eau dans l'industrie de la buanderie.
Cependant, l'effluent de I'adsorption respectait la limite de rejet dans I'eau. Enfin, ils ont étudié

les codts d'exploitation des systémes de membrane, s'élevant a 1,35 G . “hpar rapport a 0,51
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G . “mpour l'adsorption. Le procédé membranaire semble ainsi adapté lorsque les codts

d'approvisionnement en eau sont élevés.

Les systémes de traitement combinés ont été utilisés pour produire de l'eau traitée de haute
gualité, adaptée a une réutilisation sur site dans des cycles de lavage ou d'autres applications.
La réutilisation locale des matiéres récupérées est bénéfique pour passer de I'économie linéaire
conventionnelle a I'économie circulaire. L'approche de I'économie circulaire vise a recycler les
ressources pour réduire la pression sur des sources limitées, améliorer leur durabilité et protéger

I'environnement.

1.3 Problématique, hypothése, objectifs et originalité

1.3.1 Problématique

La composition complexe des eaux usées de buanderie, comprenant des graisses, des colorants,
des matiéres en suspension, des sels, des matieres organiques, des tensioactifs, des solvants,
des microplastiques, des nanoplastiques et des agents pathogénes pose des défis
multidimensionnels. En patrticulier, les tensioactifs (ex. surfactants, détergents, etc.) contribuent
a des perturbations a court et a long terme dans les écosystémes marins. Cette complexité
découle de la résistance de nombreux détergents a la dégradation, entrainant leur accumulation
dans les organismes vivants et menacant la santé environnementale. Pour résoudre ce probleme,
des systémes de traitement complets, le plus souvent hybrides, sont nécessaires pour répondre
aux normes de réutilisation. A cet égard, les problématiques liées a la gestion et au traitement

des EUB sont présentées sous deux angles dans les paragraphes suivants.

1.3.1.1 Probléme général

Tout d'abord, le rejet des EUB dans le réseau d'assainissement municipal augmente la charge
de la station d'épuration des eaux usées. Les rejets d'eaux usées de buanderie non traitées
peuvent menacer la santé publique et environnementale en raison de leurs fortes charges en
composeés organiques récalcitrants et en substances consommant I'oxygéne. Les gouvernements
se sont concentrés sur les traitements, imposant des réglementations et des lignes directrices
pour les normes de qualité des effluents municipaux afin de contréler les conséquences du rejet
des effluents d'eaux usées dans l'eau. Par ailleurs, les tensioactifs ou surfactants présents dans
les eaux usées de buanderie, tels que les NPEO, ont des effets préjudiciables sur

I'environnement. L'instabilité des NPEO dans I'environnement conduit a I'émergence de NP. Le
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nonylphénol a attiré I'attention mondiale en raison de sa capacité de transport a longue distance,
de sarésilience contre la dégradation biologique et de sa tendance a s'accumuler dans les tissus
adipeux. De plus, méme a des concentrations extrémement faibles, le NP présente une forte
toxicité pour les organismes aquatiques (Siyal et al., 2020). Des réglementations fixent la quantité
maximale de ces types de contaminants dans I'eau pour atténuer les risques environnementaux
et protéger les écosystémes aquatiques. Le respect de ces réglementations est crucial pour
préserver la qualité de I'eau et prévenir les effets nocifs des surfactants sur I'environnement.
Enfin, les méthodes conventionnelles (ex. : méthodes biologiques et physicochimiques) ne sont
pas toujours efficace pour éliminer les composants réfractaires (tels que les NPEO) des EUB en

vue de rencontrer les normes de rejets qui deviennent de plus en plus strictes.

Pour relever ces défis, le développement de technologies compactes, robustes et rentables pour
le traitement des EUB contenant des composés organiques récalcitrants est nécessaire. Dans la
présente étude, I'adsorption et I'électro-oxydation ont été réalisées en post-traitement pour traiter
le perméat d'ultrafiltration. Chacune de ces méthodes possede ses propres avantages.
L'adsorption se distingue comme une méthode efficace et économiquement viable pour éliminer
les contaminants phénoliques des eaux usées (Priac et al., 2017; Shah et al., 2023). Les autres

points forts de l'adsorption sont la polyvalence, la facilité d'exploitation et la disponibilité des

adsorbants. Le charbon actife st ef fi cace pour | 6®I| i mi remraisom n

de sa grande porosité associée a une surface spécifique importante (500 a 1500 m2.g?) (Akbari
Benghar et al., 2021; Liu et al., 2006; Yin et al., 2007; Yuan et al., 2008). De plus, les procédés
d'oxydation avancée électrochimique attirent de plus en plus l'attention pour le traitement des
eaux usées contenant des composés réfractaires. La principale force de ces processus réside
dans I'électrogénération de radicaux hydroxyles (puissants oxydants) sans l'ajout de produits
chimiques.Les radicaux hydroxyles sont | 6une des
utilisées dans le traitement des eaux pour la dégradation des contaminants réfractaires. De plus,
cela est devenu une technologie prometteuse de remédiation environnementale en raison de sa
simplicité, de I'absence d'exigences spéciales en équipement et de son efficacité élevée dans

I'élimination des polluants organiques (Daghrir et al., 2014; Qiao & Xiong, 2021).

1.3.1.2 Problémes spécifiques

Le procédé d'adsorption est confronté a un défi important en raison de la faible sélectivité de
certains adsorbants (Crini & Lichtfouse, 2019). Ce probleme est particulierement marqué lors du

traitement des eaux usées complexes contenant une gamme diversifi€e de contaminants, y
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compris des composés réfractaires (Badran et al., 2023). La limitation inhérente des adsorbants

découle de leur incapacité a discriminer les polluants spécifiques cibles des polluants secondaires

(non ciblés) pendant le procédé d'adsorption. Ce procédé est régi par des forces telles que les

forces de Van der Waals, les interactions électrostatiques et la liaison chimique. Par conséquent,

I'efficacité du processus d'adsorption est étroitement liée au type de matériau adsorbant

sélectionné. Bien que des matériaux tels que le charbon actif aient une large applicabilité, leur

efficacité peut varier pour différents contaminants. Cela requiert une sélection minutieuse basée

sur la composition des eaux usées atraterpour atteindre une efficacit®
Pour relever ce dofi, | es ¢ her appeedes slsorbainte avgca ge nt &
une sélectivité améliorée pour des polluants particuliers. lls utilisent des stratégies telles que la

modification de matériaux existants ou la synthése de nouveaux matériaux avec des groupes

fonctionnels spécifiques (Bhatnagar et al., 2013). Ai nsi , |l es recherteritédes act ue
plus en plus vers | 6adaptation des adsorbants exi
en fonction des polluants cibles présents des eaux usées a traiter. En conclusion, bien que la

faible sélectivité de certains adsorbants pose un obstacle dans le traitement des eaux usées, la

recherche en cours et les progrés technologiques sont dédiés a surmonter cette limitation.

Un défi inhérent a l'application des procédés d'adsorption est la détérioration progressive de la
capacité d'adsorbant au fil des cycles successifs (Khajvand et al.,, 2022). Ce probléme est
particulierement notable dans les opérations continues ou répétitives de traitement des eaux
usées. La perte progressive de performance résulte de l'utilisation continue de l'adsorbant, ou les
sites actifs & la surface de ce dernier se saturent progressivement de contaminants. A mesure
gue ces sites actifs atteignent leur occupation maximale, la capacité d'adsorption diminue,
affectant l'efficacité globale du systéme. La réduction des sites de liaison disponibles au cours
des cycles suivants entrave la capacité de l'adsorbant a capturer et retenir efficacement les
polluants présents dans les eaux usées. Pour relever ce défi, les efforts de recherche en cours
se concentrent sur I'amélioration de la régénération des adsorbants. Des techniques sont en
cours de développement pour restaurer ou renouveler les sites actifs, prolongeant ainsi leur durée
de vie. Parallelement, les avancées dans les matériaux adsorbants visent a créer des substrats
avec une stabilité améliorée, une résistance a l'encrassement et des caractéristiques de
régénération efficaces. L'objectif est d'atténuer le probléme de la capacité ddadsor pti on
décroissante et d'améliorer la durabilité des systéemes de traitement des eaux usées basés sur

I'adsorption a long terme.
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L'oxydation électrochimique est confrontée a des défis, notamment la consommation d'énergie,
le colt élevé des électrodes appropriées et la génération potentielle de sous-produits nocifs
(Woisetschlager et al., 2013). Ces facteurs entravent son application généralisée pour le
traitement des eaux usées. La consommation élevée d'énergie, particulierement évidente a des
densités de courant élevées, constitue une limitation critique, car la production de radicaux
hydroxyles est essentiellement reliés a ces densités de courant (Woisetschlager et al., 2013).
L'élimination efficace des polluants réfractaires tout en minimisant la consommation énergétique
représente un défi important auquel les chercheurs doivent faire face dans le domaine de la
décontamination électrochimique des eaux. Pour surmonter ces limitations, des améliorations
dans la performance et le fonctionnement des procédés électrochimiques sont nécessaires. Cela
souligne la nécessité d'une modélisation améliorée a des fins de conception et d'optimisation.
Une modélisation de processus robuste est cruciale pour affiner les conceptions, réduire les colts
d'équipements et d'exploitation, et prédire avec précision la performance électrochimique dans
diverses conditions opérationnelles. De plus, des stratégies d'optimisation sont nécessaires pour
concevoir des systéemes EO rentables et écoénergétiques pour des applications réelles de

traitement des eaux usées.

1.3.2 Hypothéses

1.3.2.1 Hypothése 1 : combinaison synergique de procédés
membr anaire et ddboxydati on ®l ectr

traitement et la réutilisation des EUB

Chaque technique de traitement individuelle posséde ses propres avantages et inconvénients.
Dans un procédé hybride, les avantages de différents systémes peuvent étre combinés pour se
compléter mutuellement. Les systémes de traitement hybrides visent a économiser de l'espace
opérationnel et du temps, a améliorer I'élimination des contaminants, a renforcer la qualité de
l'eau et a minimiser la consommation d'énergie, contribuant ainsi a la gestion durable des
ressources en eau dans le traitement des eaux usées (Obaideen et al., 2022; Vymazal, 2013).
Plusieurs études (Benis et al., 2021; Ciabattia et al., 2009; Mozia et al., 2020 -Turléet alt ar
2005) ont utilisé avec succés des systémes hybrides pour traiter les eaux usées de buanderies.
L'hypothese suppose que la combinaison des procédés membranaires au procéed ® d o6 ®l ectr o
oxydation conduira a un traitement plus efficace et respectueux de lI'environnement. Par exemple,

le traitement préalable des EUB par ultrafiltration (UF) permettrait de réduire la présence de MES

et de mati res coll opudal es souyslatian (EO) pbur ansifochlsserr ®a g i r
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l es forces dbéoxydation sur |l es mati res organi qu:¢

endocriniens tels que les NPEO) pr ®s ent s dans | e filtrat. La syn
| 6ul t r aebtiphrticulierémierd intéressante, c a r | 6®l ectrolyse oxyde p |
i mpuret ®s de petite taille, alors que |l a techni

particules (Drogui et al., 2001a; Feng et al., 2021; Menjeaud et al., 1993; Pan et al., 2019; Song
et al., 2022).

De plus, l'efficacité de la séparation des surfactants par les procédés membranaires est
influencée par la concentration micellaire critique (CMC) et la taille des micelles par rapport aux
diamétres des pores de la membrane. L'UF est efficace pour éliminer les surfactants dont la
concentration est supérieure a la CMC (Kowalska, 2014). Par conséquent, un post-traitement est
nécessaire pour éliminer les surfactants dont les concentrations sont inférieures a la CMC, tels
gue les NPEO qui ont une concentration inférieure a la CMC dans les EUB typiques
(Mostafazadeh et al., 2019).

Lefiltrat i s s u d &solndsladtraisementgpar électro-oxydation (EO) pour la dégradation
des polluants solubles (NPEO et autres polluants organiques dissous) ayant échappé au
traitement membranaire. La minéralisation de la pollution organique induite par le procédé EO
est principal ement l i ®e ~ |l a formation dbéesp ces
(°OH) et déautres oxydant s;S;08l stquédakesepbypolkhap
g®n ®r ®s | or s dGCes puigsé@nts eoxydant® httggsiemt. les molécules organiques,
décomposant les structures complexes en composés plus simples, permettant ainsi une
dégradation progressive des contaminants organiques en acides carboxyliques de faible chaine,

puis en dioxyde de carbone (CO,) et en eau (H20) (Drogui et al., 2007).

Spécifiqguement pour le NPEO, le mécanisme de dégradation en électro-oxydation est le
suivant :1) dégradation initiale: La premiére étape implique la rupture de la liaison C-O dans la
chaine éthoxylée du NPEO, ce qui entraine un raccourcissement de la chaine. Ce processus
génére des sous-produits intermédiaires tels que NPEO, et NPEO;, et éventuellement le
nonylphénol (NP); 2) oxydation supplémentaire: Le cycle benzénique dans le NP est ensuite
oxydé pour former des quinones et de I'hydroquinone, qui sont ensuite dégradés en acides
carboxyliques a chaine courte; 3) minéralisation compléte: ces acides carboxyliques sont
completement minéralisés en dioxyde de carbone (CO,) et en eau (H20) (Armijos-Alcocer et al.,
2017; Gao et al., 2021).
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De telles approches technologiques (UF/EQO) offriraient des solutions prometteuses pour le
traitement des EUB et la réutilisation de I'eau traitée dans les premiers cycles de lavage du linge

dans les buanderies tout en respectant des directives environnementales.

1.3.2.2 Hypothése 2 : combinaison synergiqgue de procédés
me mbr anai radsorgion sdrécharbon actif pour le

traitement et la réutilisation des EUB

La complémentarité des procédés UF et d d@dsorption (ADS) sur charbon actif devrait permettre
| 6®I i mi nation des mati res en suspensen@vement sol ukt
des NPEO tout en minimisant la consommation énergétique liée aux opérations de filtration
membranaire. L6 i nt ®gr at i on den taptrque @ar&temdnd BUF procédé ADS
permettrait de retarder le temps de percée et la saturation du lit. Les parametres les plus cruciaux
déterminant I'efficacité de la séparation des surfactants par des procédés membranaires sont la
concentration micellaire critique (CMC) et la taille des micelles par rapport aux diametres des
pores des membr asuggésées camine i mayerRde @cupération des surfactants
avec des CMC (Kowalska, 2014). Par conséquent, un post-traitement approprié est nécessaire
pour éliminer les surfactants dont la concentration dans les EUB est inférieure a la CMC (comme
le NPEO).

La surface spécifique du charbon actif (500 a 1500 m?.g?) combiné a la présence de
groupements fonctionnels a sa surface devrait permettre de piéger le NPEO présent dans le filtrat
issud e | L& thEécanisme d'adsorption du NPEO sur la surface du charbon actif varie selon la
concentration de NPEO par rapport a la concentration micellaire critique (CMC). En dessous de
la CMC, les NPEO existent principalement sous forme de monoméres. Le processus d'adsorption
impligue alors linteraction de ces monomeres avec la surface du charbon actif. Les queues
hydrophobes des molécules de NPEO tendent a interagir avec les sites hydrophobes sur la
surface du charbon actif, tandis que les tétes hydrophiles sont orientées vers la phase aqueuse.
Lorsque la concentration de NPEO dans la solution dépasse la CMC, les molécules de NPEO
s'agregent pour former des micelles avec les queues hydrophobes vers l'intérieur et les tétes
hydrophiles vers I'extérieur (Soria-Sanchez et al., 2010). Dans ce cas, ces micelles interagissent
avec les groupes fonctionnels hydrophiles (tels que les groupes hydroxyles) sur la surface du
charbon actif. La Figure 1-5 illustre l'interaction entre la molécule de NPEO et la surface du

charbon actif en dessous et au-dessus de la CMC.
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hydrophobe hydrophile
,/ [NPEO] < CMC
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Monomere NPEO

[NPEO] > CMC

Micelle NPEO

Figure 1-5 Interaction entre la molécule de NPEO et la surface du charbon actif

Plusieurs études ont démontré l'efficacité des systéemes hybrides, combinant la technologie
membranaire et I'adsorption, pour I'élimination des surfactants dans les EUB (Ciabattia et al.,
2009; Collivignarelli et al., 2019; Huang et al., 2019; Vishali et al., 2023). La combinaison de I'UF
avec I'ADS est hypothétiqguement censée fournir un traitement efficace avec un potentiel de

réutilisation dans les cycles de lavage du linge.

1.3.2.3 Hypothese 3 : charbon actif modifié et adaptation au
traitement des NPEO dans les EUB

En adaptant les propriétés de surface du charbon actif grace a des modifications telles que des
traitements de surface ou la fonctionnalisation, la capacité d'adsorption et la sélectivité peuvent
étre améliorées, conduisant a une élimination plus efficace des polluants des eaux usées
(Bhatnagar et al., 2013). L'incorporation de charbon actif modifié dans les processus de
traitement des eaux usées offre une approche prometteuse pour améliorer significativement
l'efficacité d'élimination des polluants réfractaires. Des études ont démontré ['utilisation de
charbon actif fonctionnalisé et modifi€ pour améliorer I'élimination de nombreux composés
récalcitrants tels que I'éthoxylate d'octylphénol (Soria-Sanchez et al., 2010), les acides
perfluorooctanesulfonique et carboxylique (Zhi & Liu, 2016), les contaminants pharmaceutiques
(Samir et al., 2023), le nonylphénol (Dai et al., 2018; Przepidrski, 2006), et les colorants (Alvarez
et al., 2017; Pereira et al., 2010). Par conséquent, I'hnypothese émise est que la fonctionnalisation

et la modification du charbon actif peuvent augmenter la capacité d'adsorption et la sélectivité
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pour I'élimination des polluants présents dans les eaux usées de buanderies, en particulier le
NPEO. Cela peut contribuer a I'optimisation des stratégies de traitement basées sur l'adsorption

pour I'élimination ciblée des polluants réfractaires dans des matrices d'eaux usées complexes.

1.3.3 Objectifs
1.3.3.1 Objectif global

Léobjectif g¢g®nt@vaaxlde recleeschemst @ preposeraine approche technologique

visant a améliorer la qualité de l'effluent issu du traitement des EUB pour une réutilisation des

eaux traitées dans les premiers cycles de lavage du linge. Les objectifs environnementaux de

cetter ®ut i |l i sation de ce t yepilsesontl@sstiviaritsu SREO <200iy.L ®t ® c a |
et DCO < 100 mg.L? (Mostafazadeh et al., 2019).

1.3.3.2 Objectifs spécifiques

Le premier objectif e st identifier et tester un adesor bant
micropolluants de type nonylphénol éthoxylates (NPEO)af i n dbéatteindre | a qual |
réutilisation des EUB traitées. Les travaux viseront a préparer du charbon actif fonctionnalisé a
partir do®chantill ons d e appligaantb des traikements facidec @ mme r c i
thermique. Une étude comparative entre le charbon actif non fonctionnalisé et le charbon actif
fonctionnalisé permettra de distinguer d'éventuelles différences structurales et chimiques. Pour

ce faire, des caractérisations structurales (par XRD et FTIR) et morphologiques (SEM) sont

prévues.

Le second objectif vise ° ®tudier | 6efficacit® di
actif non fonctionnalis®) pour | 6enl vemslest si mul
eaux synth®tiqgues de buanderi e. Les isothermes et

de mieux comprendre la dynamique du procédé d'adsorption tout en proposant un modele de

prédiction.

Le troisieme objectif consiste a utiliser du charbon actif modifié dans la mise en place du procédé
hybride combinant membranologie/adsorption pour le traitement des eaux réelles de buanderie.
Une méthodologie statistique est développée par une analyse rationnelle de la combinaison des
différents facteurs opérationnels dans le but de déterminer les conditions optimales de traitement
des NPEO et de |l a DCO soluble dans |l e filtrat iss
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Finalement, le quatriéme objectif vise a développer une filiere de traitement hybride combinant
membranologie/électro-technologie, en optimisant son mode de fonctionnement, en appliquant
respectivement |l es proc®d®s EO sur 1l e filtrat i ss
solubles de type NPEO et DCO).

134 Originalité

L'originalité de cette étude réside principalement dans la modification du charbon activé pour

améliorer la capacité d'adsorption du NPEO dans les EUB. Siles procédésd 6 adsor pti on ont

utilis®s par plusieurs auteur s po ueétiquespdcesl tiavaixnat i on
n'ont pas abordé | 6 e nl =~ v e me rés laDCOsollbte at ®NPEO dans les eaux réelles en
utilisant du charbon activ® modifi®. Au meilleur d

telle approche technologique de couplage UF et adsorption (AD) sur charbon actif modifié (utilisé en
lit fixe) est proposé pour le traitement des eaux usées réelles de buanderies en vue de sa
réutilisation dans les premiers cycles du lavage du linge.

1.4  Méthodologie générale

1.4.1 Echantillonnage des EUB et préparation d'eaux usées de buanderie
synthétiques et enrichies
Danslecadredelaprésente®t ude, deux types dO6EUB sont utilis®s
synthétiques et des eaux usées réelles de buanderie enrichies. Les eaux usées synthétiques de
buanderie sont préparées en dissolvant un détergent (GE Boost de la société Gurtler) dans de
I'eau distillée. Ce détergent contient du nonylphénol éthoxylaté avec 3 a 17 chaines éthoxylées.
La concentration initiale de NPEOs.17 dans les eaux usées synthétiques est de 972 + 94 ug L'

Les échantillons d'eaux usées de buanderie ont été prélevés dans une buanderie industrielle
située a Québec (Canada), entre janvier et avril 2023. Dans le but de tester le processus a deux
étapes combinant l'ultrafiltration et l'adsorption/électro-oxydation (UF-ADS ou UF-EQO) sous
différentes conditions expérimentales et de simuler divers niveaux de contamination par le NPEO,
les EUB ont été enrichies avec du GE Boost. Un temps de mélange et d'agitation d'une heure
était nécessaire pour une dissolution compléte avant le processus de traitement. La concentration
initiale de NPEO dans les eaux réelles de buanderie se situe dans la plage de 68 a 83 ug L'
Les échantillons d'EUB sont enrichis en NPEO pour obtenir un échantillon d'EUB ayant une
concentration finale comprise entre 731 et 1145 pg.L'!. Les caractéristiques des EUB et EUB

enrichies dans la présente étude sont résumées dans Tableau 1.6.
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Tableau 1.6 Caractéristiques des EUB et EUB enrichies

Parameter EUB EUB enrichies
pH 9,77 10,2 9,77 10,1
Conductivity [uS.cm] 4217 523 428171 461
TSS [mg.LY] 757 14,5 12,87 16,1
Turbidity [NTU] 31,27 29,4 62,57 111,4
COD [mg.L1] 10817 284 4761 600
NPEOs-17 [Hg.L] 681 83 73171 1145

Le sulfate de sodium est utilisé comme électrolyte de support dans le processus d'EO pour
améliorer la conductivité électrique des eaux usées. La concentration de Na.SO. est comprise
entre 1 et5g.L™.

1.4.2 Prétraitement par ultrafiltration

Une unité d'UF est utilisée comme étape de prétraitement pour initier le processus de traitement.
L'étape de prétraitement est considérée pour éliminer les solides en suspension tels que, les

fibres et autres matiéres particulaires des EUB. De plus, elle peut éliminer efficacement les micro-

organismes, les bactéries et les virus. Les EUB sont premierementt r ai t ® e sun'modulé ai d e
membranaire doéul tr af iddtype polyéther-sulfdne(RESE(dizzer R251460.5 ( UF)

fourni par Inge GmbH) ayant une surface filtrante de 0.5 m?, un diamétre nominal de pore de
0.02 em et un seuil de coupure de 100-150 kDa. Une pompe a débit variable est utilisée pour
introduire les EUB dans le systéme de membrane, et la circulation de I'eau est facilitée a I'aide
d'une pompe a vitesse variable (Mostafazadeh et al., 2019). Une pression transmembranaire
(PTM) se situant entre 100 et 300 kPa, une vitesse de filtration comprise entre 0,9 et 2,0 m.s™ et
un débit de filtration variant entre 60 et 140 L m2h ont été appliqués. Les caractéristiques de
l'unité d'UF sont présentées dans le Tableau 1.7. L'eau prétraitée, appelée perméat, est ensuite

soumise a une adsorption continue ou a une électro-oxydation pour un traitement ultérieur.
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Tableau 1.7 Caractéristiques de I'UF utilisée.

] ) Pression de
] Taille des  Surface Longueur Diamétre p Max / .
Matériau T [ fonctionnement
pores [nm] [m?] [mm] [mm] PTM [kPa]
[kPa]
Polyethersulphone
) 20 0,5 300 61 1000/300 1-40 100-150
hydrophylique
1.4.3 Post-traitement par adsorption
1.4.3.1 Préparation et caractérisation de charbon actif

fonctionnalisé

La fonctionnalisation du charbon actif (CA) vise a améliorer la capacité du CA a éliminer
simultanément le NPEOs.17 et la DCO des EUB. Le charbon actif granulaire (CAG) initialement
modifié utilisé est ProLine® de Pentair Aquatic Eco-System Inc. Le CAG est préparé comme
décrit par Soria-Sanchez et al. (2010) avec des modifications. Les carbones modifiés sont
étiquetés avec des codes d'abréviation caractérisant les processus de traitement utilisés, car
différentes approches de traitement sont utilisées. Chaque carbone modifié est identifié par son
précurseur d'origine, suivi de codes qui décrivent les étapes de traitement. Les voies de traitement
sont les suivantes. Initialement, le charbon actif subit un traitement a I'acide chlorhydrique (HCI),
ou les contaminants inorganiques sont éliminés. Cela impliqgue de mélanger 1 g de CA avec 10
mL de HCI a 10 %, de chauffer a 75 °C, de laver jusqu'a ce que le pH atteigne 6,0, et de sécher
a 110 °C. Ensuite, les échantillons sont soumis a un traitement thermique d'une heure a 900 °C
sous flux d'azote. Cette procédure conduit a I'élimination des groupes de surface. La derniére
méthode de traitement implique de mélanger I'échantillon avec de I'acide nitrique & 10 % (HNOs),
entrainant l'introduction de groupes de surface a lI'oxygene. Le mélange est agité et chauffé a
75 °C jusqu'a évaporation du liquide. Ensuite, ils sont lavés avec de I'eau distillée jusqu'a ce que

le pH atteigne 6,0.

Les caractéristiques structurales et morphologiques du charbon actif fonctionnalisé et du charbon
actif non fonctionnalisé sont examinées a l'aide de la spectroscopie FTIR et de la MEB. Une
analyse élémentaire des particules en surface est réalisée par spectrométrie de dispersion

d'énergie des rayons X (DER). Des techniques d'adsorption de gaz sont utilisées pour déterminer
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la surface spécifique, la taille moyenne des pores et leur volume. L'approche BET est utilisée
pour calculer la surface spécifiqgue BET, tandis que l'analyse Barrett-Joyner-Halenda (BJH)
évalue la taille des pores dans les régimes d'adsorption et de désorption. De plus, pour évaluer
la dispersion du charbon actif fonctionnalisé en surface dans I'eau, la spectroscopie UV/visible
est utilisée. Des échantillons sont préparés en dispersant 0,05 g de chaque échantillon dans 200
mL d'eau distillée, suivie d'une sonication pendant 1 h. Aprés 24 h de repos pour assurer la
stabilité, 3,5 mL de la solution finale sont transférés dans des cuvettes en quartz pour des
mesures de transmittance dans la plage de longueurs d'onde de 200 a 800 nm.

1.4.3.2 Procédure d'adsorption en fioles Erlenmeyer

Les essais sont réalisés dans des fioles Erlenmeyer (Figure 1-6). Une quantité de 150 mg de
charbon actif, modifié ou non modifié est ajoutés a 60 mL d'eau usée synthétique de buanderie.
Les fioles sont agitées & 150 tr/min pendant 3 h & 20 + 2 °C. A la fin de chaque essai, les
échantillons sont filtrés a1 6 a iudeemedmb r ane Mi | diaingire degdte OR2 em. Les
échantillons filtrés sont récupérés pour les mesures de concentrations résiduelles de NPEO3.17 et
de DCO solublesp o ur ® \efidacitéedrd el ndl ~ v e meepolluantsl e ¢ e

fTests doi sotherdestsesltbtaddoirpoti ber mes dbéadsorpti on
en utilisant des quantités variables d'adsorbants (22-600 mg) dans 60 mL d 6 e f fsynthéiqué.
Différents modéles d'isothermes d'adsorption, y compris Langmuir (Langmuir, 1918), Temkin
(Tempkin & Pyzhev, 1940), Freundlich (Freundlich, 1906), Redlichi Peterson (Redlich &

Peterson, 1959), et Liu (Liu & Xu, 2007), sont utilisés pour l'ajustement des courbes.

fTests de ci n®t i dpsitestsdedcinétigue d'gudornptmmsont réalisés en utilisant
200 mL d'eau usée synthétique avec 500 mg de sorbant. L'agitation a 150 tr/min a température
ambiante (20 £ 2 °C) a eu lieu, avec des échantillons prélevés a intervalles pendant 48 h. Les
échantillons sont collectés a l'aide de filtres seringues Millex de 0,22 em, et les concentrations
résiduelles de DCO sont mesurées. Cing modeéles cinétiques, y compris le pseudo-premier ordre
(Lagergren, 1898), le pseudo-second ordre (Ho & McKay, 1998), Elovich (McLintock, 1967), le
taux de second ordre (Qiu et al., 2009), et la diffusion intraparticulaire (Weber Jr & Morris, 1963),

sont employés.

fTestsde de cycl es doé a d:dedroigieme emsembieaatsst® inpliuie dixscycles
d'adsorption consécutifs avec 150 mg d'adsorbant, suivis de séchage et de réutilisation dans une

nouvelle eau usée synthétique. Apres dix cycles, une régénération thermique a 900 °C sous azote
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pendant 90 min a été réalisée en utilisant du charbon actif. Cela vise a déterminer un nombre
approprié de cycles pour une utilisation répétée sans une diminution substantielle de la capacité

d'adsorption.

Détergent  Eau distillée Adsorbant Meélangera20+2°C

|
v v

Figure 1-6 Configuration expérimentale de I'unité d'adsorption en fioles Erlenmeyer
1.4.3.3 Procédure d'adsorption en colonne en mode dynamique

Des expériences dynamiques en lit fixe o nt p e évaluess les dcdpacités d'adsorption du
charbon actif traité thermiquement (Pur) & l'aide d'une colonne en Plexiglas. Les essais
d'adsorption sont réalisés a l'aide de trois colonnes de différents ratios hauteur/diamétre (ratio
H/D) comme détaillé dans le Tableau 1.8. La hauteur du lit filtrant dans la colonne varie entre 7,4
et 17,3 cm, tandis que le diamétre de la colonne se situe entre 3,8 et 2,5 cm. Les colonnes sont
remplies chacune de 33 g de charbon actif modifié sur différentes hauteurs. Des plagues en
plexiglas perforées de trous (distributeurs) placées a I'entrée et a la sortie des colonnes assurent
une répartition uniforme du liquide. En mode dynamique (continu), I'effluent a traiter est acheminé
du bas vers le haut de la colonne grace a une pompe péristaltique de marque Masterflex a
contr6le digital. Pour éviter la libération de cendres du charbon actif, une colonne de sable suit la
colonne d'adsorption. Le perméat d'ultrafiltration provenant des EUB industrielles sert d'affluent
introduit vers le haut dans la colonne a partir du réservoir d'alimentation. La Figure 1-7 présante

un schéma des systemes de colonnes a lit fixe.
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Tableau 1.8 Dimensions des colonnesd ' adsor pti on en nilgndmiqueédop ®r ati on

Nom de la Diameétre Hauteur Ratio hauteur/diamétre
o Hauteur [cm] ] )
colonne intérieur [cm] remplie [cm] rempli
C1 2,5 19,7 17,3 6,9
Cz 3,0 16,5 12,0 4,0
Cs 3,8 10,0 7,4 1,9
Pompe
Contrdleur de température &
e .
Q0
o c
w ke
° ®
s E=
o w
—
AN Réservoir de
°® @ réutilisation
Plaque chauffante
et agitateur

Figure 1-7 Configuration expérimentaledel'unitéd' adsor pti on en ndgndreiquédop ®r ati on

L'étude du procédé d'adsorption englobe trois expériences consécutives, axées sur |'élimination
du NPEOs.7 et de la DCO. Le premier ensemble d'essais utilise la méthodologie de surface de
réponse (MSR) en utilisant les plans factoriel et de Box-Behnken pour modéliser et optimiser
I'élimination de la DCO par adsorption sur lit fixe. Trois variables indépendantes ont été testés :
le temps de rétention hydraulique superficielle (RHS) (5-15 min), la température initiale de
| 6 af {20-b @ n,eeClg ratio hauteur/diamétre (H/D) de la colonne (1,9 - 6,9). Chaque essai
expérimental utilise un volume d'alimentation constant de 5 L, avec une évaluation des

caractéristiques de l'effluent aprés le traitement. Le deuxiéme série d'essais étudie le
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comportement de la courbe de percée pour l'adsorption du NPEOs;.17 et de la DCO dans des
conditions optimales. Des mesures de concentration des échantillons de sortie sont prises a
différents intervalles pour observer la courbe de percée, fournissant des informations sur
I'efficacité de lI'adsorbant. La présente étude utilise des modéles analytiques comprenant Bohart-
Adams (Bohart & Adams, 1920), Yoon-Nelson (Yoon & Nelson, 1984), Thomas (Thomas, 1944),
Wolborska (Wolborska, 1989), Yan (Yan et al., 2001), et Clark (Clark, 1987) pour déterminer la
performance de la percée et évaluer les constantes cinétiques des colonnes a lit fixe. Dans la
troisieme série d'essais, l'impact de concentrations initiales variables de NPEOs.17 et de DCO est
examiné dans des conditions optimales déterminées par le plan Box-Behnken. En ajustant les
concentrations initiales de l'alimentation en utilisant des quantités variables de détergent GE
Boost, une analyse compléte est réalisée dans une plage de 534 + 78 a 1233 + 34 ug.L™ pour le
NPEQs317 et de 281 + 9 a 690 + 13 mg.L? pour la DCO. Cela a permis d'évaluer I'efficacité du
processus épuratoire dans différents scénarios de charge de polluants.

1.4.3.4 Post-traitement par électro-oxydation
Les expériences d'électro-oxydation o n't ®t ® r ®al i s ®ecellule élettréhique e dodun
parallélépipédique en PVC de 0,5 L (13,5 cm x 3,5 cm x 12,5 cm). Le réacteur électrolytique est
connectée a un réservoir de 0,5 L, soit un volume total utile de 1 L. Léunit® exp®rin
fonctionne avec une recirculation a travers le réservoir de 0,5 L agité mécaniquement. La
recirculation de | 6eau est a Masterfle®®e (400 m.mind)nlea p o mp e

cellule comporte deux électrodes connectées au générateur avec une distance inter-électrodes

de 1,0 cm. Un générateur de courantcontinu per met do6i mposer .labddent ensi t

est c o mp o s @e griltk e niobium revétue de diamant dopé au bore (Nb/DDB) ayant un
diamétre de 12 cm et une épaisseur de 0,1 cm. Le graphite (Gr) et la feutre de carbone (FC)
servent respectivement de cathodes rectangulaires (11 x 10 cm). Les expériences sont menées
a température ambiante (20 + 2 °C) avec ajout de Na,SO4 dans les eaux soumises au traitement
pour améliorer la conductivité de la solution. Des échantillons sont prélevés a un intervalle de
temps régulier pour évaluer les caractéristiques de l'eau traitée, en mesurant la DCO, le

NPEO:s. 17, la conductivité, la turbidité et les MES. La Figure 1-8 illustre le systéme EO.
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Figure 1-8 Configuration expérimentale de I'unité d'électro-oxydation

L'étude du procédé d'électro-oxydation comprend trois expériences consécutives, la premiéere
série utilisantlam®t hodol ogi e de surface de r®ponse ( MSR) pc
Les plans factoriel (PF) et de Box-Behnken (PBB) sont successivement utilisés pour modéliser et
optimiser I'élimination de la DCO par le procédé d'électro-oxydation. Quatre variables
indépendants sont considérés : la concentration d'électrolyte (1-5 g.L?), la densité de courant (6-
18 mA.cm?), le temps d'électrolyse (30-120 min) et le type de cathode (Gr et FC). Dans la
deuxiéme série d 6 e s,dimpad des concentrations initiales de NPEOs.17 (341 £ 8 a 809 + 10
ug.L?) et de la DCO (239 + 6 a 577 + 20 mg.L?) dans les eaux ultrafiltrées est étudié dans des
conditions optimales identifiées a partir du plan Box-Behnken. La troisieme série d 6 e s expldres
I'impact des niveaux de pH initiaux (pH 3,0, 7,0, 9,6 et 11,0) dans les conditions optimales
identifiées a partir du plan Box-Behnken. Afin de comprendre le mécanisme de dégradation du
NPEO et de surveiller I'apparition de NP pendant le procédé d'électro-oxydation, la concentration

de NP en tant que sous-produit est évaluée.

144 Mesure du NPEO

Les concentrations de NPEO et de NP sont déterminées par chromatographie liquide couplée a
un spectrometre de masse en tandem (LC-MS/MS) selon la méthode MA 400 - NPEO 1.1
(Gouvernement du Québec, 2019). Avant l'injection dans le systeme de spectrométrie de masse,
une méthode modifiée d'extraction en phase solide est appliquée pour extraire I'échantillon. Le
mani fold " vide VisiprepE SPE est utili®lGhlesans | a
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étapes suivantes : lavage, conditionnement, extraction et récupération (Figure 1-9). La solution
standard est un mélange de méthanol, de dichlorométhane et d'acide formique selon un rapport
de 100:900: 1.

Lavage : laver la cartouche deux fois avec 6 mL
de dichlorométhane, 6 mL de solution standard et

6 mL de dichlorométhane.
- T J

. — = \

Conditionnement : ajouter 6 mL de méthanol
suivi de 20 mL de HCI 2N dans la cartouche.

A [ _/

s % N

Extraction : faire passer I'échantillon acidifié
(ajouté au substitut) a travers la cartouche.

AN | J
4 Récupération : €luer la cartouche avec 3 mL de\
solution étalon et récupérer la solution de sortie.
Injecter du gaz N2 et une solution extraite a sec.

Ajouter 1 mL de méthanol dans le tube et
\ récupérer le produit récupéré.

/

Figure 1-9 Diagramme de la méthode d'extraction en phase solide pour I'analyse du NPEO et du NP

1.45 Mesure de la DCO

L'analyse de la DCO est réalisée a I'aide d'un spectrophotométre de type UV selon la méthode
analytique (MA 315-DCO 1.1). Pour déterminer les concentrations élevées de DCO, allant de 80
a 800 mg/L O, une courbe de calibration est construite a I'aide de solutions étalons de 0, 100,
300, 500 et 800 mg.L™. L'absorbance les solutions est mesurée a une longueur d'onde de 600
nm. Pour les mesures de DCO a faible concentration, allant de 5 a 100 mg.L? O, une autre
courbe de calibration est générée a l'aide de solutions étalons de 0, 10, 30, 70 et 100 mg.L™,
avec des lectures d'absorbance prises a 420 nm. Cette approche globale garantit une analyse
précise et fiable de la DCO sur les plages de concentration spécifiées (Gouvernement du Québec,
2016).
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Abstract

Wastewater generated from households can be classified into greywater and blackwater.
Greywater makes up a substantial portion of household wastewater. Such water consists of
wastewater released from kitchen sinks, showers, laundries, and hand basins. Since the
greywater is not mixed with human excreta and due to the low levels of pathogenic contamination
and nitrogen, it has received more attention for recycling and reusing in recent decades.
Implementing decentralized greywater treatment systems can be an effective solution to
overcome water scarcity by supplying a part of water requirement, at least non-potable demand,
and decreasing pollutant emissions by eliminating long-distance water transportation in remote
regions, like rural and isolated areas. This review focuses on greywater management in terms of
reducing environmental risks as well as the possibility of treatment. Effective management of
water reclamation systems is essential for a decentralized approach and to ensure the protection
of public health. In this regard, the environmental impacts of disposal or reusing the untreated
greywater are discussed. Furthermore, the most appropriate technologies that can be employed
for the decentralized treatment of greywaters like constructed wetlands, waste stabilization ponds,
membrane systems, and electrochemical technologies are described. Finally, this review

summarizes resource recovery and sustainable resource reuse.

Keywords: Decentralized treatment system; Environmental impacts; Greywater management;

Resource recovery.
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2.1 Introduction

Increased water consumption has resulted in a scarcity of high-quality water resources,
necessitating wastewater treatment and reuse as a potable or non-potable water source.
Environmental and economic concerns have been driving forces behind wastewater
reuse. Due to the low levels of pathogenic contamination and nitrogen, greywater (GW)
has received increased attention for recycling and reuse in recent decades. Greywater
and blackwater are the two types of wastewater generated by households. GW accounts
for 75-90 percent of household wastewater and includes wastewater from kitchen sinks,
showers, bathtubs, hand basins, washing machines, and laundries (Leal et al., 2011).
Light GW is wastewater generated by bathrooms, showers, and basins. The term "dark
greywater" refers to grey wastewater that contains more contaminated waste from laundry
facilities, dishwashers, and kitchen sinks. Light GW, on the other hand, appears to be the
easiest wastewater to recycle because it contains fewer pollutant loads. Toilet waste is
managed in blackwater. Blackwater includes a high level of nitrogen, phosphorus,
pathogens, hormones, and pharmaceutical residues, especially when using vacuum
toilets (Chaillou et al., 2011; Leal et al., 2011).

Water recovery from wastewater has been debated for decades, but recently increasing
awareness of resource scarcity has grown substantially. Greywater is an excellent
resource for recycling to reduce water stress and has gained international attention as an
alternative water source for reuse (Ghaitidak & Yadav, 2013). Geographic location,
climatic conditions, water abundance, water infrastructure, lifestyles, living standards,
population structures (age, gender), culture, and habits influence the volume of GW
generated. The released GW can range from 90 to 120 L per person per day in developed
countries and as low as 201 30 L per day in low-income countries suffering from water
scarcity (Li et al., 2009; Oteng-Peprah et al., 2018). This huge amount of generated
wastewater (WW) can be used for indoor and outdoor non-potable applications. The most
attractive applications are toilet water flushing, lawn watering, agriculture watering,

irrigation of parks and recreational areas (Widiastuti et al., 2008).

Wastewater requires treatment before reuse or discharge to surface or groundwater.
Currently, a substantial share of the WW has been treated by conventional large-scale
centralized wastewater treatment plants (CWWTPs), in which WW is collected from

various sources and transported through extensive pipeline networks to a CWWTP.

51



However, employing the on-site decentralized treatment and reuse of WW, particularly
grey wastewater, can achieve the dual benefits of reducing freshwater consumption while
also managing GW sustainably, especially in rural and peri-urban areas. In developing
countries, rural areas confront severe water shortage challenges and risk of groundwater
contamination due to lack of water treatment. A decentralized greywater treatment system

(DGWTS) for reuse is one solution to these issues (Subramanian et al., 2020).

This study provides an overview of the management of grey wastewater considering
treatment and resource recovery with the decentralization concept. The review is arranged
in the following sequence. First, a summary of the GW and its characteristics are given,
followed by the environmental impacts and health risks of disposal or reusing the
untreated GW. Next, the importance of decentralized wastewater treatment and the
different decentralized treatment approaches are brought up. This discussion is followed
by decentralized treatment of greywater and resource recovery and sustainable resource
reuse in terms of water reclamation, nutrient, and energy recovery. Finally, the techno-
economic aspects and critical challenges pertinent to the DGWTS and the

recommendations to surmount the implementations are debated.

2.2  Greywater and its characteristics

Greywater has different characteristics, depending on its source (e.g., kitchen, laundry, or
bath), as well as the quality of water provision, type of distribution network (e.g., pipe
structure and age), and household activities (Eriksson et al., 2002; Rakesh et al., 2020).
The kitchen and laundry wastewater contain more organics and physical pollutants than
the bathroom and mixed GW, according to the GW classification based on its origin.
Furthermore, due to product usage and water consumption variations, the composition will
change dramatically over time. Besides this, the WW properties may vary as a result of
chemical compound degradation during transportation and storage (Eriksson et al., 2002;
Li et al., 2009).

Greywater comprises a wide range of pollutants, including suspended and dissolved
solids, alkaline and acidic compounds, fats, oils, and greases. Heavy metals, nitrates,
phosphates, and xenobiotic organic compounds (XOCs) were also reported as pollutants.
Surfactants are a primary chemical compound of cleaning chemicals in GW (Rakesh et
al., 2020; Widiastuti et al., 2008). Grey wastewater also contains metals such as sodium,

calcium, potassium, sulfur, magnesium, and aluminum (Palmquist & Hanaeus, 2005).
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Eriksson et al. reported that 900 potential XOCs could present in GW due to the
consumption of household chemical products (Eriksson et al., 2002). Greywater has been
found to contain microorganisms, biological microbes, pharmaceuticals, health and
personal care products, and dyes (Oteng-Peprah et al., 2018). The presence of the
substances above in GW demonstrates the complexities of GW composition. Tableau 2.1
summarizes the literature's data, relying on the properties of grey wastewater from urban
and rural area that employed decentralized methods to treat.
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Tableau 2.1

Characteristics of grey wastewater from the urban and rural area

Characteristics

Light greywater

Dark greywater

Sampling location Urban Schoolin  Rural areas Tourist Schoolin  Rural areas Urban slums in Dormitory in Iran
home in rural India in Jordan facility in rural India in Jordan Uganda (Katukiza (Ghanbari &
Malaysia  (Subraman (Halalsheh Spain (Subramani  (Halalsheh et al., 2014) Martinez-Huitle,
(Tehetal., ian et al., etal., (Zraunig et anetal., etal., 2019)
2015) 2020) 2008) al., 2019) 2020) 2008)
Showers & Hand Ablution Showers & Kitchen Kitchen Bathroom, laundry Washing
bathroom basins and hand washbasins sinks sinks and kitchen sinks machine
sinks basins

Temperatur e 243+25

Turbidity [NTU] 196 + 112 68.4+39.8 225+118

Conduct icmi]t 1836 767 £ 108 1066 2097 + 135 2170+ 100

TSS [mg.L?] 36 - 224 351 + 223 573 63+ 114 619 + 237 644 2850 + 689

pH 5.94 - 6.40 7.6 7.08 £ 0.31 5.58 76+1.2 6.7 £ 0.05

BODs [mg.L1] 168 - 673 344 + 272 597 116 + 67 445 + 165 1100 1354 + 389 240 £ 50

COD [mg.L1] 146 - 903 643 + 387 1489 158 + 112 553 + 267 2244 5470 + 1075 480 + 50

BODs/COD 0.80 0.53 0.40 0.73 0.80 0.49 0.25 0.5

TOC [mg.L?] 39.0+ 25.6 940 + 161 202+ 5

DOC [mg.L1] 568 + 102

TN [mg.L7] 10.4+£9.3

TKN [mg.L?] 105 10.3+9.0 51 64.5+ 15.7

Nitrite [mg.L] 0.06 £+ 0.39

Nitrate [mg.L1] 34+6 0.02 + 0.04 40+ 6
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NH4i N [mg.L7]
NH3 [mg.L?]
TP [mg.L 1]
PO4i P [mg.L1]

Anionic surfactant
[mg.L7]

Total coliforms
[CFU.100 mL1]

Fecal coliforms
[CFU.100 mL1]

Escherichia coli
[CFU.100 mL1]

Other
microorganisms
[CFU.100 mLY]

6.04x107 -

1.91x108

0-5.2x108

4.40x107 -
1.75x108

1.03 + 0.68

2.35x108

87
26

28

3.0x104

4.88 +2.92

0.34+0.76

32
453+ 201 18.25

55

2.26x108

7.0x10°

26.0+6.9

32204

7.5x107 £1.3x107

4.0x10° £2.4x10°%
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As expected, the grey wastewater characteristics are highly dependent on the source of
generation, which here is classified into light and dark GW. Wastewater generated by
bathroom sinks, showers, and basins is considered light greywater (LGW). In contrast,
GW discharged from laundry facilities, dishwashers, and kitchen sinks that are more
polluted are referred to dark greywater (DGW). This differentiation has remarkably
affected greywater treatment systems and the potential for reuse (Leiva et al., 2021). Light
greywater mainly contains soaps, shampoos, body care products, toothpaste, shaving
waste, hair, body fats, lint, and a trace of urine. On the other hand, DGW from laundry
includes soap, bleaches, oils, paints, solvents, and non-biodegradable compounds, and
from kitchen sinks contains food residues, high amounts of oils and fat, and detergents
(Albalawneh & Chang, 2015).

Literature has extensively discussed the physical and chemical characteristics of
greywater. Results in Tableau 2.1 indicate that GW parameters are highly variable. Dark
greywater is higher in both organics and physical pollutants compared to LGW (Halalsheh
et al., 2008). Typically, the total suspended solid (TSS) values are in the range of 10071
1000 mg.Lt in GW. However, the amount out of this range was also reported (Katukiza et
al., 2014; Teh et al., 2015). TSS levels are generally higher in DGW compared to LGW
due to washing clothes, dishes, fruits, and vegetables that may contain sand, clay, and
other contaminants. The conventional WW parameters, such as biochemical oxygen
demand (BODs) and chemical oxygen demand (COD), have always been reported in
terms of wastewater features. Probably, the high concentration of COD in DGW is caused
by detergents in laundry powders and dishwashing liquids. COD and BODs values in
studies of Halalsheh et al. and Katukiza et al. in a rural area in Jordan and urban slums in
Uganda were reported higher than the other studies (Halalsheh et al., 2008; Katukiza et
al., 2014). According to Halalsheh et al., the low per capita water consumption in Jordan
accounted for the high level of contaminations reported in their study (Halalsheh et al.,
2008). Biodegradability refers to the ability of bacteria to decompose organic matter and
convert it to carbon dioxide and water (Metcalf et al., 1991). It is determined by the
BODs/COD ratios, and both LGW and DGW show good biodegradability (Albalawneh &
Chang, 2015). The average ratios in GW were reported to be in the range of 0.25-0.80,

indicating that almost half of the organic matter in GW is biodegradable.

Due to kitchen activities and laundry detergent, DGW is typically higher in nutrients N and
P (2.75-57.7 and 0.062-42 mg.L*) than LGW (4.1-16.4 and 0.11-1.8 mg.L™?) (Boyjoo et al.,
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2013). Surprisingly, high concentrations were measured for nutrients in the GW in rural
areas in Jordan, especially for LGW from ablution and hand basins. The author concluded
that the high ammonia level was because children in some families do not use diapers in
houses (Halalsheh et al., 2008). Therefore, by washing babies and their fecal-
contaminated clothes in the hand basins, the concentration of nutrients in the effluent
might increase. Another critical parameter in GW with kitchen sinks and showers in
bathrooms is oil and grease. The literature has reported oil and grease concentrations of
50 to 100 mg.L?* (Rakesh et al., 2020).

2.3  Environmental impacts and health risks of greywater

Approximately half of the surface water has been reported to be contaminated by
untreated wastewater discharge (Sabeen et al., 2018). Since this matter has affected our
environment, attention was taken to protect the environment from primary pollution
sources and prevent extensive expansion (Chrispim et al., 2019; Kong et al., 2019). The
risks associated with untreated GW depend on the objectives of water recycling. For
example, in agricultural irrigation, one of the main risks is determined by whether the water
is reused in the short or long term (Vuppaladadiyam et al., 2019). More than 10% of the
world's population consumes foods grown with wastewater irrigation. Low-income
countries with arid and semi-arid climates have a much higher proportion. The main
motivations for this type of water recycling are due to the increasing water scarcity and the
recognition of the value of GW as a water resource (WHO, 2006a). Recycling wastewater
can contribute to environmental sustainability when performed safely. There was
widespread use of partially treated or untreated wastewater for irrigation in agriculture
because of its high nutrient content and availability (Adegoke et al., 2018). In most cases,
GW irrigation could provide all of the nutrients needed for crop growth without incurring
the costs associated with additional fertilizers (WHO, 2006a). Although the practice offers
many benefits, numerous adverse health outcomes have still been reported. Due to the
presence of high organic matter concentrations, nutrient content, surfactants, and
pathogen content, entering untreated GW causes irreversible damage to the soil and
receiving water (Benami et al., 2016). Untreated GW irrigation has been shown in studies
to alter soil chemistry and hydraulic properties. A study assessed the environmental
effects of irrigating a farm using GW. Long-term irrigation with GW has been shown to
cause salts, surfactants, and boron to accumulate in the soil, thereby changing the soill

properties and causing plant toxicity (Gross et al., 2005). Greywater typically contains low
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concentration levels of persistent organic compounds. Eriksson et al. (2002) identified 900
potential xenobiotic organic compounds that might be presented in GW due to the usage
of household chemical products in Denmark; however, the majority of these substances
will be found at very low concentrations. (Eriksson et al., 2002). However, there is a
growing trend toward utilizing GW for irrigation; treating the GW before reusing is strongly
advised (Eriksson et al., 2006; Reichman & Wightwick, 2013). Surfactants, oils, grease,
sodium, and potentially pathogenic organisms in high concentrations can adversely affect
human health and the environment (Siggins et al., 2016). Disposal and reusing untreated
or partially treated GW has negative consequences for soil, plant, water resource, marine
life, and human health. Tableau 2.2 illustrates the impacts and health risks while either
rejecting untreated GW into the environment or reusing untreated GW.
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Tableau 2.2 Impacts and health risks while rejecting untreated GW into the environment or reusing untreated GW

Object Action Impact Ref.

- Accumulating salts, surfactants, and boron in the soil caused

Soil & plant :;ﬁ;g;itg;n;f(zr)i/ﬁgz)ss soil changes in soil properties and toxicity to plants. (2(3605355 etal,
with greywater
- Increases in soil chemical parameters such as pH, phosphate, and (Siggins et al
sodium adsorption ratio (SAR) and pathogen indicators such as E. 2016) "
coli might negatively affect soil and human health.
Long-term (8i 18 years) -Increases in soil surfactants, oils, and grease levels resulted in soil
greywater disposal hydrophobicity, soil water resistance, and adverse effects on
plants.
- Long-term irrigation may depress yields and crop quality.
- The presence of elevated salinity and sodicity in greywater could (Maimon &

damage soil structures.
- The pores of soil can also be physically clogged by organic
Irrigation with greywater compounds and suspended solids.
- A poorly buffered soil might experience a rise in pH, thereby
interfering with the biochemical process.

Gross, 2018)

- A high sodium concentration had a competitive effect on Ca, Mg,

(Reichman &
and K uptake. Wiahtwick
Irrigation of lettuce and - Nutrient solubility and bioavailability could have been affected by a 20%3) '
radish by greywater rise in soil pH.

- Soil irrigation with greywater containing detergents impacted plant
nutrition, soil enzyme activity, and worm avoidance.

- Degradation of the receiving surface water body

Water : (Edokpayi et al.,
resource & - Aguatic ecosystems ar_wd consumers of surface water resources 2017)
marine life Wastewater discharge faceq advgrse hgalth rl_sks. .

into surface water in - Nutrients like nitrites, nitrates, and phosphorus enter water bodies

South Africa and caused eutrophication.

- The organic load of wastewater contributed to the depletion of
dissolved oxygen (DO) in surface water.
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Object

Action Impact Ref.
- Aquatic life requires low BOD/COD values in surface water. The
presence of high BOD and COD levels can pose a threat to
marine life, especially fish.
- Surface water and groundwater may be contaminated with GW .
(Maimon &

Irrigation with greywater

pollutants like nitrogen, boron, and surfactants.
- Specific GW components might adversely affect water biota,
including toxic and endocrine-disrupting micropollutants.

Gross, 2018)

Greywater containing
alkylphenols

- Inhibit testicular growth in rainbow fish, carp, and flounder.
- They also stimulate egg production in immature Japanese medaka

fish.

- Long-time exposure of fish to these compounds disrupts the liver

architecture.

(Abdulla Bin-
Dohaish, 2012)

Human

- Presence of pathogens of indicator organisms that would

Through contact with negatively affect human health (WHO, 2006d)
greywater
Through vegetables, - From the presence of pathogenic microorganisms (WHO, 2006d)
shellfish or other food
products exposed to
contaminated water or soil

- Micropollutants and metals that are present in GW might cause (Maimon &

Greywater reuse for
irrigation

secondary human health risks.

- Greywater is associated with microbiological risks due to
pathogens originating from fecal contamination, skin, mucus, and
food preparation, like E. coli, Rotavirus, Legionella spp.,
Pseudomonas aeruginosa, Staphylococcus aureus, Salmonella

spp. etc.

Gross, 2018)

Wastewater discharge
into surface water in
South Africa

- As a result of the eutrophication of water sources, cyanobacteria
that produce toxins may also grow, and exposure to such toxins
can present health hazards to humans.

(Edokpayi et al.,
2017)
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231 Soil and plant

Greywater has a high concentration of organic matter, some of which are poorly degraded,
such as surfactants and oils. The most common use of GW is to irrigate plants, which
means plant health poses the immediate risks of pollutants in GW. Grey wastewater could
be beneficial for plants, as its nutrients, mainly nitrogen and phosphorus, on the other
hand, it can be harmful to some plant species with sodium and chloride (WHO, 2006).
Long-lasting soil exposure to untreated GW results in high surfactants, oils, and grease
levels in the soil. As a result, it causes soil hydrophobicity, soil water resistance, a decline
in soil characteristics, and adverse effects on plants (Siggins et al., 2016). Greywater
tends to increase soil alkalinity and salinity while decreasing soil's ability to absorb and
retain water. Anions and cations dissolved in water cause salinity. It causes an increase
in the osmotic pressure of soil solutions, reducing the water and nutrient absorption by
plants. Therefore, controlling salinity is necessary when using treated wastewater for
irrigation. Water salinity is generally measured as its electrical conductivity or
concentration of total dissolved solids. Electrical conductivity is an easy way to determine
the suitability of water for irrigation (Shakir et al. 2017).

Alkalinity increases by the presence of sodium, potassium, or calcium salts, especially
from the detergents, in GW (Rana et al., 2014). Sodium compounds are found in the
majority of soaps and detergents. High sodium levels can contribute to an alkaline soil
condition while also causing leaf discoloration and burning. The sodium adsorption ratio
(SAR) is a parameter that quantifies the effect of sodium compounds on the soil's
structure. The increase in SAR (13 or higher) can adversely influence soil properties, limit
the plant species to be cultivated, and reduce crop yields due to toxic and osmotic effects.
SAR can be calculated from the ratio of sodium to calcium and magnesium by Equation
2.1:

Equation 2.1 - The sodium adsorption ratio

0®

YO 'Y
56 00 (15)

Where Na*, Ca?* and Mg?* are in meq/L (milliequivalents per liter)
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Furthermore, some sodium compounds interfere with the soil's ability to absorb water. In
addition, high sodium levels can prevent calcium from reaching certain plants (Shakir et
al., 2017; WHO, 2006d).

Other chemicals harmful to plants, such as chlorides, peroxides, and boron, have also
been found in detergent and laundry products. Bleaches often contain chlorides that can
damage plants. The tendency to bleach new expanding leaves is a symptom of chlorine-
related damage (Gross et al., 2005). Chloride is neither adsorbed nor retained by soils, so
it moves readily with the soil-water, is taken up by the crop, passes via the transpiration
stream, and accumulates in the leaves. Compared with crop tolerances to salinity, chloride
tolerances are not so high (Shakir et al., 2017). Most plants, furthermore, are extremely
sensitive to boron. Boron toxicity involves a burnt appearance to the edges of the leaves,
leaf cupping, chlorosis, dieback of the branch, premature leaf fall, and decreased growth
(Gross et al., 2005).

Microorganisms, particularly fecal indicator bacteria, present in wastewater, transmit
disease to plants (Eriksson & Donner, 2009). In addition, due to the use of GW with a pH
higher than 8, the availability of certain micro-nutrients for plants may be reduced

(Vuppaladadiyam et al., 2019).

2.3.2 Water resource and marine life

Irrigation with wastewater results in an indirect effect of aquifer recharge. The impact on
groundwater quality is determined by a variety of factors such as the irrigation rate, the
irrigation water quality, the treatment of water by the soil, the vulnerability of an aquifer,
the method of irrigation, the rate of artificial recharge compared to natural recharge, the
initial quality of the underground water and its potential use, the period of irrigation, and
the type of crops being irrigated (WHO, 2006b). Groundwater contamination is one of the
most severe environmental risks associated with untreated GW recycling. Some
substances found in GW can reach the groundwater reserves behind the reuse area
(WHO, 2006d). Greywater used for agriculture may adversely affect groundwater, so it is
essential to monitor groundwater characteristics regularly, promote wastewater quality,

and use the wastewater in zones where aquifers are less vulnerable (WHO, 2006b).

Greywater use in agriculture is also affecting surface water bodies since they receive
water from drainage and runoff. However, there are fewer effects than if wastewater is

discharged directly into them; effects are still experienced. There are varying impact levels
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based on water body type, usage, hydraulic retention time, and the role played within the
ecosystem (WHO, 2006b). The presence of nitrogen and phosphorus in GW causes
eutrophication when discharged to surface water, especially in large quantities.
Eutrophication reduces water transparency, reduces dissolved oxygen levels, depletes
fish and other aquatic life forms, degrades water quality, and increases the occurrence of
toxic phytoplankton. Microbial growth could be facilitated by the high temperature of GW
entering surface water (Carey & Migliaccio, 2009; Edokpayi et al., 2017). Besides, an
excessive amount of biodegradable organic matter in surface waters can deplete
dissolved oxygen, affecting aquatic organisms and contributing to unpleasant odors
(WHO, 2006b).

Grey wastewater causes toxicity in water sources, as it contains heavy metals and XOCs.
Surfactants such as LAS, nonylphenol-, and other alkylphenol-ethoxylates, also have
adverse environmental impacts (Eriksson et al., 2002). Even at extremely low
concentrations, they are incredibly toxic to aquatic organisms (Benami et al., 2016; Shah,
2017). For instance, alkylphenol ethoxylates are unstable in the environment, resulting
from the use, discharge, and biodegradation, nonylphenol (NP) and octhylphenol (OP)
emerge. NP and OP have become a global environmental concern due to long-distance
transportation, persistence against biological degradation, and an inclination for
bioaccumulation in fatty tissues (Priac et al., 2017). Several studies have demonstrated
the estrogenic effects of alkylphenols that inhibit testicular growth in rainbow fish, carp,
and flounder. They also stimulate egg production in immature Japanese medaka fish.
Furthermore, long-time exposure of fish to these compounds disrupts liver architecture
(Abdulla Bin-Dohaish, 2012).

2.3.3 Human health

Greywater contamination by microorganisms and chemicals may endanger human health.
While GW generally contains fewer pathogens than wastewater, some pathogens are
introduced into it as a result of washing diapers, doing laundry, using personal hygiene,
etc. (WHO, 2006a). Greywater consists of high content of readily degradable organic
compounds, which contribute to the growth of fecal indicators. Besides, mishandling of
food in the kitchen can sometimes introduce enteric pathogenic bacteria, such as
Salmonella and Campylobacter (WHO, 2006c). Pathogens enter the human body through

various routes, including direct contact with GW, drinking contaminated water, and eating
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vegetables, shellfish, or other food products exposed to contaminated water or soil. In
order to reduce health risks and minimize the inconvenience caused by the reuse of GW,
it is recommended to avoid human contact with GW, limit the connection of GW with
potable water, avoid GW's direct contact with edible vegetables, and prevent irrigation by
sprinklers (WHO, 2006d).

Moreover, contaminated groundwater, runoff to surface water, and sprinkler irrigation can
further affect the local community (Adegoke et al., 2018). It is reported that children and
immunocompromised individuals have a higher risk than immunocompetent adults do.
The most common skin and intestinal infections were found among people infected via
occupational exposure and ingestion. Besides, the use of partially or untreated wastewater
to irrigate crops (fruits and vegetables) has been widely reported as a source of food-
borne outbreaks (Adegoke et al. 2018).

The untreated GW might have an adverse effect on other elements like installation and
pipeline. The presence of particles and colloids in GW might lead to systems clogging.
The combination of colloids and surfactants could cause the solid phase to be stabilized.

A pre-treatment procedure, therefore, is required to remove solids (Eriksson et al., 2002).

However, untreated GW is becoming common in applications such as home garden
irrigation; due to potential problems associated with GW, it is not recommended that the
GW be discharged into water resources and reuse without pre-treatment. Guidelines have
been established to ensure public health and produce the full benefits of GW reuse or
discharge. Although these guidelines for safe WW reuse exist, it may still be questionable
whether the reuse of treated WW causes adverse health effects or not. The complexity of
contaminants, treatment, and remediation of grey wastewater seems critical for controlling

potentially detrimental health effects and environmental impacts.

2.4  Why decentralized greywater treatment?

When designing a water treatment system, one of the significant decisions is whether the
system will be centralized or decentralized. In the areas where establishing a sewage
collection/treatment system is not economically feasible, decentralization is more popular.
For instance, 25% of the population in the US is already assisted by small, decentralized
wastewater treatment plants (DWWTPs). A decentralized system emphasizes on-site
treatment/recycling of domestic wastewater, bio-energy, and nutrients such as nitrogen

and phosphorus. These systems are designed to provide optimal water management for
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homes, businesses, and industrial centers. Decentralization could therefore promote
environmental sustainability and retreating loss of environmental resources. This
approach is in accordance with global tendencies towards water management paradigms
change, from a waste-oriented approach to resource-recovery and water reuse. In many
arid areas of a country, recycling can support water resource management goals
(Capodaglio et al., 2017a).

Establishing consistent and feasible wastewater treatmentin rural/remote areas is
challenging, mostly in developing countries. The issues and restrictions of the centralized
wastewater treatment systems can be the high cost of building and operating, specifically
in the regions with low population densities and dispersed households. Alternatively, by
applying on-site and/or cluster systems, the decentralized system has more advantages
in flexibility in management and simplicity. The decentralized system can be considered a
long-term solution for small societies and more reliable and cost-effective (Massoud et al.,
2009). Through the avoidance of significant capital costs, reduced operating and
maintenance costs, and the promotion of business and employment, decentralized
treatment may be a cost-effective and economical solution for many communities.
Furthermore, it is green and sustainable because it provides clean water, uses energy and
land efficiently, permits growth while preserving green space, and uses the natural
treatment abilities of the soil. The final benefit is that it will protect the environment, public
health, and water quality by offering reliable wastewater treatment, reducing pollutants,

and mitigating contamination and health risks posed by wastewater (Tooke, 2015).

It should be noted decentralized systems require proper design, maintenance, and
operation to provide optimal benefits like any other system. Although decentralized
treatment systems have many advantages, the implementation and operation of these
systems face many challenges, which are described in detail in the final section of the
review. Therefore, management systems must propose practical recommendations
concerning wastewater treatment methods, such as financial aspects, public involvement
and awareness, system design and selection processes, and inspection, monitoring, and

program evaluation (Massoud et al., 2009).

The restrictions of centralized wastewater treatment systems, such as land availability,
cost-effectiveness, and complexity, lead to employing economically and environmentally
sustainable wastewater treatment systems, such as decentralized wastewater treatment

systems (DWWTSs). DWWTSs are typically composed of two steps, primary and
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secondary processes. Heavy solids and flocs settle at the bottom of the tank during
primary treatment, while other substances such as oil are separated from the surface. The
pre-treated WW is generated once the settled particles and floating materials have been
taken away from the tank. Secondary treatment is applied to enhance the treated water
guality by removing the suspended and dissolved solids. Generally, a primary and a
secondary treatment will be followed by disinfection in order to meet the water quality
requirements of GW reuse (Matos et al., 2014). Control of pathogens in GW systems is
typically achieved through a combination of removal from the primary and secondary
process and final disinfection with chlorine or ultraviolet (UV) (Larsen et al., 2013). In this
case, disinfection prior to reuse is generally accepted as a critical step that requires a
robust, simple, safe, affordable, and low maintenance system (Friedler & Gilboa, 2010).

Decentralized approaches aim to save freshwater, reduce water pollution, reuse water on-
site, and recover resources (Bajpai et al., 2019). A significant feature of such a
decentralized system is separating the resources as far as necessary. The low strength,
but large GW, can be separated from high strength and a small amount of blackwater,
thus simplifying and efficient water remediation (Wang et al. 2010). When GW is treated
to the required standard, it can be reused for several purposes such as agriculture,

landscaping, and toilet flushing.

24.1 Primary treatment

There are different on-site wastewater treatment systems (WWTSs). The septic
tank treatment is the most frequent approach as a primary treatment method for on-site
WW treatment due to eliminating most settleable solids and partially digesting organic
matters like anaerobic bioreactor (Massoud et al., 2009). A septic tank consists of simple
concrete, fiberglass, or polyethylene tank to be buried in the house courtyard. Gravity is
typically the driving force in this system, with water running down from the house to the

tank and then to the drainage area.

The tank is divided into three layers, scum, water, and sludge. Scum is generated in the
layer of scum, while the water layer consists of a partially treated liquid that is free of solids
but contains chemicals and bacteria. Moreover, solids are collected and digested by
anaerobic bacteria in the sludge layer (Ahmed & Arora, 2012). This system works well in
a hotter climate and can remove up to 50% of organic load but is less effective in

pathogens removal (Bajpai et al., 2019). Just the unsuitability of the soil and the site
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characteristics is the disadvantages. This system should be improved with an effluent filter
vault which can prevent some solids from releasing into the effluent and clogging in the

system (Massoud et al., 2009).

The less common approach would be the Imhoff tank can be considered as another
primary treatment process that can regulate higher flow rates than the septic tank. Both
mentioned systems are relatively inexpensive and simple to operate and maintain.
However, the produced sludge may lead to an odor problem, and it needs to be handled.
As known, the conventional on-site WWTSs cannot effectively remove the nitrate,
phosphorus compounds, and pathogenic organisms. Therefore, this kind of treatment can
be applied prior to further treatment. Suppose the anaerobic septic tank is not suitable for
a region or WW type (in places where the soil is poor, the groundwater is high, the land
available is small, or the site is sensitive). In that case, an aerobic system can be used
alternatively (Massoud et al., 2009).

2.4.2 Secondary treatment

Several secondary treatment methods can be applied for on-site treatment. For example,
sand filtration is one of the suggested systems. In the areas with deep, permeable soils,
soil absorption systems can be used. While, in the regions with shallow, highly slowly
permeable, or extremely permeable soils, the other complicated options must be
considered (Massoud et al., 2009). Here, some prevalent treatment systems are

discussed.

24.2.1 Constructed wetlands

Constructed wetland (CW) is an artificial wetland built using environmental technology to
mirror natural wetland conditions. This technology is identified as a nature-based method
due to the use of natural media, soil, and plants. Reed grass, cattails, and bulrushes are
some of the most widely known plant types employed in constructed wetlands. The three
criteria that must be considered before choosing constructed wetlands as a GW treatment
process are water availability over the year, horizontal slopes, and impermeable layers to
surround a system (Ahmed & Arora, 2012). Typically, constructed wetlands are classified
as subsurface flow, free water surface, and floating treatment wetlands. The most widely
used constructed wetlands are subsurface flow systems divided into vertical flow

constructed wetland and horizontal flow constructed wetland (Kivaisi, 2001; Oteng-Peprah
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et al., 2018). The performance and efficiency of each type of CW are unigue. For instance,
the vertical flow CW was investigated and demonstrated to be more effective in removing
pathogens than the horizontal flow system CW and green roof water treatment (Boamah,
2020). Various studies confirmed that CWs remove contaminates by a combination of
physical (filter media), biological (aerobic and anaerobic) as well as chemical processes.
CW is an inexpensive and proper treatment method; however, it typically needs pre-
treatment and can be deliberated as a secondary treatment alternative. Similar waste
stabilization ponds, this system has high pathogens removal, although controlling the
disease vectors, specifically mosquitoes and odors, should be considered (Parkinson &
Tayler, 2003). This method is recognized to remove organic pollutants and suspended
solids effectively. A study showed that slugs and earthworms in the Kanuma soil
contributed to eliminating solid food particles from the kitchen wastewater. Furthermore,
the phosphorous concentration was removed from the GW by soil adsorption, and the
biological process has helped reduce the concentration of nitrogen (Itayama et al., 2006).
Although the removal efficiency varies but CWs are always capable to take away high

amounts of GW contaminates.

Despite the advantages mentioned above, the limitations are periodically maintaining the
units, the need for regular water supply, and influencing by seasonal weather variations.
They can also be destroyed by overloads of ammonia and solids levels (Massoud et al.,
2009).

2422 Waste stabilization ponds

Another common, simple, and old form of DWWTSs are waste stabilization ponds (WSPs),
including anaerobic ponds, optional ponds that combine aerobic and anaerobic
treatments, and purely aerobic maturation ponds (Parkinson & Tayler, 2003). For more
than 3,000 years, WSPs have been used for wastewater treatment (EPA, 2011). Its long
residence time results in higher pathogen removal. The effluent has adequately high algae
concentrations; thus, it is a valuable resource for irrigation (Parkinson & Tayler, 2003).
WSPs are simple in design, cost-effective, and have low energy consumption. These
ponds can also provide other economic advantages since they can provide an
environment for fish like tilapia to grow (Bajpai et al., 2019). These plants grow in nitrogen-
rich soils and can be harvested, composted, and used as a fertilizer. The cultivation of

these plants leads to the removal of nutrients and reduces the possibility of eutrophication
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in the watercourse. Its drawback is requiring a relatively large land area, especially when

reusing water is considered (Parkinson & Tayler, 2003).

2.4.2.3 Aerobic treatment

Aerobic WW treatment is a biological process that uses oxygen utilized by microorganisms
to degrade organic contaminants into the degradation products like carbon dioxide and
water. These systems have a small footprint in comparison to nature-based methods, but
they consume more energy. In contrast to natural systems, aerobic systems can produce
high-quality effluents that easily meet effluent discharge standards. The main benefit of
aerobic systems is that they only require semi-trained personnel, making them an

excellent choice of WW treatment process in low-income countries.

These systems can be classified as attached growth processes, suspended growth
processes, and hybrid processes. Extended aeration process, moving bed biofilm reactor
(MBBR), oxidation ditches, membrane bioreactor (MBR), submerged aerobic fixed film
reactor, rotating biological contactor, and sequential bioreactor are some prevalent and
full-scale aerobic treatment systems. These systems are used to treat WW with COD less
than 1000 mg.L?. Its significant drawbacks include plugging aeration equipment during

operation, complicated scale-up, and mechanical failures (Singh et al., 2015).

24.2.4 Anaerobic treatment

These treatment systems govern the biological treatment where microorganisms degrade
organic contaminants in the absence of oxygen into biogas based on hydrolysis,
acidogenesis, acetogenesis, and methanogenesis mechanisms (Singh et al.,, 2015).
Anaerobic treatment is typically less expensive than most aerobic treatment processes
since this process can produce energy and, consequently, be independent of external
power sources or reduce external energy consumption. It can simply include a septic tank,
which settles suspended solids and digests some settled solids. The other processes
include anaerobic waste stabilization ponds, anaerobic filters, and upward-flow anaerobic
sludge blanket reactors can be added as well (Parkinson & Tayler, 2003). In addition,
these systems have been used to treat high-strength WW (with COD more than 4,000
mg.L?) (Singh et al., 2015).
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Nevertheless, there are some obstacles, including insecurity in implementing new
technologies and limitations from the legislation regarding the quality of treated effluent
discharges. Generally, anaerobic systems are followed by aerobic systems for removing
the remaining COD, nutrients, and pathogens. The other limitations are associated with
low temperatures zones, long HRT, slow start-up, and potential odor and corrosion
problems (Singh et al., 2015).

2.4.25 Membrane system

Membrane technology (like MBR) is suitable for DWWTSs and water recycling. In general,
the following points need to be taken into account for utilizing membrane systems for on-
site treatment: reducing costs and increasing affordability, minimizing energy
consumption, enhancing nutrient removal, considering disposal approaches, developing
monitoring and control system at low cost, effective, and designing remote management

systems.

Membrane systems lead to high removal efficiencies. For instance, microfiltration (MF)
and ultrafiltration (UF) could eliminate 2 log to 5 log for virus contamination, respectively,
and 5 log removal of protozoa can be expected. Thus, membrane separation is beneficial
for decentralized and sustainable WW treatment/reusing. The membrane systems are
typically attached with other processes to attain the appropriate clarification. A pre-
treatment stage could be screening, and a combined membrane process, like MBR
followed by oxidative treatment/high retention membrane separation, can be used to yield

water for reuse (Fane & Fane, 2005).

2.4.2.6 Filtration

Filtration removes suspended solid matter from a liquid mixture using a filter medium that
allows the fluid to pass through but traps the solid particles. Quartz sand, silica sand,
anthracite coal, gravel, garnet, magnetite, paper, fabric, cotton-wool, asbestos, glass, and
other materials could be used to produce the filter. Filtration in WW treatment removes the
majority of solid particles from the water. Physical as well as biological processes remove

solids from the filtration systems (Ahmed & Arora, 2012).

Filtration is straightforward in terms of technology (simple equipment) and adaptable to

various treatment formats. Another benefit of this method is its low investment and
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operational cost. Sand is the most common filter medium. In different water management
stages, a sand filter might be used as a pre-treatment, side-stream filtration, or polishing
filter. A sand filter often provides an effluent with the potential for reuse. However, for
highly contaminated WW, this method is ineffective. Other drawbacks of this approach

include its non-selectivity and filter clogging (Crini & Lichtfouse, 2019).

Sand filtration can be categorized into slow and rapid sand filtration. It is critical to
differentiate between slow and rapid sand filtration in this context. The disparity between
the two is not just a matter of filtration speed but also a matter of the treatment process's
underlying definition. Rapid sand filtration (RSF) is a physical treatment procedure,
whereas slow sand filtration (SSF) is basically a biological process. The establishment of
a microbial population on the top layer of the sand substrate, also known as
Aschmut zdeckeo, makes the top iMeadlhese rsicrobes
typically enter the system via the source water and form a population within a few days.
Slow flow rates of 0.1i 0.3 m®h per square meter of surface are typical for SSFs. Slow
sand filtration is effective for turbidity less than 10-20 NTU. Pre-treatment may be needed
if this is not the case. RSF, on the other hand, removes relatively large suspended particles
quickly and effectively. This method can handle high filter rates (4,0007 12,000 L.h"*.m3)
while requiring small land facilities (Verma et al., 2017; WHO(n.y), 2009).

Clogging of the bed is an issue associated with filtration. In the case of clogging,
separating the top layer of sand is a widely suggested solution. Overall, scraping the top
layer and wetting and drying cycles can minimize sand filter clogging (Verma et al., 2017).
Backwashing the filter is performed at the end of the operation to clean it. Backwashing
SSF is not typically required, but it would be achieved if the influent turbidity and
suspended solids become higher than the recommended values. RSF, on the other hand,
generally requires regular cleaning and backwashing every 24-72 h (Tyagi et al., 2009;
WHO(n.y), 2009).

2427 Electro-technology

Electrochemical treatment schemes, like electrocoagulation (EC), electro-oxidation (EO),
and electro-flotation are appropriate techniques for WW treatment. For instance, the EC
has some advantages over chemical coagulation, owing to its compactness, no need for
chemicals, less sludge production, and cost-effectiveness, which nominate this

technology as a trustable alternative for decentralization. Different operating conditions,
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such as current density, pH, electrode type, electrolysis time, and supporting electrolyte
concentration, can be considered for optimum conditions( Bar é Kk - € & .TAstudk
on EC treatment on GW revealed that the optimum operating condition is a current density
of 12.5 mA.cm2, operation time of 30 min, and inter-electrode distance of 0.5 cm. Results
of contaminants removal efficacy and electrical energy consumption lead to the possibility
of the EC method in the treatment of GW. However, the proposed technology needs to be
investigated in continuous mode at an industrial scale (Nasr et al., 2016).

2.4.3 Disinfection

Greywater recycling systems must generally include additional disinfection steps to
comply with proposed guidelines and avoid contamination by microorganisms that cause
disease (Bakheet et al., 2020). A final step in the reuse process is disinfection, depending
on the reuse application. When high-quality effluent and low pathogen levels are
demanded, disinfection is necessary (Boyjoo et al., 2013). In spite of the fact that, by
definition, GW streams do not have contact with toilet waste, they may still be
contaminated with fecal microorganisms like salmonella veltereden and Giardia have both
been detected in GW. Disinfection after treatment is thus often required before particular
reuse applications (Birks & Hills, 2007). Greywater must be disinfected to meet microbial

standards and avoid health risks associated with its storage and reuse.

As a disinfection procedure, chlorination by sodium hypochlorite (NaOCI) is the most
commonly used to treat GW. There is some concern that the presence of coliforms would
lead to effluents not suitable for re-use. However, post-treatment by chlorine should
effectively eliminate any remaining pathogens and ensure that there is residual chlorine
that prevents further contamination (Cecconet et al., 2019). The chlorination process does,
however, have a few drawbacks. As GW contains organic compounds, they can react with
chlorine and produce carcinogenic chloroforms or other harmful halogenated organic
compounds. Chlorine requirements vary based on the treatment process, so conducting
studies to minimize disinfectant dosage is essential. As warnings against reusing
chlorinated GW for irrigation, research should also be undertaken since residual chlorine

is toxic to plants (Boyjoo et al., 2013).

However, chlorine disinfection produces potentially harmful by-products; it was employed
in several decentralized GW treatment processes. Greywater systems that were first

introduced for commercial use relied on filtration and chlorine disinfection. For example,
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one hotel in Spain had a GW recycling system for flushing-toilet that included
sedimentation, filtration, and disinfection by hypochlorite (March et al., 2004). Besides, in
another project, an automatic membrane bioreactor (MBR) prototype has been designed
and installed to treat LGW (from showers and bathroom sinks) to be reused in the flushing-
toilet application. A final disinfection step with sodium hypochlorite led to an effluent with
high microbial parameter quality that met Spanish legislation for urban water reuse
(Santasmasas et al., 2013).

Chemical oxidants have been widespread for many decades in water treatment, mainly
for disinfection and for removing color, taste, odor, and iron and manganese. Conventional
oxidation with chemical oxidants and advanced oxidation processes have also found
broader application in the last two decades in removing micropollutants from drinking
water and, recently, wastewater effluents (Larsen et al., 2013). Ronen et al. (2010)
reported hydrogen peroxide plus (a recently developed, stabilized H,O,-based compound)
as a possible alternative to chlorination for GW disinfection in small communities. The
chemical oxidants do not produce toxic by-products, making them an attractive option.
Hydrogen peroxide was found to be a feasible and comparable disinfectant for small
systems compared to chlorine (Ronen et al.,, 2010). In another study in Malaysia, a
combined approach including aerobic digestion and hydrogen peroxide (H20-) disinfection
unit was evaluated to treat GW from showers and drains of bathroom sinks for the purpose
of nonpotable usage. Hydrogen peroxide disinfection achieved a 2 log reduction in
bacteria. Furthermore, the assessment of the microbial quality of stored GW revealed that
hydrogen peroxide concentrations of more than 1 mL.L' are able to inhibit bacteria

regrowth up to 3 days after storage, resulting in more efficient use of GW (Teh et al., 2015).

A range of in-situ generated oxidants has been developed and tested in recent years to
make sophisticated electrochemical disinfection methods effective (Martinez-Huitle et al.,
2015). It has been demonstrated that electrochemical processes are more effective than
usingchemi cal s because they produce highly

a high level of disinfection efficiency. An electrochemical process is a more sustainable
option since it prevents the costs and risks associated with transport, storage, and the
addition of chemicals (Bakheet et al., 2020). Disinfection by a TiO,-based photocatalytic
oxidation process has also been reported (Li et al.,, 2004). Additionally, a study
investigated a method of disinfection using an electrochemical system with Boron-doped

diamond (BDD) electrodes and a solid polymer electrolyte (SPE). This process was
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claimed to be a low-energy disinfection system for GW recycling. According to the results,
E. coli and total coliforms were reduced by 3.5 log with just 0.63-0.83 kWh/m? energy
consumption after 10 and 15 min for 2 L and 4 L GW, respectively (Bakheet et al., 2020).

Ozonation is also another alternative process employed for GW disinfection. The
ozonation process in treatment plants eliminates odors, colors, and micropollutants and
enhances disinfection capabilities. Even though ozonation is more expensive than
chlorination, it has fewer health impacts. Additionally, ozonation has also been known to
cause an increase in dissolved oxygen levels because oxygen is a by-product of ozone
degradation. In a study, this process was combined with screening, sand biofiltration,
anaerobic sludge bioreactor, aeration, and ozonation to treat GW released from a
governmental school in a rural area in India and was operated for over 12 months. The
treated water was then used for toilet flushing at the school. Study results demonstrated
that DGWTS could be implemented effectively and economically in rural India
(Subramanian et al., 2020).

An ultraviolet light (UV) is another alternative to chlorine in disinfecting. UV light offers
several advantages over chlorination, making it especially suitable for small treatment
plants. No dosage or storage units are required, and there is no need to replenish
chemicals. Besides not generating unwanted by-products, it is safer for operators. It
effectively eliminates a wide range of pathogens, even chlorine-resistant ones (Friedler &
Gilboa, 2010). When reuse standards do not require chlorine residual, UV light disinfection
may be an excellent option due to its simplicity (Cecconet et al. 2019). Ultraviolet
disinfection was employed to treat and reuse GW in an airport in Brazil. According to reuse
criteria, the results were satisfactory, and a cost-benefit analysis revealed that the
investment would be repaid in five years (do Couto et al., 2015). In another study, UV
disinfection was reported very effective at decreasing fecal coliforms and Staphylococcus
aureus in GW. Inactivation of Heterotrophic Plate Count (HPC) and Pseudomonas
aeruginosa, on the other hand, was less effective. Besides, a regrowth of HPC was
observed in the reuse system, probably due to the emergence of UV resistant bacteria
that faced less competition from other bacteria eliminated by UV disinfection.
Consequently, some measures were recommended to enhance the microbial quality of
GW for reuse, like adding a residual disinfectant or increasing the UV dose. Alternatively,
a second UV disinfection unit may be installed nearby the reuse point, or the UV unit may

be relocated closer to the reuse point (Friedler & Gilboa, 2010).
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Based on the amount of water treated per day, there is a variation in the cost estimate of
disinfecting wastewater using chlorine, ozone, and UV light. For 1 m? of wastewater, the
treat ment cost was est i mdl.7e ahd GoRi 8.0 & DBr chloring,2 1 4 . 0,

ozone, and UV methods, respectively (Subramanian et al., 2020).

Finally, it is worth noting that irrespective of the type of disinfectant used, the removal of
suspended solids from GW is critical to optimize disinfection process since particles act
as shields against microorganisms. Total coliforms were shielded from inactivation by
larger particles, and disinfection efficiency declined as particle size increased (Winward et
al., 2008).

24.4 Combined treatment system (multi-stage processes)

The most promising methods for almost complete removal of pollutants from WW are
combined technologies such as integrating physical/biological or physical/chemical
methods (Bajpai et al., 2019). Since conventional technologies fail to eliminate refractory
and non-biodegradable substances, combining these methods with other treatment
technologies like advanced oxidation processes improves the quality of the effluent and
produces treated water with the possibility of reuse. Different treatment methods can be
combined and carried out sequentially or hybridized and fused into one process (Garcia-
Segura et al., 2018). The objective of both methods is to enhance the treated water quality.
Tableau 2.3 summarizes the literature® data relevant to efficiency of multi-stage

processes for the treatment of greywater
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Tableau 2.3

A summary of multi-stage processes for treatment of greywater

Type of Objective Processes Removal efficiency Ref.
greywater
Laundry Treatment of industrial 1. Ultrafiltration & adsorption 1.Resin: 40%<C0OD<45% , (Mostafazadeh
wastewater LWW and removal of I I NPEO=95% etal., 2019)
2. Ultrafiltration & nanofiltration
(LWW) NPEQOs.17, COD and .
- ) S S 1.AC: 40%<COD<45% ,
turbidity to reuse in 3. Ultrafiltration & electro-oxidation _
. NPEO=80%
washing process
2.COD=80%, NPEO=80%
3.COD=80%, NPEO=90%
Laundry Treatment of industrial Bioreactor, UV/Os, & Effluent of biological treatment: (Mozia et al.,
wastewater LWW and reuse in the ultrafiltration/nanofiltration non-ionic surfactant=97%, anionic ~ 2016)
laundry process surfactant=96%, COD=95%
Post-treatment was necessary
before possible reuse of the
wastewater
Laundry Treatment of industrial 1.MBBR, microfiltration, & Effluent of MBBR: BODs: 951 97% (Mozia et al.,
wastewater ;Vl:/r\]/granc: orglejis in the nanofiltration COD= 907 93% , surfactants= 89 2020)
yp 2.MBBR, UV/O3, microfiltration, &  99%
nanofiltration
Post-treatment was necessary
before possible reuse of the
wastewater
Laundry Treatment of real LWW and Extended aeration activated sludge  A°seudomonas spp. and Bacillus (Benis et al.,
wastewater reuse in the laundry (EAAS), UV/Os, spp. were the dominant detergent 2021)

process

microfiltration/ultrafiltration, &
chlorination

degrading bacteria.
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Type of Objective Processes Removal efficiency Ref.
greywater
A U V4 pcess was effective for
the complete mineralization of
residual detergents.
A Microfiltratior
used to remove any remaining
suspended solids.
Laundry Treatment of LWW and 1.Conventional methods: 1.COD=93%, BODs=95%, anionic ( Go sTurk et
wastewater reuse in laundry industry precipitation/coagulation, surfactant=95% (emission into al., 2005)
(comparison of two pocculation, and adsorption on AC water)
processes) . L _ -
2. Membrane yltrations: 2.COD=98.9%, BOD5=99.2%,
ultrafiltration and reverse osmosis anionic surfactant=99.2% (reuse in
processes the laundry industry)
Synthetic Treatment of greywater Hybridized system including COD=88% ; TOC: 85% (Garcia et al.,
grey-water (GW) adsorption with granular activated 2016)
carbon (GAC) and electro-oxidation
Mixed Treatment GW from an Anaerobic filter followed by UV BODs=73% ; TSS=77% ; (do Couto et
greywater airport and reuse for non- disinfection Turbidity=88% al., 2015)
potable activities
Baths, Treatment and reuse of 1. Rotating Biological Contactor 1.BOD=96% ; Turbidity=95% (Friedler &
showers & greywater for toilet flushing  (RBC), sedimentation basin, & UV 000/ - 000 Gilboa, 2010)
washbasins disinfection 2.BOD=99% ; Turbidity=99%
wastewater UV disinfection was reported very

2. Membrane Bioreactor (MBR) &
UV disinfection

effective at decreasing fecal
coliforms and Staphylococcus
aureus in GW.
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Type of Objective Processes Removal efficiency Ref.
greywater
Showers & Treatment of greywater to Hybridized system including COD=68% ; TSS=88% (Teh et al,
bathroom reach non-potable usage aerobic digestion unit & hydrogen Comolete elimination of all bacteria 2015)
sinks standards peroxide disinfection afterrc)me day of storage
wastewater ’
Showers & Treatment of greywater to Screening, biological oxidation, BODs=95% ; surfactant=98% (Santasmasas
bathroom reach urban water reuse filtration &disinfection by Disinfection step led to achieve etal., 2013)
sinks standards chlorination. . .
wastewater sgusfagtory remo_val gfﬂmency of

microbial contamination.
Hand wash &  Treatment and reuse of Screening, sand biofiltration, BODs= 98% ; COD=96% ; (Subramanian
kitchen wash greywater for toilet flushing  anaerobic sludge bioreactor, TSS=98% ; fecal coliform>99.99% et al., 2020)
wastewater aeration, & ozonation
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In a study, the treatment and reusability of laundry wastewater (LWW) by a novel
sequential coupled system including UF of raw LWW at first step and treatment of filtrate
(permeate effluent) by the use of either adsorption processes (ADS) (granular activated
carbon or polymeric resin) or nanofiltration (NF) system, or EO has been investigated to
remove mainly TSS, turbidity, COD, and surfactants such as nonylphenol ethoxylates
(NPEOs.17) to meet the environmental rejection and reusability standards. Concentrate
(retentate effluent) of UF and NF were also treated using EC and EO methods,
respectively. Optimum conditions to obtain the best results were determined in each case.
The UF separated the raw LWW into a filtrate with a low organic pollutant content (3007
400 mg.L? of dissolved COD) and a concentrate with a total COD of 7001 1200 mg.L* and
TSS of 1401 200 mg.L*. Following UF application, NPEOs.1; were found not only in the
concentrate but also in the filtrate and subsequently were treated using mentioned
techniques that were effectively removed by NF and ADS (Mostafazadeh et al., 2019). In
another study, a comparison of EC and biological treatment process have been presented
for LWW treatment. In the biological treatment step, the WW is treated with
a Bacillus strain of aerobic bacteria, which is especially suitable for degrading fats, lipids,
protein, detergents, and hydrocarbons. The EC process was carried out by using
aluminum metal under controlled voltage. The efficiency of each methodology was
evaluated by measurement of surfactant concentration, COD, and total dissolved solids.
A noteworthy decrease was detected after 12 h of biological treatment, while the
remarkable reduction in surfactant was observed within the first 30 min by the EC process,
attributed to the fast generation of aluminum hydroxyl species (Ramcharan & Bissessur,
2017).

A hybridized system implemented for decentralized GW treatment is adsorption with
granular activated carbon (GAC) and EO. This system was carried out to remove
pollutants from synthetic GW. It was found that the 3D reactor hybrid system is capable of
eliminating color. However, the AD could reach the removal efficiency by 71%. Therefore,
color removal was evaluated by using the 2D reactor hybrid system and obtained 12%.
The combination of (electro)sorption and EO at the surface of GAC makes an
improvement in the treatment performance of 3D compared with the performance of AD
with GAC and 2D systems. Besides, the results showed that 88% of the adsorbed COD
and 85% of the adsorbed total organic carbon (TOC) were degraded when a current
density of 15 A.m2 was applied. As a result, the electrochemical regeneration of the GAC
bed was achieved that led to extending the lifetime of the GAC bed (Garcia et al., 2016).

79



In another hybridized study, gray wastewater was treated with an aerobic digestion unit
integrated with the hydrogen peroxide disinfection to achieve the treated water quality
based on non-potable usage standards. In the optimum operation conditions of 5 h
hydraulic retention time and an organic loading rate of 2.16 g COD.L™.day?, the system
successfully removed 88% of TSS and 68% of COD. Besides, the disinfection with
hydrogen peroxide at a concentration of 1 mL.L? led to the complete elimination of all
bacteria after one day of storage (Teh et al., 2015).

The combined decentralized treatment systems have been employed to achieve high-
quality treated water that can be reused on-site. In other words, this type of system leads
to obtaining the reclaimed water that meets the standards of reuse in the various
applications based on the quality.

2.5 Greywater treatment and decentralization

Due to the lack of water and WWTSs in rural and peri-urban areas in developing countries,
water scarcity and the risk of groundwater contamination are two possible challenges. An
option to deal with these challenges is a DGWTS. Several studies were conducted to
evaluate the DWWTSs in various criteria. Tableau 2.4 shows some of these carried out

recently.

80



Tableau 2.4

Selected studies on the decentralized wastewater treatment systems

Action

Country

Process

Results

Ref.

Performance

evaluation

Cost-benefit

analysis

Bench-scale
DWWTS

India

Indonesia

China

Settler, anaerobic baffled
reactor + anaerobic filter,
anaerobic filter, planted gravel

filter

Microbial fuel cell techniques

Further treatment like conditioning ponds would
be required to promote the safe reuse of treated

wastewater.

This technology has environmental benefits due to
its low cost, less energy demand, and simple

operation.

In addition to the technical and economic issues,
the environmental and social aspects should also

be considered in the decision-making process.

The decentralized system was more feasible

economically for this case study.

Further assessment on environmental, health,

social and institutional aspects are recommended.

Simultaneous removal of nitrogen compounds and
organic matters in wastewater with electricity

production.

(Singh et al.,
2019)

(Prihandrijanti
et al., 2008)

(Feng et al.,
2013)
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Action Country Process Results Ref.
Full-scale Brazil Septic tank + anaerobic The quality of the effluent generated by this (de Oliveira
DWWTS , , . combination is in accordance with Brazilian and Cruz et al,
filter filled with green coconut
husks + intermittent sand filter European legislation and even allows for its reuse  2019)
in agricultural activities.
Process USA Review Only one of the 20 DWWTSs approaches the (Oakley et al.,
performance reliability and stability of centralized plants and can  2010)
and alternative comply with less than 10 mg/L TN effluent standard
management with a 99% probability.
strategies; Further N removal in the immediate vicinity of the
hitrogen control discharge zone can be enhanced with shallow
trenches and subsurface drip distribution/irrigation
systems
Implementation  Jordan Assessment of local lowest-cost A decentralized wastewater management solution (van Afferden

of a new

approach

wastewater solutions

is more feasible compared to a centralized

approach, with cost savings of up to 40%

et al., 2015)
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A study was performed on a decentralized GW treatment and reuse system in rural India.
The hand wash and kitchen wash wastewater effluents were treated separately in that
study. The treatment processes included pre-treatment by screens and grease traps,
followed by slow sand bicfiltration integrated with anaerobic sludge bioreactor, then
aeration, and finally disinfection by ozone. The results demonstrated that the pre-
treatment could successfully decrease the TSS and turbidity to avoid clogging the
subsequent filtration system. The filtration could efficiently diminish the TSS, turbidity,
BODs, and COD. In addition, the ozonation system could remove the high fecal coliform
(FC) values. The treated GW met the effluent discharge reuse standards for toilet-flushing
in the school. The treatment method exhibited removal of 99% in turbidity, 98% TSS, 66%
nitrate, 73% total phosphorus (TP), 98% BODs, 96% COD and >99.99%, and FC,
respectively (Subramanian et al., 2020).

Very high COD, BOD, and TSS concentrations with average values of 2568 mg.L™, 1056
mg.L? and 845 mg.L?, respectively, characterize grey wastewater in rural areas Mafraq
governorate, Jordan. To find the most suitable treatment system for this high-loaded GW,
three treatment options were evaluated: septic tank followed by the intermittent sand filter;
septic tank followed by wetlands; and UASB-hybrid reactor. The results showed the most
appropriate system considering compactness and simplicity would be the UASB-hybrid
reactor with a volume of 0.268 m? and surface area of 0.138 m? for each house with ten
inhabitants and an average GW generation of 14 L.cld®. The treated water

characteristics met Jordanian standards in irrigating fruit trees (Halalsheh et al., 2008).

Green wall installation for the GW treatment is another nature-based method employed in
an office building in Pune, India. In this study, the green wall was filled with lightweight
expanded clay (LECA) plus sand and lightweight expanded clay plus coconut fiber as the
porous media. The COD removal was obtained 14-86% and 7-80% for LECA-coconut and
LECA-sand, respectively. The reclaimed water quality has complied with Indian irrigation
and toilet-flushing guidelines (Masi et al., 2016).

Eshetu et al. evaluated the performance of a combined system including a fixed-film
biofilter and soil infiltration for on-site treatment GW from at cottages and small households
in Norway. This system was achieved 95% overall removal efficiency in COD, BOD, TSS,
total nitrogen (TN), and TP and up to 5 log reduction of coliform bacteria. This system

could generate effluent with quality that meets Norwegian discharge requirements in
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sensitive areas such as drinking water sources with minimum risk to the environment and
health (Moges et al., 2017).

In another study, a horizontal flow wetland in a vertical set-up with four cascading stages
was employed to treat the low load GW (from the showers and washbasins) of a hotel in
Lloret de Mar, Spain. They used 15 various plant species in LECA at three different
hydraulic retention times (1.9, 1.4, and 1.0 days). The results showed the removal
efficiency of the system was more than 90% for COD, BODs, TSS, volatile suspended
solids, and turbidity. Alongside the said standard parameters, several organic
micropollutants, including pharmaceutical organic compounds and endocrine-disrupting
compounds, were observed over 22 months. This system succeeded in removing many
organic micropollutants like acetaminophen, ibuprofen, salicylic acid, caffeine, estradiol,
etc., with high efficiency. However, more persistence was demonstrated in other
compounds such as ketoprofen, naproxen, carbamazepine, metoprolol,
sulfamethoxazole, and hydrochlorothiazide. The effluent in all three HRTs complied with

the standard of Spanish legislation for various reuse applications (Zraunig et al., 2019).

Another combined system applied to degrade organic matter in GW, released from 223
inhabitants in Berlin, Germany, included a multistage MBBR followed by sand filtration
and UV disinfection. The removal efficiency of the system reached up to 94%, 99%, and
91% for COD, BOD, and dissolved organic carbon (DOC), respectively. The MBBR
system was designed in series to designate a particular treatment function for each reactor
and enhance the overall performance of the system. Because of the reactor operation
conditions, a specialized biofilm was developed within the reactor that improved the
degradation of the less biodegradable organic matter. The decentralized recycling system
was so effective that the treated water met the reuse standard for toilet-flushing (Saidi et
al., 2017).

Several other DGWTS have been employed to produce high-quality treated water (Dos
Santos et al., 2018; Ghanbari & Martinez-Huitle, 2019; Katukiza et al., 2014). In all these
systems, the goal was to generate the purified water to reuse in different applications with
the least harmful effect on the health and environment and reduce water consumption.
Although they have made outstanding achievements by decentralized systems, there
have been some challenges. Obstacles include not being accepted by the public,
unpleasant odor in the vicinity of the treatment plant, the potential health risk associated

with using treated GW to irrigate crops, the alteration of soil properties, etc. Therefore,
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before implementing a treatment system, it is necessary to anticipate the possible

challenges and address them as much as possible.

2.6 Resourcerecovery from GW

A sustainable DWWTS emphasizes on-site WW treatment as well as recycling and reuse
of resources in the neighborhood. The said resources comprise reclaimed water, nutrients
(mainly nitrogen and phosphorus), and energy (primarily from transforming organic
materials, even recovering the remaining heat in the wastewater). Local reuse of
recovered elements is beneficial to move from the conventional linear economy toward
the circular economy. The circular economy approach seeks to recycle the resources to
reduce the stress on limited sources, ameliorate their sustainability, and protect the

environment (Capodaglio, 2017b; Corona et al., 2019).

The implementation of an efficient WWTS mainly depends on sustainability. To design a
new WWTS or improve an existing plant, sustainability is defined in various criteria,
including health and hygiene, environment and natural resources, technology, financial
and economic issues, and socio-cultural and institutional aspects (Capodaglio et al.,
2017a).

2.6.1 Water reclamation

A transition to a circular economy leads to handling the unbalance between water supply
and demand. Various DDWTS systems have been implemented worldwide to recycle and
reuse GW for different applications. It is worth noting that the required quality of reclaimed
water entirely depends on its application. In order to protect the environment and human
health, several countries have imposed different standards and guidelines for reclaimed
water reuse. Therefore, the treated GW should comply with four principles: hygienic
safety, aesthetics, environmental tolerance, and economic feasibility for reuse (Bajpai et
al., 2019; Nolde, 2000).

Reducing freshwater requirements and reducing sewage generation are two main
objectives of reusing the treated GW. Based on these purposes, the reclaimed GW can
be used in different applications that can be seasonal or non-seasonal. The most
appealing non-seasonal usages of treated GW are toilet-flushing since the water used for
toilet-pushing in many countries has drinking water quality. Flush water consumption

accounts for 25% of the total household water consumption (Widiastuti et al., 2008). The
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next most popular worldwide application is crop irrigation. This type of irrigation is usually
a seasonal application for the treated GW. Other popular ways are surface storage and
landscape irrigation like sporting facilities, golf courses, private gardens, and roadside
vegetation. When seasonal irrigation is not required, surface storage of partially treated
water can be utilized to add aesthetic value in rural and pre-urban neighborhoods. The
subsequent non-seasonal usage is non-irrigation urban applications like street washing,
fire protection, air conditioning cooling, car washing, and commercial laundering. The
treated water can be used for environmental applications such as restoring habitats such
as marshes, wetlands, or fens for recreational benefits and groundwater recharge, which
are non-seasonal. The tertiary-treated GW might be used for potable water (Capodaglio,
2017b).

Considering the reuse application, various standards and guidelines for reclaimed water
reuse were established by several countries. The water reuse regulation or guideline
varies from country to country and, in some cases, from state to state. Tableau 2.5 and

Tableau 2.6 present some of the policies based on the application.
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Tableau 2.5 Overview of regulations and guidelines for wastewater reuse
Country (EPA, 2004) USA (NSF) Canada Italy (Chaillou Australia (New South
(NSF350, 2011) (HealthCanada, etal., 2011) Wales) (NSWhealth, 2000)
2010)
Application Agricultural Landscape Restricted indoor  Toilet flushing Irrigation; Irrigation Toilet flushing
Parameter reuse impoundments  and unrestricted urban reuse & laundry use
outdoor use
pH 6-9 6-9 6-9.5
TSS [mg.L Y O 30 10 O 20 <10 30 30
Turbidity [mg.L?] o 2 5 O 5
BODs [mg.L?] O 10 O 30 10 O 20 <20 20 20
COD [mg.L1] <100
TN [mg.L7] <15
TP [mg.L Y] <2
Total chlorine residual [mg.L1] o 1 o 1 O 0.5
E. coli [CFU.100 mL] 14 O 200
Thermotolerant coliforms O 200 30 10
[CFU.100 mL1]
Fecal coliforms [CFU.100 mL™1] ND O 200
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Tableau 2.6 Overview of regulations and guidelines for wastewater reuse (continued Tableau 2.5)

Country Israel Jordan (WHO, 2006e) China (CHINA, 2002; IWA) Japan (Tajima et al.,
(Inbar, 2007)
2007)

Application Unrestricted  Agricultural Agricultural  Toilet Urban Irrigation Toilet Landscape

Parameter irrigation irrigation cooked irrigation flushing landscaping fiber crops  flushing
vegetables tree crops
pH 6.5-8.5 6-9 6-9 6.0-9.0 6.0-9.0 5.5-8.5 5.8-8.6 5.8-8.6
TSS [mg.L1] 10 50 150 100
Turbidity [mg.L?] 10 O 5 O 10 o 2 o 2
BODs [mg.L1] 10 30 200 O 10 O 20 100
COD [mg.L1] 100 100 500 200
TN [mg.LY] 25 45 70
Ammonia nitrogen [mg.L] O 10 O 20
TP [mg.LY] 5
Total chlorine residual [mg.L] 1 O 0. O 0.2 1.5 Combined
O 0.

Total coliforms [CFU.100 mL] O 3 O 3
E. coli [CFU.100 mL"] 100 1000 ND O 100
Fecal coliforms(CFU/100 mL) 10
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A case study for the treatment and reuse of GW to landscaping water ponds, gardening,
and sprinkling was carried out in a resi
in a water-deficient area, treatment and reuse of water, at least for non-potable
applications, seems necessary. A combined process was employed in this study
comprised of a fluidized pellet bed separator followed by ozone-enhanced flotation. The
system was achieved both technical and economic approval because the quality of the
reclaimed water met the standard of reuse, and the treatment cost was obtained less than
the cost of freshwater (Wang et al., 2010Db).

In another study, a decentralized MBR prototype including four stages, screening,
biological oxidation, filtration, and final disinfection by chlorination, was utilized to treat
low-load GW. This study aimed to identify the treated water characteristics that comply
with the Royal Spanish Decree for water reuse. The results showed the effluent with
outstanding quality in organic, surfactants, and microbial parameters used in the flushing-
toilet application (Santasmasas et al., 2013).

Water recovery is the main aim of DGWTS, especially in remote and arid areas. Based on
the quality of the reclaimed water, the regulation imposed for reusing water, and
requirements, the application can be changed over time. Sometimes, by adding a
disinfection unit, the treated water can meet potable water standards, which can be

valuable in a dry region.

2.6.2 Nutrient recovery

A decentralized wastewater treatment system is one of the primary nitrogen sources
entering into body waters, while strict TN effluent standards are regulated in N-sensitive
regions (limitations of <10 mg/L TN). The DWWTSs show limited capacity for meeting the
guidelines based on effluent concentrations at the point of discharge into the environment.
The alternatives to significantly removing nitrogen are proposed, such as passive, natural
systems like denitrifying bioreactors and drip irrigation. The former offers a more vigorous
approach, consumes the least amount of energy, and has the equal performance of
centralized plants (like the postanoxic SPSF/DB). The drawback of such a system is the
requirement for a large area footprint. The latter offers further nitrogen removal in the
immediate vicinity of the effluent by shallow trenches and subsurface drip
distribution/irrigation systems considered to enhance denitrification in the carbon-rich root

zone and nitrogen uptake by plant roots, and the setting up the solid carbon denitrification

89

dent i

al



walls/layers. The sustainable use of resources in WWTS includes nutrient recovery,
material usage, energy consumption, and greenhouse emissions. DWWTSs can enhance
the chances for the reclamation of sewage components. Regarding the nutrients in
wastewater, phosphate, is a hon-renewable resource, which must ultimately be recycled.
In fact, decentralized systems can minimize the contamination of nutrient residuals by

metals or other toxins (Oakley et al., 2010).

In a study, a decentralized treatment system including a septic tank followed by the
submerged spiral wound membrane filtration was carried out to evaluate the performance
and suitability of resources and nutrients recovery from GW. The results indicated that the
permeate consisted of 16.7 and 6.7 mg.L* TN and TP, respectively. This water could be
used for gardening and crop irrigation due to its fertilizing properties. Besides, it could be
used for toilet-flushing after disinfection. TP and TN increased continuously in the
retentate at the end of each filtration cycle and reached 40 and 140 mg.L™. It was
suggested the generated retentate mixed with blackwater and kitchen waste and treated

in an anaerobic digester to produce biogas or compost (Li et al., 2008).

Decentralized wastewater treatment systems can comply with the requirements for local
water reuse. Besides, the reclaimed water and nutrient content can improve the

productivity of agriculture.

2.6.3 Energy recovery

Large-scale wastewater treatment plants can benefit in terms of energy regeneration. This
energy can be recovered by biosolids management, hydropower generation, and thermal
energy recovery (Diaz-Elsayed et al., 2020). However, in decentralized systems, energy

recovery is mainly related to the transformation of organic materials (Capodaglio, 2017b).

In a study, bioflocculation of GW was performed in a lab-scale MBR to concentrate the
GW for the recovery of energy. To evaluate the reclaimed COD in concentrate, three
concentration factors were assessed based on the ratio of sludge retention time (SRT) to
hydraulic retention time (HRT): 3, 8, and 12. The recovered COD in the concentrate was
obtained 57%, 81%, and 82% at SRT/HRT ratios of 3, 8, and 12. This high recovered
efficiency indicated a strong bioflocculation of GW. The concentrate generated from the
bioflocculation process can be added to the anaerobic treatment of blackwater. It claimed

that the GW concentrate leads to an increase of 73% methane production (Leal et al.,
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2010). Therefore, by recovering the COD of GW in DWWTS, energy can be generated

without requiring an additional anaerobic reactor or mixing wastewater streams.

2.7 Techno-economical aspects

Generally, wastewater treatment plants have been employed at full-scale across the
world. Capital costs comprise the cost incurred in land acquisition, construction, and
design cost of facilities. The survey displayed that performance is independent of the size
of the plant, while total cost is directly proportional to the size of the system. Limited
information on the economic analysis of decentralized wastewater management systems
in developing countries is available, but some information can be found for developed
countries. Typically, anaerobic and combined treatment systems for small communities
are used in developing countries. This system results in better quality for organics and
nutrients removal and is applicable in a smaller zone. On the other hand, natural systems
need a larger area and have lower efficiency, particularly in nutrient removal (Singh et al.,
2015). Evaluating and selecting a proper wastewater treatment approach must consider
the life cycle cost of design, construction, operation, maintenance, repair, and
replacement. Cost estimations on a general and national basis are challenging mainly
because of the variation of each area's circumstances, like population density, land costs,
and local expenses. A study exposed that decentralized systems, such as clusters or on-
site are normally more cost-effective in rural zones than centralized systems (Massoud et
al., 2009).

In the last decade, the costs of membrane processing have fallen significantly. As a result
of the construction of submerged systems, for instance, installation costs of some MF
hollow-fiber systems have declined by a factor of 30 since 1990. Membrane technology
remains, however, relatively costly for a large population. Membrane systems are

generally economically preferred for medium-size (cluster) plants (Fane & Fane, 2005).

In a world where water prices increase steadily, GW reuse on-site proved economically
viable. In addition, the unit cost of GW reuse was found to be highly sensitive to the size
of the system, particularly on small systems. For instance, Friedler (2008) reports by
increasing the design flow from 3 to 9 m®day; the cost decreased from 2 to 1 USD/m?3
(Friedler, 2008). Tableau 2.7 presents the costs (capital, operational, and maintenance)
for some DGWTS.
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Tableau 2.7

Treatment cost of typical GW decentralized systems

Region Type of treatment Application Cost Ref.
Rural public schools School 1: 3 sections of filters in Irrigation of The installation, operating, (Rodriguez et
in Chile series, two sections composed of recreational maintenance, water quality control,  al., 2020)
modified activated carbon and one  areas and and noise pollution cost for 10
section composed of zeolite. services years:
School 2: two sections of School 1 (420 members): USD
activated carbon in series. 2.11/m3
School 3: two activated carbon School 2 (121 members): USD
filter sections 12.01/m3
School 3 (133 members): USD
17.51/m3
REMOSA facilities in ~ An automatic membrane Toilet flushing The installation, operating and (Santasmasas
Barcelona, Spain bioreactor prototype comprises maintenance cost for 1.15 m3/day et al., 2013)
screening, biological oxidation, treated water was estimated at
filtration, and disinfection by al1. 8/ m
chlorination
Mallorca Island, Filtration, sedimentation and Toilet flushing The operation, and maintenance (March et al.,
Spain disinfection by chlorination cost for 5.2 m3/day treated water 2004)
was estimated at
Negev Desert, Israel  Vertical flow constructed wetland Irrigation Annual cost of the disinfection unit (Ronen et al.,
and disinfection with the hydrogen for 5 m%/day treated water was 2010)

peroxide plus

estimated at USD 0.16/m3.
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Israel

Residential area in
Xi 6an, Chir

Industrial laundry
facility in Turin, Italy

A mosque in the
Kingdom of Saudi
Arabia

Equalization basin, an rotating
biological contactor unit, a
sedimentation basin, and
disinfection by chlorination

Fluidized-pellet-bed bioreactor and
dispersed-ozone flotation

Pre-treatment, sand filtration,
ozonation, adsorption by activated
carbon, and ultrafiltration

Filtration, activated carbon
adsorption, and disinfection by
chlorination

Toilet flushing
and garden
irrigation

Landscape and
environmental
purposes

Washing
processes

Toilet flushing

USD 1/mS3 for 9 m3/day treated
water

USD 2/m? for 3 m®/day treated
water

The direct operation and
maintenance cost:

Yuan 1.35/m?2 for 60 m?3/day
Yuan 0.82 /m3 for 100 m3/day

Total operating cost of the system
for 15 m3/h treated water was
estimated® G O.

Capital and operating cost for the
lifetime of 30 years was estimated
USD 0.67 to 1.0/m3 for 20 to 1.4
m?3/day treated water.

81/

(Friedler,
2008)

(Wang et al.,
2010b)

(Ciabattia et

al., 2009)

(Alharbia et
al., 2019)
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It is worth noting the DWWTS should be economically affordable, technically sustainable,
environmentally protective, and socially acceptable to be implemented. In general, decentralized
systems are compact and flexible under different operating conditions. However, other local

impacts such as odor should be taken into account (Capodaglio et al., 2017a).

2.8 Challenges and recommendations

Like other wastewater treatment processes, a decentralized wastewater treatment system for
small volumes of GW must provide advanced waste treatment; it must be cost-effective, easy to
operate, robust, and simple to maintain (Wilderer and Schreff 2000). Generally, decentralized
solutions can meet local water use and reuse requirements. For example, locally treated water
can be used to support agricultural productivity or can be used to supplement drinking-quality
water supply (Capodaglio, 2017b). However, there are some challenges and concerns on utilizing

decentralized systems to treat GW, which requires more assessments.

1 A barrier is that in some areas, the household piping system does not separate the
collection of GW from blackwater or sewage. A dual piping system must be installed or
modified to transfer GW to a separate tank before implementing a GW treatment system
(Oh et al. 2018). As a result, the cost of implementing the plant increases. In many cases,
the high cost of GW treatment and management prevents such projects from being
implemented.

1 Furthermore, the acceptance of GW reuse by the public plays a big role in its success.
Many reasons contribute to public opposition, including cultural bias, aesthetics, etc. The
lack of trust in the quality of GW treatment and concerns about health risks are other
barriers. Furthermore, religious considerations may also present a limitation to the
successful reuse of GW (Oh et al., 2018).

1 Another obstacle to implementing a decentralized system is legal constraints, particularly
in developing countries. Despite the Malaysian government's interest in recycling GW,
Mah et al. reported that minimal experience running and maintaining GW recycling
systems prevented the ministry from approving the system. The Malaysian government
continues to prioritize the development of centralized wastewater treatment systems (Mah
et al., 2009).

1 Selecting the appropriate treatment technology for GW recycling is a tough challenge.

Choosing the appropriate treatment technology will achieve high energy efficiency, lower

95



T

capital and operating costs, and higher quality of treated GW, resulting in improved public
acceptance of GW recycling (Oh et al., 2018).

In most cases, the beneficiaries are supposed to supervise and maintain the plants.
However, they may not have the essential knowledge and experience in operation and
maintenance, nor do they have the motivation to ensure the system works appropriately
(Wilderer & Schreff, 2000). Hence, residents of the areas that use these treatment units
should be trained to handle minor problems. Moreover, companies that install these units
must regularly dispatch specialists to the site to inspect and maintain the system.

The release of unpleasant odor in the vicinity of the treatment plant is another limitation of
on-site greywater treatment systems which is a nuisance for the local residents. A survey
by Thaher et al. stated that the first and most significant barriers to GW reuse in Palestinian
rural communities are odor emission and insect infestation (Thaher et al., 2020). Others
also identified plants emitting unpleasant odors (Redwood, 2008; Shakir et al., 2017).
Strong odors could be a result of poor quality treated GW or any wastewater being sucked
from the anaerobic areas of a treatment plant's reservoir (Shakir et al., 2017).

Another challenge is the health risk associated with using treated GW to irrigate crops. A
lack of proper control over irrigation with treated water can depress yields and crop quality
(Shakir et al., 2017; Thaher et al., 2020).

Other barriers hindering successful implementation of GW reuse that can be mentioned
are low water prices at particular locations and the alteration of soil properties

(Vuppaladadiyam et al., 2019). Tableau 2.8 summarizes challenges on utilizing DGWTS.
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Tableau 2.8 Challenges on utilizing decentralized greywater treatment systems
Challenge Example Impact Ref.
Monitoring and The company that manufactures the DWWTP -t causes bdssatsfdion.i a (Wilderer &

maintenance

Legal constraints

Public perception

Health risk

Unpleasant smells

Altering of soil
properties

Retrofitting in
existing homes

Low water price

do not dispatch specialist regularly to the site
to inspect and maintain the system or train the
beneficiaries.

Failure to get approval of the DWWTS by the
relevant ministry due to the lack of experience
in maintaining greywater recycling systems.

Public opposition due to cultural bias,
aesthetics, the lack of trust in the quality of
GW treatment, concerns about health risks,
religious considerations and etc.

Using treated GW to irrigate crops.

Odor emission and insect infestation in the
vicinity of the treatment plant.

Long-term use of reclaimed water increased
salinity, SAR, and organic content of soil.

Install or modify piping system to separate GW
from black water to transfer GW to a separate
tank

The cost of the treated greywater is more
expensive than drinking water.

- The development of CWWTS even if it is

not cost-effective compared to
implementing a DWWTS.

- Residents resist reusing treated

greywater.

- A lack of proper control over irrigation
with treated water can depress yields

and crop quality.

- Cause nuisance for the local residents

- Depress soil quality.
- In the long-term irrigation depress yields

and crop quality.

- The cost of implementing the plant

- Recycling greywater is not economical.

increases.

Schreff, 2000)

(Mah et al.,
2009)

(Oh et al., 2018)

(Shakir et al.,
2017; Thaher et
al., 2020)

(Thaher et al.,
2020)

(Al-Hamaiedeh
& Bino, 2010)

(Oh et al., 2018)

(Vuppaladadiya
m et al., 2019)
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Future approaches in research into DGWTS to surmount the existing shortcomings are

demonstrated as follows:

1 Developing a GW reuse strategy to minimize freshwater consumption requires more than
just technological advances; it also entails people's attitudes towards its reuse. This is an
area where education plays an essential role, especially when understanding the
advantages of GW recycling (Vuppaladadiyam et al. 2019). Social issues surrounding the
use of reclaimed water are public perception, public trust, and public acceptance. The
social aspects of wastewater treatment must be given more significant consideration if
greater reuse is to be achieved. Public perceptions largely determine public acceptance
of reuse projects. Public confidence in the operating agency is often lacking as they do
not trust it to treat water consistently and on time while meeting all applicable
requirements. In order to address the issues, more extensive monitoring will be required
to demonstrate that DGWTS built and designed adequately will perform and be reliable
over the long term (Tchobanoglous et al., 2004). In this sense, the local community and
government need to raise public awareness of the importance of reusing GW, a water-
saving measure.

1 The government can help promote a decentralized wastewater treatment system by
creating a conducive learning environment and encouraging technologists to get involved.
Governments can also make new regulations and governance to facilitate the use of these
frameworks. The government should support and be more aware of the possible
application of DGWTS in rural communities at the policy level. The government should be
more active in rural wastewater management (Hafeez et al., 2021).

1 Since governments in developing countries have more pressing demands, such as
resolving conflicts, providing health care, and ensuring food security, wastewater
management is typically pushed to the bottom of the priority list (Oh et al., 2018). As a
result, financial assistance from international organizations and developed countries is
critical.

1 Occasionally, construction projects cost millions, and collecting reliable design data costs
just a few dollars. Two reasons for project failure are adopting inappropriate technologies
and the inability to consider the local conditions. Identifying the receiving environment is
critical for technology selection and should be performed by a thorough site assessment.
Successful projects should be replicated, but they should be tailored to the local
requirements, especially the climatic conditions. The low-cost technology often wins out

without consideration of any other factors. Sustainable wastewater management
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necessitates a comprehensive, long-term approach that involves substantial planning and
execution phases (Massoud et al., 2009).

9 Operation and control of the treatment systems must be performed by personnel specially
trained for the job (Wilderer & Schreff, 2000).

1 The necessity of the follow-up process and practical training in operation and maintenance
as part of project implementation is one of the essential suggestions to the implementing
agencies (Thaher et al., 2020). Municipal employee training programs are critical for the
effective operation and maintenance of equipment and facilities and wastewater quality
monitoring (Massoud et al., 2009). Ascertain that the treated water meets local
requirements for reuse and whether the quality of the treated water is stable (Thaher et
al., 2020).

2.9 Conclusion

Due to decreased freshwater resources and scarcity, water consumption and wastewater
management patterns have changed. Separating greywater from its source of origin ensures that
it can be treated efficiently since it is less polluted than black water. Considering this matter, many
countries have set guidelines and standards for reusing greywater. Furthermore, it is essential to
learn and assess how untreated greywater can negatively affect soil, plant life, water resources,
marine life, and human health.

Over the past few years, onsite water recovery has increased at the building or small community
scale. Decentralization concerns the reuse or disposal of the effluent in relatively close vicinity to
its generation source. The region's remoteness and lack of road access to many communities
increase the costs of GW treatment and make timely maintenance, repairs, and monitoring
difficult. The decentralization approach aims to protect public health and the natural environment
by substantially reducing health and environmental hazards. Northern regions (extreme
conditions), remote areas, and rural/pre-urban areas in which constructing a CWWTP are difficult
or impossible and chemical transportation is challenging could have benefits of decentralized
greywater water treatment. Recycled greywater in these regions can be used for irrigation
applications and toilet flushing. DGWTSs can provide a long-term and cost-effective solution for
communities by avoiding significant capital costs, lowering costs for new infrastructure, reducing
operation and maintenance costs, and promoting business and job opportunities. Apart from the
advantages of DGWTS, it is necessary to do more investigation on process selection, evaluation
of the performance, and economic aspects of decentralized treatment systems. Moreover, studies

regarding the energy and nutrient recovery from on-site GWTS are required.
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Various GW treatment technologies can be adopted and used in low-income rural and peri-urban
communities that are suitable for decentralized management systems. However, most of these
have not been widely used and remain in pilot projects. In order to achieve widespread
implementation, it is necessary to overcome the obstacles by raising awareness, developing

suitable policies, institutional strengthening, and training.
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Abstract

The gap between water demand and available water supply led to wastewater treatment,
particularly greywater due to its specific characteristics, captures global attention. This
paper presents a literature review of the remediation of greywater by adsorption
processes. Besides, the reclamation of the grey wastewater in the context of the circular
economy is highlighted. In this regard, the characterization of various types of grey
wastewater, the potential risks associated with greywater, and the properties of reclaimed
water as per the regulation or guideline are summarized. These standards vary based on
the application of reused water and from a country to another country. Furthermore, this
review elucidates the adsorption process in terms of the type of adsorbents, modification
of adsorbents and their regeneration process, adsorption isotherm, kinetics and
thermodynamic of adsorption, and optimization of adsorption system. Finally, the removal
of different pollutants from greywater by various adsorbents and techno-economic

aspects are illustrated.

Keywords: Greywater, Adsorption, Treatment, Reuse, Removal, Circular economy
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3.1 Introduction

Increased water consumption has led to a shortage of good quality surface and groundwater
resources, consequently turning to wastewater treatment and reusing as a potable or non-potable
water application. Environmental issues and economic considerations have been mainsprings for
reusing wastewater. Greywater has received more attention for recycling and reuse in recent
decades due to the low levels of pathogenic contamination and nitrogen. Wastewater generated
from households can be classified into two groups, greywater and blackwater. Greywater consists
of 75-90% of household wastewater, including wastewater from kitchen sinks, showers, bathtubs,
washing machines, laundries, and hand basins (Leal et al., 2011). Wastewater generated from
bathrooms, showers, and basins is called light greywater. Dark greywater is predicated to
greywater containing more contaminated waste from laundry facilities, dishwashers and, kitchen
sinks. On the other hand, light greywater comprises less pollutant loads, so it seems to be the
easiest wastewater to recycle. Blackwater contains the discharges from toilets. Especially if
collected with vacuum toilets, black water contains high nitrogen, phosphorous, pathogens,

hormones, and pharmaceutical residues (Chaillou et al., 2011; Leal et al., 2011).

According to the United Nations, over 2 billion people live in countries under a water stress
threshold (UnitedNationsWater, 2018). Water reuse is a promising approach in the context of a
circular economy. Recovery of water from wastewater has been discussed for decades, but
raising awareness of resource scarcity has been more prominent. Greywater is a suitable source
for recycling to reduce water stress. Greywater has drawn international attention as an alternative
water source for reuse (Ghaitidak & Yadav, 2013). The generated greywater volume varies based
on geographical location, climatic conditions, water abundance, water infrastructure, lifestyles,
living standards, population structures (age, gender), culture, and habits. It can be from 90 to 120
L per person per day for the developed countries and be as low as 207 30 L per person per day
in low-income countries with water shortage (Li et al., 2009; Oteng-Peprah et al., 2018). This
massive amount of generated wastewater can be utilized for non-potable uses in indoor and
outdoor applications. The most appealing usages are toilet flushing, which accounts for 20-30%
of the total household water consumption, lawn watering, irrigation of agriculture, parks, and

recreation grounds (Widiastuti et al., 2008).

Among the possible techniques for treating greywater, adsorption is one of the most efficient
methods due to the removal of organic and inorganic pollution, simple design, and low investment
and operational cost. Recently, research on low-cost adsorbents with high adsorption capacity

and high regeneration efficiency is growing (Rashed, 2013).
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This study provides an overview of the treatment and reusing of greywater by the adsorption
process, considering the circular economy. The review is arranged in the following sequence.
First, a summary of the greywater, its characteristics, and the relevant problems are given,
followed by reusing water and contribution to the circular economy. Next, the different separation
methods on the surface, focusing on the adsorption process, are brought up. This discussion is
followed by the remediation of various types of contaminants by adsorption. Finally, the techno-
economic aspects and critical challenges pertinent to the adsorption and the recommendations
to surmount the implementations are debated.

3.2  Greywater and its characteristics

The characteristics of greywater varies according to its origin (e.g., kitchen, laundry, or bathroom
greywater), the quality of the water supply, the type of distribution network (e.g., piping structure
and age), and household activities (Eriksson et al., 2002; Rakesh et al., 2020). Classifying the
greywater based on the generation sources indicated the kitchen greywater and the laundry
greywater comprised more amount of both organics and physical pollutants than the bathroom
and the mixed greywater. Furthermore, the composition will makeover outstandingly in terms of
time due to the variations in product usage and water consumption. Additionally, the wastewater
characteristics might be changed due to the degradation of the chemical compounds during
transportation and storage (Eriksson et al., 2002; Li et al., 2009).

Typically, organic matter and nutrient concentrations of greywater are lower than domestic
wastewater due to the fact that urine, feces, and toilet paper are not included (Eriksson et al.,
2002). Greywater consists of a wide variety of contaminants, including suspended and dissolved
solids, acidic and alkaline compounds, fats, oil, and grease. Other pollutants have been reported
like heavy metals, nitrates, phosphates, and xenobiotic compounds (Rakesh et al., 2020;
Widiastuti et al., 2008). Eriksson et al. (2002) identified 900 potential xenobiotic organic
compounds might be presented in greywater due to the usage of household chemical products in
Denmark (Eriksson et al., 2002). According to Palmquist and Hanaeus (2005), greywater contains
metals such as sodium, calcium, potassium, sulfur, magnesium, and aluminum (Palmquist &
Haneeus, 2005). Microorganisms, biological microbes, pharmaceuticals, health, and personal
care products, and dyes have been observed in greywater (Oteng-Peprah et al., 2018). The
detection of the mentioned substances in greywater indicates the complexity of the greywater

composition.
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Tableau 3.1 and Tableau 3.2 summarize the literatures data, relying on the characterization of
various types of grey wastewater, including bathroom, kitchen, laundry, and grey wastewater of
mixed origins. The reason for dividing the data into four categories is the difference in the
characteristics of these groups. This information is substantial when evaluating the potential for

treatment and the reuse of reclaimed wastewater.

106



Tableau 3.1

Characteristics of greywater generated from mixed sources and laundry

Parameters Mixed greywater Laundry wastewater
(Leal et (Palmqui  (Collivignarell (Bani- (Lietal., (Mostafa  (Ciabattia  (Ghaitidak  (Shaikh (Lietal.,
al., 2011) st& ietal, 2020) Melhem & 2009) zadeh et et al., & Yadav, & 2009)
Haneeus, Smith, al., 2019) 2009) 2013) Ahamme
2005) 2012) d, 2020)
Temperature 22.6-24.3 22.4-35.0
[eC ]
Turbidity [NTU] 468.6+157.7 26-318 29-375 71+3 40-150 328-444 34-510 50-444
Conductivity 1824.6+683.9 360 -1300 715+20 1300-3000 29-7030
[ € @nl
Total solids 400£20 2021-2700
[mg.L1]
TSS [mg.L 1] 27+9.3 18-169 25-183 60 £ 20 90-200 188-315 33-4564 68-465
TDS [mg.L?] 180-650 2140-2444
pH 8.3+0.5 5.2-10.2 6.3-8.1 9.2+0.5 7-9 8.3-9.3 5-10.3 7.1-10
BODs [mg.L1] 522.2+94.4 47-466 44.3-462  44-3330 48-472
COD [mg.L1] 1327.7+275.8  40-1270 100-700 628420 400-1000 58-1339 58-4155  231-2950
TN [mg.L?] 26.3+12 33.648.2 1.7-34.3 14.28 2.8-31 1.1-40.3
Nitrite [mg.L1] 0.84+1.3 n.a.
Nitrate [mg.L1]  0.77+1.07 n.a. 0.12-1.30
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Parameters Mixed greywater Laundry wastewater
(Leal et (Palmqui  (Collivignarell (Bani- (Li et al., (Mostafa  (Ciabattia  (Ghaitidak  (Shaikh (Lietal.,
al., 2011) st& ietal., 2020) Melhem & 2009) zadeh et etal., & Yadav, & 2009)
Hanaeus, Smith, al., 2019) 2009) 2013) Ahamme
2005) 2012) d, 2020)
Ammonium 2.7%2
[mg.L7]
TP [mg.LY] 7.2+4.2 5.8+2.7 0.11-22.8 51.58 0.2-51.6 ND->171
PO4i P [mg.L'] 2.36+2.48 0.23-0.98
Cl [mg.L1] 65.4+16.8 205-450
Na [mg.L1] 144426  61.4-92.4 302.1-667
Ca[mg.L?] 30+11.4  31.6-38.0 18.7-24
Mg [mg.L?] 10+1.4 5.30-6.22 15.1-60.8
K [mg.L?] 1242 7.69-8.85
S [mg.L1] 2049.5 22.4-25.7
Al [mg.L1] 1.22+3.66 1.48-3.39
Fe [mg.L?] 0.74+0.49 0.18-0.57
Cu [ug.L Y] 70450 47-70 6.4-10
Mn [ug.LY] 60+50 9-14
Zn [ug.L 1] 50120 55-77.8 140
Cd [pg.LY] 0.06-0.16
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Parameters Mixed greywater Laundry wastewater
(Leal et (Palmqui  (Collivignarell (Bani- (Li et al., (Mostafa  (Ciabattia  (Ghaitidak  (Shaikh (Lietal.,
al., 2011) st& ietal., 2020) Melhem & 2009) zadeh et etal., & Yadav, & 2009)
Hanaeus, Smith, al., 2019) 2009) 2013) Ahamme
2005) 2012) d, 2020)

Pb [ug.L Y] 2.14-3.14 0.0829
Ni [ug.L1] 4.45-28.1 0.035-0.12
Co [ug.L1] 1.19-1.51
Cr [ug.L 1] 2.06-5.46
Anionic 41.1+12.1 1.51-14.88 17 152 42-118.32
surfactant
[mg.L]
Cationic 1.740.8
surfactant
[mg.L7]
Non-ionic 13.3+£3.9 210+20° 1-10¢
surfactant
[mg.L7]
Total coliforms 23x104 - 56-8.03x% 2x10%- 200.5-
[CFU.100 mL1] 90x104 107 4.2x108% d 7x105
Fecal coliforms 17x10%- 0.1i 13-4x106 d 50 -
[CFU.100 mL1] 44x10% 1.5x108 1.4x103
Escherichia coli 3.3x104
[CFU.100 mL1] [£1x104]

aMBAS; "NPEO3.17 [eg.L1]; °BIAS; dUnit is MNP
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Tableau 3.2

Characteristics of greywater generated from kitchen and bathroom

Parameters Kitchen Wastewater Bathroom wastewater
(Huelgas et (Katam & (Ghaitidak & (Shaikh & (Li et al., (Pidou et (Rajagopalan  (Ghaitidak  (Shaikh & (Lietal.,
al., 2009) Bhattacharyya, Yadav, 2013) Ahammed, 2009) al., 2008) etal., 2020) & Yadav, Ahammed 2009)
2018) 2020) 2013) , 2020)
Temperature 24.4-30.9 25.8-29.0
[eC ]
Turbidity [NTU] 133-211 210-357 298 4219 59.8 19-375 44-375
Conductivity 14-970 1174.6 437
[ € @nl]
Total solids 679-1272 777
[mg.L7]
TSS [mg.L Y 134-625 11-3934  134-1300 58-78 19-793 7-505
TDS [mg.L1] 312-903 810.6
pH 5.5+0.5 6.5-7.7 5.58-10 5.9-7.4 7.3-7.8 8.1 7.1-7.6 5.94-8.40 6.4-8.1
BOD [mg.L7] 40.8-890 185-2460 536-1460 166+37 7.2 129-173 20-673 50-300
COD [mg.L7] 770-2050 1100+£100 58-1340 411-8071  26-2050 575498 48 230-367 64-903 100-633
TOC [mg.L7] 735.5+25 338
TN [mg.L7] 21.9-43.5 2515 6.44-6.44 0.5-65 11.4-74 16.4+3.0 6.6 2.7-148 3.6-19.4
Nitrate [mg.L?] 0.9-5.3 7.5+1.2 5.25
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Parameters Kitchen Wastewater Bathroom wastewater
(Huelgas et (Katam & (Ghaitidak & (Shaikh & (Li et al., (Pidou et (Rajagopalan  (Ghaitidak  (Shaikh & (Lietal.,
al., 2009) Bhattacharyya, Yadav, 2013) Ahammed, 2009) al., 2008) etal., 2020) & Yadav, Ahammed 2009)
2018) 2020) 2013) , 2020)
Ammonium 0.3-2.7 1.0£0.3
[mg.L1]
TP [mg.LY] 2.9-14.5 0.69 2.7-187 2.9->74 0.1-60 0.11->48.8
Phosphate 30£20 6.4
[mg.L7]
PO4i P [mg.L1] 1.310.1
Cl[mg.L1] 158-223 210.5 166
Na [mg.L1] 70.1 - 148.9 112
Ca[mg.L7] 19.69-23.6
Mg [mg.L?] 16.6-21
K[mg.L"] 20.9
Zn [pg.L 1] 39-40
Pb [ug.L?] 0.0622
Ni [ug.LY] 0.0352-0.04
Anionic 41.9-592 151
surfactant
[mg.L]
Total coliforms 2x102- >2.4% 108 6350 - 10-2.4x107
[CFU.100 mL1] 5.29x102b 5.1x106 b
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Parameters Kitchen Wastewater

Bathroom wastewater

(Huelgas et (Katam & (Ghaitidak & (Shaikh & (Li et al., (Pidou et (Rajagopalan  (Ghaitidak  (Shaikh & (Lietal.,
al., 2009) Bhattacharyya, Yadav, 2013) Ahammed, 2009) al., 2008) etal., 2020) & Yadav, Ahammed 2009)
2018) 2020) 2013) , 2020)
Fecal coliforms 200.5- 1.5x10°- 0-3.4x105
[CFU.100 mL1] 1.2x106b 4x106b
Escherichia coli 200¢ 82.7b

[CFU.100 mL7]

aMBAS; PUnit is MNP
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Water quality can be described by chemical, physical, and biological characteristics based on

different usage.

3.21 Physical parameters

Some parameters can be expressed in the greywater's physical properties, including temperature,
total solids, total dissolved solids, suspended solids, turbidity, and electrical conductivity.
Greywater temperature is typically in the range of 18-35°C. The relatively high temperature might
lead to increased microbiological activities (Allen et al., 2010). The total solid concentration was
reported in a range of 400 and 2700 mg.Lt. The highest value is discharged from the laundries
and kitchen sinks. A large portion of total solid contaminants are attributed to dissolved ones. The
values obtained for total dissolved solids were 180 to 2400 mg.L . The highest amount of calcium
and magnesium in greywater causes hardness to greywater. Literature has reported the total
suspended solid values in the range of 1007 1000 mg.L? in greywater. However, the amount out
of this range was also reported (Bani-Melhem & Smith, 2012; Mostafazadeh et al., 2019; Shaikh
& Ahammed, 2020). The highest concentration was generated from laundry and kitchen due to
the washing of clothes and dishes. The other suspended solid sources might be personal care
products, toothpaste, shaving waste, skin, hair, body fats, and food particles and fibers from
various textiles (Ghaitidak & Yadav, 2013). The range of electrical conductivity varied a lot
between 14 and 3000 €S.cm™. One source is detergents due to the presence of phosphates,
sodium, and potassium in their raw materials. Besides, the old plumbing system might increase
electrical conductivity due to leaching into greywater sources during transportation. The values
obtained for turbidity were measured in the range of 26 to 510 NTU. These values varied in
different sources owing to the presence of suspended matter (Oteng-Peprah et al., 2018; Rakesh
et al., 2020).

3.2.2 Chemical parameters

A wide variety of parameters can determine the chemical properties of the greywater. The
essential issue to identify these parameters is to figure out the sources of contaminants. A
substantial part of chemicals in greywater is derived from household chemical products. The value
obtained for pH in greywater varied between 5 and 10 depends on the pH and alkalinity in the
source of greywater. The high value of pH in laundry wastewater is due to alkaline materials used
in detergents (Li et al., 2009). The conventional wastewater parameters, such as biochemical

oxygen demand (BODs) and chemical oxygen demand (COD), were always reported in
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wastewater characteristics. The BODs/COD ratios identify the biodegradability of greywater. The
average ratios in greywater were reported to be in the range of 0.3 - 0.7, indicating that almost
half of the organic matter in greywater is biodegradable. The lowest BODs/COD values are
recorded owing to the presence of xenobiotic organic compounds (XOCs) that increase COD.
XOCs are complex organic compounds that can be found in household chemicals and
pharmaceuticals. XOCs can also be generated by decomposing chemical substances or partial
modification of chemicals during greywater treatment. XOCs are recalcitrant against biological
degradation and incline bioaccumulation in fatty tissues. They are also extremely toxic to aquatic
organisms, even at sorely low concentrations (Fatta-Kassinos et al., 2011).

Surfactants are one of the major chemical compounds found in greywater because of using
cleaning chemicals. Surfactants are the principal active agent in the cleaning products. Nutrients
such as N and P and their derivatives are the other chemicals reported in chemical properties.
The high value of the nutrients is related to kitchen and laundry activities (Eriksson et al., 2002).

The concentrations of metals and other elements entirely depend on the source of greywater. For
instance, laundry wastewater contains a high sodium value due to sodium as a counterion to
several anionic surfactants used in powder laundry detergents (Eriksson et al., 2002). Eriksson
et al. (2009) reported the presence of heavy metal, including cadmium, mercury, lead, and nickel,
in greywater. Metal contents in greywater are lower than those recorded in typical municipal
wastewater. However, care must be taken to avoid getting metal concentrations above the limiting
values recommended for environmental quality standards for surface waters (Eriksson & Donner,
2009).

The oil and grease is another crucial parameter in greywater associated with kitchen sinks and
bathroom showers. The concentration of oil and grease was reported in the range of 50 to 100
mg. L (Rakesh et al., 2020).

3.2.3 Biological parameters

Greywater comprises microorganisms such as bacteria, protozoa, viruses, and helminths, which
are entered into wastewater by washing bodies and clothes, hand washing after toilet use,
washing of babies and their diaper as well as from uncooked vegetables and raw meat (WHO,
2006). The microbial properties of greywater depends on fecal contamination. However,
according to the definition of greywater, fecal pollution is limited to activities such as washing
faecally-contaminated laundry (i.e., diapers), childcare, and showering (WHO, 2006). Indicator

bacteria (coliforms, Escherichia coli, and enterococci) are reported in greywater. E. coli
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concentrates were obtained between 1.3x10° and 2.5x108 per 100 mL, while the thermotolerant
coli was reported in the range 9.4x10* to 3.8x108 per 100 mL and the fecal streptococci between
5,150 and 5.5x108 per 100 mL. These indicators suggest the possibility of the presence of enteric
pathogenic bacteria (e.g., Salmonella, Campylobacter), protozoa (e.g., Cryptosporidium, Giardia)
and viruses (e.g., rotavirus, norovirus) in greywater (Ottoson & Stenstrém, 2003). Friedler et al.
(2011) (Friedler et al., 2011) reported the opportunistic pathogens, including skin pathogen
(Pseudomonas aeruginosa) and respiratory pathogen (Legionella pneumophila), in greywater.
These pathogens can be widely distributed in aquatic and terrestrial habitats. For instance,
Pseudomonas aeruginosa was found in the gut of many warm-blooded mammals; however, it is
not known as a dominant member of the intestinal microbiota (Gross et al., 2006). Other micro-
organisms were observed, including Cryptosporidia, Shigella, and Entamoeba histolytica (Oteng-
Peprah et al., 2018; Rakesh et al., 2020). Microorganisms are introduced into the grey wastewater
system, but there is also a risk of re-growth. E. coli did not grow in the greywater but can survive
and be observed after 14 days (Eriksson et al., 2002).

3.3 Problems

It was reported around half of the surface water is polluted by discharging untreated wastewater
(Sabeen et al., 2018). Since this matter has influenced our environment, it is grabbed international
attention to protect the environment against the primary sources of contamination and avoid a
vast expanse (Chrispim et al., 2019; Kong et al., 2019). Entering the untreated greywater brings
up irreparable damage to the soil and receiving water due to the presence of high organic matter
concentration, nutrient content, and surfactants, as well as pathogen content (Benami et al.,
2016). Studies demonstrated that irrigation by untreated greywater might alter soil chemistry and
hydraulic properties. Gross et al. evaluated the environmental impact of applying greywater to
irrigate a farm. They reported long-term irrigation with greywater causes the accumulation of salts,
surfactants, and boron in the soil, consequently changes the soil properties and toxicity to plants
(Gross et al., 2005). However, there is an increasing tendency to utilize greywater for irrigation;
treating the greywater before reusing is highly recommended (Eriksson et al., 2006; Reichman &
Wightwick, 2013).

Reusing the greywater without treatment causes difficulties for human health, plants and soll, the
environment, and the installation. Some of the potential risks associated with greywater disposal

have been underlined in the manuscript.
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1 Microorganisms present in the wastewater, especially pathogens due to fecal indicator
bacteria, transmit disease to human, plant and marine life (Eriksson & Donner, 2009).
Higher concentrations of E. coli have been detected in greywater containing kitchen
wastewater. The reason might be due to the available organic matter and nutrients
necessary for bacterial regrowth in kitchen wastewater. The high temperature of greywater
when entering surface water might cause microbial growth. Greywater contains several
opportunistic pathogens, such as Staphylococcus aureus and Pseudomonas aeruginosa,
in addition to enteric organisms (Al-Gheethi et al., 2016). For instance, Staphylococcus
aureus can cause pneumonia, heart valve infections, bone infections, and skin infections
but.

9 Microbial and chemical contamination of greywater poses a potential risk to human health.
The environmental transmission of pathogens occurs through several different routes,
such as directly through contact with greywater, drinking contaminated drinking-water,
eating vegetables, shellfish, or other food products exposed to contaminated water or soil.
To reduce the risk to human health and avoid the inconvenience caused by greywater
reuse, it is recommended that human contact with greywater be avoided, there be no
cross-connection between greywater and potable water supply, greywater not come into
direct contact with edible vegetables and plants, and sprinkler irrigation be avoided (WHO,
2006).

1 Grey wastewater contains a high concentration of organic matter, some of which, like
surfactants and oils, degrades slowly. Since greywater is most commonly used to irrigate
plants, plant health is the most vulnerable to pollutants. Greywater may be beneficial to
plants due to its nutrients, primarily nitrogen and phosphorus; however, it may be harmful
to some plant species due to sodium and chloride. (WHO, 2006). Long-term exposure of
soil to greywater causes high levels of surfactants, oils, and grease in soil. Consequently,
it leads to soil hydrophobicity, soil water resistance, and a decline in soil characteristics
and detrimental effects on plants (Siggins et al., 2016). Greywater tends to raise soil
alkalinity and salinity and reduce the ability of soil to absorb and retain water.

91 Detergent and laundry products contain sodium. The high levels of this element can cause
discoloration and burning of leaves. To quantify the effect of sodium compounds on the
soil's structure, the sodium adsorption ratio (SAR) is used. It has been shown that an
increase in SAR (13 or higher) might have a negative impact on soil properties and limit
the plant species to be cultivated. High sodium can be toxic to certain plants and can

prevent calcium from reaching them. Detergent and laundry products also contain other
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chemicals that are harmful to plants, such as boron, chlorides, and peroxides (WHO,
2006).

Detergent and laundry products also contain other chemicals that are harmful to plants,
such as boron, chlorides, and peroxides. Bleaches frequently contain chlorides, which can
harm plants. The tendency of new expanding leaves to bleach is a symptom of chlorine-
related damage. Furthermore, most plants are extremely sensitive to boron. Boron toxicity
is characterised by a burnt appearance to the edges of the leaves, leaf cupping, chlorosis,
branch dieback, premature leaf fall, and decreased growth (Gross et al., 2005).

One of the main environmental risks resulting from greywater reuse is that of groundwater
pollution. Some of the substances found in greywater may find their way into the
groundwater reserves underlying the area of reuse (WHO, 2006). Long-time exposure of
soil to greywater cause deterioration in soil structure over time. Therefore, the risk of
groundwater contamination by greywater increases, particularly in areas with a shallow
water table and soils that are prone to leaching (Siggins et al., 2016).

When greywater, especially in large amounts, discharges to surface water, triggers
eutrophication due to containing nitrogen and phosphorus. Eutrophication causes
decreasing water transparency, reducing dissolved oxygen levels, depletion of fish, and
other aquatic life forms, deterioration of water quality, and incidences of toxic
phytoplankton. (Carey & Migliaccio, 2009; Edokpayi et al., 2017).

Grey wastewater, due to containing heavy metals and XOCs, causes toxicity in water
sources. Surfactants such as LAS, nonylphenol- and other alkylphenol-ethoxylates have
the highest environmental impact (Eriksson et al., 2002). They are incredibly toxic to
aguatic organisms, even at sorely low concentrations (Benami et al., 2016; Shah, 2017).
By-products might be generated due to the reaction between chemicals in the grey
wastewater or degradation of products by oxidation and microbiological activity. By-
products have other properties, sometimes more destructive than the parent compounds.
For instance, microorganisms decompose the ethoxy chains of alkylphenol ethoxylate to
nonylphenol and octylphenol that are more persistent and toxic than their parent
substances (Priac et al., 2017). Alkylphenols exert estrogenic effects on rainbow fish, carp,
and flounder that inhibit testicular growth. They also stimulate egg production in immature
Japanese medaka fish. As a result of prolonged exposure to these substances, fish's liver
architecture is disrupted (Abdulla Bin-Dohaish, 2012).
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1 The presence of particles and colloids in greywater could induce clogging of installations.
The combination of colloids and surfactants might trigger the stabilization of the solid
phase. So, a pre-treatment process to remove solids is hecessary (Eriksson et al., 2002).

1 The quality of greywater can be changed by storing for more than 48 h, which could be a
serious problem (Dixon et al., 2000). For instance, a high level of organic matter causes
the risk of oxygen depletion due to the degradation of organic matter during transportation
and storage (Eriksson et al., 2002).

However, employing the untreated greywater for the applications such as irrigation of home
gardens is becoming widespread; further to the potential problems associated with greywater,
discharging the greywater to freshwater sources and utilizing the untreated greywater is not
recommended. Therefore, treatment and reclamation of the grey wastewater seems to be crucial
to dominating potentially detrimental health effects and environmental impact as well as

evaluating techno-economic aspects due to the complex nature of the contaminants.

3.4 Reusing water and contribution in circular economy

Due to the scarcity of freshwater resources and the potential for reuse of water, and in order to
reduce environmental impacts, it is essential to evaluate the possibilities and benefits of reusing
water through life cycle assessments. It assesses environmental impact considering diverse
technologies and various geographical and climate conditions (Mo & Zhang, 2013). The circular
economy approach looks for recycling the resources to reduce the stress on limited sources,
ameliorate their sustainability, and protect the environment and (Corona et al., 2019). The
essential issue is to provide a sufficient quantity of treated water with adequate quality (Alharbi et
al., 2019).

The reclaimed grey wastewater is used for various purposes, which can generally be categorized
into urban, agricultural, industrial, and environmental reuse applications. The non-potable urban
reuse applications include landscape irrigation (public parks, sporting facilities, golf courses,
private gardens, etc.), street cleaning, fire protection systems, vehicle washing, toilet flushing, air
conditioners, and dust control. The crop irrigation (food and non-food crops) and for pastures are
the agricultural applications. The treated wastewater can be employed in textile finishing, the pulp
and paper sector, the chemical industry, steel, iron, metallurgy, and food industries for wash-down
and rinsing activities. Environmental applications include the restoration of habitats such as
marshes, wetlands, or fens for recreational benefits and groundwater recharge (Corona et al.,
2019).

118



The separation of black water from domestic wastewater makes greywater a more suitable source
for reuse than municipal wastewater, as it contains lower concentrations of nutrients, fecal
pathogens, and hazardous industrial chemicals. The characteristics will be important when
evaluating the necessary treatment to reach the aimed quality (Eriksson et al., 2002). The
appropriately treated greywater can be reused for toilet flushing since the water used for toilet
pushing in many countries is of drinking water quality. Flush water consumption accounts for 25%
of domestic wastewater use (Baykal, 2019). Taemthong recommended treating greywater from
washbasins and reusing it in flushing systems to deploy water more efficiently in buildings
(Taemthong, 2018). Nolde (Nolde, 2000), EI Hamouri et al. (El Hamouri et al., 2008), Mourad et
al. (Mourad et al., 2011), Fountoulakis et al. (Fountoulakis et al., 2016), Ren et al. (Ren et al.,
2020), etc. studied on treatment of greywater to reuse for flushing with different methods from
submerged membrane bioreactor and rotary biological contactor to an artificial wetland. It should
be stressed that the choice of reuse is related 1t
have not been positive to reuse the reclaimed water for activities involved personal contact
(Oteng-Peprah et al., 2018).

The resource recovery strategy decreases the environmental impacts of traditional wastewater
treatment. It brings down the cost of treatment by generating part of the required energy and
recovery of valuable products. This strategy contributes to the ultimate objectives of the
wastewater treatment process: maximizing COD removal, minimizing energy consumption, and
reducing sludge production. In general, resource recovery helps offset the cost related to
industrial wastewater treatment. It provides the circular economy's foundation to generate more

food, energy, and water while cutting environmental pollution.

3.4.1 Characteristics of reusing water

The treated greywater should comply with four principles: hygienic safety, aesthetics,
environmental tolerance, and economic feasibility for reuse (Nolde, 2000). The water reuse
regulation or guideline varies from country to country and, in some cases, from state to state.
Also, it regulates according to the target of use. Therefore, there is no monolithic and uniform
standard for reusing the reclaimed wastewater. Due to the greywater quantity and characteristic,
some courtiers have focused on treatment and imposed regulation on the quality of the treated
greywater for reuse in various criteria. Tableau 3.3 presents the mandatory standards for Australia
(NSW) (HealthNSW, 2000), Italy (GazzettaUfficiale, 2003), Japan (Tajima et al., 2007), and the
USA (NSF standard 350) (NSF350, 2011). The Table also includes the guidelines pursued in
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Canada (Water, 2010), Germany (Boano et al., 2020), China (Zhu et al., 2018), Jordan, Oman,
Saudi Arabia (WHO, 2006€), and the USA.(EPA, 2004).
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Tableau 3.3 Guidelines and regulations for reuse of treated greywater
P NSw? Italy Japan® NSF Canada® Germany China® Jordan® Oman EPA®
arameter 350°
(NSWhealth, (GazzettaUfficiale, (Tajimaet (NSF350, (HealthCanada, (Boanoet (Zhuet (WHO, (WHO, (EPA,
2000) 2003) al., 2007) 2011) 2010) al., 2019) al., 2006e) 2006e) 2004)
2018)
oH 6.0-9.5 5.8-8.6 6-9 6.0-90 6090 69 6090 69
EC [uS.cm] 3000 2000
TSS [mg.LY] 30 10 10 O 20 Nearfree 10-50 50 15
Turbidity [NTU] o 2 5 o 5 Near ' 5 10 o
clear
CBODs [mg.L- 10
]
BODs [mg.L] 20 20 O 20 20 O 11 30 15 O 1
COD [mg.L7] 100 100 150
DO [mg.L7] 60 1 .20
TN [mg.LY] 15 15-20 45
TP [mg.LY] 2 1-5
Surfactants 0.5
[mg.L7]
Total chlorine combined: . %
i]esidual [mg.L- 45 0. O 0.5 0 0 o1
Oil & foam ND 8.0 0.5
Total Coliforms .
[CFU.100 mL] 0O 0
E. coli 100 ND 14 O 200 100

[CFU.100 mL7]
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NSwa Italy Japan® NSF Canada® Germany China® Jordan® Oman EPA®

Parameter 350¢
(NSWhealth, (GazzettaUfficiale, (Tajimaet (NSF350, (HealthCanada, (Boanoet (Zhuet (WHO, (WHO, (EPA,
2000) 2003) al., 2007) 2011) 2010) al., 2019) al., 2006e) 2006e) 2004)
2018)
Thermotolerant
coliforms 10 O 200
[CFU.100 mL1)
Fecal coliforms * 100 200 ND

[CFU.100 mL]

aToilet flushing & laundry use

bToilet flushing

¢Restricted indoor & unrestricted outdoor use
dlrrigation

eUnrestricted urban reuse
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Three essential parameters to control the quality of the reclaimed water common in all regulations
and guidelines are organic matter (BODs or COD), total suspended solid (TSS), and microbial
population. TSS below 20 mg.L* led to have a clear effluent. BODs concentration is recommended
to be less than 20 mg.L? to limit the microbial activities. Ultimately, pathogens below detection

limits are acceptable based on all the standards.

It is worth noting that reaching the mentioned standards does not necessarily indicate that
reclaimed water is safe to reuse. The selected parameters in a regulation are often limited to three
to six properties. Therefore, these parameters may not represent all contaminants in the
greywater. The presence of some pollutants, like xenobiotic organic compounds, can have far
more dangerous effects. Consequently, effective parameters in these regulations should be

increased in number.

3.4.2 Contribution of reusing water in circular economy

Conventional sewage treatment consists of preliminary, primary, and secondary treatment. In this
method, up to 95 percent of the BOD and suspended solids, as well as a considerable amount of
heavy metals, can be removed. The conventional treatment could not efficiently eliminate all the
different compounds, such as persistent organic pollutants (POP). As a final cleaning process,
tertiary and advanced wastewater treatment is conducted to move from the conventional linear
economy toward the circular economy. A tertiary method is employed to reduce specific
wastewater constituents involving emerging contaminants and microbial pathogens not generally
obtained by previous treatment. The effluent is capable of reusing as a potable or non-potable
application depending on the quality requirements (Benami et al., 2016; Voulvoulis, 2018). A
transition to a circular economy leads to handle the unbalance between water supply and

demand.

A circular economy model can be performed in the wastewater treatment sector based on the
different waste prevention rules: 2Rs (reduction and reuse), 3Rs (reduction, reuse, and recycling),
and 4Rs (reduction, reuse, recycling, and recovery). The said four parameters, along with
reclamation and rethink, are six actions applied in the circular economy. Definition of the said

actions are as follows:

1 Reduction: prevent wastewater generation by reducing water consumption and lessening
generating polluted water
Reuse: reuse of treated wastewater for non-potable purposes,

Recycling: recovery of water for potable application,
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Recovery: recovery of resources as nutrients and energy,
Reclamation: employing effective technologies for pollutants removal,
Rethink: reconsideration of how to use resources to reduce waste emissions into the

environment (Smol et al., 2020).

Water reuse encounters multiple barriers such as public perception, technological and economic
aspects, safety, and regulatory challenges (Voulvoulis, 2018). Water recycling and reuse system
has been ceased due to the lack of public acceptance. People are currently more optimistic about
reusing treated water for non-edible crops irrigation purposes, urban practices, and industrial
usages (Baawain et al., 2020). From an economic point of view, various factors are fundamental,
including treatment infrastructure, energy requirement, influent characteristics, the effluent quality
requirements, the required quantity of the reclaimed water, etc. (Voulvoulis, 2018). The treated
effluent contains several potentially dangerous contaminants. Micropollutants, antibiotic-resistant
genes, micro- or nano-plastic, personal care products, and pharmaceuticals are some of these
pollutants (Guerra-Rodriguez et al., 2020). Considering the above impediments, reusing the
reclaimed water is not entirely feasible. To overcome these obstacles, it is recommended to foster
public culture, develop more efficient technologies, and performing more detailed analysis of the

greywater before and after treatment.

3.5 Different methods of separation on the surface

As mentioned, there are various wastewater treatment levels based on the type of contaminants,
including preliminary, primary, secondary, tertiary, and advanced. The coarse solids and other
large materials are removed in preliminary treatment. Primary treatment deals with removing
settleable and suspended solids, and in secondary treatment, biodegradable organic matter is
eliminated. Tertiary treatment includes the removal of nutrients and disinfection. Finally, advanced
treatment includes removing dissolved and suspended materials, which are not achieved by
previous treatment levels (Ghaitidak & Yadav, 2013). The system implemented for greywater
treatment includes one of the physical, chemical, and biological technologies or integrated
processes. It also comprises a pre-treatment for solid-liquid separation and grease removal and
post-treatment for disinfection and meets the microbiological requirements (Li et al., 2009).
Treatment of the greywater due to the high amount of surfactants and high organic and inorganic
content is particularly challenging. Therefore, designing a proper system, which can achieve the

required quality with reasonable cost, is a crucial subject (Ciabattia et al., 2009).
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Separation on the surface is a technique, which is carried out for the treatment of greywater. It
has typically been applied as a secondary treatment and sometimes after secondary treatment.
This type of treatment includes adsorption, ion exchange, and chromatography. Chromatography
is a process mostly used alone or combined with other techniques to analyze the properties of
samples (Berninger et al., 1991). However, adsorption and ion exchange have been employed
multiple by researchers for the treatment of greywater. In adsorption, contaminate diffuse to the
surface of adsorbent and bond with the solid phase surface. However, in the ion exchange
process, positive charge (cations) or negative charge (anions) ions in a liquid solution are

substituted for dissimilar ions in a solid ion exchanger.

3.5.1 lon exchange

It is difficult to develop a single and effective ion exchange for greywater treatment due to
contaminants' diversity. Recently, magnetic ion-exchange resins (MIEXs) has attracted attention
for wastewater treatment. Magnetic ion-exchange resins are strong base anion exchange resin
with magnetic properties (Neale & Schéafer, 2009). Due to the magnetized component in the
structure of ion-exchange resin beads, the contaminants are formed to agglomerates and settle
down. According to the studies, the magnetic ion-exchange resin had high efficiency for the
removal of anionic surfactants (Tripathi et al., 2013). Pidou et al. carried out coagulation and
magnetic ion exchange resin for the treatment of shower greywater. They concluded that the
integrated system of MIEX and coagulation were suitable for low strength greywater sources.
They did not achieve high removal efficiency for medium to high strength greywaters. At optimal
conditions, COD, BOD, turbidity, TN and PO,3 "decreased from 791 mg.L?, 205 mg.L?, 46.6 NTU,
18 mg.L't and 1.66 mg.L? in the influent to 247 mg.L?, 27 mg.L?, 3.01 NTU, 15.3 mg.L* and 0.11
mg.L? respectively (Pidou et al., 2008). These processes are not a good choice for treating high

organic loaded greywater as they fail to meet the reuse guideline.

O'Neal and Boyer investigated the potential of phosphate recovery in various urine wastewater
sources and greywater by a hybrid anion exchange (HAIX) resin containing hydrous ferric oxide.
They concluded the said process was able to remove phosphate from source-separated and
combined wastewater streams selectively. (O'Neal & Boyer, 2013). However, it was not evaluated
whether this process is the most effective means of phosphate recovery from greywater, and they

did not analyze the economy of urine-derived fertilizer products.

Nawaz and Sengupta evaluated the recovery of silver from synthetic greywater solution using ion-

exchange resin with thiol group in a fixed-bed column mode. The recovery rate was reported as
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more than 90% as silver sulfide precipitate from the spent regenerant solution. Regeneration was
also optimized, and the resin and the spent regenerant were reused in multiple cycles (over four
cycles studied) without a remarkable reduction in the performance of resin and regenerant
(Nawaz & Sengupta, 2017).

However, there are numerous advantages relevant to this technique; there is a long list of
limitations: i) rapid saturation and clogging of the columns; ii) degradation of the matrix with time
and owing to particular pollutants like strong oxidants; iii) not effective for certain contaminants
and high concentrations of pollutants are some disadvantages.

3.5.2 Adsorption

Adsorption is a surface phenomenon process that is employed for the removal of organic and
inorganic substances. In this process, a solution containing absorbable solutes be into contact
with a high porosity solid. Liquidi solid intermolecular forces cause some of the solutes to attract
the surface of the solid. The solute captured is known as adsorbate, which contains one or more
components, and the solid phase is called adsorbent (Rashed, 2013). The displacement of the
adsorbate between the liquid and solid phase continues until the process reached equilibrium.
The solute distribution between liquid and solid is determined by the affinity degree between
adsorbate and adsorbent (Rouquerol et al., 2013). Depending on the type of interaction between
adsorbent and adsorbate, adsorption onto surfaces occurs by the two main mechanisms,
chemical adsorption and physical adsorption. Care must be taken; there is no sharp dividing line
between the two types. In chemical adsorption (chemisorption), adsorption involves chemical
bonding and electrons transfer between the adsorbent and adsorbate. The main interaction
occurs by ionic or covalent bonds. Otherwise, if there is no electron exchange observed, a
physical adsorption (physisorption) takes place (Crini & Badot, 2008). Forces that bind the
adsorbent and adsorbate together in physisorption might be electrostatic, hydrogen bonds, van
der Waals, or dipole-dipole (Adrian et al., 2017). The energy of adsorption for physisorption is
usually significantly smaller than chemisorption. Typically, the heat of adsorption for physisorption
ranges from 5 to 40 kJ/mol, compared to that of chemisorption ranging from 40 to 800 kJ/mol
(Crini & Badot, 2008).

Although many processes have been employed for greywater treatment, adsorption is currently
considered the most successful and promising approach due to the simplicity of design, easy
operation, low cost of start-up and running, and a wide variety of the adsorbent materials (Liu et

al., 2019; Tony et al., 2019). The significant property of suitable adsorbents is the high capacity
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of the adsorption. This parameter rather depends on the surface area, pore volume, and porosity
of the adsorbents (Tripathi et al., 2013).

The adsorption capacity is limited by the available surface and pore volume and depends on the
fluid and solid chemical natures. The adsorption rate also relates to the amount of exposed
surface as well as the rate of diffusion to the external surface and through the pores of the solid
for accessing the internal surface. Diffusion rates depend on temperature and differences in

concentration or partial pressures.

3.5.2.1 Types of adsorbents

The adsorbents can be classified into natural and synthetic adsorbents. Some examples of natural
adsorbents are zeolites, charcoal, clays, clay minerals, and ores. This type of adsorbents is
abundant, relatively cheap in supply, and has the capability for modification. On the other hand,
synthetic adsorbents are prepared from agricultural products and wastes, industrial wastes,
sewage sludge, and polymeric adsorbents (Rashed, 2013). The characteristics of a suitable
adsorbent are thermal, mechanical, and chemical stability, high surface area, pore volume, and
adsorption capacity, low cost, availability, ease of regeneration and modification, and capability
to provide fast kinetics (Rodrigues, 2015). Recently, a wide variety of natural adsorbents has been
employed for the treatment of greywater (Agustina, 2014; Amiri et al., 2019; ARSLAN et al., 2020;
Fang et al., 2016; Mohamed et al., 2018; Schouten et al., 2007; Thirugnanasambandham et al.,
2014; Verma et al., 2013; Widiastuti et al., 2011). However, synthetic adsorbents have been used
more than natural ones. Activated carbon and resin are the common ones (Alharbi et al., 2019;
Ciabattia et al., 2009; Collivignarelli et al., 2019; Gao et al., 2016; Garcia-Morales et al., 2013;
Hernandez-Leal et al., 2011; Huang et al., 2019; Mostafazadeh et al., 2019 ; Gererk e al.,
2005; Zipf et al., 2016). Tableau 3.4 lists different types of adsorbents employed for the treatment
of greywater.
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Tableau 3.4

Adsorbents applied for the treatment of greywater

Name of Type of Pollutants Process Removal efficiency of Ref.
adsorbent greywater combined system
GAC & Industrial Nonylphenol Ultra-filtration + GAC: (Mostafazadeh et al.,
polymeric resin  laundry ethoxylates . Adsorption COD: 68-79% : TSS: 97% : 2019)
(PR) wastewater ~ (\PEO) & organic NPEO: 94%
matter A
PR:
COD: 70-80% ; TSS: 97% ;
NPEO: 98%
GAC Synthetic Organic matter &  Hybrid electrochemical - COD: 86% ; TOC: 85% ; (Garcia et al., 2018)
greywater Colour GAC colour: 100%
PAC Laundry Non-ionic Thermophilic aerobic TAS >95% & MBAS >89% (Collivignarelli et al.,
wastewater surfactants (TAS) membrane reactor 2019)
& anionic (TAMR) + nanofiltration
surfactants (NF) + Adsorption
(MBAS)
GAC Industrial Non-ionic Pre-treatment COD: 87% ; TSS: 98% ; (Ciabattia et al., 2009)
laundry surfactant (BIAS)  (coagulation, flocculation,  Turbidity: 99%
wastewater & anionic Dlssolyed air flotation) + BIAS: 87%
surfactant (MBAS) sand filtration + ozonation
+ Adsorption + MBAS: 93%
ultrafiltration
GAC Laundry Anionic surfactant 1. Precipitation/ 1.COD: 93% ; BODs: 95% ; ( Go sTurk et al., 2005)
wastewater & organic matter coagulation + anionic surfactant: 95%

pocculation + Adsorption

2. Precipitation/
coagulation +
pocculation +

2.COD: 98.9% ; BODs:
99.2% ; anionic surfactant:
99.2%
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Name of Type of Pollutants Process Removal efficiency of Ref.
adsorbent greywater combined system
Adsorption+ UF + RO
processes
AC Ablution Organic matter Coagulation + adsorption BOD: 57% ; COD: 71% ; (Alharbi et al., 2019)
Greywater Turbidity: 96%

GAC Greywater Micropollutants of ~ Ozonation + adsorption Nonylphenol: 84% ; (Hernandez-Leal et al.,

personal care Triclosan: 95% ; Bisphenol-  2011)

products A: 66% ; Caffeine: 93%
Chitosan Greywater Organic matter Batch adsorption Turbidity: 96% ; BOD: 91% ; (Thirugnanasambandham

COD: 73% etal., 2014)

AC, Human Barber salon  Personal care Batch adsorption CODac: 63% ; CODwHH: 38% ; (ARSLAN et al., 2020)
Hair &Basalt greywater products CODs: 85%
AC from Synthetic Heavy metal ions  Batch adsorption Cd: 97% ; Cu: 95% ; Pb: (Praveena et al., 2019)
banana stem greywater (Cd, Cu, Pb and 95% ; Ni: 94%

Ni)
Ceramic waste  Bathroom Organic matter &  Fixed-bed adsorption COD: 39% ; TSS: 58% ; TN: (Mohamed et al., 2018)

greywater Nitrogen 67% ; Turbidity: 88%

FeCls-AC from  Synthetic Organic matter &  Fixed-bed adsorption BOD: 91% ; COD: 70% ; (Jawaduddin et al., 2019)
cotton stalks grey Water microbial Turbidity: 91% ; E. Coli: 98%

indicators ;
GAC Greywater Organic matter, 1. Adsorption (sand 1.Turbidity:61% ; Color:54%  (Zipf et al., 2016)

surfactant & color

filter + GAC)

2. Adsorption (slate
waste filter +
GAC)

; COD:56% ; BOD: 56% ;
Surfactant: 67%; total
coliforms: 61% ;
Thermotolerant
coliforms:90%
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Name of Type of Pollutants Process Removal efficiency of Ref.
adsorbent greywater combined system
2. Turbidity:66% ; Color:61%
; COD:60% ; BOD: 51% ;
Surfactant: 74% ; total
coliforms: 67% ;
Thermotolerant
coliforms:80%
A800, silicagel Commercial Organic matter Batch adsorption CODasgoo: 91% (Tony et al., 2019)
&AC L?;Qt(lrv)\//ater CODsilica gel: 82%
CODac: 73%
AC & natural Synthetic Phosphate Fixed-bed adsorption PacO 60 % (Agustina, 2014)
zeolite laundry N
wastewater PnzO 90 %
Resins, ACs &  Synthetic Anionic Batch adsorption Highest adsorption capacity:  (Schouten et al., 2007)
clays laundry surfactants (LAS
wastewater & AOS) clays (Syntal and LDH)
Starbon Commercial  Organic matter Catalytic oxidation + COD: 93% (Tony et al., 2016)
laundry adsorption
wastewater
Natural zeolite,  Synthetic Radionuclides Batch adsorption Natural zeolite: Sr2*" 98% ; (Fang et al., 2016)
zeolite 4A & laundry (Sr?*, Cs* and Cst"90% %' CD5%
. . 2+
vermiculite wastewater Co?") zeolite 4A: S 9 8 %+ -
"90% ;Co**" 95 %
vermiculite: Sr2+ " 7 5 %*
"60% ;Co>*’ 80 %
AC (PAN/HS) Commercial ~ Organic matter Electro-coagulation + CODranns’ 75% (Veliet al., 2019)
laundry batch adsorption .
AC (PPy/HS) wastewater CODrpyHs" 52%
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Name of Type of Pollutants Process Removal efficiency of Ref.
adsorbent greywater combined system
Multiwalled Synthetic non-ionic Batch adsorption TX100: 52.3% (Gao et al., 2016)
carbon laundry surfactant . 0
nanotubes wastewater (TX100), SDBS: 26.2%
. 0

anionic surfactant CTAB: 3.8%

(SDBS) &

cationic surfactant

(CTAB)
Alumina Laundry anionic surfactant  Adsorption Turbidity: 90% (Adak et al., 2005)

wastewater (SDS) SDSeacn: 94%
Micellei clay Greywater Anionic Filtration (sand column) + For 5 L solution (Brook et al., 2015)
composites (showers surfactant(SDS) & adsorption SDSonrua: 99.8%
micelle and sinks pathogenic
. 0
(ODTMA/ and laundry) microorganisms SDSepmHpA: 98.4%
BDMHDA)- For 4L greywater- ODTMA
montmorillonite ,
complex SDSshower’ 75%
SDSiaundry: 77%

Chemical Synthetic Anionic Surfactant Batch adsorption SDSnea: 90-94% (Verma et al., 2013)
adsorbent greywater (SDS)
(alum & lime)
Natural
bioadsorbent
(powder of
karanj seed &
tulsi leaves)
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Name of Type of Pollutants Process Removal efficiency of Ref.
adsorbent greywater combined system
Zero-valent iron  Synthetic Cationic (HDPCI)  Batch adsorption HDPCI 99 % ; < (Abd El-Lateef et al.,
nanoparticles water & anionic (SDBS) 2018)
surfactants
Polymeric Laundry Color & MBAS Batch adsorption Highest removal for (Topkaya et al., 2018)
Composites wastewater PAN/RH+KIO3
Supported With Color: 98% : turbidity: 70% :
AC (PAN/ WS+ MBAS: 96%
KIO3, PAN/ $ IR0
SH+ KIO3,
PAN/ WS+
K2S208,
AC Laundry Organic matter, Pre-treatment Color: 99.9% ; COD: 80% ; (Huang et al., 2019)
wastewater color & surfactant  (coagulation, flocculation, surfactants: 93% and
sedimentation) turbidity: 99.4%
+adsorption +
microfiltration
AC, natural Greywater Organic matter Batch adsorption Highest adsorption for (Amiri et al., 2019)
zeolite (2), AC+Z+nzVI
it COD: 85.75% ; TDS:
0 - iditv: 0
(n2Vl) & 91.81% ; turbidity: 98.1%
combined
Natural zeolite  Synthetic Ammonium ion Batch adsorption Ammoni um 9 7 9 (Widiastuti et al., 2011)
greywater
Bark & Synthetic Organic matters, Fixed-bed adsorption BODs,gark: 98% ; CODgark: (Dalahmeh et al., 2012)
activated greywater surfactants, 74% ; MBASgark, 99% ; Tot-
charcoal phosphorus, PBark:97% ; Tot-Ngark: 19% ;
nitrogen & TTFCgark: 99%
microbial . . :
indicators BODs.ac: 97% ; CODac: 94%

; MBASac, 99% ; Tot-
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Name of Type of Pollutants Process Removal efficiency of Ref.
adsorbent greywater combined system
Pac:91% ; Tot-Nac: 98% ;
TTFCac: 91%
Ammonium Synthetic Cobalt (Co?*), Batch adsorption Maximum adsorption (Park et al., 2010)
molybdophosp  radioactive strontium (Sr2*) capacities were 0.61, 0.18
hatei laundry and cesium (Cs+) and 0.16 mmol/g for Cs*,
polyacrylonitrile  wastewater Sr2* and Co?*
(AMPi PAN)
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Activated carbon is one of the most widely used absorbents derived from charcoal, almonds,

coconuts, walnut hulls, and other woods (Ciabattia et al., 2009). They are utilized for the removal

of organic matter, surfactants, heavy metal, and dye from greywater due to their large surface
area-to-volume ratio, economic viability, microporous structure, and nonpolar character
(Ghaitidak & Yadav, 2013). Besides, it has good performance for purification of greywater
containing pollutants in low concentrations (Tsyntsarski et al., 2014). Researchers mostly carried

out activated carbon for pilot scale and continuous experiments (Ciabattia et al., 2009;
Collivignarelli et al., 2019; Hernandez-Leal et al., 2011; Mostafazadeh et al., 2019 ;-Tukost ar
et al., 2005).

Renewable carbon adsorbents are another type of synthetic adsorbents. To improve the
economic value of wastewater treatment by providing an alternative to expensive activated
carbon, waste materials such as biomass, waste cardboard, waste newspapers, plastics, and
other industrial byproducts converted into activated carbon (Habila et al., 2015). In a study to
renewable carbon from mixed-waste sources (paper, plastic, and palm wastes) were used to
remediate metal pollution like Pb(ll), Zn(ll), Cu(ll), and Fe(ll) in groundwater and grey wastewater
(Alomar et al., 2020). In another study, Alothman et al. employed renewable palm-pruning leaves
to eliminate heavy metals pollution. In addition to considering a valuable source for low-cost
adsorbent materials, the palm-pruning leaves have strong mechanical properties and are non-

toxic and readily biodegradable (Alothman et al., 2020).

From natural adsorbents, natural zeolite and clay are the most common. Natural zeolites are an
abundant cation exchange material, which is mostly utilized to treat water and wastewater. Due
to their high selectivity for heavy metals, radionuclides (Fang et al., 2016), ammonium (Widiastuti
et al., 2011), and phosphate (Agustina, 2014), they have been employed widely. Furthermore,
natural zeolites have advantages that include excellent selectivity at low temperatures, releasing
non-toxic exchangeable cations like K*, Na*, and Ca?* to the environment, and easy maintenance

of the full-scale applications (Widiastuti et al., 2011).

Clays and clay minerals are one of the most effective and economical adsorbents for the removal
of surfactants. Natural clay minerals are suitable adsorbent for the removal of cationic or polar
organic contaminants (Rashed, 2013). Brook et al. (Brook et al., 2015) prepared a micellei clay
complex by interacting clay particles with organic cation micelles. The structure of micelles has
similar to detergents. The outer part, which is contacted with the solution, contains the positively
charged cation, and the core has hydrophobic characteristic. Due to the specific structure, it can

attract both anionic and nonpolar organic pollutants from greywater.
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It should be noted the performance of the adsorbents depends on the type of materials. Therefore,
not a certain adsorbent is useful for the removal of all kinds of contaminants. In some cases, to
reach a reasonable removal percentage, it is vital to utilize a more expansive adsorbent or

modifying a specific adsorbent.

3.5.2.2 Functionalized adsorbents

Adding the functional group to the adsorbent leads to enhancing the adsorbent's capability to
attract more pollutants. Choosing an appropriate functional group depends on both adsorbent and
adsorbate properties. The functional group affect the effectiveness, capacity, selectivity, and
reusability of the adsorbent. The modification can be divided into three categories: (i) chemical
modification, (ii) physical modification and, (iii) biological modification. There are different
treatments to modify adsorbents, such as acidic treatment, base treatment, impregnation,
microwave treatment, ozone treatment, plasma treatment, etc. (Bhatnagar et al., 2013).

Soria-Sanchez et al. used a high surface area graphite and a microporous activated carbon and
modified them by heat and acid treatment to eliminate a series of non-ionic surfactants (TX-114,
TX-100, TX-165, and TX-305) from synthetic wastewater. They employed heat-treated and acid-
treated to eliminate impurities like surface groups and inorganics. To introduce oxygen surface
groups, adsorbents were treated by HNOs;. By adding oxygen surface groups on the
carbonaceous surfaces, the adsorption capacity of activated carbon increased remarkably
compared to the heat-treated one. The number of adsorbed surfactant moles per surface unit of
adsorbent (Cags) of thermal-treated and acid-treated activated carbon for TX-114, TX-100, TX-
165, and TX-305 enhanced from 0.35, 0.30, 0.28, and 0.18 umol.m?to 0.83, 0.99, 1.64, and 1.32
umol.m2 respectively. The oxygen surface groups had less effect on graphite comparison
activated carbon. The reason for the difference of behaviors can be described as the amount and
position of the oxygen groups on the surface of adsorbents. The oxygen group is located only on
the edges of the graphitic crystallites, while in the activated carbon, the surface groups are better
dispersed (Soria-Sanchez et al., 2010).

To evaluate Hg (II) remediation, a renewable activated carbon prepared from mixed recyclable
waste was modified by the trihexyl(tetradecyl)phosphonium Bis2,4,4-(trimethylpentyl)
phosphinate (phosphonium-based ionic liquid). The phosphonium-based ionic liquid enhanced
the surface charge of the raw activated carbon and improved the tendency to adsorb Hg(ll) from
aqueous solutions. According to FTIR analysis, P, C=0, and OH functional groups could be

detected after the modification. They claimed the presence of the phosphorous atom in the
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modified adsorbent enhances the ability for efficient interaction with Hg ions. The adsorption
capacity for the Hg(ll) removal increased from 44 to 105 mg/g after modification which is attributed
to the presence of phosphorus in the structure of the modified activated carbon (Habila et al.,
2019).

Sc hi f f-fusctiobaizedeadsorbents were employed for the removal of heavy metals. They are
a particular class of organic compounds with high oxygen and nitrogen content that are able to
adsorb different heavy metals. Al-Marghany et al. modified a renewable activated carbon with
Schi f f 0 s-(2phesytacetylj thidghdine-2-carbohydrazide to improve the removal efficiency
of mercury(ll), lead(Il), cadmium(ll), and aluminum(lll) from aqueous solution (Al-Marghany et al.,
2021). In another study to remove heavy metals (copper(ll) and lead(ll)), Schiff base and
carboxylic acid functional groups were added to the cellulose. In order to improve the removal
efficiency, cellulose was chemically modified through oxidation and condensation reactions with
NalO4 and p-aminobenzoic acid. The Schiff base and carboxylic acid groups are responsible for
cellulose's higher adsorption efficiency, recyclability, and antibacterial properties (Saravanan &

Ravikumar, 2016).

Magnetic nanoparticles-based adsorbents were widely investigated in wastewater treatment
processes. Zhen et al. employed a novel magnetic chitosan-based adsorbent, poly(N-
isopropylacrylamide) grafted chitosan/FesO, composite particles (CN-MCP) to remove NP from
agueous solution. They investigated the effects of pH, temperature, grafting ratio of the polymer
branches, and coexisting inorganic salts on adsorption performance. They succeeded in obtaining
a high potential for NP removal with higher adsorption capacity compared to other reported
adsorbents. It was claimed the adsorption of NP at pH 9, and 20 °C contributed to both amino
groups and poly(N-isopropylacrylamide) branches on CN-MCP. While hydrophobic interaction
between NP and poly(N-isopropylacrylamide) branches on CN-MCP was the main reason at pH
5 and 40 °C (Zhen et al., 2015). Magnetic nanoparticles were also used for the remediation of
heavy metals. Carbon-coated FesO. nanoparticles were functionalized with polyacrylamide to

enhance the removal efficiency of heavy metals (Habila et al., 2017).

Coll et al. evaluated the adsorption properties of the functional MCM-41 (Mobil Composition of
Matter No. 4) materials for the removal of anionic surfactant from synthetic wastewater. They
prepared various adsorbents known as S1, S2, and S3 that contain imidazolium, amine, and
pyridine groups, respectively. They figured out the adsorption ability at a certain pH follows the
order S1 _S3 S2. The adsorption capacity of
mmol.g* for S1, S2, and S3, respectively (Coll et al., 2009). Although the removal efficiency of
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S1 was remarkable, the negative aspect of using the functionalized MCM-41 adsorbent for

surfactant removal is the high cost of preparation, which is not economically feasible.

Natural zeolites have little or no affinity for anion pollutants because of the net negative charge of
structures. To enhance capability of zeolite for removal of anionic contaminants, it has been
functionalized. Modified zeolites have been employed for the removal of anion contaminants and
microorganisms from greywater (Widiastuti et al., 2008). Leng et al. used three different functional
agents onto zeolite to reduce sodium dodecyl sulfate in greywater. They employed CTAB (Cetyl
Trimethyl Ammonium Bromide), C14TAB (N,N,N-Trimethyltetradecan-1-Aminium Bromide), and
C14HTAB (14-Hydroxy-N,N,N-Trimethyletradecan1-Aminium Bromide). They reported CTAB was
the most favorable agent, followed by C14TAB and C14sHTAB (Leng et al., 2016).

Tableau 3.5 shows the modified/functionalized adsorbents were utilized for the treatment of real

and synthetic greywater.
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Tableau 3.5

Modified adsorbents used for the treatment of greywater

Name of Modification Type of  Pollutants Removal efficiency of combined system Ref.
adsorbent greywat
er
Graphite (G) & Thermal treatment Synthetic  Non-ionic GT: Cads,tx-114: 1.28, Cads,tx-100: 0.80, Cads, Tx-165: (Soria-
activated (GT, NT) water surfactants (TX-114, 0.74, Cads,tx-305: 0.50 pmol.m-2 Sanchez
carbon (N) Thermal & acid Ii:;gg) TX-165, and GTox: Cads,tx-114: 0.34, Cads mx-100: 0.19, Cads Tx-165: ggi‘lo’)
treatment (GTox, 0.52, Cads x-305: 0.30 pmol.m-2
NTox) NT: Cads,Tx-114: 0.35, Cads,tx-100: 0.30, Cads,Tx-165:
0.28, Cads Tx-305: 0.18 pmol.m-2
NTox: Cads,tx-114: 0.83, Cads, Tx-100: 0.99, Cads,Tx-165:
1.64, Cads,Tx-305: 1.32 pmol.m-?
Multi-Walled Acid treatment & Synthetic  Nonylphenol (NP) gmax=1040 mg.g* (Dai et al.,
Carbon ultrasonic cleaning water o 1 _ 2018)
Nanotubes @ Cine=2.5mg.Lt & pH=4
Graphite (Garcelldpf:re ena(am?)gr(‘jtefGO) Synthetic  Nonionic surfactant TX-10060:78% @1.0g.Lt GO (Prediger
(graphene ' water (Triton X-100) _ 4 et al.,
oxide & Chemical treatment) 0co=1203 mg.g 2018)
- : 1
re;gug;(rj]e Reduced graphene TX-10060:99% @0.8g9.Lt GO
gxidpe) oxide (rGO) Orc0=1683 mg.g'!
(sonication +
chemical treatment)
Hexagonal Titanium substituted Synthetic  Non-ionic The order of affinity of (Punyapal
Mesoporous HMS (Ti-HMS) wastewat surfactants (TX-45, . akul &
Silicate (HMS, . er TX-100, TX-165, and i”gagtarfgsognxadsorbe”ts IsTX-45 -0 . - T 1o0izawa,
Ti-HMS and ratted (- group TX-300) : 2006)
modified HMSs ~ 9raec For TX-45
(OD-HMS and  OCIAMED 1326.79 mg.gt 883.61 mg.gL
MP-HMS d _ (max, Ti-HMS= (9 Mg.g+ ; gmax,HMS= . mg.g—;
PAC )an & 3-mercaptopropy) gmaxMP-HMs=783.52 mg.g! ; gmax,pac=736.24 mg.g?t;

Qmax,OD-HMS:596.23 mg.g‘l
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Mesoporous
silica
nanoparticles
(MSNs),
amine-
functionalized
MSNs (MSN-
NH2), phenyl-
functionalized
MSNs (MSN-

Ph) and amine-

functionalized
SNPs (SNP-
NH2)

Multi-walled
carbon
nanotubes &
Oxidized
Multiwalled
Carbon
Nanotubes

Functional
MCM-41 (S1,
S2 and S3)

Zeolite

Unmodified
zeolite coated
surface (ZCS)
& modified
zeolite coated

Amine & phenyl-
functionalizing

Acid treatment

S1, S2 and S3
contain imidazolium,
amine and pyridine
groups

Functional agents
were employed
CTAB, C14TAB, and
Cw14sHTAB

Modified with Na* and

Fe3*ions +
immobilized on
polyethylene surface

Synthetic
wastewat
er

Synthetic
wastewat
er

Synthetic
wastewat
er

Greywat
er reuse

Synthetic
water

Sodium
dodecylbenzenesulf
onate (SDBS)

Linear Alkyl benzene
Sulfonate (LAS)

Anionic surfactant
(LAS)

Sodium dodecyl
sulfate (SDS)

Phosphate

SDBSwsn: negligible
SDBSwsn-nH2: 70%
SDBSwsn-ph: 30%
SDBSsnp-nH2: 10%

gmax= 62.5 mg.g*
@ Cias=4 mg.L1; pH 3

Omax,s1= 1.52 mmol.g*
Omax,s2= 0.197 mmol.g*
(max,S3= 0.335 mmol.g‘l

gctas= 1.54 mg.g*
gcistae= 1.50 mg.g?
gciaHTtAB= 0.46 mg.g!
@ ECEC 48-45%

ZCS: 32.4% ; Omax,zcs=6.317 mg.g?
MZCS: 70.6% ; Qmaxmzcs=7.097 mg.g-t

(Kim et al.,
2019)

(Heibati et
al., 2016)

(Coll et al.,
2009)

(Leng et
al., 2016)

(Akrami et
al., 2019)
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surface

(MZCS)
Hybrid anion Impregnated with Different  Phosphate Max P recovery from greywater was (O'Neal &
exchange resin  hydrous ferric oxide wastewat _ P 11 - Boyer,
(HAIX) nanoparticles er gmaxp=509 mg.p-t.d-t with 0.29 L.p-1.d! of resin; 2013)
including Phosphorus recovery potential (mg p1 d1 ) from
greywate greatest to least was: fresh urine > hydrolyzed urine
r > greywater > secondary wastewater effluent >

anaerobic digester supernatant

Cads: The number of adsorbed surfactant moles per surface unit of adsorbent; gmax: maximum adsorption capacity on adsorbent; Ci: initial
concentration of solute in solution
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As discussed earlier, any modification or adding functional groups has a special impact on the
adsorbent and, consequently, the adsorption process. Acid treatment by HCI leads to the removal
of inorganic contaminants present on the activated carbon. To eliminate silica impurities, the
activated carbon previously washed with HCI is subsequently washed with hydrofluoric acid
(Nevskaia et al., 2004). Mixing the adsorbent with HNO3; makes to introduce oxygen surface
groups on adsorbents. Besides, Soria-Sanchez et al. reported by acidification, the surface area,
average pore diameter, and pore volume of the adsorbents increase. Increase the mesoporosity
of the activated carbon leads to improve adsorption of larger molecules. Heat treatment at 900°C
in a furnace under a helium flow conducts to eliminate surface groups (Soria-Sanchez et al.,
2010). Dai et al. carried out ultrasonication treatment to remove amorphous carbons from the
carbon nanotubes (Dai et al., 2018). Dastgheib et al. used the nitridation under ammonia flow at
high temperatures to decompose acidic functional groups on the surface of activated carbon and
increase the overall basicity of carbon. It was reported this kind of modification increased the
DOM uptake of activated carbons (Dastgheib et al., 2004). The modification of zeolite by Na* and
Fe3* decreases the maximum adsorption time and increases the phosphate ion's adsorption
capacity. By adding Na* and Fe®*' in the zeolite framework, an electrostatic field on the inner
surface of the zeolite is generated. Creating this electrostatic field makes a reduction in the
maximum adsorption time and increases the adsorption capacity of phosphate ion (Akrami et al.,
2019).

Despite the listed advantages of functionalizing adsorbents, the cost of adsorbent preparation is
one of the fundamental factors for the feasibility of the process. Besides, the procedure and the
cost of regeneration of functionalized adsorbents should be assessed (Bhatnagar et al., 2013).
Furthermore, more investigation should be performed on regeneration to identify whether only
adsorbed contaminants are recovered or modified reagents and functional groups are also
released from the adsorbents. Finally, these adsorbents should be employed in real wastewater

treatment to observe their efficiency under multi-component pollutants and full-scale processes.

3.5.2.3 Regeneration of adsorbents

Regeneration of the spent adsorbents is a fundamental stage from economic, environmental, and
energy-saving points of view. After continuous use of the adsorbents and due to the filling of the
active sites, the adsorbent's performance is declined; therefore, the regeneration process should
be done. Choosing the suitable method depends on the type of the process, the interaction

between adsorbent and adsorbate, the adsorbate concentration loaded on the adsorbent, cost,
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and processing conditions (Adridn et al., 2017; Ghasemzadeh et al., 2017). The regeneration
process can be classified into thermal, chemical, microbiological, and vacuum regeneration
(Salvador et al., 2015a). Regeneration conditions should be optimized to minimize the damage to
the adsorbent active sites and maintain the adsorbent's lifetime and performance. Recently, novel
regeneration methods, including microwaves or ultrasound, have been proposed; however, it can
be considered in the thermal generation category (Salvador et al., 2015a). The ultrasonic
method's advantage is high-speed regeneration; although, the high energy waves hurt the
adsorbents framework and decrease the absorption capacity. Microbiological or bioregeneration
applies microorganisms as regeneration agent. While this process is inexpensive, it takes a long
time (sometimes several months) to achieve reasonable regeneration efficiency (Ghasemzadeh
et al., 2017). Vacuum Regeneration changes the adsorption process to desorption by decreasing
the pressure. This method is mostly used for gas purification and has not been widely utilized for
regeneration (Salvador et al., 2015a).

The two most common types of adsorbent regeneration are thermal and chemical regeneration.
In thermal regeneration, the heat is applied to the saturated adsorbent to provide sufficient energy
to repel the adsorbates. Thermal regeneration uses hot inert gases, steam, microwaves,
ultrasound, electrical currents, etc. Hot gases are widely used for industrial-scale processes,
although they cannot completely recover the adsorbent (Salvador et al., 2015a). On the other
hand, the chemical regeneration utilizes reagents like solvent, supercritical, NaOH,
electrochemical, and oxidative to recover the adsorbents (Salvador et al., 2015b). The suitable
reagent is selected based on the type of interactions between adsorbent and adsorbate. Chemical
regeneration, in some cases like less space, less energy consumption, lower handling equipment,
on-site regeneration, and, consequently, lower cost, is superior to thermal regeneration (Schouten
et al., 2007).

An economical process for regenerating granular activated carbon is utilizing alcohol alkali and
oxidant, preferably ethanol, sodium hydroxide, and hydrogen peroxide (Rein, 2008). Besides,
there are other procedures for GAC regeneration to remove dissolved organics, such as
increasing the pH of the solution. In this process, GAC is placed in NaOH 1.0 M solution and
shaken for two h to allow for desorption. The temperature for regeneration is 50 °C. Then it is
decanted with water. This procedure is repeated until the rinse solution is free of desorbing
organics. The GAC is then treated with 0.01 M HCI to neutralize the alkali and rinsed with water
(Newcombe & Drikas, 1993).
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Moreover, according to another study, spent granite sand with anionic surfactant sodium dodecyl
sulfate was successfully regenerated using an H2O; solution (Khan & Zareen, 2006). Garcia et
al. (Garcia et al., 2018) employed the electrochemical regeneration of GAC to treat greywater.

They achieved up to 64.8% recovering efficiency in long-term experiments with saturated GAC.

Zeolite can be regenerated by different methods. The exhausted NH*-zeolite in greywater
treatment was suggested to regenerate by NaCl or KCI solutions (Widiastuti et al., 2011). It was
reported by increasing the pH around 11; the regeneration efficiency is enhanced (Kall6, 2001).
Rahmani et al. employed a biological method for regenerating the saturated zeolite by ammonium.
In this process, nitrifying bacteria oxidize ammonium to nitrate. The regeneration efficiency was
obtained 87.7-99.8% in 3.5-5.5 h. (Rahmani & Mahvi, 2006)

Despite the mentioned advantages, none of these methods has been able to replace thermal
regeneration in industry so far. It reveals that more investigation is needed in this area. The new
alternative should be highly efficient, environmentally friendly, and economically attractive
(Salvador et al., 2015a).

It should be noted after each regeneration cycle, the performance of adsorbent declines. Finally,
the exhausted adsorbents are discarded. The essential issue is how to reduce the environmental
impact of the disposals. In the past, the spend adsorbents were incinerated or used in landfills
(Adrian et al., 2017). However, this kind of approach might increase the cost of treatment or harms
the environment. Using the spend adsorbents in other industries might be a sustainable approach.
Rao et al. partially replaced river-sand as a fine aggregate with fluoride contaminated bone char

sludge in concrete (Rao et al., 2009).

Therefore, although by adsorption technique can achieve high removal efficiency, consider it
necessary how to generate the adsorbents so that the process remains economical and how to
deal with the exhausted adsorbent to cause the lowest environmental impact. It is essential to
know that the adsorption process does not terminate after obtaining the removal efficiency, and

economic viability should be examined for the whole process.

3.5.24 Adsorption modeling

Based on the operation mode, adsorption can be classified into batch and continuous adsorption.
In the batch process, the adsorbent is suspended in the solution by stirring. On the other hand,
the solution passes through a packed bed column in the continuous adsorption. Batch adsorption

is applied for obtaining maximum adsorption capacities, adsorption rate, and thermodynamic
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parameters. Instead, the dynamic process reveals information on operating conditions, the
maximum capacity of the bed, the mass transfer resistances, and scale-up parameters (Adrian et
al., 2017).

The batch adsorption, also known as static adsorption, occurs in a closed system and under
stable conditions. The specific amount of adsorbent (m) is stirred with the initial volume of the
solution (V) until the system reaches the equilibrium condition. The concentration of the specific
adsorbate in the solution declines from Co to Ce at the end of the operation, and the amount of
adsorbent increase to ge in the solid phase. The relation between Ce and ge according to the mass
balance and by ignoring the volume change of the solution is given by Equation 1.2(d) (Adrian et
al., 2017):

The static adsorption systems are employed to evaluate the quality of an adsorbent and determine
operational properties like pH, temperature, amount of adsorbent, and operation time, on a
laboratory-scale (Schouten et al.,, 2007; Tony et al., 2019). Furthermore, the thermodynamic
parameters and adsorption isotherm can be derived from the batch test results.

Amiri et al. employed various adsorbents like activated carbon, zeolite, nano zero-valent iron, and
their combination to evaluate the highest COD removal from greywater by batch adsorption. Also,
they studied the kinetic, isotherm, and thermodynamic models for COD removal (Amiri et al.,
2019). Tony et al. used Algibon, A800 derived from mesoporous alginic acid, and Starbon S300,
carbonaceous mesoporous polysaccharide-derived materials, silica gel, and activated carbon
were used for the treatment of launderette water. They defined the optimum adsorbent dosing
and pH value for each adsorbent by batch system (Tony et al., 2019). To identify the highest
surfactant removal from laundry wastewater, Topkaya et al. synthesized polymeric composites
supported with activated carbon by different oxidizing agents in the batch process (Topkaya et
al., 2018).

Dynamic adsorption usually occurs in an open system where the solution containing absorbable
solutes is pumped through a packed-bed column. During the operation, the adsorbate is
transferred from the liquid phase to the solid phase. The concentration of adsorbate reaches from
Co to C; at effluent. The most critical information that can be extracted from the continuous process
is the breakthrough time (tp), exhaustion time (t¢), mass transfer zone length (Zm), maximum
capacity of the column (geq), and removal percentage (R). The breakthrough time refers to the
time when the effluent adsorbate concentration reaches less than 5% of the influent adsorbate

concentration. On the other hand, the exhaustion time refers to when the effluent adsorbate
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concentration is 95% of the initial amount. The mass transfer zone length is considered the

shortest possible packed-bed length required to breakthrough time at t=0 (Adrian et al., 2017).

The yxed bed systems are performed to scale up the adsorption operations. The operational
conditions, like pow rate and bed height, might be simulated, and scale-up parameters can be
extracted for industrial-scale (Dotto et al., 2015; Vieira et al., 2014). The optimum operating time
and influent to adsorbent ratio are the essential parameters specified by this process.
Mostafazadeh et al. employed GAC and resins to treat laundry wastewater and remove
nonylphenol ethoxylates as surfactants. They performed the procedure in different hydraulic
retention times (HRT) to determine the effect of HRT on COD and surfactant removal
(Mostafazadeh et al., 2019). Agustina et al. studied the variation of column height and initial
concentration for removing phosphate from laundry wastewater in a packed bed. They employed
activated carbon and natural zeolite and obtained the highest phosphate removal equal to 90%
by using 40 cm of natural zeolite and phosphate concentration of 2 mg.L™? (Agustina, 2014).

Choosing the operation mode depends on the goal of the process. Therefore, it is necessary to
identify the objective prior to performing the experiments to save time and cost. Sometimes,

applying the batch test may prevent to perform time-consuming continuous experiments.

3.5.25 Adsorption isotherm

Obtaining the appropriate adsorption isotherm is one of the fundamental steps in the adsorption
process. Adsorption isotherm indicates the relation between the adsorbent and adsorbate, as well
as the maximum adsorption capacity. To extract an adsorption isotherm, a set of equilibrium
concentration data between the amount of adsorbate in the adsorbent (ge) and the amount of
adsorbate remaining in the liquid phase (C.) should be obtained at equilibrium conditions. The
isotherm curve presents useful information such as the maximum adsorption capacity as an
indicator of the adsorbent quality, the afynity between the molecules, and the type of interaction
between adsorbent and adsorbate. Besides, this set of data is employed to solve the partial
differential equations for modeling the continuous process. Thermodynamic adsorption
parameters, qiG° qH° and gB8° which are indicators of the spontaneity and nature of the
adsorption operation, can be extracted from the isotherm curve. Care must be taken to collect the

data precisely and fit a suitable model to the derived curve (Adrian et al., 2017).

According to Giles et al., solution adsorption isotherms divided into four main groups based on

the initial slope of the curves. The main classes are (i) S curves or vertical orientation type, (ii) L
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curves or nor mal or A Langmuiynity type,yapde(iv) C(curnies or
constant partition type. The subgroups are determined based on the shape of the upper parts of

the curves, including plateaux and changes of slope(Giles et al., 1960).

A suitable isotherm model should be ytted to the curves by considering some fundamental issues
like mono-component or multi-component adsorption, mono-layer, or multi-layer adsorption, and
homogeneous or heterogeneous adsorption. In real wastewater, always multi-component
adsorption occurs. When a target adsorbent presents in a solution along with a variety of the
pollutants, the isotherm of adsorption cannot fit to mono-components isotherm since there is
competition between different contaminants for adsorption on the solid phase surface (Xu et al.,
2013). Adsorption in a multi-component solution is intricate due to the competition between
solutes and interaction between absorbable solute and surface of adsorbent (Mohan & Chander,
2001). Freundlich, Langmuir, BET (Brunaueri Emmetti Teller) and, Temkin models are some
models employed for mono-component adsorption. Some of the famous multi-component
isotherm models are including Langmuir-Freundlich, Redlich-Peterson, and Dubinin-Polyani.

Tableau 3.6 presents the mono-component and multi-component isotherm models.
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Tableau 3.6 Adsorption isotherm models

Model Expression Linear equation Parameters Ref.
Mono-component isotherms
Henryos =K. C =K. .C K., (L/g)=Henry constant (Adrién et al.,
(e.g. C1) % = Pt %= Pt " 2017)
Langmuir- _q, KaCe i 16 p K, (L/mg)=Langmuir constant related to (Heibati et al.,
monolayer (e.g. e "1+ K C n n 0n the binding energy 2016)
L2, H2) a“e P PP P
(homogeneous) n no ('[53 ; n
N vE
1 VI 0 N
5 n n
BET-multilayer Q Oger K Ce Oger (MY/g)=is the monolayer adsorption  (Adrian et al.,
k, and k, (L/mg)= the BET constants
Temkin q. = bln( KTCP) Q= banT + mCe K, (L/mg)= the equilibrium binding (Heibati et al.,
(heterogeneous) constant, corresponding to the 2016)
maximum-binding energy
b = T eonstantrelated to the heat
of adsorption
E;elgghch (S1, q =K C%‘ | loa K 1 loaC Krand n = The Freundlich constants (Heibati et al.,
! - 0] =10 + 10
(heterogeneous) re 90 9 n She 2016)
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Model Expression Linear equation Parameters Ref.

Dubinint o . o
Radushkevich 0. = g, exp( b &) Ingq,=Ing,, -b& U = Polanyi (adsorp (Adg%q%t al.,
1 1 b = the constant re
e=RTIn(l +=), E = 7 energy
Ce (2b)2
Eg&:g; kRCe kr and ar = the R-P constant (L/g and (McKay & Al
== Lb/ mgb, respectivel Dur1991)
(heterogeneous) ° 1+ aRCe the adsorption capacity and binding
energy
b = the isotherm co

heterogeneity of the adsorbent, which
can vary between 1 and 0

Liu ( )“g Kg (L/mg) = the equilibrium constant (Liu et al.,
_ On{KRgle o _ 2019)
Q. = n, ng = a dimensionless exponent
1+(K,C.)
Elovich @ (Dai et al.,
g, = Kcq,,C.e" 2018)
Jovanovic .
=q (1 - (Dai et al.,
0 = Oin( ) 2018)

Multi-component isotherms
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Model Expression Linear equation Parameters Ref.
Ir_naanr?oTaUIgr qmb| G, b = Langmuir constant related to the Xu et al.,
y Qi ="~ energy or net enthalpy of adsorption 2013)
(homogeneous) 1+ _al bj Ce,j
J:
Freundiich q QC“ b, and n = The Freundlich constants (Xu et al.,
Qi =N — 2013)
(heterogeneous) ’ . n
a bj Ce.Jj
j=1
t?:fr%lﬁgh q b,CK b, and k = Langmuiri Freundlich Xu et al.,
—_ m X
i = N N constants and are related to the 2013)
(heterogeneous) 1+a bj Ce,Jj maximum adsorption capacity
= and heterogeneity of the adsorbent
Redlich-Peterson K°(C./h) Ky, bs%a n di° abe the single- (Xu et al.,
(het ) = o - component-isotherm constants. 2013)
eterogeneous A »0
1+a by (G, /h;)” d = a correlation f
j= minimizing the deviation between
experimental multi-component data
and the data based on extending
mono-component isotherms
Dubinin-Polyani V(G +e ) » (Xu etal.,
Ty oelke) 2013)
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-
i
=
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In monolayer adsorption, adsorbates are only in touch with the surface layer of the adsorbent.
However, the adsorbate is not always placed together in one layer on the adsorbent surface. In
multilayer adsorption, absorbable molecules are accommodated several layers, and all molecules
cannot adsorb on the surface layer of the solid phase. Sometimes adsorbate can play as an active
site and adsorb solute due to their characteristic (Scheufele et al., 2016). The BET isotherm is
the most widely used model for multi-layer adsorption derived by Brunauer et al. (1938) (Brunauer
et al., 1938).

The homogenous and heterogeneous adsorption is defined based on the number and type of
adsorption sites in the adsorbent and the binding energy associated with each site. In a
homogenous surface, the binding energies of all the sites are similar. Conversely, a
heterogeneous surface is a surface with different types of sites and various binding energies.
Functional groups, impurities on the surface, and pore size heterogeneity lead to a surface
becoming heterogeneous like activated carbon and functionalized carbons (Kumar et al., 2019).
Langmuir is mostly employed as a homogeneous adsorption, and Temkin, Freundlich, and

Redlichi Peterson are used for a heterogeneous one.

Di fferent models can correspond with the Gi
is sufficient to express H; or L, isotherm types, and the Freundlich model represents S, L, and C
(subclass 1) types. The isotherm is of class S in case of 0 < n < 1, the isotherm is of class L if n
> 1, if n=1, the isotherm is of class C. When the number of absorbable solutes is less than the
active sites, the Freundlich model is simpliyed to the Henry model. The BET isotherm is derived
from the Langmuir theory for multilayer adsorption, and it can be fitted to the Hs or L3 isotherm
type of Gcatiom fAdriarcet ah, 2&ELY).

However, some researchers used real greywater like ablution greywater (Alharbi et al., 2019),
laundry wastewater (Mostafazadeh et al., 2019), barber salon greywater (ARSLAN et al., 2020),
and bathroom greywater (Mohamed et al., 2018). Most of the researchers used synthetic
greywater in their studies. Utilizing synthetic greywater leads to ignore the effect of multi-
component adsorption. Besides, there are not enough studies on multilayer adsorption and
heterogeneous adsorbents. The experiments cannot be appropriately molded and predicted by
simplifying assumptions. It is necessary to consider these parameters to fit the experimental

results with the isotherm adsorption.
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3.5.2.6 Thermodynamics of adsorption

The thermodynamic parameters can be extracted from adsorption isotherm to estimate the
system behaviors. Thermodynamic parameters include standard Gibbs free energy change
(g559), standard enthalpy change (gH°), and standard entropy change (g5°). These values identify
if the adsorption is favorable, spontaneous, endothermic, or exothermic. Furthermore, they are
useful tools to estimate whether the adsorption is physisorption or chemisorption and specify if
enthalpy or entropy controls the operation (Crini & Badot, 2008). The relation between the
thermodynamic parameters are determined based on Equation 3.1 (Hasanzadeh et al., 2020):

Equation 3.1 - Thermodynamics of adsorption
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Where KO%is the adsorption equilibrium constant [dimensionless]

KmL is the Langmuir equilibrium constant in molar terms [L.mol]

[adsorbate]? is the standard concentration of adsorbate [mol.L%]

~ is the coefficient of activity [dimensionless]

Ris the universal gas constant [8.314 J.mol1.K1]

T is the solution temperature [K]

ge is the concentration of adsorbate in the solid phase [mol.g7]

Ce is the concentration of adsorbate in the liquid phase [mol.L?]

Cois the initial concentration [mol.L?]

gm is the maximum adsorption capacity [mol.g™]
The dimensionless K% can be obtained by the experimental data ge and Ce. Thereafter, by the
plot of In(K%) versus (1/T), the values of gH° and g8°, as well as qiG°can be calculated (Crini &

Badot, 2008).
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Several useful information can be obtained by extracting these values. For example, the negative
values of giG° indicate a spontaneous and favorable process. Positive and negative values of gH°
demonstrate an endothermic and exothermic process, respectively. The magnitude of gH° can
estimated whether physisorption or chemisorption adsorption occurs. Typically, gH° for
physisorption is between 5 to 40 kJ.mol?, and chemisorption ranging from 40 to 800 kJ.mol™.
Concerning g8°, negative values show decreased disorder, and a positive value means an
increase in randomness. Finally, if the gH® magnitude is more than the Tg8°, the adsorption is
an enthalpy controlled process; otherwise, the entropy controls the process (Adrian et al., 2017).

Widiastuti et al. determined the thermodynamic parameters in the process of ammonium removal
from greywater using natural zeolite. They obtained the negative value of giG° in which the
negative amount rises by increasing the temperature. This was indicated the spontaneous nature
of ammonium adsorption on zeolite, and higher temperature makes the adsorption easier. gH°
was calculated 31 kJ.mol** and this value suggests physisorption adsorption. The positive value
of qi5° expressed at the solid-solution interface the increased randomness during adsorption
(Widiastuti et al., 2011). Amiri et al. also measured the thermodynamic parameters in greywater
adsorption by activated carbon, natural zeolite, and stabilized nano zero-valent iron. They
reported the sorption process was spontaneous and endothermic and obtained the highest value
for qG° when the combined three adsorbents were utilized (Amiri et al., 2019). Another
observation was also found the negative values of giG°, qH® and g5° suggested the spontaneous,
exothermic nature of adsorption and increased randomness during the adsorption of

triphenylmethane dyes from wastewater (Moawed & El-Shahat, 2016).

The thermodynamic parameters provide information about the nature of the process and the effect
of temperature on the adsorption of the particular pollutant. They are employed to characterize
the temperature effect. Besides, they can be useful in the regeneration process. Temperature
may influence the desorption step and the reversibility of the adsorption equilibrium. As a result,
by extracting this information, the behavior of the process can be predicted more appropriately.

3.5.2.7 Kinetics of adsorption and mass transfer mechanism

Kinetic of adsorption reveals more details about the performance and mechanism of the process.
It expresses the rate of mass transfer from the solution to the solid phase. The required residence
time to reach a specific concentration or completion of adsorption can be obtained from the kinetic
data analysis. Besides, the scale of the adsorption apparatus can be calculated based on kinetic

information. The kinetic curve demonstrates useful details on the adsorption rate, equilibrium time,
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and efficiency of the process. Furthermore, based on the kinetic proyle, it is possible to determine

the steps controlling the mass transfer on the adsorption process (Qiu et al., 2009).
Adsorption kinetics in batch systems

The kinetic of batch adsorption process generally presents based on adsorbate concentration in
solution (Ct) or amount of adsorbate on adsorbent (g:) over time. The proposed mathematical
model describes the adsorption data classified into two main categories, adsorption diffusion
models and adsorption reaction models (Qiu et al., 2009). The main steps of adsorption diffusion
models are (1) external or film diffusion, transfer of solute across the film around the adsorbent;
(2) internal diffusion, diffusion of adsorbate across the pore structure of adsorbent; and (3)
adsorption of adsorbate onto active sites. On the other hand, in adsorption reaction models, the
whole process is simulated by a chemical reaction without considering the above steps (Qiu et
al., 2009). Figure 3-1 presents adsorption kinetics in the batch system containing some models
employed in articles (Adrian et al., 2017; Qiu et al., 2009).

Adsorption

Kinetics

Diffusional
Mass Transfer
Models

Adsorption

Reaction
Models

Pore Volume Pseudo
and Surface 2 Pseudo-First- e I P Second-Order
Diffusion i Order Model Second-Order Elgiatine] Rate Model
Model Model
Pore Volume Surface
Tfﬁzgf%?:l Diffusion Diffusion
Model Model

Figure 3-1 Adsorption kinetic models in the discontinuous batch system

The pore volume and surface diffusion model (PVSDM) is one of the complete diffusional models.
This model is derived given the following assumptions (Adrian et al., 2017; Qiu et al., 2009):

The temperature is constant during the process;
The patrticles are spherical;

1
1
1 The convection mass transport within the pores is negligible;
1

The intra-particle diffusion occurs by pore volume diffusion and surface diffusion or both;
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1 The effective pore volume diffusion coefycient (Dp) and effective surface diffusion

coefycient (Ds) are constant;

1 The particle adsorption rate on an active site is instantaneous.

By considering the above assumption, the model is defined as Equation 3.2 (Adrian et al., 2017):

Equation 3.2 - The pore volume and surface diffusion model (PVSDM) model
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Where Vis the volume of solution

m is the amount of adsorbent

S is the external surface area per mass of the adsorbent

kr is the external mass transfer coefficient

() is the void fraction of the adsorbent

} p is the apparent density of the adsorbent

C:is the adsorbate concentration varying with the position and time

g is the amount of adsorbate per mass of adsorbent running with the position and time
To solve this model, the adsorption isotherm's equilibrium data isotherm, based on Equation 1.2,
is used. The PVSDM model can be simpliyed by considering some assumptions to the external
mass transfer model (EMTM), pore volume diffusion model (PVDM), and surface diffusion model
(SDM) (Adrian et al., 2017). The next significant model applied in adsorption systems is the

homogeneous surface diffusion model (HSDM), which can describe mass transfer in an

amorphous and homogeneous sphere (Qiu et al., 2009).
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Adsorption reaction models are generated based on a single phenomenon and originated from
chemical reaction kinetics. These models are widely employed to describe adsorption's kinetic
process for greywater treatment (Alharbi et al., 2019; Amiri et al., 2019; ARSLAN et al., 2020; Dai
et al., 2018; Tony et al., 2019). In batch systems, the models, which are applied widely, include
the pseudo-yrst-order (Lagergren, 1898), pseudo-second-order (Ho & McKay, 1998), second-
order rate model (Qiu et al., 2009), and Elovich equation (McLintock, 1967). Tableau 3.7 shows
these models and their expressions.

Tableau 3.7 Adsorption reaction models
Model Expression Expression Ref.
Pseudo-First-Order dq 3 (Lagergren,
Model =k, (q, -q) e % 3 k t 1898)
gqe qt -
Or
G =a.@l -explkyt))
Pseudo-Second-Order dq _ ) 1 1 (Ho & McKay,
Model ry =ky(q -q) @-q) E Koot 1998)
Or
G = t
a1 0at o
% (ST
C p2q§ 8(;qe -
Elovich Model dq 1 (McLintock,
— =aexp( bq ) ==In(1 +abt) 1967)
dt a
Second-Order Rate dQ 1 1 (Qiu et al.,
—t =k 2 — =kt +—
Model p ,G c e 2009)

Dai et al. (2018) applied various kinetics models, including the pseudo-yrst-order, pseudo-second-
order, Elovich equation, and double exponential model for the nonylphenol adsorption to the
modified multiwalled carbon nanotubes. The adsorption process followed the Elovich kinetic
model by the highest value of the regression coefficient (R?) of about 0.96 (Dai et al., 2018). Tony

et al. (2019 and 2016) used the zero-, first- and second-order reaction kinetics to investigate the
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mechanism on adsorption of COD removal by different adsorbents to treat launderette water.
They reported the adsorption reaction followed the second-order nature owing to higher R? (Tony
etal., 2016; Tony et al., 2019). Similar investigations were cited in the literature that the adsorption
kinetics for treatment of greywater was fitted to pseudo-second-order such as Arslan et al.
(ARSLAN et al., 2020), Amiri et al. (Amiri et al., 2019), and Alharbi et al. (Alharbi et al., 2019).

Although the adsorption reaction models have been employed widely in literature, they cannot
predict the performance of the process as accurate as diffusion models and specify the rate-
limiting steps of the adsorption process due to simplifying assumptions. To identify the
effectiveness of the adsorbent and the mass transfer mechanisms, it is recommended to employ

the adsorption diffusion models.
Adsorption kinetics in continuous systems

The kinetic profile in continuous adsorption is presented by the breakthrough curve. The
breakthrough curve provides the essential information for the design of a column adsorption
system. A reasonable scale of a column cannot be obtained without this curve. There are two
approaches to figure this curve, firstly experimentation and the second on mathematical modeling.
The experimental data exhibits a direct and complete breakthrough curve. However, it is time
consuming and expansive process. Besides, the results depend on the experimental conditions
(Xu et al., 2013). On the other hand, by solving the mathematical modeling, the breakthrough
curve is extracted. It can also assist in optimizing the process, and then by analyzing the result,
one can perform the experimental test. Similar to the batch process, several empirical, theoretical,
and diffusion-based models are employed to obtain information about the adsorption process.
Figure 3-2 presents some models and theories used in a continuous system (Adrian et al., 2017;
Qiu et al., 2009).
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Figure 3-2 Adsorption kinetic models in the continuous system

For the differential mass balance in the column, a control volume is considered. The cross-section
is defined circular with an area of A, and the height of column gz. The solution passes through
the column with the void fraction of Uand superficial velocity of u. In this way, the mass balance
for an absorbable solute i is defined in Equation 3.3 (a) to (d):

Equation 3.3 - The pore volume and surface diffusion model (PVSDM) model
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0 0
Where qiis concentration of the adsorbed solute
Ci concentration of the solute i in bulk solution
D; axial dispersion coefficient
In the above mathematical modeling of yxed-bed adsorption, the following assumptions are
considered: the process is isothermal; no chemical reaction; influent is well-mixed, and the flow
rate is constant in the column; the bed is homogenous; adsorbents are porous, spherical and

uniform; the concentration gradient in the radial direction of the bed is negligible; the activity
coefficient of each species is constant (Adrian et al., 2017; Xu et al., 2013).
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The breakthrough curve is essential for the analysis and design of dynamic adsorption systems.
The various information can be obtained from this curve, including the breakthrough time, the
column's saturation time, the mass transfer zone length, etc. Several models were developed
from empirical or analytical solutions of the differential mass balance in the packed-bed column.

Tableau 3.8 presents some of these empirical models.

There are also other models such as film diffusion mass transfer rate equation, Clark model,
Wang model, modified dose-response model, Dumwald-Wagner model, and double-exponential
model (Adrian et al., 2017; Qiu et al., 2009; Xu et al., 2013). Accuracy and convenience are two
essential factors for developing or selecting a model. Currently, more effort had been made to
rectify these models and create a new one.
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Tableau 3.8 Theoretical and empirical diffusion-based models

Model Expression Ref.

Mass transfer in the external layer:
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Patel et al. performed the breakthrough analysis for the treatment of greywater by activated

carbon. They fitted the experimental data to Bohart-Adams, Yoon-Nelson, and Thomas models.
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Breakthrough curves were applied to remove COD and BOD in a column at a constant flow rate
and initial concentration. The regression coefficient values of the models were reported in the
range of 0.90 to 0.98, which shows the selected models, can describe the experimental data with
high accuracy (Patel et al., 2020). Khamidun et al. carried out an empirical model to calculate the
lifetime of calcined waste mussel shell for phosphate removal from greywater. They obtained the
breakthrough and exhaustion times 12h and 18h, respectively. The correlation coefficient was
calculated 0.97, and the percentage errors 1.4%. The value of these parameters means the
empirical model was fitted the experimental equilibrium data (Khamidun et al., 2018). Another
observation was also performed on the treatment of laundry wastewater by using chemically
treated sugarcane bagasse. Haslija and Abdulrazzak measured COD removal by changing
different parameters, such as initial concentration and bed height. They employed the kinetic
models of Thomas and Yoon-Nelson. The experimental results fitted on both models with a higher
regression value for Yoon-Nelson (Haslija & Abdulrazzak, 2020).

In most of the studies, these models have been employed to fit with their obtained results.
However, modeling the adsorption before performing the experimental one can optimize the

process and prevent unnecessary analysis.

3.5.2.8 Optimization and design of adsorption systems

Several parameters can influence adsorbent performance in wastewater treatment systems, such
as operating conditions (e.g., pH, temperature), characteristics and concentration of the pollutant,
and other adsorbates. These parameters should be optimized by experimental designs and
statistical analysis to achieve the highest removal efficiency in a system. For instance, the
performance of a fixed-bed column is a nonlinear function of operating conditions and bed
geometry. The design variable in this system can be adsorbent type, amount and pore size
distribution, adsorbate concentration, puid pow rate, dimension of the bed, hydraulic retention time
(HRT), pH, temperature, etc. By manipulating the design variables can be reached to conditions
that bring the maximum bed adsorption capacity. In terms of adsorption design, reduction of

operational cost is also essential (Adrian et al., 2017).

One useful tool for modeling and optimizing is response surface methodology (RSM), recently
applied for wastewater treatment processes. RSM is a statistical technique evaluating the effects
of several explanatory variables and exploring their relationship with response variables. This tool
is also used to design experiments and build models with a limited number of planned

experiments. There are various designs based on the choosing of experimental points and the

160



number of runs. Some of the famous ones used in wastewater treatment are full three-level
factorial design, Boxi Behnken design (BBD), and central composite design (CCD). RSM is used
to obtain the maximum or minimum responses and the relevant optimum conditions. The optimum
condition should be met all response variables simultaneously to reach the desire response. If
the response variables are more than three, it is arduous to obtain the optimized conditions (Nair
et al., 2014). Using this technique leads to consuming less time and less cost by reducing the
number of unnecessary tests. BBD and CCD designs are widely used in greywater wastewater

treatment.

Praveena et al. carried out activated carbon from banana stem to remove heavy metals ions (Cd,
Cu, Pb, and Ni) from greywater. They used RSM with Boxi Behnken Design to optimize the
process and find the effect of process variables. In this study, the explanatory variables were
activation time (1.5 - 2.5 h), impregnation ratio (0.25 - 0.75) and zinc chloride (ZnCl,) percentage
(20 - 60%). The optimal conditions were reported 1.8 h for activation time of the activated carbon,
with 56% ZnCl, and impregnation ratio of 0.60. In this condition, the maximum removal of Cd, Cu,
Pb, and Ni were obtained 97.1%, 95.1%, 95%, and 94.5%, respectively (Praveena et al., 2019).

Arslanetalused RSM with Central Composite Desig
barber salon greywater employing basalt as low-cost adsorbents. The variable to reach the
proposed efficiency and optimum capacities were selected basalt dosage and adsorption time.
The maximum capacity was obtained 775 mg.g* at 0.23 g dosage and 40 min process (ARSLAN
et al., 2020).

Thirugnanasambandham et al. used BBD to optimize grey wastewater treatment by chitosan. The
operating variables were selected agitation time (1 3 min), pH (2.5i 5.5), chitosan dose (0.37 0.6
g/l), and settling time (107 20 min). They investigated the effect of these variables on turbidity,
BOD, and COD removal. They used Pareto analysis of variance (ANOVA) to analyze and second-
order polynomial models to predict the responses. They found the optimum conditions as 2 min
agitation time, initial pH of 4, 0.6 g.L* chitosan dose, and 20 min settling time. The removal COD,
BOD, and turbidity were reported 73%, 91%, and 96%, respectively, under the optimum
conditions. The experimental values were closely agreed with predicted values

(Thirugnanasambandham et al., 2014).

However, the RSM via the BBD and CCD is a powerful tool for optimizing operating conditions
and designing experiments. It has some limitations, such as an increasing number of experiments
with number of independent variables, poor estimation capability outside the experimental range,

fitting the data only to first or second-order polynomials, etc. In order to overcome these
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limitations, researchers have attempted to combine RSM with other optimization procedures like
artificial neural network (ANN). ANN analysis is more flexible on the number and form of the
experimental data. Furthermore, the new approach leads to superior accuracy in data learning
and prediction over the traditional RSM (Nair et al., 2014).

3.6 Removal of pollutants

As discussed earlier, a wide range of pollutants were detected in greywater, from biodegradable
organic matter to refractory compounds, nutrients to heavy metals, and dyes to pharmaceuticals.
Many researches have been conducted to assess the removal of these kinds of pollutants by
adsorption. They have attempted to find the best adsorbents and modify them to reach the highest
adsorption capacity by batch experiments. Some other investigations were carried out on the
packed-bed column and altered the operating conditions and bed geometry to achieve the most
elevated pollutant removal. Tableau 3.9 presents removal of some of the most researched

contaminants.
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Tableau 3.9

Removal of pollutants in synthetic and real greywater by adsorption process.

Name of adsorbent

Pollutants

Removal efficiency/adsorption

capacity

Ref.

Clays (Syntal, LDH) , resins
(IRA-900, IRA-410) & ACs
(Norit C Gran, Norit SAE 2)

Anionic surfactants (LAS &
AOS)

Osynta=1.7 g LAS/g
guoH=1.65 g LAS/g
gira-900=1.1 g LAS/g
gira-410=0.65 g LAS/g
Onorit-c-Gran=0.5 g LAS/g
Onorit-sae2=0.3 g LAS/g

(Schouten et al.,
2007)

Chemical adsorbent (lime &
alum) & natural bioadsorbent
(powder of karanj seed & tulsi
leaf)

Anionic surfactant (SDS)

Omaxlime=0.6 mg.g?
Omax,aum=0.9 mg.g*
Omaxkaran=34.48 mg.g*!
Omaxtuisi=64.66 mg.g?

(Verma et al., 2013)

Alumina

Anionic surfactant (SDS)

Rsps= 94%

(Adak et al., 2005)

Functional MCM-41 (S1, S2
and S3)

Anionic surfactant (LAS)

Omax,s1= 1.52 mmol.g*
Omax,s2= 0.197 mmol.g*
Omax,s3= 0.335 mmol.g*

(Coll et al., 2009)

Zero-valent iron nanopatrticles

Anionic (SDBS) & cationic
(HDPCI) surfactants

gmax.Hopci= 99.30 mg.g*t
Omax,spes= 119.92 mg.g?

(Abd El-Lateef et al.,
2018)

Granular charcoal

Cationic surfactant (CPC)

Rcpc=98%

(Saleh, 2006)

Graphene oxide

Cationic surfactants (CPC,
BZC & DTAB)

gcpc=2083 mg.g?
Oszc=431 mg.g*
gotAs=329 mg.g?

(de Figueiredo Neves
et al., 2020)
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Name of adsorbent

Pollutants

Removal efficiency/adsorption
capacity

Ref.

AC

Anionic (MBAS) & non-ionic
(TAS) surfactants

Rtas=67.6 = 4.3%
Rwmeas= 22.9 + 3.2%

(Collivignarelli et al.,
2019)

Multiwalled carbon nanotubes

Anionic (SDBS), non-ionic
(TX100), & cationic (CTAB)
surfactants

R1x100= 52.3%
Rspes= 26.2%
RcTag= 3.8%

(Gao et al., 2016)

Polymeric resins (NU-100,
MN-200, and NDA-150)

Non-ionic surfactant (NPEO1o0)

gwn-200=441 mg.g?
gnu-100=341 mg.g*
gnpA-150=408 mg.g?

(Yang & Ren, 2010)

Polymeric Composites
Supported With AC (PAn/
WS+ KlOs, PAn/ SH+ KlOs3,
PANn/ WS+ K2S20s, é)

Color & anionic surfactant
(MBAS)

Highest removal for PAn/RH+KIO3
Rcolor= 98% ; Rmeas= 96%

(Topkaya et al.,
2018)

Bark & activated charcoal

Organic matters, anionic
surfactant (MBAS),
phosphorus, nitrogen &
microbial indicators

Bark:

Reobs= 98% ; Rcop= 74%
Rmeas, 99% ; Rtp=97%
Rtn=19% ; Rrtrc= 99%
Activated charcoal:
Reops= 97% ; Rcop= 94%
Rmeas, 99% ; Rtp=91%
Rn=98% ; Rrtrc= 91%

(Dalahmeh et al.,
2012)

AB800, silica gel & AC

Organic matter

gasoo= 920 mg.g?!
Qsilica Gei= 896 mg.g?
gac=512 mg.g*

(Tony et al., 2019)
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Name of adsorbent

Pollutants

Removal efficiency/adsorption
capacity

Ref.

Chitosan

Organic matter

Reop=91% ; Rcop= 73%

(Thirugnanasamband
ham et al., 2014)

AC, Human Hair &Basalt

Organic matter

gac= 151.2 mg.g**
OHuman hair= 92 mg.g'l
gBasait= 721 mg.g*

(ARSLAN et al.,
2020)

Starbon (S300)

Organic matter

gs300=448 mg.g*!

(Tony et al., 2016)

AC, natural zeolite (Z), nano
zero-valent iron (nZVI) &
combined

Organic matter

Highest adsorption for AC+Z+nzVI
Rcop= 85.75%

(Amiri et al., 2019)

FeCls-AC from cotton stalks

Organic matter & microbial
indicators

Reop= 91% ; Rcop= 70%

(Jawaduddin et al.,
2019)

RE. coi= 98%

Ceramic waste Organic matter & Nitrogen Rcop= 39% (Mohamed et al.,
Rn=67% 2018)

Natural zeolite Ammonium ion gad 5 'mg. g (Widiastuti et al.,
R ' 97% 2011)

AC & natural zeolite Phosphate RacO 60 % (Agustina, 2014)
RnzO 90 %

Unmodified zeolite coated Phosphate Omax,zcs=6.317 mg.g* (Akrami et al., 2019)

surface (ZCS) & modified —7.097 ma.a-l

zeolite coated surface (MZCS) OmaxMzCs= 1 9-9

Hybrid anion exchange resin Phosphate Max P recovery from greywater was (O'Neal & Boyer,

(HAIX)

2013)
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Name of adsorbent Pollutants Removal efficiency/adsorption Ref.
capacity

Omaxp=509 mg.p-t.d-! with 0.29 L.pt.d*
of resin

AC from banana stem Heavy metal ions (Cd, Cu, Pb Rcd= 97% ; Rcu= 95% (Praveena et al.,
and N Res= 95% ; Rui= 94% 2019)

Natural zeolite, zeolite 4A & Radionuclides (Sr?*, Cs* and Natural zeolite: (Fang et al., 2016)
vermiculite Co?*) Rsros” 98% : Ross’ 9 0 %

Rco2+" 95 %

Zeolite 4A:

Rsr2+ 98 %s+: 9R%

Rcoz+ 95 %

Vermiculite:

Rsr2+ 75 %s+; 6 R%

Rcoz+ 80 %

Ammonium Co?*, Sr?* & Cs* gmax,cs= 0.61 mmol.g* (Park et al., 2010)
molybdophosphate’ _ 1
polyacrylonitrile (AMPT PAN) Gmax.sr= 0.18 mmol.g

(max,Co= 0.16 mmOl.g'l

Renewable carbon Pb?*, Zn?*, Cu?*, and Fe?* OmaxFe=166 mg.g* (Alomar et al., 2020)
Omax,pb=165 mg.g*
gmax,cu=162 mg.g?
Omax,zn=108 mg.g?

Commercial resin Ambersep™  Ag* gmax=300 mg.g? (Nawaz & Sengupta,
GT74 2017)

Omax Maximum adsorption capacity; adsorption capacityr: removal efficiency
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3.6.1 Surfactant

The surfactants are the main chemical constituents found in greywater, which are released from
cleaning chemicals. Surfactants are applied as a significant active agent in most cleaning
products. They are found in most personal care and household products (Oteng-Peprah et al.,
2018). The surfactants are classified into four groups due to the type of charge of the hydrophilic
head. Anionic and cationic surfactants contain a negative and positive charged hydrophilic head,
respectively. Non-ionic surfactant has no charge group in its head. Finally, the charge on the
hydrophilic head of amphoteric one changes as a function of the pH. The amount of production
of various surfactants are not equal. For instance, in 2009, it was reported that around 60% of the
world's surfactant production belonged to anionic surfactants. While non-ionic surfactants were
produced, 30% and amphoteric and cationic surfactants accounted for 10% (Palmer & Hatley,
2018). The most useful surfactants in cleaning products are methylene blue active substances
(MBAS) and TAS (Collivignarelli et al., 2019). The surfactants have contributions to the total COD
of greywater. This amount can be estimated by measuring the concentration and the theoretical
COD of the reference substances. For instance, dodecylbenzene sulphonate has a specific COD
value of 2.4 gCOD.g?. Leal et al. reported the surfactants in their researched greywater
contributed to 15% of the total COD (Leal et al., 2011).

Surfactants cause short-term as well as long-term changes in marine life. Many detergents are
toxic pollutants because they are not easy to degrade and accumulate inside living organisms
(Tsyntsarski et al., 2014). Besides, different organisms have different sensitivity to the toxics.
Therefore, based on the species in aquatic ecosystems, the maximum permissible concentrations
of surfactants in greywater are determined (Coll et al., 2009). Besides, surfactants change the
soil characteristics and have detrimental effects on plants. For example, during irrigation with
greywater, if the concentration of anionic surfactants is in the range of 30 mg.L?, it may lead to
chlorosis in plants and soil water-resistant. Therefore, it is recommended the anionic surfactant
concentration be less than 1 mg.L* (Leal et al., 2011). Several examples of the negative effect of
surfactants were reported. Triton X-100, as a non-ionic surfactant, can cause severe irritations.
4-nonylphenol is considered an endocrine-disrupting chemical. Sodium dodecylbenzene
sulfonate can be absorbed through the skin, damage the liver, cause narrowing and other chronic
symptoms (Collivignarelli et al., 2019). Eriksson et al. identified around 190 various surfactants
based on household chemicals in Denmark, which could be found in greywater. According to the

investigation, the highest priority for removal is related to non-ionic surfactants such as
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alkylphenol ethoxylates and nonylphenol, and cationic surfactants like benzalkonium chloride and

n-hexadecyltrimethylammonium chloride due to their destructive effects (Eriksson et al., 2002).

Due to the negative impact of surfactants on the environment, treatment of the greywater
containing surfactants is necessary. Three methods have been employed for treatment of
greywater contaminated by surfactants including, (1) physical processes such as precipitation,
adsorption, and flocculation, (2) chemical methods like oxidation using oxygen, ozone, or H,O»,
and (3) biological methods including aerobic and anaerobic degradation (Jardak et al., 2016).
Adsorption technologies are appealing methods for the remediation of surfactants. Adsorption
technology is a low-cost approach and can be applied from household to industrial-scale
(Schouten et al., 2007). The primary mechanism of adsorption surfactants onto the solid
substrates are (1) ion-exchange, (2) ion pairing, (3) hydrophobic bonding, (4) adsorption by
polarization of Y electrons, and (5) adsorption by dispersion (London 1 van der Waals) forces.
The behavior of surfactants at the interface can be evaluated by these forces (Paria & Khilar,
2004).

In fact, the adsorption of surfactants from greywater has been extensively studied, and a wide
range of adsorbents has been evaluated. The examples include employing activated carbons
(Ciabattia et al., 2009; Collivignarelli et al., 2019; Huang et al., 2019 ;-Turset slt 2005),
resins (Mostafazadeh et al., 2019), zeolites, clays (Schouten et al., 2007), multiwalled carbon
nanotubes (Gao et al., 2016), alumina (Adak et al., 2005), zero-valent iron nanopatrticles (Abd El-
Lateef et al., 2018), hexagonal mesoporous silicate (Punyapalakul & Takizawa, 2006), functional
MCM-41 (Coll et al., 2009), etc.

Anionic surfactants are the most widely used detergent ingredients because of their
straightforward synthesis and low production costs (Coll et al., 2009). Schouten et al. employed
a wide range of adsorbents to identify the most adsorption capacity for the adsorption of anionic
surfactant, linear alkylbenzene sulfonate (LAS), and alpha-olefin sulfonate (AOS). They utilized
cation and anion exchange resins like Amberlite200 and Amberlite IRA-900 and activated carbons
and natural cation and anion exchanger such as Bentonite and Syntal HSA 696. The results were
revealed that the positively charged adsorbents have high adsorption capacities, even at low
concentrations. The maximum adsorption capacity of this category of adsorbents were 0.6i 1.8
gLAS.gt. Non-ionic interactions had a lower adsorption capacity of 0.02i 0.9 gLAS.g?. The
negatively charged materials showed hardly any adsorption capacity. Besides, the adsorbents
with large pores, mesopores, or macropores were preferable. The reason is that surfactants are

large molecules and cannot easily access the micropores (Schouten et al., 2007). Collivignarelli
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et al. evaluated the removal of anionic surfactants from real laundry wastewater by a hybrid
system, including a thermophilic aerobic membrane reactor (TAMR), nanofiltration (NF), and
adsorption on activated carbon. They reached around 89% removal of MBAS. The operating costs
of the processes per unit of treated volume were calculated Euro 8.74 per m3, from the said
amount 26%, 57%, and 17% related to TAMR, NF, and adsorption process, respectively
(Collivignarelli et al., 2019). Numerous studies were also done to remove anionic surfactants by
adsorption (Brook et al., 2015; Ciabattiaetal., 2 0 0 9 -Turlset al.12@05; Verma et al., 2013).

Researchers have conducted the removal of non-ionic surfactants by adsorption. Alkylphenol
ethoxylate (APEOSs) is used widely in detergents in the form of nonylphenol ethoxylates (NPEOS)
and octhylphenol ethoxylates (OPEOs). Thomas et al. studied the adsorption of octylphenol
ethoxylate (TX-100) onto silica, alumina, and activated carbon and discussed the enthalpy curve
of these adsorbents (Thomas et al., 1987). Adsorption of APEOs from aqueous solution using b-
cyclodextrin polymer (bCD-P) was studied by Murai et al. They concluded that about 85% of
APEOs was removed by bCD-P (Murai et al., 1996). Nikolenko et al. (Nikolenko et al., 2002)
investigated the adsorption of nonylphenols ethoxylate from their micellar solutions on silica gel.
Yang and Ren (Yang & Ren, 2010) Fan et al. (Fan et al., 2011) carried out synthetic resins for
adsorption of NP10EO from aqueous solutions. Mostafazadeh et al. employed various integrated
treatments, including ultrafiltration followed by adsorption using respectively resin and activated
carbon, to eliminate nonylphenol ethoxylates (NPEOs.17) from real laundry wastewater. They
reported that adsorption treatment of UF filtrate brought up removal efficiency of 95% and 80%
for resin and GAC, respectively (Mostafazadeh et al., 2019). Besides, a number of investigations
were carried out functionalized adsorbent to enhance the removal efficiency of non-ionic
surfactants (Gao et al., 2016; Prediger et al., 2018; Punyapalakul & Takizawa, 2006; Soria-
Sanchez et al., 2010).

Amphoteric and cationic surfactants accounted for 10% of world surfactant production (Palmer &
Hatley, 2018). Therefore, fewer studies are available for the removal of these kinds of surfactants.
Abd El-Lateef et al. employed Zero-Valent Iron for the removal of a cationic surfactant,
hexadecylpyridinium chloride (HDPCI). They evaluated the effect of different parameters, such as
temperature, pH, and shaking speed. They performed adsorption isotherm, thermodynamic, and
kinetic to interpret the behavior of the system. They obtained the adsorbent's removal efficiency
for HDPCI around 99% and an adsorption capacity of 99 mg.gtat 5 5e FggQeireddNeves et
al. employed graphene oxide to remove cationic surfactants to evaluate the effect of

adsorbent/adsorbate interaction on removal. They utilized cetylpyridine chloride (CPC),
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benzalkonium chloride (BZC), and dodecyl trimethylammonium bromide (DTAB) surfactants to
investigate the removal efficiency. They assessed the influence of parameters such as contact
time, temperature, pH, ultrasound exposure time, and surfactant concentration. Under optimized
conditions, graphene oxide showed the maximum adsorption capacity of 2083, 431, and 329
mg.g* for CPC, BZC, and DTAB, respectively. They concluded pyridinium-" and * -* interactions
are the strongest type of interaction in this process (de Figueiredo Neves et al., 2020). Also, other
researchers studied the adsorption of different cationic surfactants on mineral clay, attapulgite
(Kotti et al., 2018), silica (Azar et al., 2019; Goloub et al., 1996), granular charcoal (Saleh, 2006),
etc.

However, many studies have been performed on the removal of surfactants from greywater, there
is not enough information on how to deal with the spend adsorbents by these contaminants. In
case of regeneration of adsorbents and desorption of surfactants, these will transfer to the other
phase. Owing to the destructive nature of the surfactants, even at low concentration, the fate of
these pollutants after removal from greywater should be investigated.

3.6.2 Chemical Oxygen Demand

The most economical method for removing organic load characterized by chemical oxygen
demand (COD) is the biological treatment. However, this method is not able to eliminate all types
of organic substances. The organic matter withdrawal is more efficient by adsorption onto
adsorbents. Different adsorbents such as activated carbon (Alharbi et al., 2019; Ciabattia et al.,
2009; Garcia et al., 2 0 1 8 :-Turlcet alt 2005), resin (Mostafazadeh et al., 2019; Schouten
et al., 2007), chitosan (Thirugnanasambandham et al., 2014), basalt (ARSLAN et al., 2020),
ceramic waste (Mohamed et al., 2018), FeCls-AC (Jawaduddin et al., 2019), clays (Schouten et
al., 2007), natural zeolite (Amiri et al., 2019), etc. have been examined for removal of COD from

the greywater.

Tony et al. used A800, S300, silica gel (SG), and activated carbon (AC) to treat launderette water
(Tony et al., 2016; Tony et al., 2019). They identified the optimal pH and dosage of the adsorbents
for the highest COD removal. They obtained the highest removal efficiency for A800, followed by
SG, AC, and S300 equal to 90.9%, 81.8%, 72.7%, and 63.6%. They concluded the high
temperature prepared alginic acid-derived adsorbents, A800, showed the highest removal
efficiency. They explained organic matters could diffuse quickly and easily into available pores
because of the high pore volume and large pore size of AB00. Besides, by increasing the pH in

the range of 2i 8 from acidic to neutral, they recognized a slight increase in COD removal. They
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interpreted this behavior in this manner. In acidic pH, the presence of excess H* on the surface
of A800 causes a competition between H* ions and organic matters of greywater. Consequently,
the adsorption of pollutants are reduced. On the contrary, by increasing pH, the active sites are
de-protonated and negatively charged. Therefore, the removal efficiency is increased. Finally, for
evaluating the maximum adsorption capacity, the adsorbent dose was changed by fixing other
parameters. By increasing the A800 dose to 10mg per 20ml, the adsorption capacity increased
due to the growing number of adsorption sites available. However, a further increase in quantity
did not cause more enchantment on adsorption capacity. The suggested reason is the high
adsorbent dose; the aggregation occurs and decreases the number of available sites and
increases diffusional path length (Tony et al., 2019).

Ciabatti et al. employed a hybrid system to treat and reuse industrial laundry wastewater. The
system comprised the pre-treatment (coagulation, flocculation, and dissolved air flotation), sand
filtration, ozonation, adsorption by GAC, and post-treatment (ultrafiltration). The initial COD of the
system was 602 mg.L? and this parameter for outlet of adsorption and UF unit was 140 and 81
mg.L? respectively. They concluded the effluent of the adsorption process met the requirement
of discharging to surface water in Italy (COD <160 mg.L?), and by adding the post-treatment, the
effluent could be used in laundry washing system (COD <100 mg.L). The suggested system's
total operating costs became Euro 0.81 /m? that 11% accounted for the adsorption process
(Ciabattia et al., 2009).

3.6.3 Metals

Heavy metals are one of the most widespread contaminants in the environment. Metal species
present in wastewater generated from most of the industries. Due to their cumulative, toxic, and
non-biodegradability characteristics, heavy metals are considered as a high risk pollutants. Heavy
metal causes severe damages in the gastrointestinal, cardiovascular, and nervous systems of
human beings. In addition, it may lead to more complicated diseases like cancer (Alomar et al.,
2020). The most toxic metals for aquatic ecosystems are mercury, cadmium, copper, zinc, nickel,

lead, chromium, aluminum, and cobalt (Adrian et al., 2017).

There is not enough information concerning the presence of metals in greywater. Furthermore,
the information about the contribution of different sources like drinking water, hot water, and
plumbing on metal pollution in greywater is limited (Eriksson & Donner, 2009). The concentration
of metals and other elements crucially depends on the source of greywater. For instance, laundry

wastewater contains more sodium levels compared to different types of greywater. The presence
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of sodium in the laundry wastewater is used as a counterion to anionic surfactants employed in
powder laundry detergent (Eriksson et al.,, 2002). Sodium is also found from cooking and

preservation activities in the kitchen.

Moreover, there are high levels of zinc, aluminum in the bathroom and laundry wastewater. If the
greywater containing zinc is used for irrigation, zinc might accumulate in the soil and damage
plants. It is recommended that the concentrations of zinc do not exceed 12 ppm to avoid this
problem. Furthermore, a high copper and zinc level can be generated from the galvanized steel
storage tanks and the household plumbing (Christova-Boal et al., 1996). The other elements
present in greywater are calcium, magnesium, potassium, iron, copper, cadmium, arsenic, and

selenium (Christova-Boal et al., 1996).

Eriksson and Donner studied the sources, presence, and potential fate of some heavy metals,
including cadmium, mercury, lead, and nickel in greywater treatment systems. They declared
annual metal loads from greywater are insignificant in comparison with typical municipal
wastewater. However, it is not negligible and sometimes can not meet environmental quality
standards for reusing or discharging. They reported that onsite treatment might remove up to 50%
of lead, mercury, and nickel from bathroom greywater but not significantly remove cadmium. They
also concluded despite these metals in greywater, it can be used for toilet flushing without causing

a major problem (Eriksson & Donner, 2009).

However, there are plenty of technologies for remediation of greywater containing heavy metals
like membrane separation, chemical oxidation, ion exchange, electro precipitation, coagulation,
etc. Adsorption is one of the successful approaches for the removal of heavy metals from
wastewater. The success of adsorption for treating this type of wastewater is due to the

development of highly porous and functionalized adsorbent (Alomar et al., 2020).

Alomar et al. utilized different samples of laundries to evaluate the removal efficiency of Pb(ll),
Zn(l1), Cu(ll), and Fe(ll) onto the renewable carbon from mixed-waste sources (RC-MWS). The
initial concentration of Pb, Zn, Cu, and Fe were in the range of 0-6.12, 638.83-4600.01, 0.16-
11.18, and 1.32-9.42 ppm, respectively. The initial concentration of some samples was less than
the standard amount for discharging or reusing the greywater in terms of heavy metal. The
removal efficiency in optimized condit i ons wer e measured . 96 %,

the similar order as before (Alomar et al., 2020).

Park et al. investigated the removal of cobalt (Co?*), strontium (Sr?*), and cesium (Cs+) from the

radioactive laundry wastewater generated from nuclear power plants onto ammonium
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molybdophosphatei polyacrylonitrile (AMPT PAN). The adsorption of the ions onto the surface of
the AMPT PAN occurred via both physical adsorption due to van der Waals forces and ion
exchange mechanism. Single- solute and bi-solute competitive adsorptions were carried out, and
the maximum adsorption capacities were 0.61, 0.18, and 0.16 mmol.g* for Cs*, Sr>** and Co?",

respectively in single adsorption (Park et al., 2010).

Other studies on the removal of heavy metals from greywater were performed by (Christova-Boal
et al., 1996), (Praveena et al., 2019), (Fang et al., 2016), (Nawaz & Sengupta, 2017), etc.

Since most of the studies for the removal of heavy metals were performed on a lab-scale, the
feasibility of adsorbents in large-scale applications needs to be further studied. Besides, the raw
adsorbents have a low adsorption capacity for heavy metals. Therefore, they need to be modified,
and these modifications may lead the process to be no longer cost-effective. Furthermore, due to
the different affinity order of metal ions toward particular adsorbents, the adsorption mechanisms

are not similar and need to consider in the modification process.

3.64 Dyes

Pigments and dyes are utilized widely in the food, paper, cosmetic, pharmaceutical, automotive,
and textile industries. Therefore, the generated wastewater from these industries often contain a
diversity of dyes. The release of these colored substances into the environment causes
irreparable damage due to their toxic and carcinogenic characteristics. The dye structure consists
of two parts, a reactive group that reacts with the yber, and a chromophore group, which gives
the color. Azo (RiN=NiR) is the most utilized chromophore group in the industries, with
approximately 65% of the world production (Sala & Gutiérrez-Bouzan, 2012). Other chromophore
groups used in industries are anthraquinone, indigoid, triphenylmethyl, sulfur, and phthalocyanine
compounds. Based on the purpose of uses, dyes can also be classified into acid, basic, disperse,
reactive, direct, and vat dyes. The main reason for the presence of dyes in greywater effluent is

the leaching of dyes from clothes, personal care products, and foods.

Dyes have high molecular weights and complex structures. Besides, they possess a persistent
and recalcitrant nature (Ghodbane & Hamdaoui, 2010; Gurses et al., 2016). Due to these
characteristics, the wastewater containing these pollutants exhibits high resistance toward
biological, chemical, and photo-assisted degradations (Aracagok & Cihangir, 2013). Therefore, it
is necessary to employ particular technologies for the removal of dyes. Researchers have been
performed different technologies like flocculation, adsorption, membrane technologies, and other

chemical and biological treatment for the removal of dye from greywater. However, these methods
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were merely succeed to degraded the parent azo dyes structures. It should be noted the partially
degraded azo dyes would propagate the toxicity level of the treated greywater. Besides, they
generate byproducts like benzidine and naphthalene, which are toxic, carcinogenic, and
mutagenic to living organisms (Chong et al., 2015). However, adsorption processes are broadly

utilized as the most favored techniques since they are simple, cost-saving, and efficient.

Activated carbon with high specific surface area and porosity has been found as the most
promising candidate for dye removal. Since the adsorption capacity of AC strongly varies with its
surface composition and characteristics, different surface modification methods have been
examined. Surface chemistry of AC significantly influences the efficiency of organic dye removal.
It has been demonstrated that alkaline treatment enhances the adsorption capacity of acid dyes
by AC (Hayati & Mahmoodi, 2012).

Topkaya et al. studied laundry wastewater treatment by using polymeric composites supported
with activated carbon. They employed different waste materials like walnut shell (WS), seed hull
(SH), hazelnut shell (HS), and rice husk (RH) and utilized KIO3z and K»S,0s as oxidizing agents in
the polymerization of aniline monomers. As a result of studies with different oxidizing agents, the
highest color removal efficiencies were obtained 98% and 97% for PAn/RH+KIO; and
PAN/SH+KIOs, respectively. The highest color removal efficiency for the adsorbents produced
with K2S,0s was 58% for PAn/SH+K,S,0s (Topkaya et al., 2018).

Garcia et al. carried out a hybrid electrochemical-granular activated carbon system to remove
pollutants from synthetic greywater. They found that the 3D reactor hybrid system is capable of
eliminating color. However, the adsorption could reach the removal efficiency by 71%. Therefore,
they evaluated color removal using the 2D reactor hybrid system and obtained 12% removal. The
combination of (electro)sorption and electro-oxidation at the surface of GAC makes an
improvement in the treatment performance of 3D compared with the performance of adsorption
with GAC and 2D systems (Garcia et al., 2018).

In chemical regeneration of exhausted adsorbents by dyes, large amounts of chemicals are
utilized. This, again, lead to environmental pollution problems. Researchers are also in quest of

novel environment-friendly and cost-effective techniques for the regeneration of adsorbents.

3.6.5 Phosphorous

Phosphorus and its derivatives add to the greywater by using detergents and cooking activities.

Phosphorus from detergents is not considered a contaminant for soil since it does not exceed the
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permissible limit, as it is generally a plant requirement. However, the excess phosphorous leach
to groundwater might cause significant problems (Christova-Boal et al., 1996). Phosphate would
cause eutrophication when the water body becomes rich in nutrients, which affects the water
body's dissolved oxygen. A water body is called eutrophication if the total concentration of

phosphate in the water ranges from 351 100 pg.L? (Agustina, 2014).

Limited studies have been performed for the removal of phosphorus from greywater by
adsorption. Agustina et al. employed activated carbon and natural zeolite for phosphate removal
from synthetic laundry wastewater. They utilized a fixed-bed column and circulated the synthetic
greywater up to 1 h into the column. They reported the natural zeolite was superior to remove the
phosphate from greywater compared to activated carbon. They obtained 90% phosphate removal
by employing 40 cm of natural zeolite height in the adsorption column with the initial phosphate
concentration of 2 mg.L. By applying the said conditions, the removal efficiency of activated
carbon was achieved 60% (Agustina, 2014).

3.6.6 Nitrogen

Nitrogen and its derivatives are the crucial greywater contaminants. They release into the
greywater due to various reasons. They are found in bathrooms because of urine, in kitchens
from cooking activities and using ammonium salts as acidity regulators, and in laundry wastewater
by using cationic surfactants such as quaternary ammonium salts and fabric softeners (Widiastuti
et al., 2008).

The removal or recovery of these compounds has become a challenging issue due to their
detrimental impact on the environment. As ammonia is highly toxic to aquatic animals, it is
necessary to remove its excess amount in wastewater to protect the marine species. Generally,
biological nitrification-denitrification, air-stripping, and ion-exchange have been carried out to
remove these pollutants with different degrees of success (Ghimire et al., 2019; Zhong et al.,
2013). Widiastuti et al. used natural zeolite for the removal of ammonium from synthetic
greywater. They examined the effect of contact time, zeolite loading, initial concentration, pH, and
temperature on removal efficiency and obtained up to 97% removal efficiency. Therefore, they

evaluate the adsorption kinetic and thermodynamic data analysis (Widiastuti et al., 2008).

Dalahmeh et al. utilized bark, activated charcoal, polyurethane foam, and sand filters to reduce
pollutants such as phosphorus and nitrogen from Greywater. They obtained the removal efficiency
of total phosphorous (TP) and total nitrogen (TN) 91% and 98%, respectively. Activated charcoal

had the highest removal performance for TN and the second-highest removal amount for TP,
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followed by Bark. The high surface area and porosity of activated charcoal lead to higher removal

performance for these compounds (Dalahmeh et al., 2012).

In the last decades, the focus on waste and wastewater treatment systems has shifted from the
removal of nutrients towards the recovery of them. The resource recovery strategy alleviates the
environmental impacts of wastewater treatment and brings down the cost of treatment by
generating part of the required energy and recovery of valuable products. Phosphorus and
nitrogen have been recovered in bio-fertilizer, which could be a promising alternative for mineral

fertilizers.

3.6.7 Other compounds

The adsorption technigue is not practical for all greywater contaminants. However, some studies
have been examined to remove other pollutants from greywater by adsorption. Removal of
pathogens (Dalahmeh et al., 2012; Garcia et al., 2018), Coliforms and Fecal coliform (Brook et
al., 2015), micropollutants of personal care products such as nonylphenol, triclosan, bisphenol-A,
and caffeine (Hernandez-Leal et al., 2011) are some of these examples.

Dalahmeh et al. measured the removal of thermotolerant fecal coliforms (TTFC) during the
treatment of Greywater by bark, activated charcoal, polyurethane foam, and sand filters. The initial
concentration of TTFC was 1.73x10° CFU.mL™. They achieved the highest removal by bark,
followed by charcoal, sand, and foam equal to 99%, 91%, 91%, and 74%.

3.7 Techno-economic aspects

Reclamation of the greywater should be sustainable from both technical and economic aspects
to become reasonable. Various research from the literature shows that purification and reusing
greywater by adsorption are technically practical and contribute to water resources sustainability
(Ciabattia et al., 2 0 0 9 ;-Turls etsalt, 2005). From the economic point of view, there are
several examples in the literature to prove the greywater treatment system's cost efficiency and
reuse, especially for flushing toilets (Alharbia et al., 2019). This claim is supported by installing a
greywater recycling system in the building and reusing for flushing toilets. For example, the
ablution greywater from a mosque in the Kingdom of Saudi Arabia (KSA) was treated by an
integrated process, including filtration, activated carbon adsorption, and chlorine dispenser. The
technical evaluation and cost analysis revealed that the proposed system was technically
approved, economically sustainable, and effective for on-site reusing as a toilet flushing. The final

characteristics of the reclaimed water met the reuse standard for unrestricted irrigation and toilet
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flushing in KSA. The cost of the said system was estimated between USD 0.7 to 1.0 per m3, which
was less than the municipality water cost in KSA (USD 1.09-1.71/m®) (Alharbi et al., 2019;
Alharbia et al., 2019). Given 100,000 mosques in KSA and average consumption of 1,000-1,500
L.day? in a medium-sized mosque, it can be calculated the total amount might save annually by

implementing such a system in all mosques (Alharbi et al., 2019).

Ciabatti et al. proposed an integrated system including the pre-treatment, sand filtration,
ozonation, adsorption by GAC, and ultrafiltration to purify the indusial laundry wastewater and
reuse the reclaimed water in washing processes. According to the cost assessment, the maximum
total operating cost of the system became Euro 0.81 per m?® (Ciabattia et al., 2009). However,
there is no explanation of whether the suggested approach is affordable compare to using

municipal water for the washing process or not.

As the adsorption process is one of the most efficient and cost-effective methods among the
possible techniques for greywater treatments, more investigation must be performed in the
economic aspect. Most of the research was conducted on the technical perspective of greywater
remediation without evaluating the financial sustainability. However, wastewater treatment must

also be economically approved to pursue the circular economy.

3.8 Challenges and perspectives

Treatment and reusing grey wastewater can help overcome the water scarcity problem and make
a pleasant future for the next generations. Adsorption technology is one of the fundamental
treatment process that can help in this direction. However, there are some challenges and

concerns on utilizing adsorption to treat greywater, which requires more assessments.

1 Emerging pollutants in the reclaimed water, such as pharmaceuticals, hormones (Solanki
& Boyer, 2017), and personal care products (Hernandez-Leal et al., 2011), cause long-
term adverse effects on the environment and humans. The diagnosing and elimination of
these contaminants are crucial.

i The adsorption system is not a successful approach for removing the target
microorganisms due to the size and surface characteristics of the microorganisms,
porosity of the adsorbents, unfavorable electrostatic forces, and low van der Waals
attraction (Garcia et al., 2018).

i Like many other methods, the adsorption process for water treatment can be seen as a

process of pollution transfer from the liquid phase to the solid phase, rather than a real
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decontamination. This means that an additional stage of adsorbent management loaded
with pollutants is required. This waste should be handled with the lowest impact on the.

1 There are a limited number of studies that evaluated the final disposal of exhausted
adsorbents. Care must be taken, disposed of, or burning the spent adsorbents have
adverse health effects because of the adsorbed potentially harmful substances from
greywater.

1 Most of the studies have been utilized synthetic greywater. So, the effect of other
contaminants on the adsorption of a particular substance, and the efficiency of the
adsorbents have not been observed.

1 Concerning modification of the adsorbents, there is not enough information whether they
have been employed on pilot and full-scale or are limited to lab-scale only. Besides, very
little information is available on the cost estimation of modification and regeneration.
Finally, it is necessary to investigate whether, during regeneration, only adsorbed
pollutants are recovered, or modified reagents and functional groups are also released

from the adsorbents.

Future approaches in research into the adsorption of pollutants from greywater to surmount the

existing shortcomings are demonstrated as follows:

1 A combination of adsorption with other technigues might lead to overcome obstacles and
scale-up the process.

I The hybrid and composite adsorbents attract researchers' attention for removing
contaminants, especially in large-scale applications (Siyal et al., 2020).

1 The adsorption process should be carried out on grey wastewaters containing a mixture
of pollutants or real greywater in order to investigate the affinity of various adsorbates on
adsorbents and the effect of the presence of other pollutants and competition on the
performance of the system.

1 New adsorbents should be developed with high regeneration ability and lifetime to make
the industrial application of this process economically feasible. Besides, more efforts are
required to produce adsorbents that can adsorb particular pollutants from real wastewater
without reducing removal efficiency in the presence of other contaminants (Siyal et al.,
2020).
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3.9 Conclusion

Like other methods, adsorption aims to remove harmful pollutants with high efficiency from
wastewater, generate a more valuable product, and help the sustainability of limited world water
resources. This approach contributes to a circular economy and can approve the whole process
economically. Adsorption is classified into batch and continuous adsorption in terms of operation
mode. Choosing the adsorption mode depends on the examined parameters. Batch adsorption is
applied for obtaining maximum adsorption capacities and thermodynamic parameters. On the
other hand, the continuous process reveals more details on operating conditions, the maximum
capacity of the bed, and scale-up parameters. Various adsorbents have been employed in
literature, from zeolites, charcoal, and clays to activated carbon and resins. Synthetic adsorbents
have been used more than natural ones due to the high adsorption capacity, stability, and ease

of regeneration and modification. However, natural adsorbents are abundant and relatively cheap
in supply.

Using the adsorption technique for greywater treatment requires gaining fundamental knowledge
about the process. Different types of adsorption operation mode and their application, adsorption
isotherm and the various relevant models, kinetics and thermodynamic of adsorption, information
about a variety of adsorbents, and modifying them and regeneration processes are some of the
essential information should be acquired before performing the process. This type of information
broadens the understanding concerning the operation and aid in preparing the best conditions,
save time and cost. In this way, modeling the process and solving the mathematical mass transfer
equations has been recommended. Moreover, the statistical approach based on response surface
methodology (RSM) has been used to investigate the effect of processing conditions on the

adsorption efficiency and find optimum conditions.

There are various types of contaminants in a typical greywater. The adsorption process is mostly
used to remove surfactants, organic matters, dyes, heavy metals and metals, nutrients, and
suspended solid. The main aims of these investigations were to find suitable adsorbents for the
treatment of greywater, functionalizing the adsorbent to achieve higher removal efficiency, and

reaching the standard for reuse and discharge of the treated greywater.

The greywater remediation should be reasonable from both technical and economic aspects. The
reclaimed water characteristics for different purposes have been determined in the format of
regulation or guidelines that vary from country to country. Several researches were performed on
the technical aspect of greywater treatment, but a limited number of studies were done on the

economic perspective, and it is necessary to do more investigation. More analysis should also be
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carried out on using real greywater, developing new adsorbents, utilizing in pilot or full-scale, and

the cost analysis on modification of adsorbents and regeneration process.
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Lien entre | 6article ou les articles pr®c®dents e

Le deuxiéme article (Chapitre 3) présentait une revue de la littérature sur le traitement des eaux
grises, mettant un accent particulier sur les procédés d'adsorption et leurs applications
potentielles pour la gestion et le traitement des eaux grises. Il présentait les possibilités de
fonctionnalisation des adsorbants (développement de groupements fonctionnels a la surface des
adsorbants) pouvant contribuer a améliorer leur efficacité. Ce chapitre illustrait I'élimination de
divers polluants des eaux grises, notamment les surfactants, la DCO, les métaux et les colorants,
en utilisant différents adsorbants. En approfondissant les connaissances acquises dans l'article
précédent, le troisieme article (Chapitre 4) étudie I'élimination du NPEO, un surfactant non ionique
souvent présent dans les eaux usées de buanderie. Les eaux usées de buanderies font partie
des eaux grises. Le traitement et la r®utilisatic
raison de leurs caractéristiques spécifiques. Cet article évalue l'impact des groupements
fonctionnels de surface sur I'élimination du NPEO des eaux synthétiques de buanderies en
utilisant du charbon fonctionnalisé. De plus, il compare les caractéristiques et l'efficacité

d'élimination du charbon fonctionnalisé et non fonctionnalisé.

182



Abstract

Nonylphenol ethoxylate surfactants find wide applications in various industries. These surfactants
could be used mainly as washing agents, pesticides, and in textile and leather manufacturing.
However, their presence in aquatic environments has raised significant global health concerns.
To address this issue, we conducted a study to investigate the impact of surface chemical groups
on the removal of nonylphenol ethoxylate (NPEO) from synthetic laundry wastewater using
different samples of coal-based activated carbon. The following treatments were carried out to
prepare a series of sampl es: acid treatment with
under N flow, and oxidation in 10% HNO3 at 75 °C. The impact of carbon treatments on the
NPEOs.17 and COD adsorption were examined by conducting batch adsorption using the modified
carbons and synthetic laundry wastewater containing NPEO with the ethoxylate chain in the range
of 3 to 17. Unmodified and modified activated carbon samples were characterized in terms of
structural, morphological and chemical properties. The samples obtained by thermal treatment
underN.f  ow at 900 eC achieved the highest removal e
of NPEOs.17. Our results have proven that the highly improved removal efficiency of NPEOs3.17 is
due to the increase of surface hydrophobicity of the heat-treated activated carbon. When the
concentrations were below the critical micelle concentration, the ethoxylated surfactants are
adsorbed as monomers by their hydrophobic moiety on a hydrophobic surface of activated
carbon. Additional experiments were carried out to describe the sorption phenomenon, followed
by the determination of the kinetic of NPEO3.17 and COD removal using modified activated carbon.
The application of Langmuir isotherm provided the best fit for NPEOs.17 removal and allowed the
determination of the adsorption rate constant (K, = 0.0506 L.ug'?!) and the maximum adsorption
capacity (Qm=2168 pg.g?). The initial adsorption rate for COD removal was 420 mg.g*.mint. After
ten cycles, the COD removal efficiency reduced from 80% to 50%, indicating the presence of

unoccupied active sites in the activated carbon.

Keywords: Nonylphenol ethoxylates, Laundry wastewater, Water decontamination, Activated
carbon, Surface functionalization, Heat treatment, Adsorption, Characterizations of modified

activated carbon
Water impact

Nonylphenol ethoxylates (NPEOs) are commonly used in various applications, such as washing
agents, but they are known to be endocrine disruptors and can have harmful effects on the
environment. When NPEOs are released into the environment, they can break down and produce

nonylphenol (NP), which is extremely toxic to aquatic organisms, even in low concentrations. To
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address this issue, we propose a reliable method for modifying activated carbon to increase its
capacity for removing NPEOs;i17 from laundry wastewater before discharge into the sewage
network. This approach will help to mitigate the negative impact of NPEOs and NP on the

environment and aquatic life.
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41 Introduction

A variety of industrial applications make use of alkylphenol ethoxylate (APEQO) surfactants,
including pulp and paper production, textile production, paint and coatings, adhesives, leather
products, rubber and plastic production, metalworking (as lubricants), and agriculture.
Nevertheless, their primary use is in the production of detergents for both household and industrial
purposes. This is mainly due to their remarkable characteristics, such as relative ionic insensitivity
and high absorptive behaviour (Badea et al., 2003). APEOs are comprised of a hydrophobic
phenol ring with varied alkyl chains and a hydrophilic chain with 17 100 ethoxylated groups (EO).
Around 80% of APEOs represent nonylphenol ethoxylates (NPEO), and the remaining is
octylphenol ethoxylates (OPEO) (Borghi & Fabbri, 2014).

The APEOs are unstable in the environment and, as a result of their use, discharge, and
biodegradation, break down into less biodegradable products, including low-mole ethoxylates
(mono- and diethoxylates), ether carboxylates, acidic derivatives, and alkylphenol under anoxic
conditions (Castillo et al., 2000; Staples et al., 2001). Nonylphenol (NP) and octylphenol (OP)
have become global environmental concerns due to long-distance transportation, persistence
against biological degradation, and an inclination for bioaccumulation in fatty tissues. They are
also extremely toxic to aquatic organisms, even at sorely low concentrations and are weakly
estrogenic (Castillo et al., 2000; Siyal et al., 2020; WERME, 2014).

Nonylphenol and its ethoxylates have been banned in the European Union by the Water
Framework Directive 2003/53/EC (European Commission 2003). It is, however, technically and
economically impossible to substitute them with alternative chemicals in some industrial
applications (Patifio et al., 2018). In the USA, the Environmental Protection Agency (EPA) has
issued a recommendation stating that the NP concentrations should not exceed 6.6 and 1.7 pg.L
Lin freshwater and saltwater, respectively. In addition, these emerging compounds exert
endocrine disruption effects on marine organisms since they mimic natural hormones by
interacting with estrogen receptors (Priac et al., 2017). It is thus essential to eliminate the APEOs
from laundry wastewater before discharging them to the sewage treatment plant, where
microorganisms decompose the ethoxy chains to NP and OP. Conventional technologies are
poorly efficient in eliminating these refractory and non-biodegradable substances (Patifio et al.,
2018). Therefore, employing a developed technology such as advanced oxidation processes
(AOPs) or hybrid processes can overcome this problem and reach treated water with reuse quality
(Kumari & Kumar, 2023).
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One of the proposed technologies for the removal of APEOs is adsorption. Adsorption is a surface
phenomenon used to remove both organic and inorganic pollutants (Priac et al., 2017). In this
process, a solid substance called an adsorbent is introduced into the wastewater that is
contaminated with pollutants. The adsorbent selectively attracts and captures specific pollutants
onto its surface. Once pollutants are captured, the adsorbent can undergo regeneration through
the process of desorption. This process effectively removes the pollutants from the adsorbent,
allowing it to be reused (Dutta et al., 2021). Several factors can influence the adsorption of a
pollutant from wastewater, including i) the porosity and the chemical nature of the adsorbent, ii)
the nature and structure of the constituents of the wastewater, iii) the concentration of the pollutant
in wastewater, iv) salts and molecules in the aqueous phase that can compete for adsorption
sites, v) the adsorption time, and vi) the pH of the solution (Borghi & Fabbri, 2014). Several studies
were carried out to remove APEOs by adsorption into various adsorbents. Thomas et al. (1987)
studied the adsorption of octylphenol ethoxylate (TX-100) onto silica, alumina, and activated
carbon (AC) and discussed the enthalpy curve of these adsorbents (Thomas et al., 1987). The
adsorption of APEOs from an aqueous solution using b-cyclodextrin polymer (bCD-P) was studied
by Murai et al. They concluded that about 85% of APEOs were removed by bCD-P (Murai et al.,
1996). Nikolenko et al. investigated the adsorption of NPEOs from their micellar solutions on silica
gel (Nikolenko et al., 2002). Other groups used synthetic resins for the adsorption of NPEO1, and
their subsequent removal from aqueous solutions (Fan et al.,, 2011; Yang & Ren, 2010).
Mostafazadeh et al. employed various integrated treatments, including ultrafiltration followed by
adsorption using resin and activated carbon, to eliminate NPEOs.17 from real laundry wastewater
(Mostafazadeh et al., 2019). In another study, researchers explored the effectiveness of
employing a submerged membrane filtration system in combination with powdered activated
carbon to remove NPEO:.15 (Nguyen et al., 2021). Inamorerecentstudyconduct ed by Li gm8r
et al., the researchers explored the effectiveness of combining ozonation with adsorption using
granular activated carbon, Fe-modified zeolite, and Mn-modified zeolite in order to remove

alkylphenol ethoxylates from pre-treated industrial wastewater ( L i § m &tab, 2®1).

A variety of substances have been developed for adsorbing non-ionic surfactants (Ciabattia et al.,
2009; Collivignarelli et al., 2019; Gao et al., 2016; Prediger et al., 2018; Punyapalakul & Takizawa,
2006). The application of adsorbents mainly depends on the porous medium's surface chemistry
and pore structure. Activated carbon is one of the most suitable adsorbents for removing non-
ionic surfactants. Therefore, researchers’ main focus has been enhancing activated carbon's
potential for removing these contaminants by introducing functional groups on their surface.

Various methods, including acid, heat, impregnation, or microwave treatments, have been studied
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to develop surface-modified activated carbons (Bhatnagar et al., 2013). Some investigations were
performed for functionalizing carbons to remove APEO, mostly OPEO, from synthetic wastewater
(Gao et al., 2016; Prediger et al., 2018; Soria-Sanchez et al., 2010). Soria-Sanchez et al. used
graphite and a microporous activated carbon and modified it by heat and acid treatments to
eliminate a series of non-ionic surfactants (TX-114, TX-100, TX-165, and TX-305). To introduce
oxygen surface groups, adsorbents were treated with nitric acid. Both materials demonstrated
different adsorption behavior when oxygen surface groups were introduced onto carbonaceous
surfaces. For graphite, the adsorbed amounts below the critical micelle concentration (CMC)
decreased, and above the CMC increased slightly. The probable reason for the reduction in the
adsorption efficiency below the CMC has been attributed to the withdrawal effect of the oxygen
surface groups. On the contrary, by oxidizing AC with nitric acid, adsorbed uptakes below and
above CMC showed an increase, which was explained by the interaction of surfactant molecules
with oxygen surface groups inside the micropores (Soria-Sanchez et al., 2010).

The chemical oxygen demand (COD) is a critical parameter that is assessed along with surfactant
concentration in LWW. The COD concentration was used as a reference in removing organic
contaminants. It was discovered that there is a strong relationship between COD and surfactant
concentrations (Leal et al., 2011; Lin & Leu, 1999). Therefore, in this study, we measured COD

removal percentage as a preliminary analysis.

The primary objective of the present study is to develop a reliable method for the modification of
activated carbon in order to enhance its capacity for removing NPEO3.17 and COD from laundry
wastewater. For this purpose, a sequence of treatments, including acid treatment, heat treatment,
and oxidation with HNOg3, was carried out on activated carbon samples. The specific objectives
consist in characterizing the adsorbents. The material characterizations of the treated AC samples
provided elements for the interpretation of NPEOs.17 and COD removal from laundry wastewater.
Finally, in order to describe the sorption phenomenon, a series of experiments were conducted.
Our results demonstrate the possibility of removing up to 99% of NPEOs.17 in laundry wastewater
by using the appropriate treatment of activated carbon.
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4.2  Experimental procedure

42.1 Material

The treatment process was carried out in synthetic laundry wastewater. The synthetic LWW was

prepared by dissolving a detergent, GE Boost from Gurtler Company, in distilled water. Nitric acid

(70%), hydrochloric acid (34-37%), dichloromethane (99+%), and methanol (Peroxide-
Free/Sequencing) were obtained from Fisher Scientific (Ottawa, ON, Canada). Formic acid was

purchased from Honeywell. Supelcl e anE -E&NNVBHE SPE tube (500 MG/ 6 ML)
from Sigma Aldrich (Oakville, ON, Canada). Surrogate was obtained from Cambridge Isotope
Laboratories, Inc.

Three different coal-based ACs were employed to run experiments. Granular activated carbons
(GAC) were supplied, including HYDRODARCO® 3000 (HD) from Cabot Norit Activated Carbon,
FILTRASORB® 400 (F400) from Calgon Carbon Corporation, and ProLine® (P) from Pentair
Aquatic Eco-System Inc. The characteristics of the adsorbents are shown in Tableau 4.1. All
activated carbons were grounded and sieved, and the particles with a size between 0.250 to 0.500
mm and 0.500 to 1.00 mm were collected. Several studies (Ahiduzzaman & Islam, 2016; Hazourli
et al., 2009) suggested washing the GAC with ultrapure water and drying it at 105+5°C overnight.
The reason for washing is to remove dust (Chaillou et al., 2011; McKay & Al Duri, 1991) and
drying at 105°C to remove any adsorbed moisture before use (Matsui et al., 1998). Then, it should

be kept in a desiccator alefore exgerimente mper ature (20 N
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Tableau 4.1 Characteristics of activated carbons

Name ProLine® HYDRODARCO® 3000 FILTRASORB® 400
Characteristics
Abbreviation P HD F400
Carbon type Activated High-temperature Bituminous
bituminous coal steam activation of

lignite coal coal
Hardness . 90%
lodine Number [mg.gm-] . 928 >500 .1000
Ash Content " 6%
Dust "0.3%
Moisture as packet "5% " 8% " 2%
Apparent Density [g.mL1] 041 0.38 0.54
Surface Area (min.) [m2.g71] 1050

4.2.2 Functionalizing activated carbons

Functionalizing GAC aims to enhance the activated carbon capability to simultaneously remove
NPEOs..7 and COD from LWW. The GAC was prepared as described by Soria-Sanchez with
modifications (Soria-Sanchez et al., 2010). The modified carbons were labelled with abbreviation
codes characterizing the pretreatment processes used since different treatment approaches were
used. Each modified carbon was identified by its original precursor, followed by codes that
described the pretreatment steps. A brief overview of carbon treatment pathways is provided in

this section.

4.2.2.1 Treatment with hydrochloric acid

Before surface treatments, the inorganic contaminants on the AC were removed with HCI. 1 gr of
GAC was mixed with 10 mL of 10% HCI and heated at 75 °C until almost all HCI acid was
evaporated. This procedure was repeated twice. The sample was washed with distilled water at

room temperature (20 N 2eC) until the total
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sample was dried in a vacuum oven at 110 °C overnight. The resulting carbon was denoted as
ACC|.

42272 Heat treatment under nitrogen gas

A tubular quartz reactor horizontally positioned within a tubular furnace was filled with a 5 g
sample. The samples were subjected to a one-hour treatment at 900 °C under nitrogen flow. The
heat-treated samples were marked with the HT codes (ACwr). This procedure leads to the
elimination of surface groups, especially oxygenated ones.

42.2.3 Treatment with nitric acid

The sample was mixed with HNO3z (10% wt. concentration) to introduce oxygen surface groups.

The mixture was stirred and heated at 75 °C until almost all the liquid evaporated. The ratio

AC/HNO;s; was 1 g to 10 mL. The procedure was repeated three times. The resulting sample was

washed with distilled water at room temperature (
was dried in a vacuum oven at 110 °C overnight and kept in a desiccator for further experiments.

The nitric acid-oxidizing sample was referred to AChn.

A total of 15 activated carbons were obtained by combining these techniques. The name of a
sample reflects the sequence of various treatment steps employed. F400¢i 111, fOr instance, is
the name for F400 carbon that was subjected to the processes outlined in this section, which
included hydrochloric acid treatment, heat treatment under nitrogen at 900 °C for one h, and nitric

acid oxidation.

42.3 Adsorption procedure

Adsorption experiments were carried out in Erlenmeyer shake flasks containing the same amount
of the modified and unmodified GACs used as a sorbent (150 mg of GAC was added to 60 mL of
synthetic LWW). The synthetic LWW was prepared by mixing 270 uL detergent (GE Boost) in 1
L distilled water. Three different types of experiments were successively run. The first part
consisted in conducting effectiveness tests to determine the adsorption capacity of NPEO3.17 in
synthetic LWW. The flasks were shaken at 150 rpm at room temperature 20 £ 2°C, pH=7.0 £ 0.5
for 3 h. Then the solution were filtrated through a 0.22 emMF-Mi | | i por e E membr ane f
the residual NPEOs.17 and COD concentrations were measured. Subsequently, isotherm

adsorption experiments were carried out using different amounts of adsorbents (600, 457, 186,
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150, 62, and 22 mg) added in 60 mL synthetic LWW and was shaken up to 3 h with 150 rpm.

Temperature and pH were initially maintained

maximal adsorption capacity and the relationship between the adsorbent and adsorbate are both
shown by the adsorption isotherm. A set of equilibrium concentration data between the amount
of adsorbate in the adsorbent (ge) and the amount of adsorbate still present in the liquid phase
(Ce) were gathered under equilibrium circumstances in order to derive an adsorption isotherm.

The relation between Ce and ge according to the mass balance is given by Equation 1.2.

The rate of the adsorbent to the volume of the solution can be adjusted between 0.25 and 10
[mg.mL?] (Chaillou et al., 2011; Hernandez-Leal et al., 2011; Tony et al., 2019). The maximal
adsorption capacity and the interactions between the adsorbent and adsorbate are described by
the equilibrium isotherms. The isotherm models and experimental data would be evaluated, and
the best match would be determined. Different adsorption isotherm models were used for curve-
fitting, including Langmuir (Langmuir, 1918), Temkin (Tempkin & Pyzhev, 1940), Freundlich
(Freundlich, 1906), Redlichi Peterson (Redlich & Peterson, 1959), and Liu (Liu & Xu, 2007).

Giles et al. classified adsorption isotherms into four major types based on the initial slope of the
curves. The four basic categories are (i) S curves, known as vertical orientation types, (ii) L curves,
known as normal or "Langmuir” types, (iii) H curves, known as high-affinity types; and (iv) C
curves, known as constant partition types. The subgroups are identified by the shape of the upper
parts of the curves, including plateau and changes in slope, and denoted by 1, 2, 3, 4, and mx
(Giles et al., 1960). This classification has been used to diagnose the adsorption mechanism of
NPEOs.17 and COD in the modified activated carbon.

If the concentration of the specific adsorbate in the solution declines from Cy to C. at the end of

the operation, the removal efficiency (R) would be calculated by Equation 4.1:

Equation 4.1 - Removal efficiency

6 6 in (31)

According to the second set of assays, adsorption kinetic was evaluated using 200 mL of synthetic
LWW in the presence of 500 mg of sorbent. The flasks were shaken at 150 rpm at room
temperature (20 + 2°C), and samples were taken at interval times (0.3, 1.3, 3.0, 8.0, 19.5, 24.5,
30.0, 48.0 h). Samples were collected using 0.22 em Millex syringe filters, and residual COD
concentrations were measured. Investigation of the NPEO3.17 adsorption kinetics was not feasible

for this work, since each analysis requires a minimum of 50 mL of the solution to quantify NPEOs.
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17. Given the initial volume of the solution (200 mL), it was not possible to maintain equilibrium
conditions while taking samples at the specified intervals. As a result, COD was measured at time
intervals, and COD was used as a reference in absorption kinetics. Several models are reported
in the literature, but in this study, five kinetic models were used. The pseudo-first-order model
(Lagergren, 1898), the pseudo-second-order model (Ho & McKay, 1998), Elovich model
(McLintock, 1967), second-order rate model (Qiu et al., 2009), and intraparticle diffusion (Weber
Jr & Morris, 1963) were respectively used.

The third set of assays consisted in evaluating the changes in the removal efficiency in case of
consecutive adsorption cycles. Regeneration of the exhausted adsorbent is essential for its
practical usage. In this regard, the batch adsorption process with 150 mg of adsorbent was
conducted for ten consecutive cycles. After each cycle, the adsorbent was dried at 105 £ 5 °C for
2 h and reused under the same experimental conditions with 60 mL of fresh synthetic LWW. This
experiment aimed to find a suitable number of cycles for repeated use of the adsorbent without a
considerable decrease in their adsorption capacity. After ten adsorption cycles, regeneration by

t hermal treatment at 900 eC under nitrogen

424 Instruments and analysis

A tubular furnace (-MindBeTghb®l Ber M&c &shprizantallg

positioned inside was used to apply heat treatment on activated carbon.
To do the adsorption process, an orbit shaker (Lab-Line Orbit Shaker Model 3520) was used.

The structure and morphology of the as-received and functionalized GAC were determined by
Fourier transform infrared (FTIR) and scanning electron microscopy (SEM). Fourier transform
infrared attenuated total reflectance (FTIR-ATR) spectra were recorded on a Nicolet iS50
spectrometer (Thermofisher Scientific, USA) at 0.04 cm™ resolution and in the range of 400-4000
cm. The surface morphology of the samples was examined by means of SEM observations (Carl
Zeiss EVO® 50 smart SEM, USA) at an operating voltage of 15 kV. The samples were gold-
coated. The elemental analysis of the particles present on the surface is enabled by an energy
dispersive X-ray spectrometry (EDS) Microanalysis System (model: Bruker Quantax 800/Z30
SSD, Germany). This EDS is equipped with an Xflash® 6|30 Silicon drift detector (SDD). It can

detect elements from Beryllium (z=4) to Uranium (z=92).

The specific surface area, average pore size and volume were carried out via the gas adsorption

technique. The N, adsorption isotherms at a liquid nitrogen temperature of -196 °C (77 K) were
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measured on a Micromeritics ASAP 2020 surface area analyzer. Before the analysis, the AC
samples were thoroughly rinsed (to remove heavy volatile organic compounds) and dried at 110
°C. Then they were further in-situ outgassed at 110 °C. The Brunauer-Emmett-Teller (BET)
approach was used in the adsorption mode to derive the BET surface area of the samples, while
the Barrett-Joyner-Halenda (BJH) analysis was used to evaluate the pore size of the activated
carbon samples in both adsorption and desorption regimes. A typical complete
adsorption/desorption BJH experiment requires almost 10 h per sample.

A UV-type spectrophotometer 0811 M136 (Varian brand, Canada Inc) was used to measure
UV/Vis spectra. The UV/Vis spectra were carried out as described by Mokhtarifar (2018) with
minor modifications (Mokhtarifar et al., 2018). We prepared the UV samples by dispersing 0.05g
of each finely powdered sample in 200 mL of distilled water and sonicating the suspension for 1
h. A further 24 h rest was given to the resulting samples to ensure they were stable. Finally, 3.5
ml of the final solution was converted into quartz cuvettes to measure the transmittance of the

solution in the wavelength range of 200 to 800 nm.

COD was analyzed by a UV-type spectrophotometer 0811 M136 (Varian brand, Canada Inc)
according to the analytical method of (MA 315-DCO 1.1) the center of expertise in environmental
analysis. For the high-level COD measurements ranging from 80 to 800 mg.L™? O, a calibration
curve was established using standard solutions of 0, 100, 300, 500, 800, and 1,000 mg.L*. The
absorbance of these solutions was measured at 600 nm. However, for the low-level COD
measurements spanning from 5 to 100 mg.L™* O,, a calibration curve was created using standard
solutions of 0, 10, 30, 70, and 100 mg.L™. The absorbance of these solutions was measured at
420 nm (QUEBEC, 2016).

The method of MA 400 - NPEO 1.1 was used to evaluate the concentration of NPEOs.17. Sample
preparation included four phases: washing, conditioning, extraction, and recovery. In the washing
phase, the carbon cartridge (tube) was washed in three steps, twice with 6mL of dichloromethane,
twice with 6 mL of a standard solution (containing methanol, dichloromethane, and formic acid),
and finally twice with 6 mL of dichloromethane. The conditioning phase included two steps of
adding 6 mL of methanol followed by 20 mL of 2N hydrochloric acid to the tube. In the extraction
phase, the acidified sample with hydrochloric acid (to pH=3) added 100¢I of surrogate 1ppm was
passed through the tube. The NPEOs.17 were subsequently extracted because of their passage
through the carbon cartridges. In the last phase, the recovery phase, 9 mL of the standard solution
was passed through the tube, and the solution containing NPEOs.17 was collected. The collected

solution was subjected to nitrogen gas until the completely extracted solution was dried. Then,
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the residue was dissolved in 1 mL of methanol (QUEBEC, 2019). The sample was ynally passed
through liquid chromatography coupled with a tandem mass spectrometer (LC-MS/MS).

4.3 Results and discussion

43.1 NPEO and COD removal

One of the most favorable materials for applying liquid phase treatment, including organic matter,
is AC. The removal efficiency of the functionalized activated carbon samples was compared to
non-functionalized-AC ones in batch experiments. Different adsorbent materials (P, HD and F400)
described in Tableau 4.1 were used. The residual COD concentrations and the percentage of
COD removal as a function of adsorbent materials were reported in Tableau 4.2. The removal
percentage of AC was reported in two particle size ranges, 0.250-0.500 and 0.500-1.00 mm. The
average COD concentration in synthetic LWW was 573 + 55 mg.L™.
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Tableau 4.2 COD removal using different adsorbent materials (P, HD and F400) with or without
pretreatment (conditions: initial COD=573+55mg.Lt, T = 2 pH=\V.02 0.% shaker
speed = 150 rpm, treatment time = 180 min)

Adsorbent Particle size (0.250-0.500 mm) Particle size (0.500-1.00 mm)
material

Residual COD COD removal Residual COD COD removal

conc. [mg.L? [%6] conc. [mg.L1] [%]
P 133 76.8% 205 64.3%
Pciur 28 95.2% 150 73.7%
PciHTHN 297 50.8% 251 55.9%
Pt 36 93.9% 121 79.1%
PHT,HN 169 70.1% 226 59.9%
HD 73 88.1% 154 73.3%
HDciHT 60 90.3% LAkE) 78.6%
HDcl,HT HN 318 48.6% 282 49.8%
HDwHr 34 94.5% 115 79.4%
HDHT 1N 359 42.0% 273 51.6%
F400 131 78.8% 217 64.9%
F400ci 1t 43 93.1% 203 67.2%
F400c¢,HT HN 301 51.3% 335 45.9%
F400uT 54 91.3% 152 75.4%
FA0OHT 1N 309 50.1% 320 48.3%

P = Proline® activated carbon; HD = Hydrodarco®-3000; F400 = Filtrasorb®-400

According to the COD value obtained from the supernatant, the removal percentage increased
by decreasing the particle size of activated carbon samples. Adsorption kinetics are accelerated
due to the small particle size. Smaller particles have a shorter diffusion path, allowing easier
access to the interiors of carbon particles. Additionally, increasing the number of particles is a

benefit of decreasing particle size. The number of particles produced grows to the third power as
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the GAC diameter decreases. On the other hand, the handling and regeneration of smaller

particles are more difficult (Greenbank & Knepper, 2002).

The samples modified by heat treatment and the samples subjected to acid treatment with HCI
followed by heat treatment successfully improved the removal efficiency compared to non-
functionalized AC. The maximum increase in COD removal was obtained at 18% for P¢,nt owing
to the particle size of 0.250-0.500 mm and 17% for Pyt in both the particle size of 0.250-0.500
and 0.500-1.00 mm, respectively. Generally, more significant improvement by heat treatment was
observed for activated carbon with a smaller particle size. This might be related to more
accessible access to the inner side of the carbon particles for modification due to the shorter
pathway.

Considering COD removal efficiency and price of different activated carbons, the adsorbents were
narrowed down, and NPEOs.17 amounts were measured for solutions obtained from adsorption
by ProLine®, Hydrodarco® 3000, and their derivative functionalized activated carbons. In order to
observe the effect of the particle size in NPEOs.17 removal, we applied adsorption into two particle
ranges of ProLine®. Tableau 4.3 shows the NPEOs.17 removal of the mentioned adsorbents. The
average amount of NPEOs.7 in the initial synthetic LWW solution was measured at 971.3 *
93.5ug.L%. The value of NPEOs.17 in real laundry wastewater was reported in a range of 260-2400
ug.L? (Mostafazadeh et al., 2019). Therefore, the amount of NPEOs.17 in the solution was within

the reported range.
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Tableau 4.3 NPEOz.17 removal using different adsorbent materials (P and HD) with or without

pretreatment (conditions: initial NPEO3.17=971+93pg.L?, T = 20 N 2 eC,

shaker speed =150 rpm, treatment time = 180 min)

Adsorbent Particle size (0.250-0.500 mm) Particle size (0.500-1.00 mm)
materials
Residual NPEO  NPEO removal Residual NPEO NPEO removal
conc. [ug.L Y [%0] conc. [ug.L Y [%0]

P 0.9 99.9% 4.3 99.6%
Pcimr 1.2 99.9% 6.8 99.3%
PcimTHN 2.2 99.8% 53.8 94.5%
Pur 0.5 99.9% 4.3 99.5%
PHT HN 2.5 99.7% 41.2 95.8%
HD - - 4.6 99.5%
HDciHT - - 3.2 99.7%
HDcl,HT,HN = = 121.2 88.3%
HDwur = = 3.3 99.7%
HDHT 1N = = 89.4 90.9%

P = Proline® activated carbon; HD = Hydrodarco®-3000.

The percentage of NPEOs.17 removal was reduced by increasing the particle size. However, the
NPEOs.17 removal efficiencies using respectively untreated and heat-treated activated carbons
were still in the same range in spite of the particle size increase. The results indicated that the
selected activated carbons could almost completely remove NPEOs.17 in the synthetic solution
under experimental conditions. Therefore, this amount of activated carbon (150 mg per 60 mL
synthetic LWW) provided enough available active sites to capture almost entirely NPEOs3.17 from
the solution with an initial NPEOs.17 concentration of 971 + 93 pg.L™.

Based on the study's findings, where untreated (P) and functionalized activated carbon (Pciur,
and Pur) achieved a remarkable removal rate of over 99% for NPEOs.17, we decided to compare
the efficiencies of two specific adsorbents, namely untreated activated carbon (P) and heat-
treated activated carbon (Pxr). To ensure a fair evaluation, we subjected the adsorbents to a
relatively low concentration of adsorbents (22 mg per 60 mL synthetic LWW, equivalent to 0.37
g.L™Y). Under these conditions, we observed that the use of P resulted in a NPEO3.17 removal

efficiency of 41%. However, when the heat-treated sample, Pur, was employed, the NPEOs.17
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removal efficiency improved significantly to 62%. Moreover, we measured the NPEO3.17
adsorption capacities of 1550 pg.g™* and 2092 pg.g* for P and Py, respectively. This comparison
clearly demonstrates that the heat treatment of activated carbon plays a crucial role in enhancing

the adsorption capacity for NPEOs.17 removal, by an impressive 35%.

43.1.1 Effect of specific surface area and the pore size

Several factors affect the adsorption of NPEO from aqueous solutions, including the specific
surface area and the pore size of the adsorbent (Yang & Ren, 2010). It was found that the surface
area of pores larger than 1.5 nm is crucial to the adsorption capacity of NPEO. Consequently,
NPEO molecules might mainly adsorb on pores with a diameter greater than 1.5 nm (Xing et al.,
2009). In the following sections, we delved into a more comprehensive analysis and discussion
of the characteristics of the adsorbent, focusing on specific surface area and pore size, and their
impact on the removal of NPEO.

43.1.2 Effect of acid treatment

As a result of acid treatment, chemical reactions occur between the acid and the mineral matter.
Depending on the treatment, pore structure, surface functionality, or adsorption capacity may
change. In addition to introducing new functional groups, acid treatment can lead to the loss of
some moieties. Varieties of acids react differently with the ash and the available functional groups.
The most common method for removing ash is to use HCI (Querejeta et al., 2016). On the other
hand, treatment with HNO; forms acidic surface groups, especially carboxylic acids and, to a
lesser extent, lactones, anhydrides, and phenols (Faria et al., 2004). The introduction of functional
groups can enhance surface acidity or generate charged sites on the carbon surface.
Consequently, the altered surface charge has the potential to influence the electrostatic
interactions between the adsorbent and NPEO, thereby influencing the adsorption capacity and
selectivity. In other words, HNO3 reduces the basic surface functional groups through oxidative
effects (Gokce & Aktas, 2014).

43.1.3 Effect of heat treatment

Heat treatment of activated carbon at high temperatures (>700 °C) under a flow of gases like
nitrogen, helium, or hydrogen selectively removes some surface groups, especially oxygenated

groups. It was reported that weakly acidic functionalities (such as carbonyl, phenol, and quinone)
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decompose at higher temperatures than strongly acidic functionalities (like carboxylic,
anhydrides, and lactones) (Shafeeyan et al., 2010). By heat treatment, oxygen-acidic functional
groups are thermally desorbed, resulting in the creation of unsaturated surfaces and an increase
in the basicity of the carbon surface (Querejeta et al., 2016). On the other hand, the resulting
activated carbon possesses reactive sites capable of re-adsorbing oxygen, forming some of the
previously removed groups. Thermal treatments under a flow of H. trigger to generate more stable
basic surfaces compared to N> flow, thus preventing further adsorption of oxygen (Faria et al.,
2004).

Surfactants can be partially dissolved in water. They aggregate and form micelles if the
concentration exceeds the CMC. For NPEO with 9-18 ethoxy units, the CMC value was reported
to be 0.042 g.L* or 42,000 pg.L* (Calvo et al., 2009). Therefore, the concentration of NPEO in a
typical laundry wastewater(260-2400 ug.L™!) (Mostafazadeh et al., 2019), and our initial solution
(971 £ 93 pg.L?) is lower than CMC. At concentrations below CMC, the ethoxylated surfactants
are adsorbed as monomers by their hydrophobic moiety on a hydrophobic surface.(Soria-
Sanchez et al., 2010) Therefore, the lower the oxygen groups on the surface of activated carbon
and the higher the hydrophobicity of the surface, the higher the NPEO adsorption rate.
Consequently, modification of the activated carbon by heat treatment at high temperature or
initially acid treatment by HCI followed by heat treatment led to improving the removal efficiency
of the NPEO by increasing the hydrophobicity of the activated carbon. It is worth noting that at
concentrations above CMC, the surfactants form aggregates (micelles), and the adsorption

mechanism differs from the above explanation.

By comparaison, Soria-Sanchez et al. conducted a study examining the adsorption behavior of
various octylphenol ethoxylate surfactants (TX-114, TX-100, TX-165, and TX-305) on modified
graphite and wood-based activated carbon. The investigation focused on adsorption occurring
below and above the critical micelle concentration (CMC). For the graphite material, the adsorbed
guantities below the CMC were found to be higher on heat-treated graphite (GT) compared to the
heat-treated sample followed by oxidation with HNOz (GTox). This difference was attributed to
the withdrawal effect caused by the presence of oxygen surface groups. In contrast, above the
CMC, the adsorbed quantities slightly increased on GTox compared to GT, suggesting improved
micelle formation. On the other hand, the heat-treated activated carbon followed by HNOs
oxidation (NTox) exhibited a remarkable increase in adsorbed uptakes both below and above the

CMC when compared to the heat-treated sample (NT). This observation could be attributed to
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specific interactions between the surfactant molecules and oxygen surface groups within the

micropores of the activated carbon (Soria-Sanchez et al., 2010).

It is critical in the batch study to determine the optimal adsorbent dose and contact time for
maximum adsorbate removal. To achieve the first goal, an adsorption isotherm was carried out,
and the adsorption kinetics was applied to obtain the latter purpose. To perform the adsorption
isotherm, kinetics, and adsorption cycles; we chose Pyt with a particle size of 0.500-1.00 mm. We
considered three aspects to select the optimal adsorbent: type of adsorbent, modification, and
particle size. Regarding the type of adsorbent, it was decided to use ProLine® over Hydrodarco®
3000 because it was less expensive. However, both adsorbents showed a similar level of
absorption efficiency. In terms of the type of modification, heat-treated ProLine® was chosen due
to its absorption efficiency and simplicity of the process. A pre-treatment with HCI acid followed
by heat treatment also resulted in high absorption efficiency. Still, by eliminating the pre-treatment,
the efficiency remains in the same range, and it is more economical from a cost perspective.
Finally, larger particles were selected due to their ease of handling during the process and
regeneration. Prior to discussing the adsorption isotherm and kinetics results, we examine the

characteristics of the ProLine® before and after modification.

4.3.2 Characteristic of functionalized activated carbon

The GAC samples modified in the experimental section were used for FTIR, SEM, BET, and

UV/Vis spectra analysis. The results are shown in the following section.

4321 Chromophoric groups of samples

To evaluate the surface functional groups present on the activated carbon, FTIR transmission
spectra were conducted. Figure 4-1 illustrates the FTIR spectra of untreated activated carbon (P)
and functionalized samples (Pur and Pciyran) Within the wavenumber range of 4000-800 cm™2.

Notably, three broad peaks were observed in the spectra of Pcit un.

An absorbance peak in the infrared range of 3600-3000 cm™, with its maximum at 3365 cm™, can
be attributed to the vibrational stretch of hydroxyl groups (OH). This peak signifies the presence
of O-H groups originating from alcohol compounds (Al-Qodah & Shawabkah, 2009; Ali et al.,
2020). Another broad peak in the wavenumber range of 1300-950 cm, with its maximum at 1096
cm, was observed in the spectra of the oxidized activated carbon with nitric acid (Pciyrnn). This
peak corresponds to the stretching of the C-O group, which can arise from alcohol, acids, ethers,

and/or ester functional groups (Ali et al.,, 2020). These findings align with previous literature,
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indicating that oxidation with HNO3 increases the quantity of oxygen-containing functional groups
on the activated carbon surface (Dastgheib et al., 2004; Wang et al., 2012; Yu et al., 2013;
Zolfaghari et al., 2011).

The peak at 1560 cm'! observed in all spectra holds particular significance as it corresponds to
the stretching vibration of C=C bonds present in aromatic ring structures (Lee et al., 2013).
Additionally, there are sharp, weak bands at approximately 2100 cm indicating carbon-carbon
triple bonds, as well as peaks around 2250 cm™ resulting from carbon-nitrogen triple bonds
(Cortes, 2020). It is worth noting that the fingerprint region of the infrared spectrum, spanning
from 600 to 1400 cm, is particularly complex, displaying numerous overlapping bands. While the
entire IR spectrum can serve as a fingerprint for molecular comparison, this specific range is often
referred to as the fingerprint region (Beauchamp, 2010).

(a)

ST VT W (b)
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Absorbance
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Figure 4-1 Typical FTIR spectra of (a) P, (b) Pur and (c) PciHT hn
4322 Morphological and texture of samples

Figure 4-2 presents SEM images comparing untreated activated carbon (P) with functionalized
samples (Pwr and Pcinrin). The images reveal that the activated carbons exhibit a heterogeneous
surface with randomly distributed pores. Two distinct surface morphologies are observed in the
adsorbents: one resembling fibers and the other displaying an amorphous structure, referred to

as the non-fiber zone.

Figure 4-2A shows a relatively smooth surface with tiny particles on the surface of as-received

activated carbon (P). These particles might be assumed to be inorganic components or ashes.
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However, after the chain of treatments with HCI, heat treatment, and oxidation with HNO3
(Paiurhn), fewer fine particles could be found on the surface of the carbon (Figure 4-2E). Those
particles have disappeared partly due to HCI treatment. Besides, one can see that the walls
around pores (Figure 4-2E) become thinner than the as-received GAC (Figure 4-2A), and newly
created cavities on the surface of Pciurnun are apparent. These cavities were not seen on the
surface of Pur (Figure 4-2C); therefore, these differences could result from nitric acid treatment,
which oxidized the surface of activated carbon. Similarly, in the fiber zone, a relatively smooth
surface with many grooves, furrows, and tiny particles could be found in the P (Figure 4-2B) and
Pur (Figure 4-2D) samples. On the other hand, in the fiber zone of Pcxr v (Figure 4-2F), the walls
became thinner, and the surface of the fibers became rougher compared to P and Pur, because
of the reaction of HNOswi t h ACO6s surf ace.

The main constituting elements of non-functionalized and functionalized activated carbon (AC)
samples were analyzed and quantified using SEM-EDS analyses, and the corresponding results
are summarized in Tableau 4.4. The purpose of this analysis was to assess the changes in
elemental composition induced by different treatments. Upon examining the results, it is evident
that heat treatment under N, gas caused an expected decrease in the oxygen content when
compared to non-functionalized carbon (P). This reduction in oxygen content can be attributed to
the high-temperature treatment, which likely facilitated the removal of oxygen-containing
functional groups from the surface of the activated carbon. In contrast, when the activated carbon
samples underwent oxidation with HNOs in the Pc vt inv Samples, the content of both oxygen and
nitrogen increased. This observation suggests that the HNO3 treatment introduced new oxygen
and nitrogen functional groups onto the surface of the activated carbon. The nitric acid acted as
an oxidizing agent, leading to the formation of oxygen-containing groups, such as carboxyl and
hydroxyl groups, as well as nitrogen-containing groups, like amine and amide functionalities

(Treeweranuwat et al., 2020).
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Figure 4-2 Typical SEM images of the samples, (A) P non-fiber zone, (B) P fiber zone, (C) Pur non-fiber
zone, (D) Pt fiber zone, (E) Pcixtin non-fiber zone, and (F) Pciqt hn fiber zone.
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Tableau 4.4 SEM-EDS elemental contents of the ProLine® before and after modification

Type of activated Elements
carbon

C (%) O (%) N (%) Remaining (%)
P 87.6 8.59 2.12 1.68
Pur 92.4 5.26 1.24 111
PciHTHN 77.3 18.6 3.90 0.22

4.3.2.3 Specific surface

Tableau 4.5 provides an overview of the textural characteristics of the activated carbon (ProLine®)
before and after modification. Notably, the HNOgs-oxidized sample (Pcintnn) exhibits minimal
changes in surface area and pore volume. This observation can be attributed to the presence of
oxygen-containing functional groups on the activated carbon surface. These groups may occupy
certain surface sites, limiting access to a portion of the carbon surface and thus contributing to a
slight decrease in surface area and pore volume. The SEM images also revealed the formation
of new cavities on the surface of Pcurun. These cavities could potentially contribute to the
marginal reduction in average pore size observed in the Pciuruv Sample. Overall, these findings
suggest that the modification process has a limited impact on the textural properties of the
activated carbon, potentially due to the presence of oxygen-containing groups and the formation

of surface cavities.

Tableau 4.5 Textural characteristics of the ProLine® before and after modification
Sample Sget [Mm2.g1] Pore volume (<78nm) Average pore size
[cm3.g7] [nm]
P 767.0 0.520 2.711
Pur 745.8 0.505 2.710
PciHT,HN 700.4 0.470 2.686
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4324 Absorption and dispersion of light irradiations

To evaluate the extent of dispersion of the surface-modified activated carbon in water, a UV/vis
spectroscopy was used. A certain quantity of P, Pur, and Pcuran Were dissolved in distilled water
as a solvent to form the suspensions. Figure 4-3 presents the transmittance of the solution in the
wavelength range of 200 to 800 nm 24 h after sonication to ensure they were stable. The
unmodified-AC, P, showed a transmittance of 72%. The hydrophilic nature of the activated carbon
led to the dispersion of nanoparticle-activated carbon in water. The oxygen content of activated
carbon contributes to its hydrophilicity (Ania et al., 2007). A transmittance of 90% in the diagram
of Pyr indicated that the heat-treated sample was poorly dispersed in the solvent and precipitated
out eventually. Heat treatment of activated carbon at high temperatures under a flow of nitrogen
removed some surface groups, especially oxygenated groups (Treeweranuwat et al., 2020). The
hydrophilicity of the carbon was reduced; consequently, the modified activated carbon, Pyr, was
not appropriately dispersed in water. On the other hand, the lowest transmittance (~40%) was
demonstrated by the PcixrHn Samples, most likely due to the newly formed functional groups on
the carbon surface. It was reported that the strong acids were used to modify AC, which resulted
in the development of polar, hydrogen-bonding functional groups like carboxylic acid on the
surface (Choi et al., 2006). Therefore, hydrophilicity ascribed to the carboxylic groups developed

on the surface of AC samples resulted in the solubility of Pciuran in water.

Furthermore, given that the Pcinurin Samples have a lower transmittance than the P, it can be
deduced that the former has a higher level of functionalization efficiency. Figure 4-4 shows a
picture of the bottles containing the P, Pyr, and Pcinran dispersions. It is visually evident that
Panrnn has a higher degree of dispersion in water, inferring the presence of functional groups

on their surface.
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Figure 4-3 Typical transmittance spectra of P, Pur, and Pcint v suspension samples after 24 h
settlement time
Figure 4-4 Image of the P, Pur, and PcintHy SUspensions in distilled water after 24 h settlement time

4.3.3 Adsorption isotherms

Batch experiments were carried out to determine the equilibrium isotherm of contaminants. To
this end, different amounts of Pyt (heat treated AC (ProLine®) at 900 °C under nitrogen flow) was

added to synthetic LWW (from 0.36 to 10.00 g.L ). Then the residual concentrations of NPEO3.17
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and COD in solution were measured. The adsorption capacity and removal efficiency were
determined according to Equation 1.2 and Equation 4.1. Figure 9-1 shows the influence of Pyt
dose on the NPEOs3.17 removal percentage and adsorption capacity. As shown in Figure S1, the
NPEQs.17 removal efficiency achieved 99% when the Pur dose was 2.00 g.L L. It is apparent that
the adsorption efficiency rose by increasing the adsorbent dose. It is readily understood that the
number of available adsorption sites increased by increasing the adsorbent dose, resulting in

increased removal efficiency.

Nevertheless, by increasing the GAC dose, the adsorption capacity declined from 2090 ug.g* at
0.36 g.L?! of Pyr to 123 pg.g* at 10.00 g.L* of 600 mg Pur. The adsorption capacity decreased
while increasing adsorbent concentrations. This was attributed to the unsaturation of adsorption

sites through the adsorption process.

Another reason may be the particle interaction, such as aggregation, resulting from high GAC
concentration. Such aggregation would lead to a decrease in the total surface area of carbon
particles available for adsorption and an increase in diffusional path length. Particle interaction
may also desorb some sorbate that is only loosely and reversibly bound to the carbon surface
(Raji & Anirudha, 1997). The COD removal and adsorption capacity show the same trend as
NPEOs.17. By comparison to NPEOs.17 removal, and as shown in Figure 9-2, the COD removal
achieved 98% when the Pyr concentration was 10.0 g.L™.

Figure 4-5a and Figure 4-5b, respectively, illustrate the equilibrium curves for the adsorption of
NPEOs.17 and COD on Pyy sorbents. According to the adsorption isotherm classification proposed
by Giles et al., the plot of NPEOs.1; was L curves or normal isotherm. Initially, as adsorbate
concentration increased, adsorbate found a site available until the number of adsorption sites was
limited, leading to a plateau. On the other hand, the isotherm for COD was S curves or vertical
orientation type. Intype S isotherms, the adsorption behavior is opposite to that of type L, resulting
in an increase in the slope of the curve with increasing adsorbate concentrations. At higher
concentrations, the solute molecules had a tendency to orient vertically, thus providing more sites
for adsorption (Giles et al., 1960). Considering the shape of the upper parts of the curves,
including plateax and changes in the slope, NPEOz.17 and COD isotherms were placed in L2 and
S1 subgroups, respectively. A subclass 2 of the L type isotherm means that the solutes had no
intermolecular interactions, with a long plateau indicating a saturation of the adsorbent monolayer.
Subclass 1 of the S type isotherm shows a complete vertical behavior of the adsorption capacity
(Adrian et al., 2017).
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Figure 4-5 Adsorption isotherm of a) NPEOsz.17 and b) COD by Pur (conditions: initial NPEOs.17 = 971 £
93 ug.L?, initial COD=573+55mg.Lt, T = 20 N 2 0.5 shakempspeed= 130.rfm,

treatment time = 180 min)

To better understand the relationship between the capacity of the adsorbent and targeted

pollutants, different adsorption isotherm models were used: Langmuir, Temkin, Freundlich,
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Redlichi Peterson, and Liu models. The results are presented in Tableau 4.6 and Tableau 4.7 for
NPEOs.17 and COD, respectively. Among these equilibrium models, Langmuir isotherm described
better the adsorption process (with an R? value as high as 0.995) over the entire NPEQOs3.17
concentration range studied (971 * 93 mg NPEOs.7. L) (Tableau 4.6). Indeed, Langmuir
adsorption isotherm is valid for monolayer sorption on a surface containing a limited humber of
sites, predicting a homogenous distribution of sorption energy (Seyhi et al., 2011). The maximum
NPEOs.17 concentration (Qm) capable of being adsorbed on Pur sorbent was estimated to be 2.17
mg.g™t.

This Qm value of NPEOs.17 calculated according to the Langmuir equation can be compared with
other adsorbents reported in the literature. Del Bubba et al. studied the sorption capacities of
sawdust-based biochar s, pyrolyzed at 450, 6 5 Oand
commercial activated carbons towards NPEO in textile wastewater. The maximum 4-NPsEO
concentrations capable of adsorbing on these adsorbents were estimated to be 1.67 + 0.09 mg/g
(for sawdust-based biochars, BC850) and 20.2 + 0.3 mg.g* (for commercial activated carbons)
(Del Bubba et al., 2020). In another study, the effect of the initial concentration of NPgEO was
evaluated in the maximum adsorption capacity on a crosslinked b-cyclodextrin-
carboxymethylcellulose (b-CD-CMC) polymer. The maximum NPgEO concentration capable of
adsorbing on b-CD-CMC adsorbent was estimated to increase from 1.10 £ 0.01 to0 6.8 + 0.1 mg/g,
while the initial concentration of NP9EO in the effluent increased from 12 to 82 mg.L* (Bonenfant
et al., 2010). It is worth noting that the initial concentration of the effluent is one of the main factors

in the adsorption capacity.

Considering the equilibrium curve of COD removal (Tableau 4.7), Freundlich equations described
very well the adsorption (with an R? value of 0.929 for the best fit) over the entire sorbent
concentration range studied (i.e.; 573 £ 55 mg COD.L?). Freundlich equation assumes that there
are multiple types of sorption sites acting in parallel, each site exhibiting a different sorption free
energy. For the Freundlich constant n>1, the sorbates are bound with weaker and weaker free
energies. By comparison, when n<1, it indicates that the free energy can be enhanced and more
sorbate can be adsorbed on the sorbent (Seyhi et al., 2011). In the present study, n = 0.45 (see
Tableau 4.7), it means that more COD can be adsorbed on Pyt sorbent. By comparison, Ahmad
and Hameed reported that adsorption of COD from textile wastewater onto the activated carbon
prepared from bamboo waste was well described by Freundlich isotherm and the value of n was
closed to 3.1 (Ahmad & Hameed, 2009). On the other hand, Patel investigated the adsorption of

COD from distillery spent wash using bagasse fly ash as the sorbent. In their study, they obtained
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a Freundlich exponent, n, of 0.66, indicating a different adsorption behavior compared to the

previous research. These findings highlight the influence of experimental conditions on the

adsorption process, indicating that factors such as sorbent type and wastewater composition can

significantly influence the adsorption mechanism (Patel, 2022). Overall, these data emphasize

the importance of considering the specific experimental conditions and characteristics of the

adsorbent and wastewater when studying adsorption processes. The variations in the Freundlich

exponent, n, indicate that adsorption behavior can differ depending on the experimental setup

and underline the need for comprehensive investigations to gain a better understanding of the

adsorption mechanisms under various conditions.

sBaker

Tableau 4.6 Isotherm models and parameters for NPEOs.17 adsorption on Pur (conditions: initial NPEOz.17
=971+93pgl?t, T = 20 N 2 ecCc, pH = 7.0 N 0.5,
min)
Isotherm model Expression Parameter Goodness of fit
Langmuir 0 06 Qm= 2168 pg.g! R2=0.995
p vo Ka= 0.0506 L.ug
6 p, p
= =0 =
v U] 0L
Temkin 0 11 1o b =302 pg.g? R2=0.963
Ki=1.3242 L.ug?
Freundlich o6 K= 266 pg06612 | 0-3388 -1 R2=0.974
n=2.95
Redlichi 5 6 K= 275 L.g1 R2=0.990
Peterson p 66 A=0.5468 L.jg
b= 0.7655
Liu 5 0 o) Qm=3095 pg.gt R2=0.988
p 0

Kg=0.0080 L.pg-
ng:0.55
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Tableau 4.7 Isotherm models and parameters for COD adsorption on Pur (conditions: initial COD = 573

5 mgLt T = 20 N 2 eC, pH = 7.0 N 0.5, shaker
Isotherm model Expression Parameter Goodness of fit
Langmuir " noa gm= 235 mg.g* R2=0.695
p LW Ka= 0.0255 L.mg?!
PP PP
n nNow N
Temkin (RS b =181 mg.g*! R2=0.456
K= 0.0447 L.mg+?
Freundlich R0 o K= 0.0036 L2176 mg1- 176,g-1 R2=0.929
n= 0.46
Redlichi Peterson r'] 0@ Ki=4.204 x 10* L.g* R2=0.892
p 0@ A= 3.349 x10° L.mg-!
b =0.5342
Liu i R 0® gm=5.229 x 10* mg.gt R2=0.899
P LW Kg= 0.0003 L.mg-t
Ng= 1.61

434 Adsorption kinetics

A kinetic study is valuable for determining the contact time between adsorbent and adsorbate,
controlling the efficiency of the process and understanding the mechanisms of the sorption
process. Figure 4-6 shows the removal of COD by Pyr against time. Results showed that the COD
removal reached 90% after 8h, and the efficiency increased gradually to reach 96% after 48h.
The adsorption rate was initially rapid, probably due to a large number of free surface sites

available on Py sorbents. Afterward, the adsorption rate became slower.

The adsorption of COD through activated carbon can be described in three phases based on the
nature of the removal curves in Figure 4-6. During the first phase (0-20 min), the adsorption
process of COD onto the adsorbent material was found to be instantaneous and faster. This phase
is referred to as external surface diffusion. In this stage, the adsorbent material, which in this case
is Pur, had an ample number of active adsorption sites available for the pollutant to attach to. As
a result, the adsorption process occurred rapidly. Moving into the second phase (20-470 min),

gradual adoption of COD was observed. This suggests that the adsorption mechanism during this
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phase is primarily governed by intra-particle diffusion. Intra-particle diffusion attributed to the inter-

ionic attraction and mol ecular interaction bet wee.]
As time progresses further into the second phase, the concentration of COD gradually decreases

due to the ongoing adsorption process. The decrease in available active sites on the adsorbent

leads to a slower rate of adsorption. This is because the adsorbent's active sites are gradually

being occupied by COD molecules, limiting the surface area available for further adsorption. In

the final phase (470-2880 min), adsorption reaches equilibrium. At this stage, the concentration

of COD in the solution becomes stable. The active sites on the adsorbent may have started to

decrease during this phase, contributing to the slower adsorption rate observed (Alharbi et al.,

2019).
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Figure 4-6  Adsorption kinetics of COD on Pur (conditions: initial COD =573 + 55 mg/L, T = 20
N 2 eC, pH = 7.0 N 0.5, shaker speed = 150 rpm, t

Adsorption kinetic allows an understanding of the mechanism of the sorption process for COD
removal. To evaluate the sorption rate, the kinetic data were modeled using pseudo-first order
and pseudo-second order equations. Elovich model (McLintock, 1967) and diffusional mass
transfer (intra-particle diffusion model) have been also applied. The data are summarized in
Tableau 4.8. High correlation coefficients were obtained for pseudo-second-order (R? = 0.982)
and Elovich (R? = 0.993) kinetic models. However, Elovich equation fitted the data better than the
pseudo-second equation. The Elovich constant, U, and the initial adsorption rate, b, were obtained

0.0469 g.mg* and 420 mg.g™*.min, respectively.
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In the study conducted by Rubi-Juarez et al., they examined the adsorption of COD in carwash
wastewater using commercial granular activated carbon at different concentrations of 7.5, 15, and
22.5 g.L. The researchers observed a decrease in the initial adsorption rate, which decreased
from 24.20 to 8.78 mg.gl.min! as the concentration of activated carbon was reduced (Rubi-
Juarez et al., 2017). In another investigation focused on COD adsorption kinetics, various
adsorbents were employed. The results showed distinct initial adsorption rates for each
adsorbent. For activated carbon, the initial adsorption rate was found to be 1.53 mg.g*.min?,
while zeolite exhibited a significantly higher initial adsorption rate of 505 mg.g™*.min"*. Composite
materials demonstrated the highest initial adsorption rate, measuring at 1.34 x 10* mg.g™*.min.
Additionally, the Elovich constant, which indicates the desorption constant, was determined for
the mentioned adsorbents. The values recorded were 0.141 g.mg™* for activated carbon, 1.258
g.mg* for zeolite, and 0.733 g.mg™ for composite materials (Halim et al., 2010a). These findings
highlight the variations in the adsorption kinetics and Elovich constants among different
adsorbents. The observed differences emphasize the influence of the choice of adsorbent
material on the adsorption process and suggest the importance of selecting the appropriate

adsorbent based on the specific application and target pollutant.

Elovich equation is applied to determine the kinetics of the chemisorption process (Adrian et al.,
2017). The COD adsorption in our study is probably governed by chemisorption processes. To
be sure about this statement, the energy of adsorption should be measured based on the
thermodynamics of adsorption. Chemisorption involves chemical bonding and electron transfer
between adsorbents and adsorbates. Interactions are mediated mainly by ionic or covalent bonds
(Khajvand et al., 2022).
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Tableau 4.8

Kinetic models and parameters for COD adsorption on Pur (conditions: initial COD =573 +

55mg.lL? T = 20 N 2 eCc, pH = 7.0 N 0.5, shaker

Kinetic model Expression Parameter Goodness of fit
Pseudo-first-order n np A ge= 210 mg.g* R2=0.950
model ke1= 0.0277 min-t
Pseudo-second- QN ge= 219 mg.g? R2=0.982
order model p Qno kp2= 0.0002 g.mgt.min"
Elovich model . P U= 0. Omgs 9 : R2=0.993

Ao—adp | e 99

| b= 420gininthg .

Second-order rate P 00 P k2= 1.042 x105 L.mg-t.min"! R2=0.799
model w w Ce= 185.9 mg.L?
Intraparticle n Qo O kp = 3.041 mg.gt.min05 R?=0.596

diffusion

| =98.3 mg.g?

435 Number of the adsorption cycles

Figure 4-7 shows the effect of the number of adsorption cycles on the removal efficiency of Pur.

It was found that the COD removal percentage reduced from 80% to 50%, whereas NPEO3.1;

efficiency reduced from 99.6% to 95.9% after ten consecutive adsorption cycles. The results

indicated that the used samples remain reactive with sufficient removal efficiencies of surfactant

molecules with multiple cycles. Hence, the activated carbon still contains free and available active

sites to adsorb more contaminants. After the regeneration of the spent adsorbent (Pur), the

activated carbon was again employed to remove COD and NPEOs.17. The efficiency was obtained
at 85% of the original for COD and 100% of the fresh Pnr for NPEOs3.17 removal.
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Figure 4-7 Effect of the number of adsorption cycles on the COD removal on Pyr (conditions: initial
NPEQs.17 = 971 + 93 ug.L%, initial COD=573+55mg.Lt, T = 20 KN.020.% shakep H =

speed = 150 rpm, treatment time = 180 min)

4.4 Conclusion

In this study, we used multistep modification methods on different coal-based GAC to observe
the effect of these modifications on their removal efficiency of NPEOs.17 in the adsorption process.
Functionalizing GAC aims to enhance the activated carbon capacity to remove NPEO3.17 and
COD from the synthetic wastewater. The modification process included acid treatment with HCI
to remove the inorganic contaminants, heat treatment undernitrogen gas at 900 eC t ¢
oxygen-acidic surface groups, and acid treatment with HNOj3 to introduce oxygen functional

groups.

By using heat treatment, the adsorption capacity of activated carbon increased remarkably in
comparison with acid treatment using HNOas. In a batch adsorption process, the percentages of
COD removal using P, Pyt and Pcinrnn, Samples were 63%, 80%, and 56%, respectively. The
initial COD was 573 + 55 mg.L ! in synthetic laundry wastewater. By comparison, the percentages
of NPEOs.17 removal were 99.55%, 99.54%, and 94.46%, respectively. The initial NPEOs.17
concentration was 971 + 93 ug.L?.

The experiments were then performed by using a relatively low concentrations of the activated
carbon 0.37 g.L . In these conditions, NPEOs.17 removal efficiencies of 41% and 62% were
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recorded while using untreated sorbent (P) and modified sorbent (Pur), respectively. Likewise,
NPEQs1; adsorption capacities of 1550 and 2092 pg.g? were measured for P and Pur,
respectively. It is worth noting that the pretreatment of activated carbon contributes to increase
the adsorption capacity by 35% (for NPEOs.17 removal). The proposed thermal treatment of AC

successfully enhanced their removal capacity of COD and NPEOsi7; by 17% and 21%,
respectively.
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Lien entre | 6article ou les articles pr®c®dent s

Le troisieme article (Chapitre 4) a étudié I'adsorption en cuvée (statique) pour I'élimination du
NPEO et de la DCO des eaux usées synthétiques de buanderies en utilisant du charbon actif
fonctionnalisé et non fonctionnalisé. Les résultats ont révélé que le charbon actif traité
thermiqguementmontraitu ne mei | | e ur eevemént simulamée du RIPED &teleld DCO
par rapport au charbon actif non fonctionnalisé. Le charbon actif traité thermiquement a réussi a
améliorer I'élimination du NPEOs3.17 et de la DCO de 21% et 16% respectivement. Cela souléve
la question de savoir si ce type de charbon actif fonctionnalisé serait efficace pour éliminer le
NPEO dans les eaux usées industrielles de buanderie en utilisant I'adsorption en lit fixe. Pour
répondre a cette question, le quatrieme article (Chapitre 5) examine les performances d'un
procédé en deux étapes combinant ['ultrafiltration suivie de I'adsorption en lit fixe en utilisant du
charbon actif fonctionnalisé pour I'élimination du NPEOs.17 et de la DCO présents dans les eaux
usées réelles de buanderie. De plus, différents parameétres, y compris le temps de rétention

hydraulique, la température initialled e | 6 e au al i netleratia muteut/deamdtreé (H/D)f i x e

de la colonne sont utilisés pour optimiser le procédéd 6 ad s or pti on
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Abstract

Managing wastewater in industrial laundries poses a significant challenge, particularly in the
removal of emerging contaminants like phenolic compounds. The performance of a two-stage
process combining ultrafiltration followed by adsorption using modified activated carbon was
studied for the removal of nonylphenol ethoxylate (NPEOs.17) from real laundry wastewater. A
Box Behnken design methodology was applied to identify the optimal experimental conditions in
terms of cost-effectiveness. Different parameters [hydraulic retention times (HRT), initial feed
temperature, and column height-to-diameter (H/D) ratio] were tested and, HRT was found to be
the most important parameter contributing significantly to NPEOs.17 and chemical oxygen demand
(COD) removal. The NPEO3.17 concentration (Co= 585 pg.L™) could be optimally diminished by
up to 99% by applying an HRT of 9.6 min for a temperature of 20 C and by imposing a H/D ratio
of 6.9. In these conditions, 82% of COD was simultaneously removed. Further investigation into
breakthrough behavior under these optimal conditions revealed that modified activated carbon
consistently demonstrated the ability to generate treated water with NPEOs3.17 levels significantly
below the reuse limit (< 200 pg.L™?), even after treating nearly 100 L of wastewater. Additionally,
the research investigated the impact of the initial concentrations of NPEOs.;7 and COD. The
findings revealed that modified activated carbon exhibited exceptional removal efficiency for
NPEOs.17, surpassing 99%, even at elevated initial concentrations. This study provides valuable
insights into an optimized and sustainable approach for industrial laundry wastewater treatment,
showcasing the potential for broader applications in environmental engineering and water

resource management.

Keywords: Continuous adsorption, Experimental design, Laundry wastewater, Nonylphenol

ethoxylates, Reuse

Highlight

1 Hybrid ultrafiltration and adsorption enhance LWW quality, reaching laundry reuse
standards.

NPEO in LWW degrades to NP, which is highly toxic to aquatic life.

Modifying activated carbon improves NPEO removal from LWW.

Heat treatment improved NPEO removal by increasing activated carbon's hydrophobicity.

= =4 4 =

Modified carbon yields water with NPEO < 200 pg.L? (reuse limit) after treating 100L
LWW.
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51 Introduction

Laundry wastewater (LWW) possesses a highly intricate chemical composition, comprising fats,
dyes, suspended solids, salts, organic matter, surfactants, solvents, plasticizers, emulsifiers, and
even pathogens (Rakesh et al., 2020). Among these, surfactants stand out as emerging pollutants
within  LWW, exerting both short-term and long-term impacts on water pollution, soil
contamination, and further human health (Tony et al., 2019). One of the features of many
detergents is their resistance to being degraded in conventional techniques and so being
accumulated within living organisms (Khajvand et al., 2022). Nonylphenol ethoxylate (NPEO) is
a versatile non-ionic surfactant which has been used in disinfectants, cleaning agents, detergents,
textile, paint, and soap industries (De La Fuente et al., 2010; Soares et al., 2008). Owing to their
widespread application, substantial quantities of NPEO enter wastewater treatment plants
(WWTPs), where they readily undergo biotransformation, forming nonylphenol (NP) and its short-
chained ethoxylates, namely mono- and di-nonylphenol ethoxylates (Priac et al., 2017). While
NPEOs themselves are not known to be carcinogenic, teratogenic, or mutagenic, it is important
to highlight that their alkylphenolic metabolites have been identified with concerns related to
toxicity, estrogenic activity, persistence, and a tendency to bioaccumulate (Del Bubba et al.,
2020).

Accordingly, reducing the presence of nonylphenol ethoxylates and nonionic surfactants in
effluents from household and industrial areas is crucial as some research has reported WWTP
effluents are a major source of these compounds (Brunner et al., 1988; Komori et al., 2006; Sabik
et al., 2004; Soares et al., 2008). For instance, the European Community has implemented
measures through Directive 2003/53/EC to prohibit the use of NP and NPEOs at concentrations
exceeding 0.1% in product formulations (Directive2003/53/EC, 2003). Additionally, the U.S.
Environmental Protection Agency (U.S. EPA) has taken both voluntary and regulatory actions
addressing NP and NPEO in the United States (EPA, 2005). Extensive efforts have been made
toward NPEO elimination in recent years (Carotenuto et al., 2019; da Silva et al., 2015; Gao et
al., 2014; Gao et al., 2017; Ho & Watanabe, 2017; Limmun et al., 2019; Stenholm et al., 2020).
The treatment of wastewater from laundries necessitates that multistep systems meet reuse
standards. Conventional physicochemical methods such as coagulation, flocculation, filtration,
and sedimentation are commonly used as pre-treatment (Kumari & Kumar, 2023; Patifio et al.,
2018). However, these methods alone often prove insufficient in removing refractory and non-
biodegradable substances. Combining these techniques with other treatment methods like

membrane filtrations (Camacho-Munoz et al., 2012; Li et al., 2000; Mostafazadeh et al., 2019),
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adsorption (Akbari Benghar et al., 2021; de Araugjo et al., 2022; Fan et al., 2011; Li et al., 2020;
Liu et al., 2006; Murai et al., 2006; Yuan et al., 2008), and advanced oxidation (Barrera et al.,
2021; da Silva et al., 2015; De La Fuente et al., 2010; Gao et al., 2021; Garcia-Segura et al.,
2018; Ji et al., 2022; Sivri et al., 2020) processes enhances effluent quality, making it suitable for

reuse.

Among these techniques, adsorption (ADS), particularly using activated carbon, emerges as an
effective and economically viable method for treating WW, especially in removing phenolic
contaminants (Priac et al., 2017; Shah et al., 2023). The efficiency of activated carbon lies in its
s i teetwity, large specific surface area, and abundant microporous volume (Akbari Benghar et
al., 2021; Liu et al., 2006; Yuan et al., 2008). In the modelling of such a process, three independent
variables stand out for their critical impact: hydraulic retention time (HRT), initial feed temperature,
and the height-to-diameter (H/D) ratio of the column. HRT is a key factor, as it controls the duration
for which the target pollutant interacts with the activated carbon, directly affecting the adsorption
efficiency (Inglezakis & Poulopoulos, 2006). The initial feed temperature is another significant
variable, influencing thermodynamics, kinetics, mass transfer, interphase transfer, and free
convection during adsorption (Adrian et al., 2017; Inglezakis & Poulopoulos, 2006). Finally, the
H/D ratio of the column, while maintaining a constant amount of adsorbent, plays a vital role in
determining the flow dynamics and distribution of the wastewater through the adsorbent bed
(Inglezakis & Poulopoulos, 2006). This ratio can affect the contact efficiency between the
wastewater and activated carbon, thereby influencing the overall effectiveness of the adsorption

process.

In this study, the previous research (Khajvand et al., 2023) on removing NPEOs; 17 from LWW is
expanded upon. While previous studies have predominantly focused on batch-scale
investigations of modified or functionalized adsorbents (Akbari Benghar et al., 2021; Dai et al.,
2018; Liu et al., 2006; Prediger et al., 2018; Soria-Sanchez et al., 2010; Xing et al., 2009; Yuan
et al., 2008), the present work employed the modified activated carbon (Pur) in continuous fixed-
bed adsorption for the treatment of real industrial LWW. In particular, the response surface
methodology (RSM) has been employed to design and optimize the adsorption process. For this
purpose, three key independent variables namely HRT, initial feed temperature, and the H/D ratio
of the column with a constant amount of adsorbent have been considered. To the best of the
authorsd knowl edge, t hi s st dymbsic adsokptéos studies,swhichf t  f r o n
typically prioritize factors like flow rate, bed height, and pollutant concentration, and is the first

report that focused on the impact of HRT and the height-to-diameter ratio, as two of the critical
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design parameters in continuous adsorption. Therefore, the main objective of this research is to
significantly improve the quality of treated LWW, effectively eliminating NPEO3.17, COD, and TSS
to meet laundry process reuse standards. Additionally, this work has evaluated and modelled the
breakthrough behavior for NPEO3.17 and COD removal under the optimal conditions. Finally, the
influence of the initial concentration of NPEOs..7 and COD has been investigated on the

performance of NPEOs.17 removal efficiency.

5.2 Materials and methods

5.2.1 Chemicals

The reagents required for analyzing NPEO in the solution including hydrochloric acid (34-37%),
dichloromethane (99+%), and methanol (Peroxide-Free/Sequencing) were acquired from Fisher
Scientific (Ottawa, ON, Canada), and formic acid was purchased from Honeywell. Furthermore,
a Supelcl e@amEbENVYPE tube (5 Whatmd/glass mitrofiberafiteds,
grade 934-AH® were obtained from Sigma Aldrich (Oakville, ON, Canada), and the surrogate was
sourced from Cambridge Isotope Laboratories, Inc. The chemicals utilized for analyzing COD
including potassium dichromate (099. 8%), mercuric
were obtained from Sigma Aldrich (Oakville, ON, Canada) as well as sulfuric acid (95-98%) was

purchased from Fisher Scientific (Ottawa, ON, Canada).

5.2.2 Laundry wastewater sampling, preparing laundry wastewater NPEO-
spiking and characteristics

The laundry wastewater was taken from an industrial laundry facility located in Quebec City,
Canada. In view of testing the two-stage process combining ultrafiltration and adsorption (UF-
ADS) under different experimental conditions and to simulate various levels of NPEO
contamination, LWW was enriched with GE Boost (from Gurtler Company). This detergent
contains nonylphenol ethoxylate with 3-17 ethoxylate chains. NPEO concentrations were initially
adjusted to 1095 + 50 ng.L? in the LWW before treatment. Mixing and stirring time of 1 h was
required to completely dissolve prior to the treatment using UF-ADS process. Characteristics of
raw laundry wastewater, spiked laundry wastewater and the standard for reusing reclaimed water

were presented in Tableau 5.1.
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Tableau 5.1 Characteristics of LWW, spiked LWW and standard for reusing reclaimed water

Values for reusing

Parameter Lww Spiked LWW (Mostafazadeh et al., 2019)
pH 10.1+0.1 99 £0.2

Conductivity [uS.cm-1] 490 + 33 454 +7

TSS [mg.L ] 10.3+2.8 140+ 21 ' 10

Turbidity [NTU] 15.1+1.9 110+ 1.4

COD [mg.L1] 146 + 38 585 + 14 100

NPEOQOz3-17 [ug.L?] 68.8 + 13.9 1095 + 50 200

5.2.3 Laundry wastewater pre-treatment using ultrafiltration

All the received industrial laundry wastewater was stored in a cold room at a temperature of 4 °C.
Prior to the main experiments, an ultrafiltration pretreatment step was considered to remove
suspended solids such as dirt, fibers, and other particulate matter from LWW. Besides, it can
effectively remove microorganisms, bacteria and viruses. The ultrafiltration (UF) system was the
dizzerR P 2514-0.5 model provided by inge GmbH, with a molecular weight cut-off (MWCO) of
1001 150 kDa. The UF membrane was constructed from polyether sulfone (PES) material and
had a porosity of 20 nm. A variable-flow pump was utilized to introduce the raw wastewater into
the membrane system, and water circulation was facilitated using a DC motor speed control pump
(KBPC-240D) installed on the skid. The features of the UF unit are presented in Tableau 5.2.

Tableau 5.2 Characteristics of UF used in this work
Material pore Surface Length Diameter Max p / T Operating
size area [mm] [mm] TMP [bar] [ e C pressure [bar]
[nm] [m?]
Hydrophilic
20 0.5 300 61 10/3 1-40 1-1.5

Polyethersulphone
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The resultant permeate from the UF unit was reserved for the subsequent adsorption process.

Tableau 5.3 provides an overview of the physical and chemical characteristics of the UF

permeate.
Tableau 5.3 Characteristics of UF permeate
Parameter UF S- Values for reusing
permeate (Mostafazadeh et al., 2019)
pH 9.10 £ 0.30
Conductivity [uS.cm-1] 404 + 3
TSS [mg.L ] 3.0+1.3 ' 10
Turbidity [NTU] 1.80 + 0.91
COD [mg.LY] 281 +8.9 * 100
NPEO3.17 [ug.L] 533 + 78 ' 200

UF S- permeate: permeate from ultrafiltration of spiked LWW

524 Treatment of permeate coming from UF using the adsorption process

The purchased activated carbon [ProLine® (P), Pentair Aquatic Eco-System Inc.] within a particle
range of 0.5 to 1.0 mm was subjected to heat treatment for modification. Activated carbon (5 g)
was filled into a tubular quartz reactor placed horizontally in a furnace. The samples underwent a
one-hour treatment at 900 °C while exposed to a nitrogen flow, and were labelled as "Pur". Further
details can be found in Khajvand et al. (Khajvand et al., 2023). This process, heat treatment at
elevated temperatures, has been employed to enhance NPEO removal efficiency by augmenting
the hydrophobicity of the activated carbon. In our prior study, untreated activated carbon (P)
achieved 41% NPEOs.17 removal, while heat-treated Pt improved efficiency to 62%. Besides, the
adsorption capacity for NPEOs.1; removal was enhanced by 35% by modification (Khajvand et al.,
2023).

A fixed-bed experiment was conducted to assess the adsorption capabilities of heat-treated
activated carbon (Pur), using a Plexiglass column as the experimental set-up. The column was
filled with a specific quantity of Pnr, amounting to 33 g, thereby establishing a fixed-bed adsorption
system. To ensure an even distribution of influent, two Plexiglas disks with hole diameters ranging

from 1.0 to 1.5 mm were placed at the inlet and outlet of the column. These perforated disks,

224



arranged horizontally, effectively demarcated the inlet and outlet zones. The column was also
equipped with ports for the introduction of influent feed and the collection of effluent. A sand
column was placed after the adsorption column to remove any ash released from activated

carbon.

For the experiments, UF permeate obtained from industrial LWW was employed as an influent.
The influent was introduced into the column upward from the feed tank using a Masterflex®
peristaltic pump. Throughout the process, periodic sampling was conducted to analyze the treated
LWW6s characteri st i c ssz conductVity turbidity, ard OE5, A sueraaic
representation of the fixed-bed column systems can be found in Figure 1-7.

5.25 Experimental design

The experimental design of the ADS process for COD removal was established using a Factorial
Design (FD) and Box-Behnken Design (BBD) methodology. The Box-Behnken Design, a type of
response surface methodology (RSM), is a statistical method for optimizing processes and
studying responses to multiple variables. It employs three levels for each variable, efficiently
exploring factor space without a full factorial experiment (Box & Behnken, 1960). For three factors
its graphical representation can be seen in a cube that consists of the central point and the middle
points of the edges (Ferreira et al., 2007). The structured and systematic nature of BBD facilitates
a more insightful analysis of the relationship between factors, contributing to a robust

understanding of the ADS process and its potential for LWW treatment.

Eight experiments (2 = 23, k is the number of factors) were performed for the FD matrix, with
each factor set at two different levels (-1 and +1). On the other hand, the BBD matrix consisted
of a total of 17 assays, including runs at the center point, as described by the formula
2kz (k1 1)+c=223(31 1)+5, where k is the number of factors and c is the number of center point
runs. The three independent variables chosen for modelling the adsorption process were
hydraulic retention times (HRT) (X1), the initial temperature of the feed (X2), and the height-to-
diameter (H/D) ratio of the column with a constant amount of adsorbent (X3). COD removal
efficiency (Y1) was considered a dependent factor (response). The chemical oxygen demand
(COD) is a critical parameter assessed along with surfactant concentration in LWW. Notably, a
robust correlation between COD and surfactant concentrations was reported (Leal et al., 2011,
Lin & Leu, 1999). As a result, this study specifically quantified the percentage of COD removal
during conducting the RSM experiments. The experimental independent factors, their ranges, and

coded values are presented in Tableau 5.4.

225



Tableau 5.4 Experimental range and levels of independent process variables using FD methodology.

Coded Factor (U) Experimental field Uio U
variables (X :

Mi n v al u Maxvalue (+1)
X1 U1:HRT [min] 5 15 10 5.0
X2 U2: H/ID 1.9 6.9 4.4 25
X3 Uss: Temperat 20 50 35 15

Uio is the average of the minimum and maximum values of the factors.

odJi is the change of the maximum (or minimum) value with the average value.

It should be noted that process variables and their ranges were determined by using the previous
studies and conducting preliminary experiments. HRT has selected between 5 to 15 min ranges,
aligning with the range frequently utilized in literature (Adak et al., 2005; Agustina, 2014; Ahmad
& Hameed, 2010; Brook et al., 2015; Daffalla et al., 2022; de Franco et al., 2017; Drogui et al.,
2012; Jawaduddin et al., 2019; Mostafazadeh etal., 2 0 1 9 -Turet al.t 2005; Yang et al.,
2009; Zipf et al., 2016). Given the insights from the previous studies (Ashfaq & Qiblawey, 2018;
AZUWATER, 2 0 Tk et ab,02606)aamd information obtained from the laundry facility
operator,a f eed temperature ranging from 20 eC (
of the effluent directly from the washing machine) was considered. As for the H/D ratio,
investigations in the literature have examined this specific ratio within a range of 2.4 to 10 (Daffalla
et al., 2022; Hernandez-Leal et al., 2011; Liu et al., 2010; Markovska et al., 2001; Patel et al.,
2020). For our experimental set-up, we have constructed three fixed-bed columns, each with
distinct dimensions, as detailed in Tableau 1.8. Additionally, a specific feed volume of 5 L was
employed for each experimental run, ensuring consistency across treatments. The evaluation of
effluent characteristics took place subsequent to the treatment of this specified volume of

wastewater.

5.2.6 Breakthrough behaviour of ADS process

The next set of assays studied the breakthrough behaviour of the NPEOs;..7 and COD adsorption
process under optimal conditions. Concentration measurements of outlet samples were taken at
different intervals to observe the breakthrough curve, providing valuable insights into the

adsorbent's efficiency. Assessing the functionality of fixed-bed columns in the adsorption process
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typically relies on experimental investigations carried out within laboratory-scale columns. Data
collected in this setting can be employed to predict and assess practical-scale columns'
performance using established mathematical models designed for such purposes. Data gathered
here can be utilized to predict and evaluate the performance of the practical size columns through
the appropriate mathematical models already established for such purposes (Patel et al., 2022).
The present study utilized six analytical models to ascertain breakthrough performance and
evaluate the kinetic constants of fixed-bed columns. The models included the Bohart-Adams
(Bohart & Adams, 1920), Yoon-Nelson (Yoon & Nelson, 1984), Thomas (Thomas, 1944),
Wolborska (Wolborska, 1989), Yan (Yan et al., 2001), and Clark (Clark, 1987) models. These
models were elaborated on in the supplementary material.

In the last set of assays, our primary focus shifted towards examining the influence of the initial
concentration of NPEOs.1; and COD, utilizing the optimal conditions determined from the Box-
Behnken design's results. To thoroughly investigate the effect of the initial concentration of the
feed, we introduced varying amounts of the detergent, GE Boost, to the UF permeate, thereby
allowing us to adjust the initial concentration levels. For the experiments, the initial NPEO3.17
concentrations in the feed were adjusted within the range of 534 + 78 to 1233 + 34 ug.L™.
Similarly, the COD of the same solutions encompassed concentrations ranging from 281 + 9 to
690 + 13 mg.L™. These adjustments allowed us to understand the process's efficiency and
effectiveness under various pollutant load scenarios, providing valuable insights into its

performance across different concentrations.

5.2.7 Instrument and analysis

A Lindber g/ BMiutee METWbemi Furnace, consisting

was employed to perform precise heat treatment on activated carbon samples.

The analysis of COD was carried out using a UV-type spectrophotometer, model 0811 M136,
manufactured by Varian brand, Canada Inc., following the analytical method (MA 315-DCO 1.1).
To determine the high-level COD concentrations, ranging from 80 to 800 mg.L™* O, a calibration
curve was constructed using standard solutions of 0, 100, 300, 500, and 800 mg.L:. The
absorbance of these solutions was measured at a wavelength of 600 nm. For the low-level COD
measurements, spanning from 5 to 100 mg.L* O, another calibration curve was generated using
standard solutions of 0, 10, 30, 70, and 100 mg.L*, with absorbance readings taken at 420 nm.
This comprehensive approach ensured accurate and reliable COD analysis across the specified

concentration ranges (Gouvernement du Québec, 2016).
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The MA 400 - NPEO 1.1 method was employed for assessing the concentration of NPEOs3.17. The
sample preparation process consisted of four distinct phases: washing, conditioning, extraction,
and recovery. In the washing phase, the carbon cartridge (tube) underwent a thorough cleaning
in three steps. It was washed twice with 6 mL of dichloromethane and then twice with 6 mL of a
standard solution containing methanol, dichloromethane, and formic acid. Then, twice again with
6 mL of dichloromethane to ensure proper cleaning. For the conditioning phase, two steps were
followed. Initially, 6 mL of methanol was added to the tube, followed by the addition of 20 mL of 2
N hydrochloric acid. This conditioning step prepared the tube for the subsequent extraction
process. During the extraction phase, the acidified sample with hydrochloric acid (adjusted to
pH=3.0) was combined with 100 €L of a 1 mg.L* surrogate solution and then passed through the
tube. As a result, NPEOs3.17 compounds were effectively extracted as they passed through the
carbon cartridges. Moving on to the recovery phase, 9 mL of the standard solution was passed
through the tube to collect the solution containing NPEOs.17. This collected solution was subjected
to nitrogen gas to completely dry the extracted contents. The resulting residue was then dissolved
in 1 mL of methanol to create the final sample for analysis. To determine the concentration of
NPEOs.17, the prepared sample was passed through liquid chromatography coupled with a

tandem mass spectrometer (LC-MS/MS) (Gouvernement du Québec, 2019).

The pH and conductivity values were determined using a Fisher Scientific pH meter (model

AP115) and a Mettler Toledo SevenCompact conductivity meter, respectively.

Turbidity levels were measured through an optical test utilizing the HACH TL2300 turbidimeter,
calibrated within the range of 0 to 4000 NTU to determine light reflection capability.

Following the analytical method (MA 115 - S.S. 1.2), the analysis of suspended solids involved
filtering a sample through a pre-conditioned and weighed Whatman 934 AH filter. After filtration,
the residue was dried at 103-105°C and re-weighed. The weight difference provided the measure
of suspended solids (Gouvernement du Québec, 2015).

By following this methodology, we aimed to gain insights into the efficiency of the adsorption
process using heat-treated activated carbon to remove NPEOs3.17 and COD from LWW, leading to

potential applications for reusing in the washing cycle.
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53 Results and discussion

5.3.1 Contribution of the experiment parameters on the adsorption process
using the factorial design methodology

The factorial design methodology was employed to study the effect of different processing

parameters on the removal of COD. In this regard, three parameters namely HRT (U1), initial feed

temperature (U2), and column height-to-diameter ratio (U3) were taken as variable factors.

Therefore, the factorial matrix design required 8 runs. The experimental layout and the obtained

results are detailed in Tableau 5.5. As can be found in this table, the most significant COD removal
efficiency was achieved at run 8 where U1, Uz, an
Through this design approach, it becomes feasible to discern the primary impacts of each

individual factor, as well as their pairwise and three-way interactions. The experimental response

linked with the 2® FD, involving three variables, is modelled by a linear polynomial model with

interactions according to Equation 5.1.

Equation 5.1 - Response prediction: linear polynomial model by 23 factorial design.

O O OO DO OO DAY DAL OO (32)
Where Y is the experimental response (here, the COD removal in this context)
bo is the average response value among the eight assays
Xiis the coded variable, taking values of either (-1) or (+1)
bi is the main effect of factor i on the response
bjj is the interaction effect between factors i and j on the response
Therefore, the coded form for COD removal can be reformulated mathematically as Equation 5.2.

Equation 5.2 - COD removal prediction: a linear polynomial model by factorial design.

® YO WML oPM 0PW (33)

Where Y is COD removal [%)]
X1is HRT [min]
Xz is height to diameter ratio (H/D)

XsisTemperature [ eC]

The effectiveness of the linear model was assessed through the determination coefficient (R?),

the adjusted determination coefficient (adj-R?), and the predicted determination coefficient (pred-
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R?). These coefficients were obtained by conducting a regression analysis that compared
predicted and observed values. These coefficients collectively indicate the model's capacity for
accurate prediction (Carabin et al., 2016). In this investigation, the R?, adj-R?, and pred-R? values
stood at 0.981, 0.966, and 0.923, respectively. Furthermore, a p-value of 0.0007 was derived for
the model. Considering that the hypothesis tests were conducted with a significance level (U) of

0.05, corresponding to a confidence level of 95%, this p-value highlights the model's statistical

significance.
Tableau 5.5 Experimental factorial matrix in a 22 design in FD methodology and comparison between
observed and predicted values
Runs Experiment design Experiment plan Results
COD removal (%)
X1 X2 X3 Ui[min] U2[ e ¢ Us Observed Predicted

value value

1 +1 -1 +1 15 20 6.9 88 89

2 -1 +1 -1 5 50 1.9 76 75

3 -1 +1 +1 5 50 6.9 82 83

4 +1 +1 -1 15 50 1.9 88 88

5 -1 -1 -1 5 20 1.9 67 69

6 +1 -1 -1 15 20 1.9 83 82

7 -1 -1 +1 5 20 6.9 78 77

8 +1 +1 +1 15 50 6.9 94 95

The contribution percentage of each factor, as well as their interactions toward the response, can

be determined using Pareto analysis (Daghrir et al., 2014) as Equation 5.3.

Equation 5.3 - Pareto analysis

- rQ 34
B G p hiQ m (34)

Where bi is the estimation of the primary effects associated with factor i,

k is the total number of factors
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The contribution of each factor to COD removal is represented in Figure 5-1. According to this
figure, COD removal was primarily influenced by HRT, which held a substantial effect of 60.1%
on the response. This is while the H/D ratio and initial feed temperature show lower contribution
impact at 21.4% and 15.7%, respectively, where the combined effect of various interactions only
contributed to 1.9% of the COD removal.

£ 70 61.0
g 60 1
=
§ 50 F
= 5
3 40
2 30} 21.4
e 15.7
_E 20 F
2 10t} ; 0.6 0.8
= -_— —
g2 0
o X1 X2 X3 X1X3 X1X2X3
HRT Initial feed  H/D ratio
temperature
Factor
Figure 5-1 Contributions of different factors on COD removal by FD

The findings elucidate that the response is substantially modelled by factors wielding significant
influence. For establishing optimal conditions for COD removal, a subsequent phase involving

utilization of the RSM was exploited to determine the optimal treatment conditions for LWW.

5.3.2 Effect of the experiment parameters on the adsorption process using
Box-Behnken design methodology

A comprehensive set of seventeen assays was predicted in order to find optimal values for the

factors influencing COD removal, HRT (U1), initial feed temperature (U2), and column H/D ratio

(U3), through the utilization of BBD. These assays included five central runs within the

experimental region of interest. Tableau 5.6 summarizes the 3-factors BBD matrix and compares

experimental and predicted values of COD removal efficiency.
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Tableau 5.6 Box-Behnken matrix and comparison between observed and predicted values

Runs Experiment Experiment plan Results
design COD removal (%)
X1 X2 X3 Ui[min] Uz[ e C U3 Observed value Predicted value
1 +1 -1 0 15 20 4.4 85 86
2 +1 +1 0 15 50 4.4 90 91
3 -1 0 +1 5 35 6.9 80 79
4 -1 -1 0 5 20 4.4 72 73
5 0 0 0 10 35 4.4 82 82
6 +1 0 -1 15 35 1.9 85 86
7 0 0 0 10 35 4.4 83 82
8 0 -1 -1 10 20 1.9 79 77
9 -1 +1 0 5 50 4.4 79 79
10 -1 0 -1 5 35 1.9 72 74
11 0 +1 -1 10 50 1.9 83 82
12 0 0 0 10 35 4.4 82 82
13 0 0 0 10 35 4.4 82 82
14 +1 0 +1 15 35 6.9 90 91
15 0 -1 +1 10 20 6.9 82 82
16 0 +1 41 10 50 6.9 87 87
17 0 0 0 10 35 4.4 82 82

Figure 5-2 depicts COD removal for experimental and predicted values. An agreement between
actual and predicted values of COD removal is satisfactory and consistent with the linear model,

Equation 5.5.
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Equation 5.4 - COD removal prediction: a linear polynomial model by BBD.

O YT PO BHD DO (35)

95+

o] [o2] Yo}
o 9] o
| | |

Predicted [%]

~J
vl
|

70

\ | | | \ \
70 75 80 85 90 95

Actual [%]

Figure 5-2 Comparison between experimental and predicted values for removal of COD

The close agreement between observed and predicted values is demonstrated from the low
relative deviation values. Figure 5-2 visually compares the observed and predicted values of COD
degradation, demonstrating a strong correlation between the two. Based on the experimental
results, the COD removal can be described by the linear polynomial model. The coded equation
was obtained using the Design-Expert® Program, as detailed in Equation 5.5. Furthermore, the
calculated coefficients for R?, adj-R?, and pred-R? are 0.960, 0.951, and 0.919, respectively.

Equation 5.5 - COD removal prediction: a linear polynomial model by BBD.

W YT PO BHD B O (36)

An analysis of variance (ANOVA) was applied to evaluate the fitted model. The summary of model
fitting is detailed in Tableau 5.7. The model is statistically significant, as indicated by the low p-
value (<0.0001). For COD removal efficiency, the significant model terms include X1, Xz, and Xa.
Model terms with p-values greater than 0.10 were considered insignificant and were excluded

from the developed linear model (Tableau 11.2).
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Tableau 5.7 Analysis of variance (ANOVA), fit summary results for COD removal

Source Sequential Lack of fit p- Adjusted R? Predicted R?
p-value value
Linear ' 0.0001 0.0144 0.9513 0.9186 Suggested
2FI 0.2794 0.0148 0.9561 0.8650
Quadratic 0.2631 0.0140 0.9633 0.7635
Cubic 0.0140 0.9944 Aliased

Three contour plots of constant COD removal (depicted in Figure 5-3) are provided to elucidate
factors leading to increased COD removal. The HRT remained fixed in each figure, revealing a
clear trend of enhanced COD removal with an increased HRT. The elevated levels of HRT,
temperature, and H/D ratio contribute to COD removal. Detailed discussions on these parameter
effects follow in the subsequent section. Supplementary material includes contour plots of
constant COD removal illustrating the effect of initial feed tempreture (Figure 11-1), the effect of
H/D ratio (Figure 11-2), and a surface plot of the BBD for COD removal as a function of HRT and
initial temperature (Figure 11-3).

(b) (c)

Removal COD (%) Removal COD (%)

(a)

Removal COD (%)

L/D
L/D

20 26 32 38 44 50 20 26 32 38 44 50 50
TIC] TIq T

Figure 5-3 Contour plots of the COD removal a) HRT= 5, b) HRT= 10, and c) HRT= 15
53.21 Effect of superficial hydraulic retention times
The experiments involved conducting studies in columns at three distinct flow rates namely 16.9,

8.5, and 5.6 mL.min™. These flow rates were chosen to attain retention times of 5, 10, and 15
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min, respectively. The contribution of HRT to the adsorption of COD by heat-treated active carbon
was calculated at 60% (Figure 5-1). Figure 5-3 reveals advancement in COD removal as HRT
increases. For instance, the COD removal rate increased from 82% to 87% and further to 94%
as the HRT was extended from 5 to 10 and then to 15 min, all while maintaining a temperature of
50°C and a H/D ratio of 6.9. This phenomenon primarily stemmed from the prolonged interaction
time between organic pollutants in the permeate and the binding sites within the Pyr. These
findings aligned with those reported by previous researchers (Halim et al., 2010b; Lim et al., 2009;
Netpradit et al., 2004; Salamatinia et al., 2008). By extending the HRT, the corresponding
increase in contact time between the adsorbent and the adsorbate provided molecules with a
greater opportunity to diffuse toward the active sites within the adsorbent that were not easily
reachable (Ye et al., 2018). This, in turn, results in improving adsorption efficiency and delaying
system saturation. This desirable outcome could compensate for the external transfer rate of
organic pollutants to the binding sites. Conversely, lower HRT diminishes contact duration and
opportunity for contact between the binding sites and organic pollutants. Additionally, weaker
adsorbate attachment to binding sites within the Pyt may lead to detachment at lower HRT levels,

aligning with higher flow rates (Salamatinia et al., 2008).

5.3.2.2 Effect of initial temperature of the feed

To evaluate the effect of temperature on COD removal, three temperatures namely 20, 35, and
50 eC wer e a«cdniiluteom of thd feesl temperature to the adsorption of COD was
calculated at 15.7% (Figure 5-1). Figure 11-1 clearly illustrates that as the temperature increased
within this range, the removal of COD showed a rise. This phenomenon is likely attributed to the
heightened chemical interactions between adsorbates and the adsorbent, implying that the
adsorption process is endothermic. For example, when keeping the volume of permeate constant
and maintaining an HRT of 15 min and an H/D ratio of 6.9, the rate of COD removal experienced
an improvement. It climbed from an initial value of 88% at 2 094&@tt &0 e C.

Various studies on the impact of temperature on COD removal consistently show that higher
temperatures enhance adsorption capacity. El-Naas et al. (2010) used activated carbon (AC) in
wastewater treatment and found that increasing the temperature from 25t o 6 0 e C

adsorption capacity. This was attributed to the elevated kinetic energy of the adsorbate at higher
temperatures, improving availability at active sites and expanding pores within the adsorbent
particles. These results are consistent with those suggested by Nayl et al. (2017) in that their

research centred on the utilization of AC for the adsorption of COD from treated sewage. This
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finding highlights a direct correlation between temperature elevation and an increase in the
guantity of COD adsorbed. Such results support the notion that the adsorption process for COD
using activated carbon is endothermic in nature. Similarly, prior investigations into the adsorption
of NPEO have consistently revealed an endothermic nature of the process, with an associated
enhancement in NPEO removal efficiency as temperature is raised (Fan et al., 2011; Li et al.,
2020; Yuan et al., 2008). Li et al. (2020) demonstrated that higher temperatures enhanced the
kinetic energy of NPEO molecules, promoting faster diffusion into the inner pore surface of

ordered mesoporous carbons.

5.3.2.3 Effect of height-to-diameter ratio of the column

The impact of the height-to-diameter (H/D) ratio through contour plots is presented in Figure 11-2.
The contribution of the H/D ratio on the adsorption of COD by Pxr was calculated at 21.4% (Figure
5-1). The result shows that direct correlation between the H/D ratio on COD removal. For instance,
the COD removal increased from 83% to 88% as the H/D ratio of the column was elevated from
1.9t06.9.

There is a scarcity of literature investigating the effect of the H/D ratio in a constant bed volume
in continuous adsorption. Keeping the bed volume consistent across all three columns required a
change in the height and diameter of the column. In particular, the H/D ratio was obtained by
increasing the column height and reducing the
ratio is higher, an adsorbate must traverse a greater distance before exiting the column in
comparison to when the H/D ratio is lower. This extended diffusion path might be translated to
increased interaction between the adsorbate and the adsorbent particles within the bed, thereby
offering a greater number of binding sites for adsorption. Besides, as per Equation 5.6, at a
constant HRT, the superficial velocity is directly proportional to the height of the bed.
Consequently, the superficial velocity of the solution experiences an increase upon keeping the
HRT ratio constant with increasing the H/D ratio.

Equation 5.6 - Hydraulic retention time

gy, @O
oYYz = (37)

Where Vis the bed volume [cm]

Qs volumetric flow rate of the liquid [mL.min]
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His the bed length [cm]

Us is superficial velocity [cm.min]

Increasing the superficial velocity can cause contrasting consequences, encompassing several
distinct aspects: (a) it can boost external mass transfer by facilitating the rapid arrival of the
adsorbent to the film surrounding the particle, (b) it can diminish the thickness of the film covering
the particle, reduce the accompanied resistance, and enabling the adsorbent to reach to the
particle's surface swiftly, and (c) it can lead to the detachment of adsorbate molecules with weak
bonds from the particle's surface. Notably, the first two effects, (a) and (b), serve to augment mass
transfer, while the latter (c) exert a diminishing impact on it. Remarkably, these favourable
outcomes had the potential to offset the negative repercussions of increased superficial velocity.
As a result, the mass transfer rate experienced an enhancement when operating at a higher H/D
ratio, ultimately leading to an increased adsorption capacity for organic pollutants by the
adsorbent (Adrian et al., 2017; Kovo et al., 2023).

53.24 Optimization of COD removal

Optimal circumstances were obtained by Design-Expert® Program Software considering the
following conditions. To ensure COD removal within acceptable limits for potential reuse of treated
LWW, a maximum residual concentration of 100 mg.L* was considered. Additionally, minimizing
the HRT was prioritized to reduce treatment costs. Finally, we considered the feed temperature
as the ambient temperature to consider the temperature drop after discharging from the laundry
facility and performing the pre-treatment. The optimization criteria for the adsorption treatment of
LWW were as follows: (a) maximizing COD removal efficiency with high importance (weighting
factor 5/5) and achieving a residual COD value below 100 mg.L?, (b) considering feed
temperature equal taotan2eqQweigh@ingdactdr 8/5),lard ¢cyn@nimizingrHRT

with lesser importance (weighting factor 2/5) for cost reduction. The optimal solution was found

to be an HRT of 9.6 min, a temperature of 20

In order to evaluate the reliability of the model and the effectiveness of the optimization approach,
supplementary experiments were conducted under these optimized operational conditions. By
treating a volume of 5 L from the permeate, the observed average COD removal rate was
experimentally measured at 82.4 £ 1.4. These findings closely aligned with the prediction from
the Design-Expert® Program Software, which anticipated a COD removal of 81.6% (as shown in
Tableau 5.8). This consistency further attests to the model's robustness and the optimization

process's validity.
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Tableau 5.8 Optimum operating conditions

Results

Experiment plan
COD removal (%)

Ui [min] Uz[ e C] Us Observed value Predicted value

9.6 20 6.9 824+1.4 81.6

5.3.3 Modelling of the breakthrough curve

The performance of the adsorption process in removing NPEO3.17 was thoroughly investigated
under optimal conditions by monitoring the concentration of outlet samples at various time
intervals. During this test, 94 L of permeate was treated using 33 g of modified activated carbon
(Pu1). In order to simulate a real application test, the initial concentration of NPEO3.17 was 534 +
78 pg.Lt falling within the typical range of concentrations found in real LWW, as reported in the
literature (260-2400 pg.Lt) (Mostafazadeh et al., 2019). It is worth mentioning that prior studies
(Murai et al., 2006; Narkis & Weinberg, 1989; Paria & Yuet, 2007) have predominantly been
conducted using synthetic wastewater containing high levels of NPEO concentrations. Some of

these studies even surpass the specified values.

Figure 5-4 illustrates the removal efficiency of NPEO3.17 under optimal conditions as a function of
time. As it can be seen in this figure, after 178 h of treatment, the C/C, remained effective at less
than 0.01 (equal to 99% removal percentage). Under these conditions, modified activated carbon
(Put) exhibited a substantial capacity, effectively capturing nearly all of the NPEOs.17 from the
solution due to the abundance of available active sites. Notably, the adsorbent-to-treated water
ratio was obtained at 0.35 g.L?. Interestingly, thanks to the robust and enduring performance of
the adsorption process by Pyr, the NPEO breakthrough curve did not approach the breakthrough

point even after processing 1120-bed volumes of wastewater.
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Figure 5-4 The breakthrough curve for NPEOs.17 under optimal conditions (initial concentration of

NPEOz17 =534 + 78 pug.L1, HRT=9.6 min, H/ D=6.9, and T=20

Several factors including pore size and functional group influence the adsorption of NPEO in LWW
(Yang & Ren, 2010). Literature suggested pores with diameters exceeding 1.5 nm play a pivotal
role in determining the adsorption capacity of NPEO (Xing et al., 2009). This size is in agreement
with the purchased carbon used in this work. Furthermore, the functional groups on the adsorbent
surface could offer beneficial or detrimental effects on NPEO capture capability. The authors
elucidated in their previous study (Khajvand et al., 2023) that ethoxylated surfactants are
adsorbed as monomers below the critical micelle concentration (CMC). This is due to the fact the
surfactants (NPEQO) use their hydrophobic moiety to adhere to hydrophobic surfaces of sorbent
(modified activated carbon). It is worth mentioning that the NPEO concentration typically found in
LWW (ranging from 260 to 2400 pg.L?) falls below the CMC of NPEOs.17, equivalent to 42,000
ug.L. Therefore, a lower density of oxygen groups on the activated carbon's surface combined
with increased surface hydrophobicity leads to higher rates of NPEO adsorption. Consequently,
modifications such as heat treatment at elevated temperatures utilized in this work led to

enhanced NPEO removal efficiency by augmenting the hydrophobicity of the activated carbon.

In comparison, a recent investigation focused on the adsorption of NPEOs with different
ethoxylate chain lengths (10, 40, and 100). The researchers generated breakthrough curves for
NPEO10, NPEOQO4, and NPEOq, all starting with an initial concentration set at 50% below the
CMC. To achieve adsorbent saturation, they obtained the required solution volumes of 30, 15,
and 6, respectively (de Aradjo et al., 2022). In another study, Murai et al. (2006) conducted

research focusing on the adsorption of NPEO1o. They used a crosslinked b-cyclodextrin polymer
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as the adsorbent, with particle sizes ranging from 0.1 to 2 mm. The initial concentration of NPEO1¢
was chosen to exceed the CMC at 0.15 mM, and the adsorption experiments were carried out at
room temperature. The experimental conditions encompassed an HRT of 12.8 min, a quantity of
3 grams of adsorbent, a bed volume of 23 cm?®, and an H/D ratio of 21.4. Under these specific
conditions, the adsorbent became saturated after processing 1 L of the solution. This result is
consistent with those obtained by Paria and Yuet who investigated the breakthrough curve of
NPEOs with an initial concentration above CMC (Paria & Yuet, 2007).

Furthermore, the dynamic behaviour of the column was predicted using various models. Given
the exceptionally low concentration of NPEOs.17 in the effluent, the general model-2 (Equation
11.8) for low effluent concentration (C/Co << 1) was employed. Figure 5-4 illustrates the overlay
of experimental data points and the theoretically calculated data lines for NPEOs.17. As it can be
observed in this figure, the model demonstrated its ability to predict outcomes and effectively fit
with the data. The values of R? and adj-R? reached 0.959 and 0.953, respectively. Detailed
information on the parameters predicted using the Bohart-Adams and Wolborska models, along

with the goodness of fit, can be found in Tableau 5.9.

Tableau 5.9 Parameters predicted from the Bohart-Adams and Wolborska models and model deviations
for NPEOs.17 adsorption by Pur at optimal conditions (initial concentration of NPEO3z.17 = 534 +
78 ug.L1, HRT=9.6 min, H/ D=6. 9, and T=20 N 2 eC)

Model Constant Goodness of fit
SSE R2 Adj-R? RMSE
Bohart-Adams kag = 0.00046 [mL.ugt.min-] 4,73x10¢ 0.957 0.953 8.22x104

No = 1628 [pg.mL"]

Wolborska O b= 44.6 [h] 4.73x10%  0.957 0.953  8.22x10+%
No = 1628 [pg.mL"]

SSE: sum of squared errors

RMSE: root mean squared error

There is a scarcity of literature addressing the modelling of breakthrough curves for NPEOs. In a
recent study conducted by de Aradjo et al. (2022), the applicability of the Bohart-Adams, Thomas,
and Yoon-Nelson models was examined in predicting the breakthrough behaviour during the
adsorption of NPEOs within reservoir rocks; although, they reached bed saturation during the

treatment process. On the other hand, the concentration of COD in the effluent exhibited a
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consistent upward trend until it ultimately reached a point of saturation. Figure 5-5 illustrates the
breakthrough curve for COD. Initially, the COD concentration in the feed was 285 + 10 mg.L™.
While its value in the effluent started at 13.6 mg.L?, the effluent COD gradually increased and
reached approximately 100 mg.L?* at around 63 h, with nearly 34 L of permeate being treated by
then. The section of the breakthrough curve where the effluent COD concentration remained
below the reuse standard of 100 mg.L* (Mostafazadeh et al., 2019) was referred to as the
Afoperating | imito. Within this range, t he

Therefore, By introducing more influent (permeate) it could be observed the effluent COD
eventually increased and reached 0.9 of the influent COD (equal to 10% removal percentage) at
140 h. The COD value remained relatively stable from this point onward, extending until 178 h.
The bed's saturation and the subsequent lack of active sites to capture additional COD were
primarily attributed to the high initial concentration of COD, particularly when compared to NPEOa.

17.
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Figure 5-5 The breakthrough curve for COD under optimal conditions (initial

concentration of COD = 281 + 9 mg.L!, HRT=9.6 min , H/ D=6. 9, and T=20

In comparison, Patel used different activated carbons to treat greywater and reduce COD. The
column adsorption analysis revealed that all three adsorbents exhibited similar breakthrough
curves. However, after 320 min, CJ/Co reached a stable plateau of around 0.8, indicating
adsorbent saturation (Patel et al., 2020). In another study, Mostafazadeh et al. (2019) used

integrated treatments, including ultrafiltration followed by resin or activated carbon adsorption, to
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remove COD from real LWW. They conducted continuous adsorption experiments at varying HRT
to assess how HRT influenced COD removal. Interestingly, they observed a minor initial uptick in
residual COD concentration at the column outlet within the first 2 h of operation. Subsequently,
the concentration remained steady over time. Although the initial COD concentration of the
solution remained nearly constant, the superior COD removal efficiency observed in our study
can likely be attributed to several factors, including activated carbon modification, particle size,
and the dimensions of the absorption column.

Various models were employed to characterize the breakthrough curve, including the Bohart-
Adams, Thomas, Yoon-Nelson, Yan, and Clark models. Figure 5-5 illustrates the overlap of
experimental data and the corresponding theoretically calculated points for the CJ/Co ratio.
Notably, the general model-1 and the Clark model provided a reasonably accurate prediction of
the results. In Tableau 5.10, a summary of the constant values derived from different model
equations is presented alongside the goodness of fit. The models fitted to the experimental data
yielded an R? of 0.989. The high linear regression coefficient underscored the strong agreement
between these models and the experimental dataset, confirming their suitability for describing the

experimental results.
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Tableau 5.10 Parameters predicted from the Bohart-Adams, Yoon-Nelson, Thomas, Yan, and Clark
models and model deviations for COD adsorption by modified activated carbon (Phr) at
optimal conditions (initial concentration of COD = 281 + 9 mg.L!, HRT=9.6 min, H/D=6.9, and
T=20 N 2 ecC)

Model Constant Goodness of fit
SSE R2 Adj-R? RMSE
Bohart-Adams kae = 0.00145 [mL.mgt.min"] 0.018 0.989 0.989 0.031

No = 135 [mg.mL-1]

Yoon-Nelson Kyn = 0.02472 [h] 0.018 0.989 0.989 0.031
U 75.8[h]

Thomas Kth = 0.00145 [mL.mgt.min] 0.018 0.989 0.989 0.031
go = 287 [mg.g7]

Yan a'=1.41 0.169 0.911 0.907 0.092
go = 231 [mg.g7]

Clark A=13.80 0.017 0.990 0.989 0.031
r=1.41[h1
N=2.37

SSE: sum of squared errors

RMSE: root mean squared error

Ahmad et al. (2012) and Patel et al. (2020) focused on COD removal from wastewater, utilizing
different activated carbons and assessing the efficacy through kinetic models. Ahmad et al.
employed rattan-activated carbon for cotton textile wastewater treatment, focusing on how flow
rate and bed height influence the process. They primarily used the Adamsi Bohart, Thomas, and
Yooni Nelson models to predict breakthrough curves, finding the latter two models particularly
effective. Similarly, Patel's research on greywater treatment involved activated carbons derived
from sawdust, sugarcane bagasse, and pine needles. Patel also assessed the same kinetic
models, noting high accuracy (R? > 0.9) across all models. Both sawdust and sugarcane bagasse
activated carbon exhibited a similar adsorption capacity (qo) of 98.2 mg.g* and a Yooni Nelson
parameter (J of 284 min. The variation between our study and the findings in this research
regarding adsorption capacity and the required time for 50% of breakthrough, J can be ascribed

to several factors, including the type and characteristics of adsorbent, initial concentration of COD,
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and operating conditions. Tableau 5.11 compares current research and previous studies,
revealing the potential of modified activated carbon (Pur), as a promising adsorbent for COD
removal within a fixed-bed column system. Modified activated carbon exhibits an adsorption
capacity of 287 mg.g* and a prolonged duration of 76 h for reaching the 50% breakthrough
threshold.
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Tableau 5.11

Comparison between this study and other studies on breakthrough models for COD removal

Adsorbent Condition Thomas model Yoon-Nelson model Ref.
Sawdust CODo = 554 [mg.L1] go = 98.2 [mg.g1] U= 284 [min] (Patel et al.,
activated carbon .y _ 4 Kh = 3.15 x10°S [mL.mg--.min"] Kyn = 0.0117 [min‘] 2020)

Q =5.0 [mL.min] R2=0.97 R2=0.97
Rattan-activated @~ COD = 252 [mg.L}] go =37.2 [mg.g] (:30.7 [min] (Ahmad et al.,
carbon Q = 10.0 [mL.min] K = 2.9x10 [L.mg-L.min-] kyn= 0.074 [min‘] 2012)

H/D =6.7 R2=0.88 R2=0.88
Mesoporous CODo = 335 [mg.L1] go =73.8 [mg.g] (3:80.3 [min] (Aboelfetoh et

silica (SBA-15/0-
Fe203)

Modified
activated carbon
(PHT)

Q =7.0 [mL.min1]

H/D =125

CODo = 281 [mg.L"]
HRT= 9.6 [min]
Q=8.8 [mL.min"]

H/D= 6.9

Kth = 9.8x10- [mL.mgt.min-]
R2=0.97

go = 287 [mg.gY]
Kth = 0.00145 [mL.mg1.min]

R2=0.99

kvn= 0.0032 [min-]

R?=0.97

U = 75.8 [ h]

kyn = 0.0247 [h1]

R?=0.99

al., 2021)

This study
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Based on our findings, Pur demonstrated the capability to produce treated water with an NPEOs.
17 value that fell well below the permissible reuse limit, even after processing nearly 100 L of
permeate under optimal conditions. In the context of COD, given the allowable reuse limit of 100
mg.L?, the effluent met the criteria for reuse within 63 h of treatment in the washing cycle. During
this period, 34 L of permeate coming from ultrafiltration of LWW underwent treatment.
Consequently, the ideal adsorbent-to-wastewater ratio, while staying within the permissible reuse
limit for COD, would be 0.97 g.L™.

5.3.4 Effect of NPEO and COD concentration

The adsorption performance of Pyt was assessed across various inlet concentrations of NPEOs.
17. The goal was to evaluate the efficacy of Pur in efficiently removing NPEOs.17 from LWW,
particularly when dealing with higher levels of contaminant load. Figure 5-6 depicts the
relationship between the initial NPEOs.1; concentration in the LWW and the resulting
concentration of NPEOs.17 in the effluent after treating 5 L of permeate under optimal conditions.
When the initial NPEOs.17 concentration was increased from 534 + 78 to 1,233 + 34 ug.L?, the
effluent concentration rose from 0.33 + 0.02 to 1.08 + 0.20 ug.L?, where removal efficiency
remained remarkably as almost 100%. This means that even at higher initial NPEOs3.17
concentrations, Pur effectively captured and removed the NPEO3.17 from LWW.

10
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Figure 5-6 Effect of initial concentration of NPEOs-17 on effluent concentration at optimal

conditions (HRT=9.6 min, H/ D=6. 9, T=
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Prior studies have predominantly been conducted using synthetic wastewater containing elevated
levels of NPEOs, with some even surpassing the CMC. A recent study investigated NPEO
adsorption, focusing on the influence of CMC. Tests below CMC required higher solution volumes
to saturate adsorbents as surfactant monomers were dispersed. Conversely, at or above CMC,
saturation occurred faster as micelles broke down upon contact, providing adsorbent monomers.
Higher surfactant concentrations led to quicker saturation, necessitating less injected solution
volume to reach saturation (de Aradjo et al., 2022). These results align with those reported by
Paria and Yuet (2007) who used sand particles to investigate continuous NPEOg surfactant
adsorption in a column. Diffusion played a key role, creating an initial concentration gradient within
the column, with higher inlet concentrations resulting in a more rapid increase in outlet

concentration due to a steeper gradient.

Figure 5-7 provides a comprehensive view of how the initial concentration of COD influences the
effluent COD under optimal conditions. The data reveals a direct correlation between initial COD
concentration in the wastewater and effluent COD. Specifically, as the initial COD levels increased
from 281 to 690 mg.L?, the corresponding removal efficiencies decreased from 82% to 50%,
respectively. Nevertheless, Figure 5-7 indicates a practical application meaning that LWW with
an initial COD concentration range of 281 to 431 mg.L? can be effectively treated to a level

suitable for reuse in the washing cycle.

It was observed that the sorbent was saturated faster at higher concentrations. When pollutant
concentrations are higher, the breakthrough curve exhibited steeper slopes, resulting in shorter
breakthrough times. This is due to the fact the diffusion process relies heavily on pollutant
concentration. In other words, lower initial pollutant concentrations allow an extended
breakthrough curve shape due to the gentler concentration gradient, resulting in less abrupt
transport. On the contrary, available adsorbent sites are rapidly saturated at higher initial pollutant
concentrations, leading to a decreased time required for the breakthrough (Alardhi et al., 2020).
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Figure 5-7 Effect of initial concentration of COD on effluent concentration in optimal
conditions (HRT=9.6 min, H/ D=6. 9, T=

These results are in agreement with literature studying the effect of initial COD on breakthrough
and exhaustion times in adsorption processes. Khader et al. (2021) observed in their study that
higher COD concentrations resulted in greater uptake but notably shorter breakthrough times.
This was attributed to an increased molecule availability and smaller isotherm gradients, which
enhanced the adsorption driving force and led to quicker equilibrium and increased adsorption
capacity. Similarly, Haslija and Abdulrazzak (2020) assessed how the initial COD concentration
of synthetic LWW influenced the breakthrough time and exhaustion time during adsorption on
treated sugarcane bagasse. Their findings were consistent with those of Aboelfetoh et al. (2021),
who also reported a decrease in breakthrough and saturation times as the COD inlet
concentration was raised in industrial wastewater treatment using hematite nanoparticles within
mesoporous silica. For the wastewater with an initial COD of 406 mg.L?, the treatment volume
before saturation was 3.5 L, resulting in an effluent COD of 324 mg.L. In comparison, in our
study, we found that with an initial COD concentration of 431 mg.L?, after treating 4 L, the effluent
COD reached a significantly lower level of 94 mg.L™. The higher removal efficiency in our study
can be attributed to variations in the properties of the adsorbent material, the column design, and

the specific operating conditions employed in our study.

As aresult, elevated influent concentrations tend to accelerate the mass transfer of pollutants into
the adsorbent. This acceleration occurs due to the increased concentration gradient between the

solution and the adsorbent surface, creating a stronger driving force for mass transfer.
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Consequently, at higher influent concentrations, the adsorbent may reach saturation more quickly,

leading to shorter breakthrough and exhaustion times.

54 Conclusion

This study focused on the removal of NPEO and COD from real industrial LWW to facilitate its
reuse in the washing cycle. Employing a hybrid system comprising UF as a pre-treatment followed
by adsorption with modified activated carbon, optimal conditions were determined through
factorial and Box Behnken designs. The factorial design highlighted that HRT played a pivotal
role, contributing 60% to COD removal, followed by the H/D ratio at 21%. Utilizing a column with
aH/Dratoof6 . 9, HRT of 9.6 min, and introducing
configuration, achieving an average COD removal rate of 82% and ensuring effluent

characterizations below reuse limitations.

The breakthrough behavior of the adsorption process under optimal conditions was studied,
demonstrating the substantial capacity of heat-treated activated carbon in capturing nearly all
NPEOs.17, even after processing nearly 100 L of permeate. COD levels suitable for washing cycle
reuse (below 100 mg.L?) were attained within 63 h of treatment, processing 34 L of permeate,

with an optimal adsorbent-to-wastewater ratio of 0.97 g.L™.

Examining the effect of initial concentrations under optimal conditions revealed high removal
efficiency for NPEOs.17, even at elevated concentrations. Conversely, for COD, higher initial
concentrations resulted in reduced removal efficiencies, emphasizing the influence of pollutant
concentrations on breakthrough times. Overall, this research provides valuable insights into an
efficient and sustainable approach for treating industrial laundry wastewater, with implications for

broader applications in environmental engineering.
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Abstract

Laundry wastewater is a significant source of nonylphenol ethoxylate (NPEO) at wastewater
treatment plants, where its breakdown forms persistent nonylphenol (NP). NP poses risks as an
endocrine disruptor in wildlife and humans. This study investigates the degradation of NPEO and
COD in industrial laundry wastewater (LWW) using a two-stage process combining ultrafiltration
(UF) and electro-oxidation (EO). UF was used to remove suspended solids, while soluble COD
(CODp =239 + 6 mg.L!) and NPEO (NPEQOo = 341 + 8 ug.L?) were oxidized by the EO process.
Different operating parameters were studied such as current density, electrolysis time, type of
cathode and supporting electrolyte concentration. Using an experimental design methodology,
the optimal conditions for COD and NPEOs.17 degradation were recorded. This included achieving
97% degradation of NPEOs.17 and 61% degradation of COD, with a total operating cost of 3.65
USD-m3. These optimal conditions were determined at a current density of 15 mA-cm for a 120
min reaction period in the presence of 4 g-Na,SO. L* using a graphite cathode. The EO process
allowed for reaching the guidelines required for water reuse (NPEO <200 pg.L*, COD < 100
mg-L"?) in the initial laundry washing cycles. Furthermore, our results demonstrate that both NP
and NPEO compounds, including higher and shorter ethoxylate chains (NPEOs;.17), were
effectively degraded during the EO process, with removal efficiencies between 94% and 98%.
This confirms the EO process's capability to effectively degrade NP, the by-product of NPEO
breakdown.

Keywords: Electro-oxidation, Endocrine disruptors, Laundry wastewater, Nonylphenol

ethoxylates, Reuse, Ultrafiltration

Highlight

A two-stage process combining UF and EO was studied for the treatment of LWW.

UF removes suspended solids: dirt, fibers, and particulate matter from LWW.
Degradation of NPEO in LWW using an electro-oxidation process is investigated.

NP, a by-product of oxidation of NPEO, is successively degraded during the EO process.
EO allowed for reaching the guidelines for water reuse (NPEO <200 pg.L?, COD < 100
mg-L ™).
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6.1 Introduction

Nonylphenol (NP) and its derivatives, specifically nonylphenol ethoxylates (NPEO), have
attracted much attention among environmental researchers for their adverse impact on
ecosystems, aquatic life, and human health (Crini et al., 2022). NPEO is known for its cost-
effectiveness and exceptional surfactant capabilities, making it widely used in industrial,
commercial, and household applications. It serves as a key component in various products,
including detergents, washing agents, emulsifiers, and wetting and dispersing compounds (Crini
et al., 2022; Soares et al., 2008). Since 2000, both nonylphenol and its ethoxylates have been
designated as priority hazardous substances according to Directive 2000/60/EC
(Directive2000/60/EC, 2000) established by the European Parliament and the Council. Marketing
and usage restrictions for NP and NPEOs have been implemented under Directive 2003/53/EC
(Directive2003/53/EC, 2003), with specific regulations on the concentration of NP in surface
waters outlined in Directive 2008/105/EC (Directive2008/105/EC, 2008). Accordingly, the average
annual level of NP is mandated not to exceed 0.3 pg.L? in surface waters. Recognizing the
potential risks associated with NP, the Environmental Protection Agency (EPA) has established
guidelines for water quality, recommending that NP concentrations in freshwater to remain below
6.6 £g.L* and in saltwater to be maintained below 1.7 £g.L™* (EPA, 2005).

Undoubtedly, the widespread utilization of NPEOSs results in their significant presence in sewage
treatment plants. Due to the lack of capability of conventional treatment systems to complete
degradation, NPEOs can be potentially transformed into NP by microorganisms. The
environmental impacts of both NPEO and NP have gained considerable attention in recent
decades. Nonylphenol has been identified as a substance capable of mimicking the natural
hormone 17b-oestradiol, engaging in competition for the binding site of the receptor for the natural
estrogen (da Silva et al., 2015; Liu et al., 2006; Soares et al., 2008). On the other hand,
detrimental effects of NP on the reproductive, immune, and central nervous systems have been
observed in various species including fish, rats, birds, and humans, potentially leading to
abnormalities in embryos and offspring (Ho & Watanabe, 2017). Furthermore, carcinogenesis
studies have suggested a correlation between exposure to nonylphenol and an increased risk of
breast cancer in women (Wu et al., 2008) and prostate cancer in men (Forte et al., 2016). The
removal of these compounds from wastewater poses a considerable challenge due to their
presence at trace levels, typically a few micrograms per liter. The laundry facilities usually
generates wastewater that contains NPEO in range of 260 to 2400 pg.L?* (Mostafazadeh et al.,
2019).
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Many studies have been conducted for treatment of laundry wastewater (LWW) for removal of
surfactants and COD (Benis et al., 2021; Ciabattia et al., 2009; Collivignarelli et al., 2019; Esteban
Garcia et al., 2021; Mostafazadeh et al., 2019; Mozia et al., 2 0 2 0 -Turleet al.12606; Vishali
et al., 2023). Collivignarelli et al. utilized a system, including thermophilic aerobic membrane
reactor, nanofiltration, and adsorption on activated carbon, to remove non-ionic surfactants (TAS)
and anionic surfactants (methylene blue active substance (MBAS)) from real LWW. They
monitored the plant's performance for three months under high-stress conditions. This approach
achieved the removal of TAS >95% and MBAS >76%. The total operating cost of the processes
per unit of treated water was calculated at Euro 8.74 per m? (Collivignarelli et al., 2019). Another
study proposed pilot-scale post-treatment of LWW utilizing solar photo-Fenton in a compound
parabolic collector photoreactor. It aimed to remove sodium dodecyl sulphate (SDS), an anionic
surfactant, from synthetic secondary effluent of a laundry wastewater treatment system. The
results indicated the effectiveness of solar photo-Fenton at acidic pH for post-treating biologically
pre-treated laundry waste (Esteban Garcia et al., 2021). A recent study developed an integrated
system to treat and reuse domestic LWW, utilizing a combination of coagulation, sand filtration,
carbon adsorption, and ultrafiltration. The findings suggested that this treatment sequence
efficiently treated the laundry wastewater, making it suitable for effective reuse (Vishali et al.,
2023).

Most studies on the treatment of LWW have focused on the removal of surfactants such as MBAS,
LAS, and SDS (Collivignarelli et al., 2019; Esteban Garcia et al., 2021; Terechova et al., 2014;
Turkay et al., 2017). However, the removal of NPEO, a non-ionic surfactant, has been rarely
investigated in the context of LWW treatment. Conventional wastewater treatment methods often
encounter challenges in efficiently eliminating these pollutants (Patifio et al., 2018). For example,
the presence of NPEO in biological treatment plants poses significant challenges, as these
substances have a propensity to generate foams. This foam formation reduces oxygen transfer
capacity and disrupts primary sedimentation processes, consequently impeding efficient
biodegradation (De La Fuente et al., 2010). Over the past decade, various wastewater treatment
methods have been investigated and employed to address the removal of NPEO from both
synthetic solutions and real effluent. The primary technologies proposed encompass membrane-
based (Camacho-Munoz et al., 2012; Li et al., 2000; Mostafazadeh et al., 2019; Nguyen et al.,
2021), adsorption-based (Akbari Benghar et al., 2021; de Araujo et al., 2022; Fan et al., 2011; Li
et al., 2020; Liu et al., 2006; Murai et al., 2006; Yuan et al., 2008), and oxidation-based processes
(Barrera et al., 2021; da Silva et al., 2015; De La Fuente et al., 2010; Gao et al., 2021; Ji et al.,

2022; Sivri et al., 2022; Vences-Benitez et al., 2017). Membrane and adsorption techniques leads
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transferring pollution from one phase to another, necessitating a subsequent treatment to degrade
or mineralize the transferred NPEO and NP (Ghazal et al., 2022). In contrast, electrochemical
advanced oxidation processes such as electro-oxidation (EO), have been highlighted for their
exceptional performance in degrading non-biodegradable pollutants (Shirkoohi et al., 2022). EO
has emerged as a promising environmental remediation technology due to its simplicity, lack of
special equipment requirements, and high efficiency in removing organic pollutants (Daghrir et
al.,, 2014; Qiao & Xiong, 2021). Stringent regulations have necessitated the development of
methods for the comprehensive removal of organic pollutants. Combining multiple technologies
to utilize their synergistic effects has been shown to enhance water quality in a cost-effective
manner. The integration of membrane and electrochemical treatments, such as using
ultrafiltration (UF) for pretreatment to remove solids and colloids prior to electro-oxidation (EO),
effectively targets the oxidation of persistent organic pollutants like NPEO (Drogui et al., 2001a;
Feng et al., 2021; Menjeaud et al., 1993; Pan et al., 2019; Song et al., 2022).

Electrochemical oxidation offers dual pollution-degradation mechanisms, employing both direct
anodic oxidation at the electrode surface and indirect oxidation through the electrochemical
generation of mediators like H>O,, HCIO, and S,0g* (Drogui et al., 2007). Direct oxidation can be
accomplished through mineralization using hydroxyl radicals (OH®) generated at the electrode
surface by anodes with high oxygen overvoltage, such as IrO;, PbO,, and boron-doped diamond
(BDD). OH° radicals are formed on the anode electrodes through the oxidation of water (Equation
6.1 (38)), and organic compounds can undergo partial oxidation (Equation 6.1 (39)) or complete
mineralization (Equation 6.1 (40)) through their reaction with adsorbed OH° radicals (Drogui et
al., 2007; Mostafazadeh et al., 2019).

Equation 6.1 - Direct oxidation on the EO process

b oGoD WO O Q (38)
b B0 YOO YO O 0 (39)
b WO YOO aé) #0060 O Q (40)

BDD has gained significant attention owing to its inert surface with minimal adsorption properties,
outstanding corrosion stability even in acidic environments, and high over-potential for oxygen
evolution (Ganiyu & MartinezZuitle, 2019; Shirkoohi et al., 2022). Several studies (Mostafazadeh
et al., 2019; Rabaaoui et al., 2013; Shirkoohi et al., 2022) indicate that BDD facilitates the rapid

degradation of pollutants and complete mineralization of organic loads, achieving high current
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efficiencies. On the other side, indirect oxidation involves the electrochemical generation of a
mediator in a solution, such as H203, to transform hazardous organic substances into less harmful
products (Martinez-Huitle & Ferro, 2006). Hydrogen peroxide is known for its stability and potent
disinfecting and oxidizing properties (Drogui et al., 2001b). Electrochemical production of H,O;
can be achieved by applying an appropriate cathodic potential (Equation 6.2) on specific
electrodes, including carbon felt, porous carbonaceous materials, reticulated vitreous carbon, and

gas-diffusion electrodes (Guitaya et al., 2017; Petsi et al., 2023).

Equation 6.2 1 Reaction at cathode surface on the EO process

0 ¢O ¢Q ©° 00 (41)

To explore the influence of various independent variables on a process, predict response
variables, and optimize operational parameters, several methods can be employed, including
response surface methodology (RSM), artificial neural networks, and genetic algorithms
(Hosseinpoor et al., 2024; Shirkoohi et al., 2022). Unlike classical methods that alter one factor
at a time while keeping others constant, RSM employs a design of experiments approach to
simultaneously investigate the effects and interactions of multiple factors. This method not only
identifies the individual and combined effects of process variables but also determines the optimal
conditions. RSM has been effectively implemented in EO processes for the degradation of various
organic pollutants in wastewater (Kiendrebeogo et al., 2023; Leili et al., 2020; Phan et al., 2024;
Shirkoohi et al., 2022).

The previous studies on the electro-oxidation of NPEO (Barrera et al., 2021; da Silva et al., 2015;
De La Fuente et al., 2010; Ji et al., 2022; Sivri et al., 2022) have certain limitations. First, they
utilized synthetic effluents with NPEO concentrations adjusted above the typical LWW values of
260 to 2400 £g.L"* (Mostafazadeh et al., 2019), exceeding even the critical micelle concentration
of NPEOs.17 (42,000 £g. L) (Calvo et al., 2009). Furthermore, in process optimization, the focus
was on enhancing the efficiency of NPEO removal without considering the operating cost. The
study objectives emphasized the degradation of NPEOs.17 and chemical oxygen demand (COD)
in real industrial LWW. A hybrid process combining ultrafiltration and electro-oxidation was used.
The primary objective of this study was to improve the quality of LWW effluent to meet the
necessary standards for reuse in the initial laundry washing cycles. Response surface
methodology models were developed to predict the COD removal rate based on variables such
as electrolysis time, current density, electrolyte concentration, and cathode type. Alongside

analyzing the parameters, the models were used to optimize operational parameters and
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minimize operational costs. In addition, the impact of initial concentrations of NPEOs.17, as well
as the initial pH, were investigated on the overall performance of the process. Finally, the

generation of NP as a by-product during the EO process were evaluated.

6.2 Materials and methods

6.2.1 Chemicals

During the experiments, a set of chemicals was employed, including hydrochloric acid (34.0-
37.0%), sulfuric acid (95.0-98.0%), dichloromethane (>99%), and methanol (peroxide-
free/sequencing). These chemicals came from Fisher Scientific (Ottawa, ON, Canada). The pure
sand (SiO) with a purity of 99.8% and mesh size of 100 to 40 (0.149-0.420 mm) was supplied
from Fisher Scientific too. Formic acid was procured from Honeywell. Additionally, potassium

di chromate (099. 8%)(,09B®&) cursiicd veul fsautlef ate (99. 9%
(097.0%), and sodium sulfate (099.0%), were obt
Canada). SupeiCalrd&n BPENVIubes (500 M@Qlasmidbfiper and W

filters, grade 934-AH® were also purchased from Sigma Aldrich (Oakville, ON, Canada).The
surrogate utilized in the study was supplied by Cambridge Isotope Laboratories, Inc. Finally, an
anti-foaming agent (SAGTM 720) provided by Momentive Co. (New York, USA) was used to

control the foam.

6.2.2 Laundry wastewater sampling and pre-treatment using ultrafiltration

Wastewater samples were collected from a laundry facility situated in Quebec City, Canada. To
enable subsequent experimental procedures, the samples were placed in a cold room with a
temperature set at 4°C. LWW was enriched with GE Boost (from Gurtler Company) to evaluate
the two-stage process combining ultrafiltration and electro-oxidation (UF-EQ) under different
experimental conditions and simulate various levels of NPEO contamination. This detergent
contains nonylphenol ethoxylate with 3-17 ethoxylate chains. Characteristics of raw laundry
wastewater (LWW), spiked laundry wastewater (SLWW) and the standard for reusing reclaimed

water were presented in Tableau 6.1.

Before the main experiments, an ultrafiltration pretreatment step was implemented to eliminate
suspended solids, including dirt, fibers, and other particulate matter from LWW. This step reduces
colloidal materials that might otherwise interfere with the EO process, allowing EO to be more

effective for degradation of persistent organic pollutants such as NPEO present in permeate. The
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synergy between UF and EO is advantageous as UF effectively removes larger particles, while
EO oxidizes smaller impurities (Drogui et al., 2001a). Besides, the efficiency of surfactant
separation by membrane processes is influenced by the critical micellar concentration (CMC) and
the micelle size relative to membrane pore diameters. UF is effective for removing surfactants
with concentration higher than the CMC (Kowalska, 2014). Therefore, post-treatment is necessary
to remove surfactants with concentrations below the CMC, such as NPEO which has
concentration less then CMC in typical LWW (Mostafazadeh et al., 2019). The UF permeate was
then subjected to EO for the degradation of soluble pollutants, including NPEO and other

dissolved organic compounds.

The UF system used was the dizzerR P 2514-0.5 model provided by inge GmbH. The UF
membrane made of polyether sulfone (PES) with a filtration area of 0.5 m?, a nominal pore
diameter of 0.02 em, and a molecular weight cut-off of 100-150 kDa. A transmembrane pressure
ranging from 1.0 to 3.0 bar, and a filtration flux varying between 60 and 140 L.m2h"* were applied.
The characteristics of the UF permeate unit are presented in Tableau 6.1.

Tableau 6.1 Characteristics of LWW, SLWW, UF-S permeate and guideline recommended for water reuse
in the initial washing cycles.
UE-S Values for reusing
Parameter Lww SLWW ermeate (Mostafazadeh et
P al., 2019)
pH 9.9+0.2 9.8 £0.1 9.6+0.1
Conductivity [uS.cm-1] 460 + 39 440 + 12 417+ 3
TSS [mg.L1] 13.0+15 141+£13 3.1+0.3 "10
Turbidity [NTU] 221+7.2 69.9+7.3 1.4+£0.3
COD [mg.L1] 273+ 11 481 + 7 2396 "100
NPEO317 [ug.L7] 60x8 751 £ 20 341 +8 ' 200

UF-S permeate: permeate from ultrafiltration of spiked laundry wastewater.

6.2.3 Electrolytic reactor setup

Electro-oxidation experiments were conducted in a 0.5 L parallelepiped electrolytic cell made of
Plexiglas material with dimensions of 13.5 cm (length) x 3.5 cm (width) x 12.5 cm (depth). This

258



cell was connected to a 0.5-L tank, where a recycling pump (operating at 400 mL.min) ensured
thorough mixing of the liquid phase. Achieving recirculation through a Masterflex® peristaltic pump
resulted in a total working volume of 1.0 L. The cell comprised two electrodes connected to the
power supply, with an inter-electrode gap of 1.0 cm. A Jesverty SPS-3010N digital DC power
supply was utilized to apply a DC electric current, with a maximum current supply of 10 A at an

open circuit potential of 30 V.

The anode electrode, structured as a grid, was crafted from niobium and coated with boron-doped
diamond (Nb/BDD), with a 12 cm diameter and a 0.1 cm thickness. This configuration resulted in
a substantial solid surface area measuring 83 cm?. As for the cathodes employed in this
investigation, graphite (Gr) and carbon felt (CF) were selected. The Gr electrode assumed a
rectangular shape with dimensions of 11 x 10 cm and a thickness of 0.3 cm. On the other hand,
the CF electrode, comprised of interwoven fibers ranging from 10 to 20 em, took on an 11 x 10
cm rectangular form with a thickness of 0.5 cm. The CF material exhibited a carbon content
ranging from 99.00 to 99.70%, with ashes accounting for 0.02 to 0.25%. To ensure that the
pollutant (COD) was removed by adsorption using CF as a cathode electrode, a preliminary test
was conducted. This experiment consisted of recirculating LWW inside the electrolytic cell
comprised of CF (cathode) and BDD (anode) without electricity (without the imposition of current
intensity). Mixing took approximately 120 min and samples were collected for COD analysis. The
outcomes revealed that there was no absorption of contaminants on the CF during the test, and

the process did not lead to COD removal.

In the experimental setup, permeate was introduced into the system, and operations were carried
out in a dynamic batch mode. Maintaining a fixed recirculation flow rate of 0.4 L.min* ensured
effective homogenization of the solution under treatment. All experimental procedures were
carried out at room temperature (20 £ 2 °C), with the addition of Na,SO. in LWW to enhance
conductivity and reduce applied voltage. Regular sampling occurred throughout the process to
assess the characteristics of the treated water, including COD, NPEOs.17, conductivity, turbidity,
and TSS. Figure 6-1 provides a schematic representation of the EO system.
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Figure 6-1 Schematic diagram of the experimental set-up of the electro-oxidation unit

6.2.4 Experimental procedure

The investigation of the EO process involved three consecutive experiments aimed at studying
the removal of NPEO3.17 and COD. In the initial set of trials, the response surface methodology
(RSM) was applied to design and optimize the EO process focusing on COD removal.
Subsequently, factorial (FD) and Box-Behnken design (BBD) were sequentially employed to
optimize COD removal through the EO process. Four independent variables were selected for
statistical modelling EO process: electrolyte concentration (U1), current density (U2), electrolysis
time (U3), and the type of cathode (U4). The targeted responses included COD removal efficiency
(Y1), energy consumption (Y2), and operating cost (Y3). These responses were quantified using
Equation 6.3, Equation 6.4, and Equation 6.5, respectively:

Equation 6.3 - COD removal efficiency
OPpO 000

YQ4& ¢ REXQQM PQE tre—— T 42
550 p (42)

Where [COD]orepresents the initial concentration of COD [mg.L?]

[COD] denotes the concentration of COD at various treatment times [mg.L™]
Equation 6.4 - Energy consumption in the electro-oxidation process

N - OO0 o
O¢ Qi Qe | 6 & N ¢ — P (43)
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Where |is current intensity [A]
Ec is electrical potential [V]
Tis time [h]

Vis volume [m3]

Equation 6.5 - Operating cost in the electro-oxidation process
0f Qi daERY& 6 6 (44)

Where Cecis the cost of energy consumption [USD.m3]

Cs is the electrolyte cost [USD.m]

The cost of electricity and electrolyte was calculated based on a unit cost of 0.06 USD.kWth
and 0.3 USD.kg* for Na;SO (industrial grade) (Kiendrebeogo et al., 2021). Tableau 6.2 outlines
the experimental independent variables, along with their respective ranges and coded values. It
is essential to highlight that the determination of process variables and their ranges was based

on prior studies and the execution of preliminary experiments.

Tableau 6.2 Experimental range and levels of independent process variables using FD methodology
Coded Experimental field Uo U
variables Factor (U;)
(X)) Mi n val Maxvalue (+1)
X1 Ui: Electrolyte concentration [g.L"] 1 5 3 2
X2 Uz: Current density [mA.cm2] 6 18 12 6
X1 Us: Electrolysis time [min] 30 120 75 45
Xa U4: Cathode type Graphite Carbon felt - -
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In the second series of experiments, our primary focus shifted to investigating the impact of the
initial concentrations of NPEOs.;; and COD in ultrafiltration permeate. This exploration was
conducted under the optimal conditions identified from the results of the Box-Behnken design. To
thoroughly assess the influence of the initial concentration of the feed, we introduced varying
amounts of the detergent GE Boost in the UF permeate, enabling us to simulate different initial
concentrations of NPEO. For these experiments, we varied the initial NPEO3.17 concentrations in
the feed within the range of 341 + 8 to 809 + 10 ug.L™. Similarly, the COD concentrations in the
prepared solutions ranged from 239 + 6 to 577 + 20 mg.L™. In the third series of experiments, the
impact of the initial pH of UF permeate under optimal conditions was studied. The initial pH levels
examined were 3.0, 7.0, approximately 9.0 (without adjustment), and 11.0. The pH adjustments
were made by adding sulfuric acid (H2SO4, 1 M) or sodium hydroxide (NaOH, 1 M) solutions to
the permeate.

Given the instability of Nonylphenol Ethoxylates (NPEQO) and their tendency to degrade into
Nonylphenol (NP), a more toxic substance, it is imperative to take measures to avoid the formation
of NP. To gain insights into the degradation mechanism of NPEO and monitor the occurrence of
NP during the electro-oxidation (EO) process, the concentration of NP as a by-product was

periodically measured.

Itis crucial to emphasize that a substantial amount of foam was produced during the process due
to the presence of detergents in permeate. The existence of foam in the solution leads to a decline
in electrolytic conductivity and an increase in electrical resistance (Cisneros-Leén et al., 2023).
Another issue associated with foam is its capacity to scavenger the contaminants, allowing them
to remain and accumulate on the top of the electrolytic cell. This relocation of foam and
contaminants outside the electrolyte prevents pollutant degradation. Analysis of foam samples
revealed the buildup of COD in the foam, with a higher COD concentration in the foam compared
to the electrolyte. Throughout the test, the foam ruptured, causing a reduction in its volume.
Consequently, there is a possibility that when the foam bursts, contaminants are propelled
towards the cell walls, preventing degradation. This situation could result in the reported COD
level of the electrolyte appearing lower than its actual level. To address this issue, a foam control

agent has been employed as a solution.

The experiments were conducted in triplicate to ensure the consistency of the obtained results.
The error bars in the figures depict a standard deviation based on the three replicate

measurements.
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6.2.5 Analytical methods

The analysis of COD was conducted utilizing a UV-type spectrophotometer, specifically the Varian
brand model 0811 M136 from Varian Canada Inc. The analytical method (MA 315-DCO 1.1) was
followed for this purpose. To determine high-level COD concentrations ranging from 80 to 800
mg.L? O, a calibration curve was established using standard solutions with concentrations of 0,
100, 300, 500, and 800 mg.L™. The absorbance of these solutions was measured at a wavelength
of 600 nm. For low-level COD measurements spanning from 5 to 100 mg.L?* O,, a separate
calibration curve was created using standard solutions of 0, 10, 30, 70, and 100 mg.L?, with
absorbance readings taken at 420 nm. This comprehensive approach was implemented to ensure
the accuracy and reliability of COD analysis across the specified concentration ranges

(Gouvernement du Québec, 2016).

The NEPOs and NP concentrations were determined by liquid chromatography coupled with a
tandem mass spectrometer (LC-MS/MS) according to the MA 400 - NPEO 1.1 method
(Gouvernement du Québec, 2019). Before injection into the mass spectrometry system, a
modified solid-phase extracti on met hod was applied to ext
vacuum manifold was used in the solid-phase extraction method according to the following steps:
washing, conditioning, extraction, and recovery (Figure 1-9). The standard solution is a mixture
of methanol, dichloromethane, and formic acid with a 100: 900: 1 ratio.

The pH measurement was conducted employing a Fisher Scientific pH meter, the AP115 model.
The conductivity assessment was carried out utilizing a Mettler Toledo SevenCompact

conductivity meter.

An optical test was employed for turbidity level determination, utilizing the HACH TL2300
turbidimeter. Calibration was performed within the 0 to 4000 NTU range to assess light reflection

capability.

In accordance with the analytical procedure (MA 115 - S.S. 1.2), the assessment of suspended
solids included passing a sample through a pre-conditioned and weighed Whatman 934 AH filter.
After filtration, the residue dried at a temperature range of 103-105°C and was then re-weighed.
The weight difference served as the indicator for the quantity of suspended solids (Gouvernement
du Québec, 2015).

The goal of this methodology was to enhance our understanding of the effectiveness of the
electro-oxidation process in eliminating NPEOz.17 and COD from LWW. This was achieved by

investigating the effect of various parameters on the process's performance. This investigation
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aimed to identify potential applications for reusing treated water in the initial laundry washing

cycles.

6.3 Results and discussion

6.3.1 Contribution of the experiment parameters on COD removal using the
factorial desigh methodology

The impact of various factors, including supporting electrolyte concentration (X1), current density
(X2), electrolysis time (Xs), and cathode type (X.), on both COD degradation and energy
consumption was examined using the factorial design (FD) methodology. Each variable was set
at two different levels, indicated as minimum and maximum, and normalized as (-1) and (+1). The
experimental response within the context of the 24 factorial design could be expressed through a
linear polynomial model with interactions as outlined in Equation 6.6. This equation is the coded
form for COD removal using the Design-Expert® Program, the actual equations can be found in
the supplementary material, Equation 12.1 and Equation 12.2. The calculated coefficients for R,
adj-R?, and pred-R? were 0.998, 0.995, and 0.988, respectively.

Equation 6.6 - COD removal prediction: a linear polynomial model by 24 factorial design

O oRMC PR WO pHQ HP FOL PPV PE OW

o (45)
PR Y W W

The resulting factorial matrix comprised 16 experiments, and the experimental region, coded
values, and responses are detailed in Tableau 6.3. It is noteworthy that the most substantial
enhancement in COD removal efficiency was observed (COD removal of 76%) for electrode pairs
involving BDD/CF, with a Na,SO,4 concentration of 1 g.L, a current density (j) of 18 mA.cm2, and
an electrolysis time of 120 min. In comparison, the highest COD degradation for electrode pairs
featuring BDD/Gr reached 62%, achieved with a Na.SO, concentration of 5 g.L2, a current density

of 18 mA.cm, and an electrolysis time of 120 min.
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Tableau 6.3 The experimental factorial matrix in a 24 design in FD methodology and the response values

Experiment Experimental design Experiment plan Responses
number
X1 X2 X3 Xa Ua U2 Us Us Ycop Yec Ye
[0.LY]  [mA.cm?] [min] [%] [kKWh.m?] [USD.m3]

1 -1 -1 -1 -1 1 6 30 Graphite 7 5.36 0.62
2 +1 -1 -1 -1 5 6 30 Graphite 10 3.00 1.68
3 -1 +1 -1 -1 1 18 30 Graphite 21 28.93 2.04
4 +1 +1 -1 -1 5 18 30 Graphite 26 13.14 2.29
5 -1 -1 +1 -1 1 6 120 Graphite 41 19.98 1.50
6 +1 -1 +1 -1 5 6 120 Graphite 46 11.86 2.21
7 -1 +1 +1 -1 1 18 120 Graphite 58 102.15 6.43
8 +1 +1 +1 -1 5 18 120 Graphite 62 50.36 4.52
9 -1 -1 -1 +1 1 30 Carbon Felt 12 5.83 0.65
10 +1 -1 -1 +1 5 6 30 Carbon Felt 17 3.54 1.71
11 -1 +1 -1 +1 1 18 30 Carbon Felt 25 34.02 2.34
12 +1 +1 -1 +1 5 18 30 Carbon Felt 30 15.49 2.43
13 -1 -1 +1 +1 1 6 120  Carbon Felt 46 22.28 1.64
14 +1 -1 +1 +1 5 120  Carbon Felt 50 14.18 2.35
15 -1 +1 +1 +1 1 18 120  Carbon Felt 76 119.55 7.47
16 +1 +1 +1 +1 5 18 120 Carbon Felt 74 60.26 5.12
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Pareto analysis (Myers et al., 2016) allows for the calculation of the percentage contribution of
each factor and their interactions with the response. Figure 6-2 illustrates the percentage
contribution of each factor. Notably, COD degradation is primarily influenced by the electrolysis
time, accounting for 77.4%, followed by current density at 16.7%. The type of cathode, electrolyte
concentration, and other interaction effects collectively contribute only 5.9% to COD degradation.
It is essential to highlight that while the electrolyte concentration minimally contributed to COD
degradation, it significantly reduced energy consumption and operating costs. The impact of
supporting electrolyte concentration is further explained in Section 3.2.

77.4
5 80 |
s
s 60 F
=
= -
=
s 40 }
S
Q
16.7
20 F
0.7 ; 2.9 0.9 0.5
" -— -y — -—
X1 X2 X3 X4 X2X3 X2X3X4
Electrolyte Current Electrolysis Type of
concentration density time cathode
Factor
Figure 6-2 Contributions of different factors on COD removal by FD

6.3.2 Effect of the experiment parameters on COD removal using Box-
Behnken design methodology

Employing the BBD methodology under the framework of RSM, we developed a mathematical
model to forecast the dynamics of the electrochemical process. The primary objective was to
provide optimal conditions for achieving both high COD removal efficiency and minimal energy
consumption. The experimental matrix encompassed 34 assays, incorporating three numeric
factors (electrolyte concentration, current density, and electrolysis time), along with one categoric
factor (cathode type). The comprehensive 4-factor BBD matrix, accompanied by the respective

values for COD removal efficiency, energy consumption, and operating cost, is detailed in
Tableau 6.4.
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Tableau 6.4

Box-Behnken matrix and response values

Experiment  Experimental design Experiment plan Responses
number
X1 X2 X3 Xa Ux U2 Us Us Ycop Yec Ye
[0.LY [mA.cm?]  [min] [%0] [kWh.m3] [USD.m3]

1 -1 -1 0 -1 1 6 75 Graphite 28 12.85 1.07
2 +1 -1 0 -1 5 6 75 Graphite 33 7.44 1.95
3 -1 +1 0 -1 1 18 75 Graphite 45 66.89 4.31
4 +1 +1 0 -1 5 18 75 Graphite 47 32.02 3.42
5 -1 0 -1 -1 1 12 30 Graphite 20 14.95 1.20
6 +1 -1 -1 5 12 30 Graphite 24 7.07 1.92
7 -1 +1 -1 1 12 120 Graphite 56 55.75 3.64
8 +1 0 +1 -1 5 12 120 Graphite 59 27.85 3.17
9 0 -1 -1 -1 3 6 30 Graphite 14 3.31 1.10
10 0 +1 -1 -1 3 18 30 Graphite 25 15.93 1.86
11 0 -1 +1 -1 3 6 120 Graphite 45 13.07 1.68
12 0 +1 +1 -1 3 18 120 Graphite 68 60.23 451
13 0 0 0 -1 3 12 75 Graphite 43 21.28 2.18
14 0 0 0 -1 3 12 75 Graphite 43 21.59 2.20
15 0 0 0 -1 3 12 75 Graphite 43 20.86 2.15
16 0 0 0 -1 3 12 75 Graphite 43 22.31 2.24
17 0 0 0 -1 3 12 75 Graphite 42 21.42 2.19
18 -1 -1 0 +1 1 6 75 Carbon felt 31 14.08 1.14
19 +1 -1 0 +1 5 6 75 Carbon felt 33 8.86 2.03
20 -1 +1 0 +1 1 18 75 Carbon felt 53 78.50 5.01
21 +1 +1 0 +1 5 18 75 Carbon felt 56 38.04 3.78
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The close agreement between observed and predicted values is demonstrated from the low
relative deviation values. Figure 6-5 visually compares the observed and predicted values of COD

degradation, demonstrating a strong correlation between the two.
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Figure 6-3 Comparison between experimental and predicted values for
COD removal

Based on the experimental results, the COD removal can be described by the quadratic
polynomial model. The coded equation was obtained using the Design-Expert® Program, as
detailed in Equation 6.7. Furthermore, the calculated coefficients for R?, adj-R?, and pred-R? are
0.978, 0.974, and 0.967, respectively. The actual equations can be found in the supplementary

material, Equation 12.3 and Equation 12.4.

Equation 6.7 - COD removal prediction: a quadratic polynomial model by BBD.

® TRCPED WD pAD TRULPY DO pIMOO o @

An analysis of variance (ANOVA) was applied to evaluate the fitted model. The model is
statistically significant, as indicated by the low p-value (<0.0001). For COD removal efficiency,
the significant model terms include X1, Xz, Xa, X2X3, X2Xa, and X3?, with X4 added to the model to
maintain hierarchy. Model terms with p-values greater than 0.10 were considered insignificant

and were excluded from the developed quadratic model (Tableau 6.5).
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Tableau 6.5 ANOVA results of the quadratic model for COD removal efficiency

Source Sum of df Mean F-value p-value
squares square

Model 7744.25 9 860.47 153.84 < 0.0001
A-Electrolyte 46.24 1 46.24 8.27 0.0083
concentration

B-Current density 1566.18 1 1566.18 280 < 0.0001
C-Time 5863.73 1 5863.73 1048.32 < 0.0001
D-Type of electrode 2.28 1 2.28 0.4072 0.5294
BC 66.7 1 66.7 11.92 0.0021
BD 52.2 1 52.2 9.33 0.0054
CD 16.2 1 16.2 29 0.1017
B? 9.35 1 9.35 1.67 0.2085
C? 117.3 1 117.3 20.97 0.0001
Residual 134.24 24 5.59

Lack of fit 93.1 16 5.82 1.13 0.4495
Pure error 41.14 8 5.14

Cor total 7878.5 33

The contour plots depicting constant COD removal are presented in Figure 6-4. These plots
elucidate the factors influencing changes in COD removal using BDD/graphite as the electrode
pair. Electrolysis time had the highest contribution to COD removal, followed by current density,
while the type of cathode and electrolyte concentration had less impact. Further discussions on
the effects of these parameters are provided in the subsequent section. The supplementary
material includes contour plots of constant COD removal relevant to BDD/carbon felt (Figure
12-1). Additionally, 3D surface plots illustrating COD removal as a function of electrolysis time

and current density are presented in Figure 12-2.
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Figure 6-4 Contour plots of the COD removal for a pair of BDD/Gr electrodes a) t=30 min, b) t=75 min,

¢) t=120 min, d) j=6 mA.cm?, e) j=12 mA.cm, f) j=18 mA.cm?, g) [Na2S04]=1 g.L%, h) [Na2S04]=3 g.L%, and i)
[Na2S04]=5 g.L*

6.3.2.1 The treatment time effect

The electrolysis time is a crucial factor in electrochemical oxidation. This parameter plays an
essential role in enabling contaminants within the bulk sample solution to undergo the treatment
process effectively. Prolonged electrolysis time contributes to increased hydraulic retention time,
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enhancing interaction between organic pollutants and electrogenerated oxidants. In this study,
the electrolysis time had the highest contribution to the COD removal by 77.4%. The process was
conducted over three distinct durations: 30, 75, and 120 min. The removal efficiencies of COD
were notably influenced by the extension of the treatment time. The impact of electrolysis time on
COD removal for BDD/Gr and BDD/CF is visually depicted in Figure 6-4 (a-c) and Figure 12-1 (a-
c), respectively. For the BDD/Gr electrode pair, the COD removal ranged from 15 to 25% after 30
min of the EO process across different experiments (Figure 6-4-a). When the electrolysis time
was increased to 120 min, the COD removal improved to a range of 45 to 68% (Figure 6-4-c).
Under identical experimental conditions, a similar trend was observed for COD removal using the
BDD/CF electrode pair. The COD removal ranged from 9 to 28% after 30 min of electrolysis
(Figure 12-1-a) and increased to a range of 43 to 73% after 120 min (Figure 12-1-c). Similar
findings have been reported in other studies, supporting the conclusion from this research that a
longer treatment time correlates with higher COD removal efficiency (Mostafazadeh et al., 2019;
Sanni et al., 2022; Sivri et al., 2022; Zou et al., 2017).

6.3.2.2 The current density effect

The applied current density plays a crucial role in influencing both the electrolysis kinetics and
process economics. Our experiments conducted studies at three distinct current densities (6, 12,
and 18 mA.cm). The contribution of current density to COD removal by EO was calculated to be
16.7%. Figure 6-4 (d-f) illustrates the influence of current density on COD removal while
employing Gr as a cathode. As the current density increased from 6 to 18 mA.cm?2, the COD
removal efficiency also increased. Specifically, COD removal ranged from 14 to 45% at a current
density of 6 mA/cm2 (Figure 6-4-d), and improved to a range of 25 to 68% at a current density of
18 mA.cm2 (Figure 6-4-f).

According toTableau 6.4, by increasing the current density from 6 to 12 mA.cm= in a cell using
Gr as a cathode, with Na;SO4 at 1 g.L™* and an electrolysis time of 120 min, the COD removal
rose from 41 to 56%. This increase was attributed to a higher generation of hydroxyl radicals. It
further increased the current density to 18 mA.cm™ resulted in a marginal enhancement in organic
matter degradation, reaching up to 58%. This implies that COD removal becomes nearly
independent of current densities at higher values when employing a Gr cathode. However, under
the same conditions, COD removal using CF exhibited percentages of 46, 56, and 76% as the

current density increased from 6 to 12 and then to 18 mA.cm (refer to Tableau 6.4).
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These findings confirm that enhancing current density leads to improved COD removal efficiency,
aligning with prior research where this parameter played a crucial role in governing removal
efficiency (Barrera et al., 202 1; etBlg2092i Sivii ¢t al., 2022). It has been observed that
an increase in current density corresponds to a higher degradation rate of organic pollutants,
attributed to the generation of high quantiti e s of oxi dan’  opP¥c ) (8ang et
al., 2010). Nevertheless, as the current density continued to rise, the increase in COD removal
was marginal. This phenomenon could be attr
to oxygen (Equation 6.8-46) (Gao et al., 2021; Mostafazadeh et al., 2019). The higher applied
current density implies a greater applied voltage in the EO system, making the side reaction in
Equation 6.8-48 more prone to occur at the cathode with elevated voltage. Consequently, more
electricity is wasted at the higher applied current density (Wang et al., 2010a).

Equation 6.8 - The side reaction in the EO process

o0 0O 00 °0 0O 00 oQ (46)
0 ¢O ¢QO°00 0O 1w (47)
00 ¢O ¢Q O cOl O p&H (48)

Moreover, removal efficiency may decline after reaching a specific applied current due to an
excessive increase in reactive oxygen species, impeding mass transfer to the electrode surface
( Bo z yet @l.j 2022). In summary, factors such as gas evolution, supporting electrolyte
decomposition, side reactions, and mass transport limitations could diminish instantaneous
current efficiency when removing organic pollutants at high current density (Brito et al., 2021,

Canizares et al., 2004; Comninellis & Pulgarin, 1991; Fernandes et al., 2004).

6.3.2.3 The initial electrolyte concentration effect

Different concentrations of Na.SO, were investigated as supporting electrolytes in order to
evaluate the impacts on COD removal and energy consumption. Sodium sulfate is commonly
employed as a supporting electrolyte in electrochemical processes due to its ability to enhance
the electrical conductivity of wastewater. As depicted in Figure 6-4(g-i), the COD removal
exhibited a progressive augmentation with increasing Na>SO4 concentration within the specified
range for a pair of BDD/Gr electrodes. To illustrate, when maintaining a constant current density

of 6 mA.cm and utilizing Gr as a cathode while varying the electrolyte concentration from 1 to 5
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g.L?, there was a discernible enhancement in the COD removal rate. Specifically, it rose from 8
to 10% after 30 min and from 41 to 46% after 120 min of treatment. Under similar conditions but
employing CF as the cathode (refer to Tableau 6.4 and Figure 12-1), the COD removal showed

an increase from 12 to 17% after 30 min and from 46 to 50% after 120 min of treatment.

The addition of Na,SO, into wastewater facilitates indirect anodic oxidation by generating
peroxodisulfate ions at the anode. In electrolytes containing sulfate, the BDD anode can
electrochemically produce sulfate radicals ("™W” ) and peroxydisulfate ("YO ). Saha et al.
identified three pathways for " /'YO  formation during EO with BDD in the presence of sulfate

ions (Saha et al., 2022). The relevant reactions for these pathways are outlined below:

Equation 6.9 - Pathways for SO4%S20s?wformation during EO with BDD in the presence of sulfate ions

Pathway 1:

¢y O YO ¢Q (49)
YO O ¢ (50)
Pathway 2:

b 0 b Q (51)
¢Y? 0 Y) (52)
Pathway 3:

") ® v 00 (53)
oY N ® v 00 (54)
oY W v 00 (55)

Sulfate-free radicals serve as potent oxidizers for breaking down biorefractory organic
compounds. Numerous studies indicate that both "Y)? and "YO  enhance the degradation of
persistent organic pollutants (POPs) (Farhat et al., 2015; Kiendrebeogo et al., 2022; Saha et al.,
2022; Zambrano & Min, 2019). The decomposition of peroxodisulfates produces hydrogen
peroxide and various other oxidants (Canizares et al., 2003a), implying the involvement of multiple
oxidizing agents in mediated processes. Therefore, in the oxidation process, it is essential to
consider both direct oxidation on the electrode surface and mediated oxidation facilitated by
peroxodisulfates and other inorganic reagents electrogenerated on the electrode surface
(Canizares et al., 2003b).
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While it has been demonstrated that the initial concentration of the supporting electrolyte, Na;SOa,
has a weak impact on COD removal (0.7%), its significance becomes more apparent in terms of
energy consumption and, consequently, the operating cost. With an increase in the initial
concentration of Na;SO., the overall conductivity of the solution rises, thereby improving the
efficiency of the EO process through enhanced electron transfer between electrodes. The
heightened conductivity contributes to the efficacy of EO by facilitating the movement of ions and
electrons between electrodes, requiring a lower voltage to maintain a given current. As a result,
energy consumption decreases. The relationship between Na,SO. concentration and energy
consumption is thus indirect. Higher concentrations of Na.SO,4 can diminish resistance in the
system, enabling the same level of EO with reduced electrical energy input. However, it is crucial
to find a balance, as excessively high concentrations may lead to complications such as salt
precipitation, scaling on electrodes, and heightened maintenance demands (Rabaaoui et al.,
2013; Sivri et al., 2022).

Figure 6-5 shows how increasing the electrolyte concentration affected the operating cost in the
electrode pair of BDD/Gr. As expected, the addition of more NaF SOM led to an increase in
electrolyte costs. However, a reduction in electricity costs was observed due to the decreased
voltage required to maintain the desired current intensity. Regarding the total operation cost, we
observed a rise in lower current density and a decrease (or slight increase) in higher current
density. For instance, by increasing electrolyte concentration from 1 to 3 and thento 5 g.L? in a
cell with Gr cathode and current density of 6 mA.cm2, the total cost was gained 1.50, 1.68, and
2.21 USD.m>3. Conversely, once the current was increased to 18 mA.cm2, the total cost obtained
was 6.43, 4.51, and 4.52 USD.m3, respectively. In addition, electricity costs were reduced more
by adding Na,SO, from 1 to 3 g.L** compared to adding Na>SO, from 3 to 5 g.L:. A similar trend
was observed for the experiments using CF as a cathode. The results are depicted in Figure 12-3.
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Figure 6-5 Effect of the initial concentration of Na2SO4 on the operating cost with BDD/Gr a) j=6 mA.cm?,

b) j=12 mA.cm?, and c) j=18 mA.cm-?

These findings for the COD removal efficiency and energy consumption behaviour are compatible
with other studies in the literature for electrochemical oxidation of COD in aqueous solutions (Fil
& Elgln, 2023; Ji et al., 2022; Ozturk & Yilmaz, 2019).

6.3.2.4 Cathode material effect

In this study, two cathodes, graphite and carbon felt, were employed. The contribution of cathode
type on COD removal was quantified at 2.9%. A detailed examination of the results presented in
Tableau 6.4 revealed that COD removal at low current densities (6 and 12 mA.cm?) was
consistent for both cathodes. However, with an increase in current density to 18 mA.cm?, the
removal efficiency of CF surpassed that of Gr. The superior efficiency of the CF cathode can be
ascribed to its extensive reactive surface area, porosity, and significant number of active sites,
ensuring enhanced selectivity and responsiveness in the degradation of organic pollutants.
Additionally, the CF cathode exhibits a capability to generate hydrogen peroxide (H-O>) in situ

from dissolved oxygen, facilitating indirect oxidation that actively contributes to the degradation of
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persistent organic pollutants (POPs) (Guitaya et al., 2017; Horikoshi et al., 2002). The generation
of H202 by the CF cathode is described in Equation 6.10.

Equation 6.10 - Hydrogen peroxide generation in situ from dissolved oxygen by using the CF cathode

65 ¢O ¢Q o 0j (56)

Research has indicated that generated H;O is effective in oxidizing and breaking down easily
degradable parent compounds, although its efficacy is limited in mineralizing recalcitrant by-
products. H>O- can oxidize organics either by direct interaction as a weak oxidant or by generating
free eOH to produce a relatively moregeasphownennt oxi d
Equation 6.11. These radicals can effectively oxidize both the organic pollutants and their

intermediate by-products (Brito et al., 2021).

Equation 6.11 - Formation of hydroperoxyl radicals

‘00 @00 Q) 00 (57)

While carbon felt demonstrated a higher efficiency in COD removal compared to graphite, it is
essential to note that the operating cost associated with CF was also higher. As shown in Figure
6-5 and Figure 12-3, the choice of electrode materials significantly influences energy
consumption, a factor closely tied to the distinct physical-chemical properties of each material and
the efficiency of each electrode pair. The difference is due to the higher applied voltage required
in the BDD/CF pair under identical operating conditions compared to BDD/Gr.

6.3.2.5 Optimization of operating conditions

Following a comprehensive analysis of the results, we proceeded with the optimization of the
treatment process. Our primary objective was to ensure that the COD removal fell within
acceptable limits for the potential reuse of treated LWW, with a maximum allowable residual
concentration set at 100 mg.L*. Additionally, we focused on minimizing energy consumption to
reduce treatment costs effectively. The optimization criteria for the electro-oxidation treatment of
LWW were defined as follows: i) Maximizing COD removal efficiency held the highest priority, with
a weighting factor of 5/5. The goal was to achieve a residual COD value below 100 mg.L™. ii)
Minimizing operating costs was of lesser importance but still significant, with a weighting factor of
4/5. iii)) Minimizing energy consumption was also considered, though with a lower priority,

assigned a weighting factor of 3/5.

277



The optimal solution emerged through the utilization of a graphite cathode in an electrolyte with a
Na.SO, concentration of 4 g.L . This optimal configuration involved applying a current density of
15 mA.cm over a treatment duration of 120 min. Under these conditions, the operating cost,
consisting of electricity and electrolyte costs, was obtained at 3.65 USD.m™. To validate the
model's reliability and assess the efficacy of the optimization approach, triplicate assays were
performed using the established optimal operational conditions. The achieved COD removal rate
under these optimal operating conditions was 61 + 1%, closely aligning with the prediction
generated by the Design-Expert® Program Software. The software had projected a COD removal
of 62%, as illustrated in Tableau 6.6.

Tableau 6.6 Optimum operating conditions

Results

Experiment plan
COD removal (%)

-1 -2 i
Ui [g.LY]  Uz[mA.cm?] Us[min] Us Observed Predicted value
value
4.0 15 120 Gr 60.8 62.5

The efficiency of the EO process in eliminating NPEOs.1; and COD was thoroughly examined
under optimal conditions by monitoring solution concentrations at various intervals. In Figure 6-6,
the graph illustrates the concentrations of NPEO3.17 and COD over time under optimal conditions.
After 120 min of treatment, the NPEOs.17 concentration reached 11.8 + 1.2 ug.L™. This value was
below the permissible limit for water reuse in the washing cycle. Considering the initial NPEO3.17
concentration of 341 + 8 ug.L?, the corresponding removal rate reached 97%. As expected, the
final COD level was found to be below the standard for water reuse, with a residual concentration
of 94 + 6 mg.L™.
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Figure 6-6 COD and NPEO concentration during the EO process and under optimal conditions
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The obtained results were utilized to formulate kinetic models, employing pseudo-zero, pseudo-
first, and pseudo-second order equations. The determined values for ko, ki, ks, and R? related to
the oxidation of both NPEO3.;7 and COD are summarized in Tableau 12.1. When considering the
kinetic of NPEQOs.17 oxidation, the R? of the pseudo-zero-order kinetic model (R?wpeo = 0.957)
surpassed that of the pseudo-first-order kinetic model (R%wpeo= 0.908), indicating a more accurate
description of NPEOs.17 degradation through the EO process by the zero-order kinetic model. By
comparison, the zero-order kinetic model described very well the electro-oxidation process used
for COD degradation (with R%cop= 0.981). The reaction rate constant (ko) for NPEO3.17 oxidation
was 3.021 pg.Lt.min?, whereas 1.217 mg.L*.min was recorded for COD oxidation.

Beyond the assessments of COD and NPEOsi7; concentrations, we examined effluent
characteristics, including pH, total suspended solids (TSS), and turbidity. The recorded values for
these parameters were as follows: pH was determined to be 8.8 + 0.1, TSS remained below 1
mg.L?, and turbidity was measured at 3.56 + 0.12 NTU.

6.3.3 Effect of initial NPEO and COD concentration

In the context of these defined conditions, we initiated a second set of experiments to investigate
further the impact of the initial concentrations of NPEOs.;7 and COD in UF permeate on the
process. Figure 6-7 elucidates how the initial concentration of NPEOs.17 influences effluent

concentration. The initial NPEOs.17 concentrations varied in raw LWW from 341 + 8 to 809 + 10
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ug.L. By comparison, the residual NPEQOgs.17 concentrations ranged between 11.8 + 1.2to 397 +
6 pg.Lt while treating LWW using the EO process. Maintaining the NPEO concentration below
200 pg.L* is crucial for facilitating the reuse of treated water in the initial laundry washing cycles.
Consequently, the initial concentration of NPEO3.17 should be less than 600 ug.L?, allowing for

Su bsequent reuse.

.. 809
800 | ™Imtial NPEO
B Fmal NPEO
616
600 F
ﬁh 509
=
> 397

400 F o 341
)
% 224

200 F 115

12
0
Test 1 Test 2 Test 3 Test 4
Assay
Figure 6-7 Effect of initial concentration of NPEO on effluent concentration at optimal conditions

(BDD/Gr, [Na2S04]=4 g.L%, j=15 mA.cm?, electrolysis time=120 min)

Contrastingly, Figure 6-8 shows the influence of the initial COD concentration under optimal
conditions. With an increase in the initial COD concentration from 239 + 6 to 577 + 20 mg.L™?, the
effluent concentration after 120 min of treatment varied from 94 + 6 to 312 + 15mg.L . Maintaining
COD concentrations below 100 mg.L? is crucial to enable the reutilization of treated water in the
laundry washing cycles. This condition is effective for treating wastewater that initially contains a
COD concentration of less than 240 mg.L™.
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Figure 6-8 Effect of initial concentration of COD on effluent concentration at optimal conditions

(BDD/Gr, [Na2S04]=4 g.L%, j=15 mA.cm?, electrolysis time=120 min)

The obtained results were employed to fit various kinetic models, as detailed in Tableau 12.2.
Among these models, the pseudo-zero-order model exhibited a higher predictive capacity for
kinetic behavior, supported by a higher correlation coefficient. Consequently, to validate the
reliability of the kinetic model, we applied the equation derived from the pseudo-zero-order model
to estimate the required treatment time for the EO process at varying initial COD concentrations
in the permeate (302, 443, and 577 mg.L?). The final COD concentration was fixed at 100 mg.L
! (limit of reuse). Then, the theoretical time required to reach the concentration below 100 mg.L*
of COD was calculated. Accordingly, the predicted treatment times were approximately 160, 180,
and 230 min, respectively, to achieve the final COD limitation. Subsequent EO experiments were
conducted based on the calculated treatment times for each permeate with different initial
concentrations. The observed COD and NPEOs.17 values are presented in Tableau 6.7. According
to the table, the pseudo-zero-order model effectively predicted the necessary treatment time to
attain the COD level close to the reuse standard, except for the solution with an initial COD of 577
mg.Lt. To address this, the experiment was extended by an additional 30 min, resulting in a final
COD concentration of 103 + 2 mg.L™. It is noteworthy that as the treatment time increased, the
concentration of NPEO in the final solution reached a point where it met the standards for reuse
(< 200 pg.L). Figure 12-4 visually represents the reduction in COD over time, varying the initial

COD concentration of the solution.
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Tableau 6.7 Final concentration of COD and NPEO, by extending electrolysis time according to the
pseudo-zero-order model kinetic

Electrolysis Initial COD Final COD Initial NPEO Final NPEO

time [min] [mg.L 1] [mg.L 1] [ug.LY] [ug.L Y
160 302 £ 13 94 +11 5095 26+2
180 443 + 33 107+ 4 616 + 12 82+2
230 577 £ 20 1375 809 +10 28+3

6.3.4 Effect of initial pH

The pH of the solution plays a pivotal role in wastewater treatment. Numerous studies have
explored the impact of pH in anodic oxidation, but the findings vary and, at times, contradict one
another due to differences in organic structures and electrode materials (Panizza & Cerisola,
2004). Certain researchers have asserted that the oxidation process is more favorable in acidic
conditions (Rabaaoui & Allagui, 2012), while others have suggested increased efficiency in
alkaline environments (Pacheco et al., 2011). From the existing literature, it can be deduced that
the influence of pH is depending on the specific nature of the organic compounds under
investigation and the electrolyte used (Rabaaoui et al., 2013). The initial pH value predominantly
affects indirect oxidation processes, where pH regulates the formation of oxidant species (such
as H.S;0s in an acidic medium for Na,SO,) acting as mediators in the solution. However, the
initial pH has a relatively mild impact on the EO of NPEO when Na,SOy is utilized as a supporting

electrolyte.

The impact of initial pH on the degradation of NPEO3.17 and COD was investigated with pH values
of 3.0, 7.0, 9.6 (original LWW without adjustment), and 11.0, all under optimal conditions. Figure
12-5illustrates the degradation of NPEOs.17 after 120 min of treatment at different initial pH levels.
The acidic pH demonstrated higher NPEO degradation, with a pH of 3.0 achieving 99.8% removal.
Previous research by Periyasamy and Muthuchamy (2018) supported that higher removal
efficiencies are attained in an acidic medium. The potential formation of S,Os¢? 'radicals from the
supporting electrolyte in an acidic medium could enhance the removal rate of NPEO, as shown

in Equation 6.12.
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Equation 6.12 - Formation of persulfate using Na2SOa as a supporting electrolyte

¢OY © "Yo ‘O (58)

The acidic pH of 3.0 likely restrains the oxygen evolution reaction, thereby boosting degradation
efficiency (Periyasamy & Muthuchamy, 2018). Additionally, the higher concentration of sulfates in
the anolyte may play a role following the addition of sulfuric acid. Greater sulfate concentration
appears to favor persulfate formation and subsequent hydrogen peroxide generation through

persulfate hydrolysis, as described in Equation 6.13 (Saracco et al., 2000).

Equation 6.13 - Formation of hydrogen peroxide through persulfate hydrolysis

Y6 000 ¢OY 00 (59)

Figure 12-6 illustrates the effect of initial pH on COD removal. In the initial stages of the process,
the degradation rate of COD at pH 7.0 exceeded that at other pH levels. However, as the process
extended, the COD degradation rate at pH 3.0 eventually surpassed that at pH 7.0. After 120 min
of electrolysis, the COD removal efficiency was 74% at pH 3.0, compared to 64%, 61%, and 62%
atpH 7.0, 9.6, and 11.0, respectively. Consistent with these findings, other studies have reported
similar results, providing additional validation to the outcomes obtained in this study (Periyasamy
& Muthuchamy, 2018; Rabaaoui et al., 2013; Saracco et al., 2000).

Furthermore, it is essential to highlight that there was a gradual decline in pH throughout the
experiments with the initial values of pH 7.0, 9.6, and 11.0. Figure 6-9 shows the initial and final
pH of the assays. For instance, in the experiment initiated with an initial pH of 9.6, the pH steadily
decreased and reached 8.8 after 120 min of electrolysis. This decline can be attributed to the
generation of organic acids as by-products of NPEO degradation, resulting from various reactions
occurring at the anode and cathode surfaces. Additionally, the mineralization of organic
compounds led to the formation of carbonic acid through CO; evolution, contributing to the
observed pH reduction (Yavuz & Koparal, 2006). A similar trend has been documented in prior
investigations (da Silva et al., 2015; Sherrard et al., 1996; Vences-Benitez et al., 2017). In support
of this phenomenon, Vences-Benitez et al. reported a pH reduction from 5.7 to 3.2 during electro-
oxidation of NPEO aqueous solution using Na,SO. as the supporting electrolyte (Vences-Benitez
et al., 2017).
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Figure 6-9 Changes in solution pH during the EO process (BDD/Gr, [Na2SO4] =4 g.L %, j =15 mA.cm?,

electrolysis time=120 min)

6.3.5 NPEO degradation and by-product formation

The subsequent focus of this investigation is on the production of nonylphenol (NP) during the
EO process. As mentioned before, this study aims to remove NPEO3.17 to prevent its degradation
and the formation of NP in the reclaimed water. It is essential to precisely track the fate of NPEOs.
17 and monitor the emergence of NP in the solution throughout the treatment process. Hence, we
investigated the concentrations of these substances during the electrolysis. Figure 6-10 shows
the degradation of NPEO with different EO chains and NP during the EO process. As depicted,
both the concentration of NPEOs.1; and NP exhibited a decrease throughout the process. The
removal percentages, spanning from 94 to 98%, are detailed in Figure 12-7. These results signify
that, under optimal conditions, NPEOs.17 and NP underwent degradation of up to 97% and 95%,
respectively, within 2 h treatment.
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Figure 6-10 Degradation of NPEOs.17 and NP in solution during the EO process under optimal conditions

(BDD/Gr, [Na2S04] = 4 g.L, j = 15 mA.cm2, electrolysis time= 120 min)

Gao et al. (2021) proposed a potential electrochemical degradation pathway for NPEO4o. Initially,
the breakdown of the C-O bond in the ethoxylate chain resulted in the shortening of the chain.
Subsequently, the alkyl chain underwent further shortening, along with a continued reduction in
the ethoxylate chain, leading to the formation of low molecular organic matter. Finally, these low
molecular organic compounds underwent successive degradation stages, ultimately yielding CO»
and H;O. In a separate investigation, Armijos-Alcocer et al. (2017) suggested a potential
mechanism for the degradation of NPEO;. This mechanism involves the oxidation of the
ethoxylated chain, generating by-products such as NPEO;, NPEO,, and NP. Eventually, the
benzene ring generates quinones and hydroquinone, which undergo degradation into low-chain
carboxylic acids and, ultimately, into CO..

Our observations revealed that NP, as a by-product of NPEO degradation, was actively degraded
during the process, as visually depicted in Figure 6-10. This compelling evidence highlights the
effectiveness of the EO process in degrading NPEO from LWW.

6.4 Conclusion

This study focused on treating LWW, aiming to remove NPEOs;..7 and COD for reuse in the initial
laundry washing cycle. The approach involved a hybrid system with UF as pre-treatment followed
by EO. The study employed RSM to investigate the impacts of several factors and optimize the

process. The optimal conditions were determined at a current density of 15 mA-cm2for a 120 min
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reaction period in the presence of 4 g-Na,SO4 L' using a graphite cathode. Under optimal
conditions, NPEOs.17 concentration decreased significantly from 341 + 8t0 11.8 + 1.2 ug.Lt, COD
levels reduced from 239 + 6 to 94 + 6 mg.L?, and TSS remained below 1 mg.L. Notably, under
these optimal conditions, the effluent not only met the reuse limitations but also achieved
minimized operating costs, amounting to 3.65 USD.m= for the treated LWW. The findings
indicated that the pseudo-zero-order model effectively predicted the kinetics of NPEOs.47 and
COD oxidation. The determined kinetic constants (ko) were 3.021 pg.L™.min for NPEOs.17 and
1.217 mg.Lt.min? for COD. Further exploration of the process parameters revealed the
importance of maintaining an initial NPEOs.1; concentration below 600 pg.L* to ensure
compliance with reuse standards. Additionally, the study emphasized the favorable impact of
acidic conditions on the degradation of NPEOs.17 and COD during the electro-oxidation process.
A 10% higher COD removal was observed at pH 3 compared to natural and basic pH levels. The
research also uncovered a positive environmental aspecti the active degradation of nonylphenol
during the electro-oxidation process. Despite concerns about generating more NP, the findings

demonstrated a 94% degradation of NP during the process.
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7 DISCUSSION GENERALE ET CONCLUSION

La présente étude a permis d 6 e x a Mélimireation du NPEO et de la DCO des eaux usées
industrielles de buanderie afin d'atteindre la qualité requise pour une réutilisation dans les
premiers cycles de lavage du linge. L'objectif global et les objectifs spécifiques de la recherche
sont présentés a la Figure 7-1. Pour améliorer I'efficacité du processus et réduire les codts, deux
syst mes hybrides di st i nicUFsuividel'ADS@&1t'aRle daicharbom active u v r e
modifié; et ii) UF suivi de I'EO. Cette section présentera une synthese globale des éléments
principaux discutés dans les articles. Elle permettra de valider les hypotheses énumérées au
préalable, de mettre en avant les éléments originaux et novateurs de la recherche et enfin,

d 6 ® n odexrecommandations pour des travaux futurs.
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Schéma représentant I'objectif global et les objectifs spécifiques de la thése présentée
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7.1 Préparation de charbon actif modifié et fonctionnalisé pour améliorer
['élimination de NPEO
Comme expliqué dans la section 4.2.2, en ajustant les propriétés de surface du charbon actif par
des modifications telles que des traitements de surface ou la fonctionnalisation, la capacité
d'adsorption et la sélectivité peuvent étre améliorées, conduisant & une élimination plus efficace
des polluants des eaux usées (Bhatnagar et al., 2013). En tenant compte de cette hypothese, les
objectifs de la présente thése englobaient la préparation et la caractérisation du charbon actif
fonctionnalisé, ainsi que la comparaison de l'efficacité d'adsorption entre le charbon actif

fonctionnalisé et non fonctionnalisé.

Le NPEO, tout comme d'autres surfactants, posséde une partie hydrophile et une partie
hydrophobe. Le caractére hydrophile du NPEO augmente avec l'allongement des chaines

éthoxylate. Par conséquent, I'hypothése que les molécules de NPEO soient réguliérement

adsorbées sur les sites de liaison du charbon actif par le biais de leurs tétes hydrophiles peut étre

émise. Ainsi,| 6 ® i mi nati on du NPEO devrait °thydropdldsaut ant

dans le charbon actif augmentent. Cependant, les résultats expérimentaux obtenusne s dal i gnen!
pas sur | 6 fusgssue. tDANs $eg corditions opératoires testées, | 6augment ati ot
caract re hydrophile du charbon actif nda pas con

fonctionnalisation du charbon actif (CA) permet de développer de nouveaux groupements
oxyge®n®s “ | a sur fapesencade ces dgraupes fonctivrmelstoxygénés sur le
charbon entra’ ne une demantdadedatDCO et duNBEO (85at@4&%)@gad en | v

rapport a ceux (64 et 99 %) enregistrés avec du charbon non fonctionnalisé.

En revanche, les résultats ont indiqué que la neutralisation des groupes fonctionnels oxygénés
par un traitement thermique permet une amélioration de I'efficacité d'élimination de NPEO. Le
charbon actif traité thermiquement (Pur) apermisd 6 a m®Ilde 2 e ®enl vement du NP
de 16% | 6 e nlelaRO@ele traitednent tdermique (Pur) a contribué a augmenter la
capacité d'adsorption du NPEOsii7 de 35 % (par comparaison au charbon actif non

fonctionnalisé).

Les surfactants peuvent étre partiellement dissous dans l'eau. lls s'agregent et forment des
micelles si la concentration dépasse la concentration critique micellaire. La concentration a partir
de laquelle on observe la formation de micelles est appelée la concentration micellaire critique
(CMC) (Tran, 2009). Pour de NPEO avec 9-18 unités éthoxylate, la valeur de CMC a été
rapportée a 42 000 pg.L? (Calvo et al., 2009). Par conséquent, la concentration de NPEO dans

les EUB typiques (260-2400 pg.L?) est inférieure & la CMC. A des concentrations inférieures a la
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CMC, les surfactants éthoxylés sont adsorbés en tant que monomeéres par leur fraction
hydrophobe sur une surface hydrophobe (Soria-Sanchez et al., 2010). Par conséquent, moins les
groupes oxygene sont présents a la surface du charbon actif et plus la surface est hydrophobe,
et plus le taux d'adsorption de NPEO est élevé. La maodification du charbon actif par un traitement
thermique a haute température a conduit & améliorer l'efficacité d'élimination du NPEO en

augmentant I'nydrophobicité du charbon actif.

7.2 Couplage UF et ADS utilisant du charbon actif modifié pour le traitement des

EUB contaminées par le NPEO
Cette deuxieme partie des travaux visait a démontrer et a optimiser les performances épuratoires
du procédé hybride combinant ultrafiltration (UF) et | adsorption (ADS) sur charbon actif modifié
pour | e traitement des EUB. La compl ®mentarit® de
desmati res en suspension et solubles (organique e
tout en minimisant la consommation énergétique et les col(ts opérationnels par rapport a
['utilisation exclusive des procédés membranaires, tels que lultrafiltration suivie de la
nanofiltration (UF-NF). D'apres les études publiées, le colt opérationnel de la nanofiltration (NF)
est d' e nv ? rtandis qée celui de l'adsorption en post-traite me n t est de 1,5
(Collivignarelli et al., 2019). En outre, les eaux traitées peuvent ainsi étre réutilisées dans les
premiers cycles de lavage du linge. Les eaux de buanderies ont été préalablement ultrafiltrée et
soumises au traitement subséquent par ADS. Les concentrations résiduelles de NPEO de DCO
mesurées dans lesfiltratsi ssus de | 6ultrafiltration ®tea28lent res
+9mgltLes essais doadsorption ont ®t® r ®alis®s
différents ratios hauteur/diamétre (ratio H/D). La hauteur du lit filtrant dans les colonnes variait
entre 7.4 et 17.3 cm, alors que le diamétre des colonnes se situait entre 3.8 et 2.5 cm. Les
colonnes ont été remplies chacune de 33 g de charbon actif modifié sur différentes hauteurs. Le
procédéd dadsorption a ® ® optimis® en appliquant | a
parameétres indépendants ont été étudiés : le temps de rétention hydraulique (TRH), le rapport
hauteur/diamétre de la colonne (H/D) et la température d'alimentation. Les critéres d'optimisation
pour le traitement par adsorption sont les suivants : i) la maximisation de l'efficacité d'élimination
de la DCO avec une grande importance (facteur de pondération 5/5) et atteindre une valeur
résiduelle de la DCO inférieure a 100 mg.L™?; ii) prise en compte la température d'alimentation
égale a 20 °C avec une moindre importance (facteur de pondération 3/5); et iii) la minimisation
du TRH avec une moindre importance (facteur de pondération 2/5) pour réduire les colts. Les

meilleures conditions optimales ont été obtenus en imposant un TRH de 9,6 min, une température
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de 20 °C et un rapport H/D de la colonne de 6,9. Dans ces conditions, les taux d'élimination de
9% et824+£1.4%deNPEOetde DCO ont ®t ® respectivement enreg
a la sortie de la colonne de filtration présentait des caractéristiques requises (NPEO < 200 ug.L"
et DCO < 100 mg.L?) a la réutilisation des eaux de buanderie dans les premiers cycles de

lavage du linge.

Dans les conditions mentionnées, l'effluent de la colonne d'absorption présentait les
caractéristigues nécessaires a la réutilisation. Lors de l'adsorption dynamique en lit fixe, la
détermination du volume maximum d'eau traitée avec la qualité requise pour la réutilisation est
cruciale. Pour identifier ce parameétre, la courbe de percée a été généré dans des conditions
optimales. Les résultats de la courbe de percée ont révélé que le charbon actif modifié démontrait
de maniere constante sa capacité a produire de l'eau traitée avec des niveaux de NPEO3.17
nettement inférieurs a la limite de réutilisation (< 200 pg.L™), méme aprés le traitement de pres
de 100 L d'eaux usées. Lors de cette la méme expérience, le volume maximum d'eau traitée avec
des niveaux de DCO adaptés a la réutilisation dans les cycles de lavage (inférieur a 100 mg.L™)
a été atteint a 34 L. Par conséquent, apres le traitement de la quantité mentionnée d'eaux usées

(34 L), le charbon actif modifié doit étre régénéré pour restaurer sa capacité de traitement.

7.3 Couplage UF et EO pour le traitement des EUB contaminées par le NPEO

La troisi me parti e cdoeupll Ge®t-akyidehaEOY a0 unes mesnbraéne -
déultrafiltration (UF)gr C©ktnee "t elldluet ia ppsradeadicohere pdeer nieat
l a pr®sence de ¢ ompos ®s-oxyd&iangoous anaihotalisarleg forces su®1 ect r o
les matiéres organiques persistantes (notamment sur les NPEO). L'électro-oxydation a

récemment été mise en avant pour ses performances exceptionnelles dans la dégradation des

polluants non biodégradables (Qiao & Xiong, 2021). Divers facteurs ont été étudiés, notamment

la concentration de Na.SO., la densité de courant, le temps d'électrolyse et le type de cathode

(graphite et feutre de carbone) pour évaluer leurs impacts sur la dégradation de la DCO, la
consommation d'énergie et les colts opérationnels en utilisant une méthodologie de plan

factoriel. En considérant les résultats, le temps d'électrolyse s'est révelé étre le facteur le plus
prépondérant, contribuant ainsi & une influence de 77,4 % sur la dégradation de la DCO. La
concentration de I'électrolyte a eu un effet négligeable sur l'efficacité de la dégradation de la DCO,

mais elle a contribué & hauteur de 10 % a la consommation d'énergie.

Les crit res choisis pour :i)ldnoagrhisaton deddfficaoitt dedaont | es

dégradation de la DCO était la priorité absolue, avec un facteur de pondération de 5/5. L'objectif
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était d'atteindre une valeur résiduelle de DCO inférieure a 100 mg.L; ii) la minimisation les codts
opérationnels a également été pris en compte, bien que moins prioritaire, avec un facteur de
pondération de 4/5; iii) la minimisation de la consommation d'énergie était d'une importance
moindre mais toujours significative, avec un facteur de pondération de 3/5. L'optimisation du
processus a montré qu'en utilisant une cathode en graphite, en appliquant une densité de courant
de 15 mA-cm? avec 4 g-L* de Na;.SOset en met t ant mpsne tiaitementede 120 t e
min, le co(t opérationnel pourrait étre réduit a 3,65 USD-m tout en respectant les normes de

réutilisation de I'eau traitée.

L'étude s'est étendue a l'impact de la concentration initiale de NPEO et DCO dans les EUB
soumises au traitement par EO. Cette exploration a été menée dans des conditions optimales.
Les concentrations initiales de NPEOs.17 dans les EUB ont varié de 341 + 8 a 809 + 10 ug.L™. De
méme, les concentrations initiales de la DCO dans EUB ont varié de 239 + 6 a 577 + 20 mg.L™.
Les résultats ont indiqué que lorsque la concentration initiale de NPEOs.17 dans les EUB est
inférieure ou égale a 600 ug.L?, le traitement électro-o x ydat i on (proc®d® dO6EOQO) p-
la |limite de concentration r eqamss Ipe ubrutu nded a sRtuit md
de traitement requis pour atteindre des concentrations résiduelles de DCO inférieures a 100 mg.L
'(concentration requise pour une r®utilisataion des
été étudié. En imposant différentes concentrations initiales de DCO, le temps théorique requis
pour atteindre la norme de réutilisation a été calculé. En fixant les temps théoriques
préalablement calculés, le modéle pseudo-zéro ordre s 6 e s té canm&®aelui qui décrivait bien
| e processus déoxydati on de | a nroaydationrpeur ne gani gqu
réutilisation des eaux traitées. L'eau traitée obtenue a également été conforme a la limite de

concentration de NPEO requise pour la réutilisation des eaux.

Finalement, compte tenu de la préoccupation concernant la dégradation de NPEO et la formation
de NP dans l'eau traitée, les concentrations résiduelles de NP au cours du traitement électro-
oxydatif ont été suivies. Une diminution constante de la concentration en NP a été observée tout
au long du traitement électrolytique. Les résultats ont indiqué une dégradation de NP allant

jusgu'a 95 % dans les conditions optimales.

7.4  Etude comparative entre les procédés UF-ADS et UF-EO

Uneanalysea ®t ® effectu®e au terme des essai s men®s a
technologique (UF-ADS ou UF-E O) l a plus performante ddédun poin

environnemental pour | e trait e meestbaséetsurlescriteraut i | i s &
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suivants : i) vigdadmei mpeaaustedmavi®ennement aux,;

iv) qualificationd e | a main doéiTuvr e.

Lorsque | a col onneaéttdp ®s ®rp teino Mo (d Abha&hjgue fc@tina)t i o n

avec un temps de rétention hydraulique de 9,6 min e t un d®bi ondd&8nLimme et at i

elle a permis de généreren2hun volume dbéeau trait®e dbéenvi

conditions, |l e proc®d® doEO2hpenrvolene deRlgLalleedawn t

systemes (ADS versus EO) traitent un volume similaire d'eau dans un laps de temps imposé.

Le deuxiéme critére prend en compte les impacts environnementaux des deux procédés. En ce

i i)

ron

de

qgui concerne | e proc®d® doADS, l es consi d®r ati

charbon actif, le transport des matériaux jusqu'a l'installation de buanderie, et la consommation
d'énergie pendant les phases opérationnelles et les activités de maintenance. Le processus de
régénération a aussi été examiné pour [utilisation de produits chimiques (gaz N), la
consommation d'énergie, et le rejet potentiel de substances lors de la régénération thermique.
L'élimination ou la réutilisation du charbon actif usagé, par exemple, en tant que charge dans
l'industrie du béton, et les impacts liés a la fin de vie sont des parametres essentiels. En ce qui
concerne le procédé EO, les impacts environnementaux incluent I'évaluation des étapes de

conception et de fabrication des électrodes ainsi que des réactifs chimiques (par exemple les

r®acti fmopud&anteit oldpt®e estipport) . La consommat. i

on

mat ®r i aux (ou transport do®qui pements) jusaqud”

également été pris en compte. La phase opérationnelle a des impacts environnementaux
notables,enparti culier | a consommation d' ®nergi e
de maintenance telles que le remplacement des électrodes. L ifivestigation a révélé I'élimination
du NP, un sous-produit issu de la dégradation électrochimique du NPEO, soulignant ainsi la
nécessité d'une investigation plus approfondie sur la formation d'autres sous-produits. La prise
en compte de la fin de vie implique I'examen de I'élimination ou du recyclage des électrodes et

des déchets associés.

Le troisi maloarmaiti onepde®d en c obhapslecaslde I'utitisatisin
de charbon actif modifié par ADS suivi d'une filtration sur sable, le colt opérationnel est li¢ a
l'approvisionnement en charbon actif et en sable, aux dépenses de modification et de
régénération du charbon actif, alamain-d ' T uvre, ~ |l a consommati o
des déchets. La littérature fournit des estimations des colts d'exploitation : (i) filtration sur sable
a 0,04 (.m= (Ciabattia et al., 2009), équivalent a 0,043 USD.m3; (ii) adsorption sur charbon actif :
0,090 1,50 i.m? (Ciabattia et al., 2009; Collivignarelli et al., 2019 -Turset al.t 2805) soit
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0,097 7 1,62 USD.m3, et (iii) modification et régénération du charbon actif a 0,088 i 0,953
USD.kg* de charbon actif (Bradshaw et al., 1997; O'Brien et al., 1982), ce qui se traduit par 0,085
i 0,924 USD.m? (en considérant le rapport adsorbant-eaux usées de 0,97 dans cette étude). Par
conséquent, les colts d'exploitation totaux pour cette approche se situent entre 0,225 et 2,59
USD.m=, sans prendre en compte le taux d'inflation. En revanche, le colit d 6 o p ® rda tEO
impligue des dépenses liées aux électrodes, a la consommation d'énergie, aux produits
chimiques, a la main-d " T uvr e, " .
Notamment, les matériaux des électrodes, la maintenance et la consommation d'énergie pendant
le processus contribuent significativement a ces codts. Selon la littérature, le colt opérationnel
du procédé EO varie de 0,9 a 6,0 USD.m (Kiendrebeogo et al., 2023; Sivri et al., 2020; Vences-
Benitez et al., 2017), sans prendre en compte le taux d'inflation. La consommation d'énergie et le
colt de I'électrolyte dans les conditions optimales ont ainsi été estimés a 3,65 USD.m?3. Ces
données indiquent que le procédé d'adsorption est moins colteux comparé au procédé dé@lectro-

oxydation.

Le quatriéeme critére de comparaison porte sur la qualification de lamain-d ' T u \a gaealification
de | a mai estliée@lagomplexité et a la dynamique opérationnelle des procédés. Dans
l e proc®d® d o6 E Ocuée dymi®e)el'opérationds'arrétait toutes les deux heures
pour le lavage des électrodes et du réacteur. Cette routine était répétée tout au long du traitement.
En comparaison, le procédé ADSf oncti onnant e n dynandgee, ithdique ®e
approche opérationnelle relativement plus simple. Environ toutes les 60 h, le processus s'arrétait
pour la régénération du charbon actif modifié et le lavage du filtre a sable, avec une durée de
régénération et de préparation d'environ 3 h, sachant que, aprés la régénération du charbon actif,
I'efficacité de I'adsorbant etletempsd 6 a p p | iu@racédé diminudnt jusqu'a son épuisement.
A ce stade, le charbon actif peut étre soit disposé ou réutilisé dans la fabrication de béton. Ces

données indiquent que le procédé ADS (opéré en mode dynamique) est plus simple en termes

on

®gqui pement de surveil

at

anc

on

de qualificationsdelamain-d' T uvr e, demandant ddpérateuspardappopau®s en c e

procédé EO opéré en mode cuvée dynamique.

7.5 Conclusion

Dans cette dissertation, I'élimination des nonylphénol éthoxylates (NPEO) et de la demande
chimique en oxygéne (DCO) des eaux usées industrielles de buanderies (EUB) a été étudiée afin

d'atteindre les normes de qualité requises pour leur réutilisation dans les premiers cycles du
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|l avage du I inge. Deux syst mes hybrides di

suivie d'adsorption (ADS) utilisant du charbon actif modifié, et 'UF suivie d'électro-oxydation (EO).

La premiére partied e | OaRpbri¢ due la modification du charbon actif (CA) pour améliorer sa
capacité d'adsorption des NPEOs3.17 et de la DCO. En utilisant un traitement thermique sous
atmosphére gazeux d'azote a 900 °C, la capacité d'adsorption du CA a augmenté. Les efficacités
d'élimination de la DCO en utilisant du charbon actif non modifié (P), du charbon actif traité
thermiquement (Pwr) et du charbon actif fonctionnalisé (Pciqrrn) étaient de 63 %, 80 % et 56 %,
respectivement, a partir d'eaux usées synthétiques de buanderie avec une DCO initiale de 573 +
55 mg.L?. Pour les NPEOs.17, les efficacités d'élimination étaient de 99 %, 99 % et 94 %,
respectivement, avec une concentration initiale de 971 + 93 pg.L. En utilisant une faible
concentration de 0,37 g.L* de charbon actif, les efficacités d'élimination des NPEOs3.17 étaient de
41 % et 62 % pour les sorbants non modifié (P) et modifié (Pur), respectivement. Les capacités
d'adsorption mesurées étaient de 1550 ug.g™* pour P et de 2092 pg.g™ pour Pyr, démontrant une
amélioration de la capacité d'adsorption grace au traitement thermique du charbon actif.

La deuxieme partie des travaux a p e r Bvalger las gperformances épuratoires du systéme
hybride UF et ADS en utilisant du charbon actif modifié pour I'élimination des NPEO et de la DCO

des EUB industrielles réelles. Les conditions optimales ont été obtenues en utilisant une colonne

st

nct ¢

avec un ratio H/D de 6,9, un HRT de 9,6 min et une temperature de 2 0 e C. La configu

optimale a permis d'atteindre un taux moyen d'élimination de la DCO de 82 % en maintenant les
niveaux de NPEOs.17 en dessous des limites de réutilisation aprés le traitement de prés de 100 L
de perméat. Dans des conditions optimales, le systéme a traité 34 L de perméat en 63 h,
atteignant des niveaux de DCO adaptés a la réutilisation (inférieurs a 100 mg.L™?). Une efficacité
d'élimination relativement élevée des NPEOs.17 a été observée (plus de 99%), méme a de fortes
concentrations initiales de NPEOs3.17 (1,233 + 34 ug.L™%).

La troisi me m@aartd surde trditemeht de® EWBder utilisant un systéme hybride
de UF suivi d'EO. Les conditions optimales ont été identifiées a une densité de courant de 15
mA-cm2 pour une période de réaction de 120 min avec 4 g-Na,SO. L* en utilisant une cathode
en graphite. Dans ces conditions, les concentrations de NPEOs3.17 ont diminué de 341+ 84 11,8
+ 1,2 ug.L?, les niveaux de DCO ont été réduits de 239 + 6 a 94 + 6 mg.L?, et les MES sont
restés inférieurs a 1 mg.L. L'effluent répondait aux limites de réutilisation avec des codts
d'exploitation de 3,65 USD-m™. Le maintien d'une concentration initiale de NPEOs3.17 inférieure a

600 pg.L? était essentiel pour se conformer aux normes de réutilisation. Le processus d'EO a
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également réalisé une dégradation de 94 % du nonylphénol (NP), répondant aux préoccupations

environnementales concernant la formation de NP pendant le traitement.

Une analyse comparative entre UF-ADS et UF-EO a été réalisée. L'analyse était basée sur quatre

critéres : volume d'eau traité, impacts environnementaux, colts opérationnels et qualification de

~

lamain-d' Tuvr e. Les deux syst meredeun(lLl)éenruaeipérigie den

2 h dans des conditions optimales. Les impacts environnementaux du processus ADS incluaient
la production et la modification du charbon actif, la consommation d'énergie et le rejet potentiel
de substances pendant la régénération thermique. Les impacts environnementaux du processus
EO comprenaient la fabrication d'électrodes, les réactifs chimiques, la consommation d'énergie
et la génération potentielle de sous-produits nocifs. L'analyse des colts opérationnels a indiqué
que le processus ADS variait de 0,225 a 2,59 USD-m3, tandis que le processus EO variait de 0,9
a 6,0 USD-m™3. Le processus ADS s'est avéré plus rentable par rapport a I'EO. En termes de
qualificationdelamain-d' T uvr e, | e processus Ad&cend@pératsus
et était plus simple a gérer par rapport au processus EO.

En conclusion, les objectifs atteints tout au long de cette étude fournissent les bases d'une
approche optimisée pour le traitement des eaux usées industrielles de buanderies. Ces procédés
constituent des approches prometteuses pour la réutilisation potentielle des EUB. Cependant,

des travaux supplémentaires sont essentiels pour améliorer la rentabilité globale du procédé.

7.6 Recommandations

Cette étude a démontré l'efficacité de deux procédés hybrides pour le traitement et la réutilisation
des eaux usées de buanderies commerciales contaminées par le NPEO. Cependant, différentes

pistes d'amélioration et d'élargissement de leurs applications peuvent étre énoncées.

V Explorer le potentiel d'amélioration des performances du charbon actif en incorporant des
groupes fonctionnels hydrophobes. Cela pourrait améliorer le taux d'adsorption du NPEO,
en particulier a des concentrations inférieures a la CMC. Le développement sur le charbon

actif des groupements fonctionnels hydrophobes (ex. : les groupes alkyles non polaires)

en vue ddédaugmenter | O60ef f iseratintéres®antd e nl vement

V Examiner des méthodes alternatives de régénération du charbon actif usagé en tenant
compte des aspects fondamentaux de I'économie circulaire, de I'impact environnemental
et de l'efficacité énergétique. Alors que la régénération thermique est couramment utilisée
dans l'industrie, ses besoins élevés en énergie et la perte de carbone pendant le

processus posent des défis économiques. La régénération chimique, avec sa perte de
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carbone inférieure, présente une alternative économique attrayante. Cependant, elle

nécessite une deuxieme phase de traitement pour la dégradation des polluants. Des

méthodes de régénération novatrices, telles que les micro-ondes, les ultrasons ou
I'électrochimie, peuvent étre explorées pour des gains d'efficacité potentiels.

Effectuer une analyse approfondie du cycle de vie pour évaluer l'impact environnemental

des procédés étudiés. Cette approche fournira des informations utiles sur la durabilité

globale et I'empreinte environnementale des méthodes de traitement des eaux usées
industrielles (telle que les eaux usées issues de buanderies commerciales).

Réaliser une étude techno-économique détaillée a l'aide d'outils avancés pour évaluer
divers facteurs de co%ts, y compris | es cob%ts
fin de vie. Cette évaluation contribuera a comprendre la faisabilité économique de la

modi fication et de | a r ®g®n®r altd amaddpfitessded e pr o
maintenance et de la durée de vie des électrodes dans | e pr ofcudida®esd 6 E O

informations cruciales pour I'optimisation.
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10 ANNEXE II: COMPARISON BETWEEN M ODIFIED AND UNMODIFIED
ACTIVATED CARBON IN CONTINUOUS ADSORPTION

To evaluate the efficiency of modified and unmodified activated carbon (AC) in continuous
adsorption, experiments were conducted using spiked laundry wastewater (LWW) with an initial
concentration of NPEOs.17 at 2204 + 193 pg.L? and COD at 1013 + 46 mg.L?. Additional
parameters included an HRT of 9.6 min, an H/D ratio of 6.9, and an i
Figure 10-1 illustrates the normalized concentration profile of NPEOs.17 over time. Modified AC
demonstrated a substantial capacity for NPEOs.1; removal from the LWW due to the abundance
of available active sites. As depicted in the figure, the C/Co, remained below 0.09 (equivalent to a
91% removal rate) after 30 h of treatment with modified AC. In contrast, unmodified AC showed
a C/Co of 0.69 (corresponding to a 31% removal rate) after the same duration. This ratio increased
to 0.48 and 0.89 after 73 h of treatment for unmodified and modified AC, respectively. This
highlights how an increase in surface hydrophobicity of activated carbon leads to higher rates of
NPEO adsorption.
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Figure 10-1 Continuous adsorption of NPEO over time using modified and

unmodified activated carbon

On the other side, Figure 10-2 elucidates the breakthrough curve of COD for both modified (a)
and unmodified AC (b). Initially, the COD concentration in the feed was 1013 + 46 mg.L. In the
case of modified AC, the effluent COD started at 36.9 mg.L™, progressively increasing to 931 +
20 mg.L* after 73 h. In contrast, when utilizing unmodified AC, the effluent COD started at 86.9
mg.L?, experiencing a rapid increase to 916.5 + 3.2 mg.L* within the initial 45 h of treatment. The

COD value remained relatively stable from this point onward, extending until 73 h. Therefore, the



bed reached saturation at a faster rate. These results emphasize the significant enhancement in

COD removal from LWW achieved through the utilization of heat-treated activated carbon.
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Figure 10-2 Continuous adsorption of NPEO over time using modified and unmodified activated carbon
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11 ANNEXE Ill : DOCUMENT SUPPLEMENTAIRE DU CHAPITRE 5

11.1 Breakthrough curve and modelling

The breakthrough curve plays a vital role in analyzing and designing dynamic adsorption systems.
This curve provides a wealth of information, including critical parameters such as breakthrough
time, exhaustion time, mass transfer zone length, effluent volume, maximum column capacity,
and removal efficiency (Adrian et al.,, 2017). Achieving a successful design for a column
adsorption process hinges on foreseeing how the effluent's breakthrough curve will unfold
accurately. Over the years, researchers have developed simple math models to understand and
analyze lab-scale column studies, aiming to apply them in real-world industries (Chen et al.,
2012). Thus, within the scope of this investigation, a comprehensive evaluation of various models,
including the Bohart-Adams (Bohart & Adams, 1920), Yoon-Nelson (Yoon & Nelson, 1984),
Thomas (Thomas, 1944), Wolborska (Wolborska, 1989), Yan (Yan et al., 2001), and Clark (Clark,
1987) models, was undertaken to pinpoint the most adept model capable of anticipating the
dynamic behaviours exhibited within the column system.

11.1.1 Bohart-Adams model

The Bohart-Adams model finds a common application in fixed-bed adsorption when the surface
operation is in its initial state. This model posits that the reaction doesn't occur instantaneously,
as it's rooted in the theory of surface reactions. Additionally, it assumes that the adsorption rate
is directly related to both the adsorption capacity and the solute concentration (Bohart & Adams,
1920). The nonlinear form of Bohart-Adams models is represented by Equation 11.1 and Equation
11.2. The former equation is valid for C/Cp << 1 (Chu, 2020).

Equation 11.1 - Bohart-Adams breakthrough model for C/Co << 1
0 e . I
5 QwrnQ 00 QUO—hOJOLp (60)

p
p Qo0 & Q8o (61)

:l

Where kga is the Bohart-Adams rate coefficient [mL.ug2.min-]



No is the adsorption capacity of the adsorbent per unit volume of the bed [ug.mL™]
zis the bed length [cm]

vz is the superficial velocity [cm.min-]

11.1.2 Yoon-Nelson model

The Yoon-Nelson model was introduced to characterize the behaviour of breakthrough curves for
adsorbate gases interacting with activated charcoal (Yoon & Nelson, 1984). This model relies on
the idea that the reduction in adsorption rate for each molecule is directly related to both the
adsorption rate and the vyield curve of the adsorbed substance. This concept is captured in
Equation 11.3.

Equation 11.3 - Yoon-Nelson breakthrough model

P
6 p QoiiQ Qo

(62)

Where kv is the Yoon-Nelson kinetic constant [h]

Uis the estimated time it takes 50% of the adsorption front to progress [h]

11.1.3 Thomas model

The Thomas model is extensively employed to demonstrate column performance and forecast
breakthrough curves. The model assumed negligible axial dispersion during column adsorption,
even at lower bed depths. It is based on the second-order rate law of kinetic reaction (Thomas,

1944) and can be expressed using Equation 11.4.

Equation 11.4 - Thomas breakthrough model

p
o 'chn—q—‘QJ‘“ Q60

:l

(63)

Where kmn is the kinetic constant in the Thomas model [mL.mgt.min]
qo is the solid loading per unit mass of adsorbent [mg.g]
m is the column's adsorbent mass [g]

Qs the flow rate volume [mL.min]
Chu stated that the Bohart-Adams (Equation 11.2), Thomas (Equation 11.3), and Yoon-Nelson
(Equation 11.4) models can be unified using the logistic growth function with two general
parameters. Rather than fitting each fixed bed model separately to experimental data, the logistic

equation can be applied to breakthrough data to find the general parameters. This enables the
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computation of specific parameters for the fixed bed models. Fitting the models separately is
uninformative as they are mathematically equivalent, yielding similar accuracy (Chu, 2020).

Therefore, the general equation can be rewritten as Equation 11.5.
Equation 11.5 - General equation for the breakthrough curve
p

.
& p Qon 10 (64)

By employing nonlinear regression analysis to graph the ratio of C/Cy against time (t), it becomes
possible to derive the values of both Uand b. Subsequently, these derived values can be utilized
to compute the constant within the equations of the Bohart-Adams, Thomas, and Yoon-Nelson
models. For the sake of simplicity, the term "general model-1" was attributed to Equation 11.5 in

this research.

11.1.4 Wolborska model

The Wolborska model originated from the overarching equation of diffusional mass transfer
applicable for low concentration levels, as shown in Equation 11.6. When dealing with external

diffusion featuring a constant coefficient, it becomes feasible to derive (Wolborska, 1989).

Equation 11.6 - Wolborska breakthrough model

tAo 1
T

o ('xT 6 © (65)

Where vnm is the solute's migration rate within the fixed bed [cm.min]

bL is the external mass transfer kinetic coefficient [h-]
By employing Equation 11.6 and under the assumptions that C; is significantly smaller than Cy, (C;
<< Cp), Vm is much less than v; (vm << V;), and axial dispersion can be disregarded, the

breakthrough curves can be expressed as outlined in Equation 11.7 (Adrian et al., 2017).

Equation 11.7 - Wolborska breakthrough model with Ci << Cp and vm << v,

5 ) ,
— Agp——06 —— (66)
0

Where Uis the bed porosity [dimensionless]
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It should be noted that Equation 11.7 is valid for small outlet concentrations (Wolborska &
Pustelnik, 1996).

For low concentration of the effluent (C/Co << 1), the Bohart-Adams model (Equation 11.1) and

the Wolborska model (Equation 11.7) can be unified and rewritten as Equation 11.8.

Equation 11.8 - General equation for the breakthrough curve (Ci/Co << 1)
0 L

By utilizing nonlinear regression analysis to graph the ratio of C/Co, over time, it becomes feasible
to extract values for parameters A and B. Subsequently; these determined values can be used to
compute the constant within the equations of the Bohart-Adams and Wolborska models. Within
the context of this research, the equation denoted as Equation 11.8 was referred to as "general

model-2."

11.1.5 Yan model

The Yan model, alternatively termed Modified Dose Response (MDR), was developed by Yan et
al. (2001) (fan—etak—2001). Its purpose was to reduce the disparity between observed
experimental data and the anticipated breakthrough curve yielded by the Thomas model. This is
particularly useful in cases where extremely short or exceedingly long operation times are

required (Jaria et al., 2019). The model is formulated by Equation 11.9.

Equation 11.9 - Yan breakthrough model

|
©
1

6 0 o (68)

Where aYis a model parameter [dimensionless]

go is the maximum adsorption capacity [mg.g]

11.1.6 Clark model

Clark defined a new simulation of breakthrough curves (Clark, 1987). The model developed by
Clark was based on the use of a mass-transfer concept in combination with the Freundlich
isotherm (Aksu & Gonen, 2004):
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O=| o

Equation 11.10 - Clarck breakthrough model

Where A is constant in the Clark model [dimensionless]

11.2

ris constant in the Clark model [h7]

n is the Freundlich constant [dimensionless]

(69)

Table
Tableau 11.1 Dimensions of fixed-bed columns
Name of Inner diameter Height [cm] Packed height  Packed height-to-
column [cm] 9 [cm] diameter ratio
Ci 25 19.7 17.3 6.9
Cz 3.0 16.5 12.0 4.0
Cs 3.8 10.0 7.4 1.9
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Tableau 11.2 ANOVA results of the linear model for COD removal

Source Sum of squares df Mean square F-value p-value
Model 403.5 3 134.5 105.2 < 0.0001
A-HRT 298.9 1 298.9 233.8 < 0.0001
B-T 541 1 541 42.3 < 0.0001
C-L/D 50.5 1 50.5 39.5 < 0.0001
Residual 16.6 13 1.3
Lack of fit 16.0 9 1.8 12.0 0.0144
Pure error 0.592 4 0.148
Cor total 420.1 16
11.3 Figure
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Figure 11-1 Contour plots of the COD removal a) T=
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Figure 11-3

3D surface plot of the BBD for COD removal as a function of HRT and initial temperature a)
H/D=1.9, b) H/D= 4.4, and c¢) H/D= 6.9
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12 ANNEXE IV : DOCUMENT SUPPLEMENTAIRE DU CHAPITRE 6

12.1 Equation

Equation 12.1 - The actual equation for COD removal based on factorial design- graphite cathode

A PETMOPTICT K UPP L CN YT X T F¥p XxTBL Tt p XY \O

Type of cathode: Carbon felt

Equation 12.2 - The actual equation for COD removal based on factorial design- carbon felt cathode

® O T T XTBOOT GY LTI @ ¢ UVT TU® w Tt U @8t p 0 YOO

Equation 12.3 - The actual equation for COD removal based on Box-Behnken design- graphite cathode

) X QOTTRHU MM IT® T U PV oT® X X TY) T8t p TT PN

i Y w

Equation 12.4 - The actual equation for COD removal based on Box-Behnken design- carbon felt cathode

® PEB XTIYUPRP U MAVTTEP T X B¢ T X X TY uTBT p T PWIY

B p Y w

(70)

(71)

(72)
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12.2 Table

Tableau 12.1 Kinetic models and parameters for NPEO and COD oxidation in optimal conditions (BDD/Gr,
[Na2S04]=4 g.L?, j=15 mA.cm2, electrolysis time=120 min), other conditions: [NPEOz-17]o=341
+ 8 ug.L?, [COD]o=239 + 6 mg.L™?, initial pH=9.6

Kinetic model Expression Parameter Goodness of fit
Pseudo-zero- o) 6 Q0  koneeo= 3.021 pg.L-t.mint R2npeo= 0.957
order model

ko,cop=1.217 mg.L-t.min!

Pseudo-first- .0 kinpeo= 0.024 mint

0 &~ Qo
order model 0 k1.coo= 0.007 min-L
Pseudo-second- P P 00 k2npeo= 0.0004 L.ugt.mint
order model 6 6

k2,cop=0.00005 L.mg-t.min!

R2cop= 0.981

R2npeo= 0.908
R2cop= 0.966

R2npe0= 0.574
R2cop= 0.903

C= concentration of NPEO or COD at time t
Co= concentration of NPEO or COD at time t=0

Tableau 12.2 Effect of initial COD concentration in kinetic models for COD oxidation in optimal conditions
(BDD/Gr, [Na2S0a4]=4 g.L%, j=15 mA.cm?, electrolysis time=120 min), Co,1=239 + 6, Co2 =302 *

13, Co3 =443 + 33, and Co4 =577 + 20 mg.L*?

Kinetic model Expression Parameter Goodness of fit
Pseudo-zero- 6 6 Q0  koci= 1.217 mg.Lt.mint R2c1= 0.981
order model koco= 1.322 mg.L-1.mint R2co= 0.988
ko,ca= 1.903 mg.Lt.min1 R2c3= 0.949
ko,ca= 2.175 mg.Lt.min1 R2c4= 0.991
Pseudo-first- A« T kic1= 0.0072 min't RZc1= 0.966
order model R Kic2= 0.0058 min't R2c2= 0.988
k1,ca= 0.0056 min! R2c3= 0.985
k1,ca= 0.0048 min- R2c4= 0.969
Pseudo-second- PP . k2,c1= 0.00005 L.mg1.min? R2c1= 0.903
order model 85 6 Q20 1 min-
k2,co= 0.00003 L.mg-1.mint R2c2=0.968
k2,c3= 0.00002 L.mg-1.mint R2c3= 0.986
k2,ca= 0.00001 L.mgLt.min? R2cs= 0.931

C= concentration of NPEO or COD at time t
Co= concentration of NPEO or COD at time t=0

343



12.3 Figure
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Figure 12-1 Contour plots of the COD removal for a pair of BDD/CF electrodes
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Figure 12-2 3D surface plot of the BBD for COD removal as a function of current density and electrolysis
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Effect of electrolyte concentration (NazSO4) on operating cost of the EO process using
BDDI/CF
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Figure 12-4 Effect of initial concentration of COD on COD degradation (BDD/Gr, [Na2S04] =
4g.L1j=15mA.cm?)

Figure 12-5 Effect of initial pH on NPEO degradation at optimal conditions (BDD/Gr, [Na2S0a4]=4 g.L?,
j=15 mA.cm?, electrolysis time=120 min),[NPEO3s.17]o =341 + 8 ug.L?
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