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Abstract

This study investigated mechanical properties afchimposites developed from recycled
polylactic acid (PLA) from packaging industry andated cellulosic fibers from pulp and paper
solid waste. Microwave and enzymatic treatmentsewased for extraction and surface
modification of hydrophilic cellulosic fibers. Enmatic treatment was specifically performed for
activation of hydroxyl groups and improvement of@sion between matrix and fibers including
controlling the length of cellulosic fibers withzsi reduction of around 50 % (142 and 127 pum
for primary and mixed biosolids, respectively) asnpared to microwave treatment. Microwave
treatment produced cellulosic fibers of 293 and 34, for primary and mixed biosolids,
respectively. Mechanical properties of biocompasuth 2 % (w/w) of treated cellulosic fibers
(Young's Modulus 887.83 MPa with tensile straimm@gakpoint of 7.22 %, tensile stress at yield
41.35 MPa) was enhanced in comparison to the redyBPILA (Young's Modulus 644.47 *
30.086 MPa with tensile strain at breakpoint 0fl600.83 %, tensile stress at yield of 29.49 +
3.64 MPa). Scanning electron microscopy revealed stduction of cellulosic fibers. X-ray
diffraction and Fourier transform infrared spectisy confirmed strong mechanical properties

of novel biocomposites.

Keywords: biocomposite; cellulosic fiber; microwave treatmergnzymatic treatment;

mechanical test; polylactic acid



1. Introduction

Biocomposites are composed of polymeric matrix egidforcement. Numerous studies have
shown that synthetic fibers, such as glass andaodibers are commonly used as reinforcement
for composite materials due to their strong meata@nproperties. Recently, a wide range of
attractive alternative materials that can replagathetic fibers, such as natural or cellulosic
fibers are increasingly being used as ‘eco-friemdbterials’ (Faruk et al., 2012). Natural fibers
offer several advantages over synthetic materiglsemforcement composites, such as good
mechanical and physical proprieties, high stiffnasd tensile strength (Pickering et al., 2016).
Furthermore, they are renewable, biodegradableahnddantly available in nature (Karaduman
et al., 2013).

There are several types of natural fibers, sudgutas hemp, kenaf, flax, sisal and ramie, which
possess excellent potential as reinforcement fonposites (Saheb and Jog, 1999). However,
natural fibers in their native form have many disattages, such as poor compatibility with the
matrix. The poor compatibility in biocompositesdae to hydrophilic nature of the cellulosic
fibers in poor adhesion and moisture absorptioms] pretreatment of natural fibers is necessary
to improve the biocompatibility between matrix ditgbrs, more so by the activation of hydroxyl
groups on these fibers. The most common methogsetfeatment are physical, chemical, and
enzymatic treatments (Henriksson et al., 2007). nGted modification of fibers, such as
treatment with alkali, acid and organic solvents amostly useful due to its efficiency in
improving compatibility between the matrix and thigers (Kabir et al., 2012). Additionally,
physico-chemical processes, such as microwaveiatiad (MWI) or thermal pretreatment are
efficient in terms of degradation and solubilizatiof extracellular polymers. Nevertheless, these

methods have many drawbacks such as toxicity omateds and higher costs. On the other



hand, treatment of natural fibers using enzymesh s$ laccase and cellulolytic enzymes have
been used for the modification of natural fiberseiiHksson et al., 2007). These methods are
environment friendly, and highly efficient usingntmlled reactions (Kharazipour et al., 1997).
However, combined physical-enzymatic-chemical-gaiment showed promising results in
terms of delignification, fiber extraction and irett reduction of the fiber size (Saha et al.,
2011).

Several fungi are known to produce cellulose madgyextracellular enzymes, of which
Trametes versicolor and Trichoderma reesei have been extensively documented for production
of laccase and cellulolytic enzymes, respectivBlgizarlioglu et al., 2005). Studies have shown
that cellulase can modify and degrade lignocelialosaterials and convert them to simple
sugars (Perez et al., 200Rxccase is used for the degradation of phenolicpoamds (Rencoret

et al., 2014), activation of cellulosic fibers amdprovement of adhesion between fibers and
matrix in composite materials (George et al., 20T4g fact that cellulose is naturally covered
by lignin-comprising phenolic compounds, its removgy biocatalytic degradation using
enzymes, such as laccase improves the interactiarelllose fraction with polylactic acid
leading to adhesion between fibers and matrix.

Pulp and paper solid sludge (PPSW) constitutestlong-of the total waste produced in Canada
(Das et al., 2016). However, only 25 % of this PPiSWecycled, and this leads to environmental
issues (Oral et al., 2005). PPSW can also be ctet/¢éo enzymes through bioconvesion . In
addition, PPSW contains higher amount of cellui@&s et al., 2016) so that it could be used as
a potential source for extraction of renewableutedlic fibers. Polylactic acid (PLA) is gaining
attention as a bioplastic because of its uniquegnaes, such as biodegradable and renewable,

higher hydrophobicity, tensile strength, and rityidPLA can be used in automobiles, packaging,



and pharmaceutical industries (Bitinis et al., 20 wever, these biopolymers exhibits some
disagvantages, such as the molten state, therrgeddkgion, residence time in the extruder and
shredding process, which decreases the mechamdaplaysical properties of PLA after each
recycling cycle (Pillin et al., 2008). Nevertheledbese properties can be improved by
incorporating cellulosic fibers from PPSW (Mukherjand Kao, 2011). In addition, recycled
PLA (PLAr) becomes resistant to biodegradation wittreased recycling. The degradability of
PLAr could be prolonged up to 24 weeks (unpublisdath) in comparison to the pure PLA,
which degrades completely in 5 weeks (Ashter, 20H6)vever, the degradation duration can be
decreased to 4-8 weeks by blending PLAr with défferpercentage of cellulose fibers ranging
from 2-30 % (Park, 1995).

In the present study, two types of treatment follulmesic fibers were investigated:
physicochemical method of extraction using microgvavadiation (MWI) with dilute sulfuric
acid and an enzymatic treatment for surface aobwabf extracted fibers. Further, different
proportions of these treated cellulosic fibers warged as reinforcement to fabricate
biocomposites with PLAr to study the effect of tineated cellulosic fibers on the mechanical
properties of the biocomposites.

2. Materialsand methods

All the chemicals used were of high purity and tivegre purchased from Fisher Scientific
(Ottawa, Ontario, Canada). Pulp and paper solidev@PSW) (Kruger Wayagamack Inc, Trois
Rivieres, Quebec, Canada) was used as a souraelfatosic fibers. PLAr £ 600 um) was
procured from Gaudreau Environment (Victoriavilyjebec).

2.1. Laccase production



Fungal strain,Trametes versicolor (ATCC-20869) was used for the production of laecas
enzyme using PPSW as a carbon source (410 g penylkgubstrate of total carbon). PPSW was
washed and dried at 60 °C for 24 hours and usexd aagstrate in the solid state fermentation
(SSF).

T. versicolor was freshly grown from the stock on potato desé¢ragar (PDA) at 30 °C for 3
days and it was used as inoculum. The SSF wa®dantt in PPSW supplemented with Tween-
80 at 0.5 % (v/v) (moisture adjusted to 75 % (wivith sterilized water). The growth medium
was inoculated with the fresh culture from the Pplate and it was grown at 30 £1 °C for 15
days (Pazarlioglu et al., 2005).

2..2. Cdlulolytic enzyme production

The fungal strainTrichoderma reesei (NRRC-207F) was used to produce cellulolytic enggm
(endoglucanasej-glucanase-glucosidase and cellulase) using hemp fiber asla carbon
source (70 % w/w of cellulose). The fibers wereiatth small pieces of 1 to 2 cm in length and
used as a substrate for fermentation (Awafo e 8bg).

The SSF medium with 20 g of the hemp fibers waertan 500 mL Erlenmeyer flasks. The
moisture was adjusted to 75 % (w/w) with sterilizegter and the pH was adjusted to 6.5. The
medium was inoculated wiff. reesei; 1(°-10" spores per mL from PDA plate and it was grown
at 30 £ 1 °C for 15 days (Wen et al., 2005).

2.3. Enzyme extraction

Laccase enzyme extraction was performed in 50 muso phosphate buffer (pH 6.5). The
SSF medium was mixed with buffer at a ratio of 2@/w) for 1 h with constant stirring and it
was centrifuged at 7000g for 20 min at@. Likewise, cellulytic enzyme was extracted in

sterile distilled water having 0.1 % Tween-80. T8®&F medium was mixed with the extraction



buffer at a ratio of 4 g per 100 mL with constamtrieig for 30 min and centrifuged at 11000g
for 30 min at 4°C. The supernatant was used as a source of crayenerfor fiber activation
and analysis (Awafo et al., 1996).

2.4. Laccase assay

Laccase activity was determined according to ththatedescribed by Gassara et al. (2010). In
brief, the reaction mixture consisted of 1.5 mM223zino bis (3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS) in 100 mM phosphate-citrate buffer (BF). The reaction mixture was incubated
in 0.2 mL reaction volume for 20 min at 45 °C. Tdadation of ABTS was determined at 420
nm using spectrophotomet&ne unit of laccase activity was defined as thantjty of enzyme
required to oxidize 1 pmol of ABTS per min.

2.5. Endoglucanase assay

The endoglucanase assay was performed accorditigetonethod described by Zhang et al.
(2007). The reaction mixture contained 50 mM sodagetate buffer (pH 5) with 1 % carboxyl-
methyl-cellulose (CMC). About one mL reaction mpduwas incubated with 0.28 mL of
enzyme solution at 50 °C for 30 min. The reacticmsstopped by adding 3 mL of 1 % 3,5-
dinitrosalicylic acid (DNS). The amount of reducisggar was measured by spectrophotometer
at 540 nm to calculate the endoglucanase activity.

2.6. Exoglucanase assay

The exoglucanase assay was performed accordingetanethod described by Zhang et al.
(2007). The reaction mixture contained 50 mM sodacetate buffer (pH 5) with 2 % Avicel
suspension. About 1 mL reaction mixture was incedbatith 1 mL enzyme at 40 °C for 30 min.
The reaction was stopped by adding 3 mL of 1 % DN final mixture was incubated for 5

min at 100 °C. The activity gf-glucanase was determined using spectrophotomebdiOanm.



2.7. p-glucosidase assay

The B-glucosidase assay was performed according to ththad described by Zhang et al.
(2007). In brief, the reaction mixture containedm®l! cellobiose in 15 mM of citrate buffer (pH
4.8). About 1 mL reaction mixture was incubatedhwitmL enzyme at 50 °C for 30 min. The
reaction was stopped by adding 3 mL of 1 % DNS. flired mixture was incubated for 5 min at
100 °C. The activity op-glucosidase was determined using spectrophotorae&t0 nm.

2.8. Filter paper cellulase assay (Fpase)

The reaction mixture contained 125 pL of enzymeitsmh in 250 pL of 50 mM sodium citrate
buffer (pH 4.8) with Whatman filter paper (Whatmaon. 1. 0.25 mm pore size, 1.5 cm
diameter). The mixture was incubated at 50 + 1 6€ 30 min. The cellulase activity was
calculated using the concentration of reducing suQae international unit of Fpase activity is
the amount of enzyme that forms 1 mmol of glucdsmg et al., 2015).

2.9 Cellulose extraction from pulp

The microwave treatment (MWT) was carried out fothbprimary and mixed PPSW collected
from the pulp and paper industry wastewater treatrpkant to extract cellulosic fibers. Primary
biosolids was collected from the pulp and paperevester plant after pretreatment or primary
treatment. The mixed biosolids is a mixture of @ignsludge and secondary sludge (obtained
after biological treatment) in the 4:6 ratio.

2.10. Ball mill grinding

Primary and mixed PPSW was milled in a planetatyrb#él (PM100; Retsch Corporation) at 25
°C. Grinding was performed in a 500 mL stainlegglsfar with 15 g of primary or mixed PPSW
using stainless steel balls with a diameter of @M. The number of balls was fixed to 800,

which was equivalent to 45 g (Schwanninger e2&i04).



2.11. Microwave treatment (MWT) and cellulose extraction

The primary and mixed PPSW samples were treatddniihe frequency range of 300 MHz to
300 GHz for both mixed and primary PPSW. The pettnent was performed at different time
intervals (30, 60, 90 and 120 min) at various terapees (80, 100, 120, 140 °C) using dilute
sulfuric acid (0.5-2 %) (v/iv)After MWT, cellulosic fiber sample was centrifugat 900@ for

30 min at 25°C and the supernatant was discarded. The samplevasteed several times with
distilled water, till the pH reached 7. The waskadple was then dried in an oven at’60for

24 h and used for further experiments (Raj etl&I89).

2.12. Statistical Analysis of microwave treatment

The cellulose extraction conditions from pulp weptimized using statistical desig&dtistical
Analysis System Software Version 7) for higher yield. The central composite desigrswaaed to
study size reduction and extraction of cellulosbefs for primary and mixed cellulosic fibers
using response surface methodology (RSM), withcBofa (temperature, time and sulfuric acid
concentration) and one response (length of cellwlbbers) using 20 runs as represented in
Supplementary Table S1 (Saha et al., 2011). Thisstal design was mainly used to find the
optimal conditions for size reduction and extractid cellulosic fibers.

All the experiments were carried out in duplicaéesl the average and standard deviation were
calculated. Analysis of variance (ANOVA) was usmohsideringP-value < 0.05 as significant
(Rouissi et al., 2013).

2.13. Enzymatic treatment

The cellulosic fibers extracted after MWT were gadtgd to an enzymatic surface modification.
The aim of this treatment was to activate hydragndups on cellulosic fibers. About 4 g of

cellulosic fibers from primary and mixed biosolidafter MWT) was used for surface



modification using different combinations of cetilytic enzyme (15 U/g) and laccase (20 U/g)
in 200 mL working volume (100 mM phosphate-citrdteffer pH 4.8). The reaction was
performed at 30 °C with constant shaking at 100 fom7 days. The samples were then
periodically drawn for various analysis (Tabkalkt2006).

2.14. Matrix and cellulosic composite preparation and treatment

Treated cellulose fibers and PLAr was preparedgudiy blending of the two. About 30 g each
of matrix/cellulose was used for formulation ancegaration of standard samples using a
different percentage of cellulosic fibers (2, 5 d@f%) (w/w). The samples were prepared by
pressing at 200 °C, 0.8447 MPa for 5 min. All expents were performed in five replicates and
the results are presented as mean and * standaadiole

2.15. Analysis of mechanically and enzymatically modified fibers and biocomposites

Particle size was measured using laser scatteanirie size distribution analyzer (model DL-
3147-165, output 5 mW, Wavelength 650 nm) for qmimary and mixed PPWS, the fiber size
was measured before and after MWT and enzymaatrrent.

Scanning electron microscopy (SEM), (Carl Zeiss EM@) was used to investigate the size and
morphology of fibers extracted from PPSW before after microwave and enzymatic
treatment. The samples for SEM were prepared byntiayt PPSW on SEM grid using (SPI
module sputter coater) with gold.

The samples were prepared as filaments and thegekan the functional groups of the cellulose
at different stages of microwave and enzymatidneat were analyzed using Fourier transform

infrared spectroscopy (FTIR) (NICOLET IS50 FT-IR).
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X-ray diffraction (XRD) (Siemens D5000) was used ébaracterization of molecular structure
for primary and mixed biosolids. The experiment wesformed using fine powder of the
samples at 40 kV per 30 mA lamp power using Cu l§wf.154059 nm).

The biocomposites were prepared using PLAr andeated and treated primary and mixed
cellulosic fibers. The tensile strength test (mddstron 5565) and the impact test (model Tinius
Olsen 104) was performed to analyze the mechaprcgkieties of the novel biocomposites. The
analyses were completed (5 replicates for eachrigmpet) according to ASTM standards D638
(type 1IV) and ASTM D256 for the tensile strengttdampact tests, respectively. An ANOVA
was used to evaluate the significance of the diffee between the biocomposite formulations by
using Satistica Software version 7. The difference was considered significanPatalue < 0.05

(o was fixed to 0.05). Bonferroni’s posthoc analysas applied for the comparison between the
biocomposite formulations (Hochberg, 1988).

3. Results and discussion

3.1. Enzyme production and activity

The enzymes used for the cellulose modificationew®pduced using PPWS and hemp fibers as
feedstock by SSF. The laccase production using PB¥V&le carbon source and Tween-80 as
inducer showed maximum production after 12 day$seohentation at 50.4 £ 6.9 U per g dry
substrate.

Fig. 1 depicts the production profile of cellulatytenzymes fromT. reesei. Hemp fibers
comprising 78 % cellulose were found to be an dentlsubstrate for cellulolytic enzyme
production. Under optimal fermentation conditio@® ¢ moisture content, pH 6.5, 14 days of
incubation at 30 °C), the maximum production of @gldcanase, exoglucanageglucosidase,

and cellulase was 26 + 0.1, 5.5, 1.2 £ 0.01 an@ $%0.5 U per g dry substrate, respectively.

11



There are numerous reports on the production d@loltic enzymes using various substrates
(Awafo et al., 1996)However, hemp fibers are a low cost and abundawidylable substrate. It
contains a high amount of cellulose compared terotommon feedstock, such as corn stover
and rice straw, used for enzyme productionToyreesei (Oomah et al., 2002)The enzyme
production in this study was closer to other swtef, such as corn stover pretreated with
sodium hydroxide (Fang and Xia, 2015).

3.2. Cdlulosic fiber extraction using ball mill grinding and MWT from pulp

Ball mill grinding of the primary and mixed biosté reduced the size from 1200 um to 894 um
and 2500 um to 1746 um, respectively for primarg arixed biosolids. The cellulose fibers
were further extracted from the size reduced PP®itsguMWI and dilute sulfuric acid (0.5 - 2.5
%) (v/v) for improving extraction yield which carelzonsidered as an eco-friendly method in
comparison to other methods which used concentaitdric acid 80-100 % (v/v) as reported
by Shafiei et al. (2015).

This extraction was performed for PPWS primary amged wastes, which contained a high
amount of cellulosic fibers according to Gassarale(2010). The extraction yielded around 75
% cellulose after combined physical and chemieadtment (Chen et al., 2011b).

As reported by Graupner et al. (2016), use of tla fibers as reinforcement of composite is a
crucial factor influencing the mechanical propertef biocomposites. Optimal conditions for
cellulose fiber extraction with reduced size uspmgnary and mixed PPWS were studied using
surface response methodology (RSM) comprising blesasuch as, temperature, time and
concentration of dilute sulfuric acid. The RSM résuor primary and mixed biosolids are
presented in Supplementary Table S1. The variatidiber size from 894 um (run No. 1) to 293

pm (run No. 16) for primary biosolids and 1746 pom(No. 1) 341 um (run No. 14) for mixed

12



biosolids show the importance of the parametemapétion. This study indicated that primary
biosolids yield smaller sized cellulose (293 pumgamparison to mixed biosolids (341 um) after
MWT. The optimum temperature and time to obtainrel@sed size cellulose fiber from primary
biosolids was 100C and 40 min, respectively at 2 % acid. For mixesdlids, however, all the
three parametersjz., temperature, time and acid concentration faatinent increased to 120
°C, 95 min and 2.48 %, respectively. The variatiolMWT parameters and yield of smaller
cellulose fiber might be attributed to degradatioh fiber-coated substances, such as
hemicellulose, pectin and lignin. The decompositbthe coating started from 200 °C up to 315
°C (Moran et al., 2008). In fact, MWT using a loancentration of sulfuric acid was efficient in
terms of energy compared to other reported treasnemhich were performed at _a high
temperature or high concentration of chemicals (Cke al., 2011a). Electrical energy (E)

consumption was calculated for MWT of both primaryd mixed biosolids according to the

Equation 1:
Pxt
E= 1000 (1)

Where, E: electrical (kJ) energy, P: power (in thiigdy, 500 W) and t: pretreatment time (S).
The electrical energy consumed was approximaté&yaad 2.8 MJ, for optimized MWT using
low concentration of sulfuric acid (0.5-2.5 %) (v/¥or primary and mixed biosolids,
respectively. Thus, net energy savings were obdaasecompared to the steam explosion and
agqueous methods which consumed around 7.2 andvllZhergy, respectively for pretreatment
and wood size reduction under similar conditionsuAnd Pan, 2010). Thus, this method can be
used as an alternative for the pretreatment amdreduction of natural fibers.

The validation of the results analyzed by ANOV/A®wn in Supplementary Table S2. The two

ANOVA models had p-value 0.0002 and 0.0157, whies vower than the minimum limit value
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of 0.05, indicating statistical significance. Acdorg to the p-value, the parameter which
influenced the optimal condition for length of cédisic fibers in the case of treated mixed and
primary PPSW with MWT was the concentration of gutf acid and temperature. The results
are in concordance with the findings reported fmperature and sulfuric acid treatment for
cellulosic fibers by (Taherzadeh and Karimi, 200B)us, the optimal conditions for cellulose
extraction were 150 °C, 95 min, 2.48 % of sulfaaed and 140 °C, 150 min 2 % of sulfuric acid
for mixed and primary biosolids, respectively.

3.3. Effect of enzymatic treatment on cellulosic fibers

Enzymatic treatment was performed for both primang mixed cellulosic fibers with laccase
and cellulolytic enzymes for reducing the sizehs fibers and activation of interfacial hydroxyl
groups on these fibers. These two enzymes have wiglsty reported for treatment of natural
fibers for their specific action, where the celkda modify the amorphous region of cellulosic
fiber and laccase aids in the removal of phenaictent in the lignin and hemicellulosic part of
the lignocellulose (Henriksson et al., 200Me enzymatic treatment using cellulolytic enzymes
and laccase was investigated for primary and mbiedolids of fiber lengths, 293 and 341 um,
respectively. The size variation of primary and edbcellulosic fibers after enzymatic treatment
is presented in Fig. 2. After 7 days of incubatitig size of cellulosic fibers was reduced from
293 to 142 + 17.6 um for primary biosolids and 33127 + 5.65 pum for mixed biosolids. This
size reduction could be attributed to the removdlemicellulose and phenolic compounds, such
as hydroxyl groups thereby reducing the size ofutide (Heap et al., 2014). The enzymatic
treatment also prevented aggregation of fiberbeénbiocomposites as it adversely influenced the
mechanical properties of biocomposites (Bledzkilgt2009). In addition, the hydrolysate of the

treated primary and mixed biosolids showed 2.74 ar@B mg per mL reducing sugar
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respectively, attributed to the action of celluladéhe synergistic effect of laccase and
cellulolytic enzymes on the primary and mixed blms was further analyzed by various
analytical techniquesjz., SEM, FTIR and XRD and is discussed in the lagtmtions. Laccase
and cellulolytic enzymes are highly efficient in$® cellulosic fiber treatment. Further, laccase
and cellulase removed most of the coating subssanoethe surface, such as hemicellulose,
pectin and lignin-producing fibers with higher réuwgss and hydrophobicity for various
applications, such as reinforcement of compositeraplacement of carbon fibers (George et al.,
2014).

3.4. FTIR spectra

The structural changes in the cellulose fibers frmmary and mixed biosolids were analyzed
by FTIR at different stagesjz., before and after MWT and enzymatic treatmente HTIR
spectra for the effect of various treatments omary and mixed biosolids are shown in Fig. 3
(A) and Fig. 3 (B), respectively. Firstly, the psak 1636 cm for primary biosolids (Fig. 3 A)
and 1664 cill for mixed biosolids (Fig. 3 B), characteristic betcarboxyl functional group or
acid esters, were decreased by degradation of btuhase after MWT. Secondly, the vibration
peak at 1236 cth corresponding to the acetyl functional groups @mesn lignin, was also
decreased, thus indicating the degradation ofigmesent in the cellulose extracted from both
primary and mixed biosolids. On comparing the spectbefore and after MWT treatment, the
appearance of a vibration peak at 2900" @mrresponding to the C-H groups present in cedilo
(Tang et al.,, 2015) was seen (Fig. 3) for primang anixed biosolids, respectively. This
indicated the effect of MWT while using a lower centration of sulfuric acid on the
degradation of coating substances, such as henolas#! lignin and pectin which could influence

the size of cellulosic fibers compared to the abitength. Thus, the MWT was effective in
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extracting the cellulosic fibers which are presiana higher percentage in PPSW, and hence it
can be used as a reinforcement for PLAr.

The peaks at 2923 ¢hand 3330 cm, corresponding to hydroxyl groups for primary anited
biosolids were substantially decreased indicativggfiber activation after treatment with laccase
and cellulolytic enzymes through the reduction gfdrhoxyl groups. These results are in
agreement with previous studies that showed treeedif cellulolytic enzymatic treatment on the
reduction of hydroxyl groups (Cao and Tan, 2004véitheless, there was a noticeable change
in the peak at 2923 chrepresenting cellulose. This phenomenon could Xpaimed by the
degradation of cellulose by cellulase. The peakt5@9 cni, which corresponded to benzene
structure of the lignin that was also decreasegrimary and mixed biosolids, which indicated
the degradation of lignin by the enzymatic treattmen

The combined treatment of enzymatic treatment aldTMs highly efficient for the extraction
and activation of hydroxyl groups in cellulosicdiis. Likewise, the changes in the hydrophilic
hydroxyl groups after enzymatic treatment indicaiedreased resistance to moisture in
cellulosic fibers. Further, it also reflected thegdadation of coating substances, such as
hemicellulose, lignin, and pectin from the celluolbers (Cao and Tan, 2004).

3.5. SEM analysis

The SEM analysis of cellulosic fibers for primanydamixed biosolids before and after MWT
and enzymatic treatment is shown in Fig. 4 and &jgespectively. The mechanical properties
of biocomposites depend on the length of fibersiclvltan affect the adhesion between fibers
and matrix. Thus, smaller size favors better adimest matrix to the fiberAs evident from the

Fig. 4 and 5, there was a remarkable change insthetural morphology after MWT and
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enzymatic treatment. The size of mixed and prinf@psolids in millimeter was substantially
reduced to micrometer after treatment with enzyamesMWT.

3.6. XRD analysis

The structural changes in the cellulosic fiberslyeal by XRD after the enzymatic treatment is
depicted in Fig. 6 (A) and (B) for primary and mileiosolids, respectively. The principal peaks
for primary biosolids and mixed biosolids representhe crystalline regions, which was present
at a higher percentage in cellulosic fibers (Pdrlale 2010). An increase in crystallinity for
cellulose derived from both primary and mixed blas after the enzymatic treatment in
comparison to untreated primary and mixed biosokds due to a decrease in the amorphous
region as also reported by Pickering et al. (2011).

Hence, the enzymatic treatment influenced amorphiegon that affected the adsorption of
cellulosic fibers, which can prevented the swellimgreased the hydrophobicity of cellulosic
fibers and improved the binding between fibers Bhd\r as also reported in previous studies
(Kalia and Vashistha, 2012).

3.7. Mechanical properties

Generally, the mechanical properties of PLAr deseeafter one cycle of injection. Hence,
different percentage of untreated and treated losllu fibers were used to test the effect of the
amendment and the size of fibers.

The mechanical properties of the cellulose PLArcbioposite with different percentage of the
composition are shown in Fig. 7 and 8, respectifelyprimary and mixed biosolids. The
biocomposites with 5 % treated cellulosic fibers lboth primary and mixed biosolids showed
higher load (around 250 N and 180 N respectivelenvcompared to PLAr and 10 %, 2 %

untreated/treated fibers.
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Mechanical test (Young's Modulus and tensile sttehgvas measured for each biocomposite
formulation of 2, 5, and 10 % of primary and mixaatreated and treated cellulosic fibers to
understand stiffness and elasticity of the biocosites. The mechanical test results of different
cellulose fibers and PLAr compositions are sumnearim Table 1. The statistical validation of
these tests by Bonferroni’'s posthoc analysis isgreed in Supplementary Table S3, S4 and S5.
As seen in Table 1, the Young’s Modulus of PLAr #o2cellulosic fibers for primary biosolids
was highest (887.8 £ 36.6 MPa) with about 37.8 %%rowement as compared to PLAr with 5 %
or 10 % untreated and treated cellulosic fiberslicating higher stiffness for PLAr + 2 %
cellulosic fibers as compared to PLAr alone (65823.1 MPa). Bonferroni’'s posthoc analysis
showed that the Young's Modulus for PLAr + 2 % ofated primary cellulosic fibers was
highly significant (887.8 £ 36.6 MPa) (p-value, 00004) (Supplementary Table S3)

For PLAr + 2 % primary cellulosic fibers, the tdesstress was higher (41.35 £ 1.764 MPa) as
compared to PLAr (29.4 £ 3.6 MPa) alone. The tensttain at breakpoint for PLAr + 2 %
primary cellulosic fibers (7.2 £ 0.6 %) was hightban PLAr (6.1 + 0.8 %) and PLAr + 2 %
untreated primary cellulosic fibers (6.9 + 0.6 MPa)

Thus, PLAr + 2 % primary cellulosic fibers were simoto have enhanced tensile stress and
tensile strain at breakpoint compared to PLAr. EBhessults showed the effect of primary
cellulosic fibers as reinforcement compared to papylene (30 MPa tensile stress and 3 %
tensile strain at break and polypropylene-abadardi§44 MPa tensile stress and 5 KJitmpact
stress and 1.3 GPa Young modulus) (Bledzki et2@l10). Additionally, Bonferroni’'s posthoc
analysis showed that developed biocomposites wih & treated primary cellulosic fibers was
comparable to the control except for the biocontpo$fLAr + 10 % treated mixed cellulosic

fibers, which was less significanp-¢alues, 0.000271 and 0.000007 for tensile stress at break
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point and tensile stress at yield, respectivelghtthe control (Supplementary Table S4 and S5).
Furthermore, the formulation of primary treatedwuekic fibers improved mechanical properties
of PLAr as compared to polypropylene. These resméiee comparable to pure polylactic acid
reinforced by cellulose kraft fibers and polypragy reinforced by abaca fibers (Bledzki and
Jaszkiewicz, 2010).

By the addition of 2 % (w/w) untreated and treat@gded and primary cellulosic fibers to PLAr
matrix, the mechanical properties of biocomposisesh as tensile stress, Young’s Modulus and
the tensile strain at breakpoint increased comp&yedLAr and 5 %, 10 % of untreated and
treated cellulosic fibers. This indicated that5a% and 10 % of cellulosic fibers, mechanical
properties decreased except for 10 % treated pyioliulosic fibers as shown in Table 1. These
results were further confirmed by the impact testdifferent formulations, where highest value
was obtained for PLAr + 2 % untreated and treattllosic fibers with 9.3 + 2.5 kJ/fmand
12.5 + 2.5 kJ/rhas compared to PLAr with 5.6 + 2.57 k3imlue. These values are higher than
the properties of pure polylactic acid and PLAr.isTekan be attributed to proper adhesion
between cellulosic fibers and matrix, the crystéi of fibers before and after enzymatic
treatment, the percentage of reinforcement on thteixmand the fiber size.

As reported for the enzymatic treatment, the atitmaof hydroxyl groups is one of the most
important parameters for compatibility between thmforcement and the matrix (Kalia and
Vashistha, 2012). There was a decrease in the @asorof hydroxyl groups proving the
efficiency of the enzymatic treatment for both paitmand mixed biosolids. This activation was
clearly shown by the increase in mechanical progsefor PLAr with different percentage of
cellulosic fibers. However, the percentage of tdatellulosic fibers was a very important

parameter in this formulation (Kalia and VashistB@l2). If the percentage was higher, the
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mechanical properties decreased as shown in Talebec&pt in the case of 5 % and 10 % treated
cellulosic fibers. On the other hand, the sizereatied cellulosic fibers was also affected as
confirmed by mechanical test, more specifically RitAr with 2 % primary cellulosic fibers
when compared to the mixed cellulosic fibers.

Thus, the mechanical properties for PLAr + 2 %tedgrimary cellulosic fibers was the highest
as compared to PLAr, polyproplene (PP), polyhydedkgnoate (PHB) as reported earlier by
Bledzki et al. (2009). The mechanical propertiesemeomparable to pure polylactic acid and
PLA reinforced by natural fibers. The adhesion lestw the treated fibers and PLAr improved
due to enzymatic modification as also reported pyrin et al. (2016). It also proved that
enzymatic treatment was specific and rapid as coedp@ chemical modification. Strong
mechanical properties of novel biocomposites detnatesl the applicability of the biocomposite

in several fields, such as automobile and food agiclg.

4. Conclusion

The effect of treated cellulosic fibers on mechahgroperties of PLAr was tested using the
microwave and enzymatic treatment. The microwaxadiation method was efficient for the
cellulose extraction and size reduction of celliddgbers from pulp and paper solid waste. The
enzymatic treatment and subsequent adhesion aflagtt fiber to PLAr in biocomposite
improved the mechanical properties of the biocontposas obtained for PLAr + 2 % treated
primary cellulosic fibers with Young's Modulus 883.MPa, tensile strain at the breakpoint of
7.22 % and tensile stress at yield of 41.35 MPathEy, the study showed that the proposed
combined physical and enzymatic treatment for @ulgd paper solid waste could be one of the
most reliable methods for the reinforcement of bi@composites, and this could open other

valorization options for these residuals.
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Table 1. Results of mechanical tests for biocomposite fdatmns (Abbreviations : Recycled
polylactic acid, PLAr; Cellulosic fibers, fibers;@ddaPascal, MPa)

Young's Tensile stress at Tensile stress at
Modulus (MPa)  break point (%) Yield (MPa)
PLAT* 2%001 - 6797+ 118.4 6.9+0.6 37.4+5.1
Untreated T 50 5718450 71417 20.5+3.5
primary PLALY 1% O 5926+ 77.9 3.8+0.8 24.6+7.2
biosolids PLATY 20000 g87.84366 7.2+0.6 413+17
Treated P"AfzbJ’ef;/" of  649.1+112.1 53+3.1 41159
PLA;i;elrg% of  7141+522 8.2+0.8 34.4 6.3
PLATY %001 687.356.6 6.1+2.3 33.7+8.38
Untreated PLAfEbJ’ef;/" of  598.7+73.4 6.1+0.7 25.7 +3.7
Mixed PLA;i;elrg% of  5902+67.8 48+28 23.6+ 8.6
biosolids P"Afzb*ef;/" of  7508+51.7 7.1%0.2 37.5+3.9
Treated © 0 2% 60112401 53429 31.7+10.3
PLALY 1% 0T 5679429 1.7+0.1 5.2
PLAr 644.4 £30.08 6.1+0.38 294 +36
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