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Abstract:

The main sources of polycyclic aromatic hydrocarbons, entering aquatic environments are
industrial discharges, petroleum spills, combustion of fossil fuels, urban runoff, and atmospheric
deposition. For the biodegradation of polycyclic aromatic hydrocarbons, the use of biocatalysts,
such as enzymes, is an environmentally friendly method. Despite this, it is necessary to immobilize
the enzymes in order to facilitate their recovery and reusability, as well as to prevent their loss.
Using covalent bonding, PAH degrading enzymes were immobilized on modified polyimide
aerogels. Covalent immobilization of enzymes on modified polyimide aerogels resulted in around
9- and 6-fold lower enzyme leaching for naphthalene and catechol 2,3 dioxygenase enzymes
compared to enzyme immobilization using adsorption. The Fourier Transform Infrared Spectrum
(FTIR) confirmed the enzyme immobilization and aerogel modification. The effects of flow rate,
size of aerogels and inlet concentration of anthracene on removal efficiency of pollutant were
examined. Using the derived model as a basis for prediction, In terms of removal efficiency, the
highest result was achieved to be 84.01% at flow rate of 22 ml min’!, initial concentration of 34
mg I’ and aerogel size 2 cm while under these conditions, the removal efficiency was
experimentally measured to be 87.14 %. Enzyme loaded-aerogel as a fixed-bed column for the
removal of polycyclic aromatic hydrocarbons provides novel insight into the application of aerogel
base materials for water treatment and PAH removal with possibilities of scaling up for larger

applications.
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1. Introduction:

There is a frequent threat of environmental contamination, including contamination of water
bodies and soils by oil spills. This is particularly relevant for both the United States and Canada
where the transportation of unconventional oils and traditional petroleum over long distances
inland is accomplished by railways and pipelines. Moreover, during oil exploration, wastewater is
generated that contains dissolved and dispersed oil, grease, salts, heavy metals, and other organic
and inorganic substances (Zabbey and Olsson, 2017). Many aromatic hydrocarbons, polycyclic
aromatic hydrocarbons, and heterocyclic compounds are present in petroleum products.
Researchers have traditionally assessed the toxic effects of oil by measuring the concentration of
polycyclic aromatic hydrocarbons (PAHs) since PAHs are often regarded as the most toxic fraction
of oil. As a result, many water samples collected from the field during and after the oil spill were
analyzed for these compounds (Davoodi et al., 2020).

Biocatalysts such as enzymes have an important role to play in industrial processes, biosensors,
and biofuel cells (Cakmakgr et al., 2014). Good enzyme stability is a key requirement for these
applications. The in vitro development of enzymatic cascade reactions has been inspired by
biodegradation processes, in which multiple enzymes work together. The multi- enzyme
immobilization could enhance the overall efficiency and specificity of the reaction, omitting the
need to isolate intermediate products. The multi- enzyme immobilization recently been
demonstrated on a few substrates such as magnetic particles. Our rationale is that ideal
immobilization materials should be cost-effective, trap enzymes under mild conditions, allow easy
substrate access, prevent enzyme leaching, and provide enzyme protection. Unfortunately, most
of the above materials do not meet all these criteria (Kadri et al., 2018a). Most recently, Miri et.al
studied the effectiveness of co-immobilization of cold-active enzymes involved in biodegradation
of monoaromatic hydrocarbons on micro/nano biochar particles. They showed that immobilization
of toluene dioxygenase and catechol 2,3 dioxygenase enhanced their storage and operational

stability.(Miri et al., 2021b)

Generally, it is necessary to develop an efficient method of immobilizing enzymes to facilitate
their recovery and reusability while avoiding their loss (Simon-Herrero et al., 2019). Enzymes can
be immobilized by several methods, including covalent, adsorption, crosslinking, encapsulation,
and entrapment (Rodriguez-Delgado and Ornelas-Soto, 2017). Most commonly, covalent
attachment is used to prevent enzyme leaching and improve enzyme stability. Compared to other
methods of immobilization, it is more stable within the reaction system and provides strong
attachment. To maintain high catalytic activity, it is important that the structure of enzyme is
protected from the severe reaction conditions (Zucca and Sanjust, 2014). In addition, stable
enzyme-matrix interactions are necessary as well as effective enzyme-matrix binding by increasing
the affinity between the functional groups on the support and the enzymes (Zdarta et al.,
2018b). Simon-Herrero et.al proposed the laccase-loaded polyimide aerogels for carbamazepine
biodegradation to facilitate enzyme recovery and reusability. (Simén-Herrero et al., 2019)

In order to achieve effective enzyme immobilization, support materials must be chemically and

thermally stable, high affinity to biomolecules, insoluble in reaction conditions, biocompatible,
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contain reactive functional groups, regenerating and reusable, and readily available and affordable
(Zdarta et al., 2018a). As inorganic supports are known to have several limitations, such as low
affinity to enzymes, limited biocompatibility, and the limited possibility to create various organic
materials and geometrical shapes such as synthetic polymers have increasingly been used as
supports. Moreover, synthetic polymers have some advantages such as being tailored to meet the
needs of specific enzymes and processes, they have some advantages. Many functional groups are
present in these materials, such as trialkyl amines and hydrophobic alkyl groups, as well as epoxy,
carboxyl, carbonyl hydroxyl, amine, and diol groups, facilitating enzyme binding and surface
functionalization (Zdarta et al., 2018b). Nanoparticles can also be used to encapsulate enzymes.
For example, Kadri et.al reported the entrapment of crude alkane hydroxylase and lipase enzymes
into chitosan nanoparticles by the ionotropic gelatin method. However, nanoparticles may not be
suitable for enzyme encapsulation due to their less porous structure, enzymes may have difficulty
accessing substrates. However, polyimide aerogels has excellent thermal and mechanical
properties, polyimide may be suitable support material for enzyme immobilization (Murphy,
2016). Considering the benefits of polyimide aerogels as support materials for enzyme
immobilization, they may be a promising alternative. Furthermore, the polyimide aerogels can be
produced using an environmentally friendly freeze-drying process.

In this study, covalent immobilization of PAH degrading enzymes on modified polyimide aerogels
was studied and the application of prepared immobilized enzymes in a fixed bed column was
examined. The effect of inlet concentration and flowrate parameters upon the removal of target
pollutants was discussed to acheive an estimation of optimum values of the operational variables

for efficient removal of pollutants through the fixed bed column.

2. Materials and Methods

2.1. Chemicals
This study used Poly (pyromellitic dianhydride-co-4,4’-oxydianiline) amic acid solution from
Sigma-Aldrich in order to conduct the experiment. Glutaraldehyde (25%), methanol, and
ethylenediamine were purchased from Sigma-Aldrich. The following
analytical/microbiological grade chemicals were all purchased from Fisher Scientific (Ontario,
Canada) for enzyme preparation: dichloromethane, tryptic soy broth/agar (TSB, TSA), KNOs,
NacCl, Ca,COs3, Na,HPO,, KH,PO,, NaOH, and HCl, yeast extract. Nutrient broth (NB) medium
was purchased from Sigma-Aldrich Co. (USA). The strains used for enzyme production are newly
isolated Pseudomonas URS-5, URS-6, URS-8 and Rhodocucus URS-10 (Davoodi et al.).

2.2, Production of the enzymes
PAH degrading enzymes were produced via multi-culture of psychrophilic Pseudomonas,
Rhodococcus strains as reported in previous work (Davoodi et al.). In brief, 50 ppm of
anthracene solution in methanol was mixed with autoclaved at 120 + 1 °C nutrition broth
in 50 ml Erlenmeyer flasks. After that, the inducers were inoculated with consortia
including URS-6,8,10 incubated at 15 + 1 °C for 2 days. For enzyme extraction, cells were
harvested from the media after culturing by centrifugation (16,000 rpm for 4 min at 4 °C). The

pellets with the biomass were resuspended in phosphate buffer, pH 6.5, and then sonicated on ice
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using an Ultrasonicator (Branson Ultrasonics Corporation, Danbury, CT, USA) at 22 and 30 kHz

frequencies of ultrasounds for 10 min to obtain intracellular enzymes.

2.3. Preparation of polyimide aerogels
A solution of triethylamine (TEA) was first prepared in deionized water, before being stirred in an
ultrasound bath. The TEA-water solution was then added with 3 wt % dried poly (amic acid) PAA,
and the solution was stirred for a few minutes. Using the laboratory freeze-dryer, trays were filled
with PAA/TEA-water solution, and they were then frozen at 60 °C and then sublimed under a
vacuum to obtain PAA aerogel. Polyimide aerogel was obtained by thermal imidizing PAA aerogel
in a vacuum oven. The color has changed from white to bright yellow. The Fourier Transform
Infrared Spectrum (FTIR) was used to confirm the thermal imidization.

24. Polyimide aerogel surface modification
In accordance with previous studies on polyimide aerogels, modifications were made to
them (Simoén-Herrero et al., 2019). Polyimide aerogels (1 g) were aminated by immersing in a
10% w/v solution of ethylenediamine in methanol for 1 hour. In order to remove residual
ethylenediamine, the modified aerogel was immediately washed with methanol. In order to
completely remove methanol from the modified aerogel, it was removed from the oven after 24
hours of drying at 60°C. Polyimide surface modification is illustrated in Fig S1.

2.5. Immobilization of enzyme on polyimide aerogel
Atroom temperature (20 & 3° C) under vigorous stirring, surface-modified polyimide aerogels were
immersed in a glutaraldehyde solution (25%). Then, distilled water was used to remove the
unreacted glutaraldehyde from the aerogels. As a second step, glutaraldehyde-activated polyimide
aerogels were dried at 60 °C for ten hours. Polyimide aerogels activated with glutaraldehyde were
suspended in citrate-phosphate buffer (pH 6.0) containing a known amount of enzyme in 50 mL
flasks. At room temperature, the covalent immobilization process was carried out over a period of
12 hours while shaking at 450 rpm. Fig S1 illustrates the process of immobilizing enzymes on
polyimide aerogels. In addition to determining the enzyme activity in the supernatant, we measured
the activity of the enzyme on immobilized polyimide aerogels.
For comparison, target enzymes were immobilized using adsorption. For this purpose, known
amounts of enzyme solution were added to the citrate-phosphate buffer (pH 6.0) in which 1 g
polyimide aerogels were suspended. For a period of 12 hours, the specimen was immobilized with

shaking at 450 rpm at room temperature.

2.6. Enzyme assay
To obtain the enzyme solution for immobilization in polyimide aerogel, the crude extracts
produced from promising consortia included intracellular enzymes (i.e., naphthalene dioxygenase
(NDH), catechol 2,3 dioxygenase (C2,3D)) were characterized (Kadri et al., 2018a; Kadri et al.,
2018b; Kadri et al., 2018c) by the spectrophotometric method as described in our previous work
(Davoodi et al.). In brief, the activity of naphthalene dioxygenase was estimated by determining
the formation of indigo at 500 nm per time unit. An enzyme reaction was carried out using 5 ul

of indole 100 mM as a substrate in the presence of free enzyme solution or 1 g modified polyimide
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aerogels after enzyme immobilization on its surface (separate tubes) and the reaction was
performed at 15 °C.

After measuring the activity of free and immobilized enzymes, immobilization and protein
loading yields were determined for the evaluation of immobilization efficiency using Eqns. (1),

and (2) as given below (Miri et al., 2021b):

Amount of protein loaded

Protein loading yield (%) = x 100 (1)

~ Amount of protein introduced

Amount of enzyme loaded

Immobilization yield (%) = x 100 (2)

~ Amount of enzyme introduced

Using 35 mg of immobilized enzymes in 1 mL of sodium phosphate buffer (pH 7.0), continuous
stirring was performed for 48 hours. An enzyme activity test was performed by centrifuging the
mixture at 16,000 g at 4°C, followed by the analysis of the supernatant (Davoodi et al.).

2.7. Anthracene degradation by NDH and C2,3D immobilized on polyimide

aerogels

A batch test was conducted in contaminated water to evaluate the behavior of enzymes loaded on
polyimide aerogels as materials to remove PAHs (i.e., anthracene) from aqueous media. In a 50-
mL flask, a known amount of immobilized enzyme on polyimide aerogel was dispersed in 20 mL
of anthracene solution (20 mg/L) and stirred at 200 rpm for 30 hours since previous tests indicated
that after 24 hours, the removal rate was negligible. After decanting the supernatant (10 min and
11, 000 xg), PAHs removal efficiency was determined using the initial and final aqueous phase
concentrations. Additionally, 5 mL of methanol was mixed with the samples, and then they were
sonicated for ten minutes for 10 minutes and a 250-rpm incubation was carried out at room

temperature for 8 hours to desorb PAHs from immobilized enzymes on polyimide aerogels.

2.8. Fixed bed column system (FBC)
In order to study the degradation rate of anthracene by enzyme-bound aerogel, a continuous FBC
was planned and built. Test columns were composed of Teflon tubes with an inside diameter of 51
mm and a length of 151 mm. Fig S2 illustrates a schematic diagram of an FBC system. As can be
seen in the Figure, there is a small tube located at the center of the spiral baffle that extends the
entire length of the column and baffle. In the FBC, PAH-contaminated effluent was pumped at a
constant flow rate. As a result of an experimental design based on surface response method (RSM),
we investigated the impact of initial anthracene concentration, aerogel size and flow rate during

the continuous degradation process.
2.9. Removal capacity is the FBC analysis by mathematical equations

The anthracene removal efficiency of the enzyme-loaded aerogel and capacity of aerogels were
studied by measuring both the influent (¢,) and effluent concentrations of the target pollutant as a

Ct,out
Co

t,out

C
= 0.5) and saturated point (C'—=O.95). The

function of time, breakthrough point (

breakthrough time is calculated by numerically integrating the area above the breakthrough curve

Eq. (3)

QfCo t=t Ct,out
Myemoval = mp ft _ Omml(l -, ) dt 3)
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Where mp represents mass adsorbent. During each experimental run, the breakthrough curve is

derived from the concentration versus time data collected during the experiment. An investigation
of the performance of a fixed bed treatment column was conducted using a breakthrough curve.
This curve is a plot of the duration of the test against the anthracene concentration in the effluent

stream of an target contaminant and water mixture (Davoodi et al., 2021).

2.10. Experimental design
The Response Surface Methodology (RSM) was used to optimize experimental conditions and
reduce the number of experiments. We conducted experiments based on the Box-Behnken (BBD)
method with three independent variables, coded at three levels between — 1, 0, and + 1. In
comparison to other experimental designs, BBD is often considered to be more efficient. BBD
method is one of these methods, which is a quadratic design based on incomplete three-level
designs. Using this method, it is possible to estimate the value of the features in a quadratic model,
designing the necessary experiments, and providing the values of the characters. Based upon the
repetition of the center point and the hypothetical points at the midpoint of each side of the cube,
this design might be described as a cube design with points at the midpoint of each side. As a result
of this design, it is possible to model the response by fitting a second-order polynomial, which can

be expressed as follows:
Y:BO‘l'ZﬁiXi'i'ZﬁiiX%+Zﬁinin “)

This model consists of a constant and a linear coefficient, a binary interaction coefficient, and an
interaction coefficient between the input variables Xi and Xj (Zhong and Wang, 2010). Based on

Eq.5, the above equation can be expressed as a matrix:

Y=bX+e )
It is calculated by formulating the parameter Y as a vector of the measured values, along with the
parameters X as a vector of independent variables. Matrix b is the coefficient matrix, and the
parameter X represents the vector of the errors in the experiment. Using the matrix method, Eq.6
can be solved as follows:

b=Xx)"'xv (6)
X' represents the transposition of X, and (X'X) ! represents the inverse of the matrix (X'X) (Aslan
and Cebeci, 2007). As a result of the Box-Behnken method, Eq. 7 is used to determine the number
of experiments.

N=w?’4+w+n (7)

W represents the number of test factors, and n represents the number of iterations around the center

point. Coded values are related to real values in the following manner:

Xi—-Xo (8)

In the example, y; and X; are the encoded and real independent values, X is the real value of the

independent variable at the center point, and AXi is the step change of Xi (Amenaghawon et al.,
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2013). In order to estimate pure error, the experiment was conducted with three central points in
15 runs. As shown in Table 1, the BBD was employed to determine the relationship between the
obtained results of removal efficiency and operational variables including inlet concentration (X),

aerogel size (X;), and flow rate (X3).

Following the development of the model, a sensitivity analysis should be conducted to determine
how different values of these parameters affect the output. As illustrated in the following
equations, the sensitivity of removal efficiency can be determined by considering the change in
the value of operating parameters including aerogel size, flow rate and initial concentration from

+ 2 %to + 30%.

Removal ef ficiency (Aerogel size + 30%, F, Cy) — Removal ef ficiency (Aerogel size, F, Cy)

Seni1(%) =
)

Removal ef ficiency (Aerogel size, F, C)

2.11. Characterization of aerogels
For the analysis of chemical interactions in polyimide aerogels following surface modification and
enzyme immobilization, FT-IR spectra were recorded with a Nicolet IS50 FT-IR Spectrometer
from Thermo Scientific (USA) (Simén-Herrero et al., 2019).

2.12. Analytical methods
The tricyclic aromatic hydrocarbon anthracene was found in high concentrations in the upper water
column under floating oil following the spill (Forth et al., 2021). In order to determine the factors
that affect the biodegradation potential of PAHs in the environment, anthracene is used as a
prototypical PAH (Moody et al., 2001). GC-MS analyses (Agilent model 6890 GC, 5973 MSD)
were conducted on specific days following the crude oil spill to confirm the release of anthracene
into the water as well as the biodegradation of anthracene in the presence of pre-selected strains
and enzyme solutions as described elsewhere (Li et al., 2021).

2.13. Statistical analyses
To evaluate the effect of independent variables on response performance (anthracene removal
efficiency), and to predict the optimal response value, Design Expert® software Trial
Version11.0.3.0 (Stat-Ease Inc., Minneapolis, MN, USA) was employed as an RSM based on the
Box-Behnken design (Miri et al., 2022).
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3. Result and Discussion
3.1. Characterization of polymeric support material
Fig 1 illustrates the FT-IR spectra of PAA, polyimide, aminated polyimide, glutaraldehyde-

attached polyimide, and enzyme-immobilized polyimide.
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Figure 1 FTIR spectra of a) PAA b) Polyimide aerogel; ¢) Aminated polyimide aerogel; d) Aminated polyimide

aerogel activated with glutaraldehyde and e) Enzyme Immobilized on polyimide aerogel.

At 1685 cm-!, PAA displays the characteristic NHCO peak. A characteristic imide absorption band
has been observed in polyimides after imidization at 740 cm!, 1368 cm™ and 1780 cm!
representing imide IV (bending vibration of cyclic C=0), imide II (C-N stretching vibration), and
stretching vibration of cyclic C=0O (imide I), respectively (Fig.1. (b)) (Kim et al., 2013). The
amination reaction between ethylenediamine and the polymeric support material, and the
subsequent creation of amino groups resulted in the formation of new peaks at 1690 cm™! as can
be seen in Fig 1. (c). During the formation of polyimide, reaction between amine nucleophilic
agent and electrophilic imide group, leading to the opening of the imide ring and the formation of
an amide (Cakmakgi et al., 2014). As a next step, glutaraldehyde was used to activate amino groups
on the surface of polyimide to facilitate enzyme bonding. This spectrum indicates amide bonds
formation because of imide rings cleavage on polyimide surface and the reaction between HMDA's
amine groups with the carboxyl group of the imide ring at 1650 cm™! (cracking) and 1546 cm’!
(bending) (Cakmake1 et al., 2014). An imide peak is observed in the spectrum of aminated
polyimide aerogels activated with glutaraldehyde. This peak was attributed to the interaction
between amino groups and glutaraldehyde . In addition to the carbonyl band disappearing after
immersion in glutaraldehyde, a new peak was observed at 1659 cm™! after the sample was exposed
to glutaraldehyde. As a result of the reaction between glutaraldehyde and free amine groups, It was
believed that this band was caused by newly formed imine groups (Schiff-base).

The amide I and II bands of enzymes immobilized on polyimide aerogel were observed at 1510
cm -!. The amide I at 1650 cm™! was primarily attributed to stretching vibrations C=0 and the

amide II at 1510 cm™! was attributed to stretching vibration CN and bending vibration NH in
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loaded enzymes. Consequently, amination, activation, and immobilization have been successfully
accomplished (Simén-Herrero et al., 2019).
3.2. Enzyme immobilization on polyimide aerogel

As mentioned previously, the strains used for enzyme production are newly isolated Pseudomonas
URS-5, URS-6, URS-8 and Rhodocucus URS-10 as described in detail in our previous work
(Davoodi et al.) . The cell extracts obtained from co-culture contains 4 different types types of
enzymes involved in PAHs degradation including dioxygenase, hydroxylase, aldehyde
dehydrogenase, decarboxylase (Miri et al., 2022). In this study, the performance of immobilization
of two key enzymes including naphthalene and catechol 2,3 dioxygenase were studies. Cell extract
from newly isolated strains showed high activity of naphthalene and catechol 2,3 dioxygenase.
Naphthalene dioxygenase is the key enzyme involved in the initial attack (upper pathway) on
anthracene after which anthracene is converted to metabolites (ring oxidation products). Catechol
dioxygenase is able to open the ring with an oxidative cleavage and produce ring cleavage products
(lower pathway) (Parales et al., 2000).

A variety of immobilization methods were used to immobilize PAH degrading enzymes onto
polyimide aerogels. Table S1 shows loading of total protein, specific activity and their yield for
adsorption and covalent methods. Results suggest that the bound enzymes were active after the
immobilization. As can be seen in Table S1, covalent immobilization gave the highest
immobilization yield for total protein. Also, it was observed that for adsorption immobilization,
less than %23 of the total protein was immobilized. The leaching of enzymes from covalently
immobilized enzymes was less than %13 for both target enzymes after 1 h of incubation in turn
results in immobilized enzyme stability and subsequent reusability in aquatic media. Thus,
comparing the leached enzyme immobilized in modified and unmodified polyimide aerogels
showed that covalent bonding prevents leaching and improves enzyme stability (Simon-Herrero

et al., 2019; Miri et al., 2021b).
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3.3. Storage stability
Residual activities of free and immobilized enzymes were determined for up to 16 days at 20 °C.
An important aspect of ensuring a long shelf life of an enzyme is its ability to maintain its stability
during storage. Enzymes in their free form are generally unstable during storage, and their activity
gradually decreases (Miri et al., 2021a; Miri et al., 2021b; Miri et al., 2022). Fig 2 presents the
results. The results indicated that the immobilized enzymes on polyimide aerogels demonstrated
better storage stability than corresponding free enzymes after 16 days of storage. Naphthalene and
catechol 2,3 dioxygenase activity were reduced by 19% and 27% for immobilized enzymes and
60% and 73% for free enzymes during the first storage period (6 days). In addition, free
naphthalene, and catechol 2,3 dioxygenase have shown a 96% and 81 %reduction in activity after
16 days of storage, while immobilized enzymes shows a 58% and 39% reduction in activity after

16 days.
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34. Effect of operating parameters on breakpoint time

3.4.3. Effect of inlet concentration

The influence of influent PAH concentration (10, 30, 50 mg L") upon the degradation efficiency
of the fixed bed column containing the aerogel specimens was examined. As illustrated in Fig 3a,
an increase in the inlet anthracene concentration from 10 to 30 mg L™!, which can influent contact
time, results in the increase in removal capacity of the column from 4.9 to 27.3 mg g'. In this
case, the probability of contaminant contacting enzymes increased with an increase in initial
anthracene concentrations, and the driving force and the rate at which anthracene passed across
the boundary layer from the bulk solution to the particle surface. However, to avoid many
contaminants in the outlet at high concentrations of anthracene that resulted in a lot of unused
capacity, 30 mg L™! was considered as desired concentration (Lonappan et al., 2019; Davoodi et

al., 2021).

3.4.2. Effect of flow rate

The contact time between the surface of enzyme loaded aerogels and the solute is determined by
this parameter; thus, it plays an important role in the design of a fixed bed column. Fig 3 illustrates
the effect of flow rate on the breakthrough curve following the arrival of contamination and
retardation of anthracene following the plug flow pulse (Davoodi et al., 2021). Two phenomena
usually occur as the flow rate decreases: 1) the flow was travelling less quickly, so it would be
delayed, and 2) the column becomes saturated after breakpoint time (Davoodi et al., 2021). Based
on our results, the breakpoint time decreased from 432 to 245 min as the feed flow rate increased
from 15 to 25 mL/min, while the removal capacity decreased from 27 to 21 mg/g (22% decrease).
3.4.1. Effect of aerogel size

For columns with a constant flow rate of 15 ml min'! and initial anthracene concentration of 10
mg I, Fig 3 illustrates the effect of enzyme-loaded aerogel size on the distribution of anthracene
concentration at effluent and arrival time. The cubic aerogels are considered 2, 3 or 4 cm in length.
Changing the particle size might have a significant impact on the amount of surface area that can
be achieved and number of loaded enzymes. Our results showed that as the size of cubic aerogels
decreased the breakpoint time increased from to min and the breakthrough curve steepness
increased which is favorable for fixed bed columns. the probability of contaminant contacting

enzymes increased with an increase in initial anthracene concentrations.
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377  Figure 3 Effect of: (a) initial inlet anthracene concentration (aerogel size 2 cm and flow rate 15 ml min-!); (b) flow rate (aerogel size 2 cm and influent concentration 10 mg 1!); (c)

378  aerogel size (influent concentration 10 mg I'! and flow rate 15 ml min'') on the breakthrough curve for anthracene removal using enzyme-loaded aerogel
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3.5. Design of Experiment

Table S2 presents the actual and coded values of 15 experimental runs related to the Box-Behnken
design method. Using a quadratic polynomial model, the mathematical relationship between the
response (ion removal efficiency %) and three independent variables (inlet anthracene
concentration, size and flow rate) was simulated. Eq.7 was derived from the model based on the

second-order polynomial equation (Eq. (10)).

Removal ef ficiency (%) = 269.1 x1 — 0.75 x2 — 2.5 x3 + 0.01 x1x2 + 0.2 x1x3 4+ 0.12x2x3
- 21.1x% - 505.15 (10)

Using the analysis of variance (ANOVA) and R?, the gained quadratic equation was determined
by the best fitting of experimental data (Mourabet et al., 2012). ANOVA analysis is a prominent
step in the BBD method which is presented in Table 1.

Table 1. ANOVA results obtained from design of experiment

Source Sum of Mean F-value p-value
Squares Square
Model* 3873.2 399.3 288.13 <0.0001
X ;- Initial Concentration (mg L-!) 299.1 306.1 110.49 0.0002
X,-Aerogel size 329.3 331.9 102.70 0.0002
X;-Flow rate 150.1 125.4 242.04 <0.0001
X1 X X3 6.1 6.9 3.55 0.0316
X1 X X3 8.4 5.6 6.19 0.0453
X2 X X3 6.9 8.3 5.66 0.1043
X2 0.0201 0.0191 0.0103 <0.0001
Xy? 2704.1 2937.2 1453.3 0.6943
X532 0.2840 0.2732 0.2402 0.4091
Residual 8.33 1.77
Lack of Fit** 4.89 1.80 2.55 0.5114
Pure Error 1.48 0.9103
Correlation Total 3810.29
* significant ** not significant

There is a reasonable connection between the response and the parameters, as indicated by the F
and P-values, and the parameter and response data agree. There was a greater than 0.001 F-value
for the model (288), indicating that the model is significant. Since flow rate has an F-value of 242,
which is higher than the F-value of the two other variables, flow. rate is more effective in
influencing the output response. Significant model terms are those with a P-value less than 0.05 ;
however, when it is greater than 0.1, the model is insignificant. The table indicates that the

variables (initial concentration, aerogel size, flow rate, initial concentration *aerogel size, initial
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concentration*flow rate, aerogel size* flow rate) were significant with very small P-
values(p=0.05). Considering the P-value of 0.51, there appears to be a lack of fit in the model,
which indicates that the difference between the pure error and the P-value is not significant. In the
correlation total and residual values, the sum of each column is represented by the correlation total
and the difference between the experimental and predicted data is represented by the residual value

(Chen and Wang, 2004).

Using the models, the anthracene removal efficiency was predicted within the experimental range
with an R? value of 0.989, which was in good agreement with the predicted R%. Based on the
adjusted R? value of 0.978, only 0.43% of the variation is not explained by input variables (Ma et
al., 2018). For a reasonable agreement, the adjusted and predicted R? should be within
approximately 0.20 of each other. Otherwise, it is possible that either the data or the model is
flawed. There is a reasonable agreement between the predicted and adjusted R? (Mei et al.,
2016). As an indicator of the degree of precision, the coefficient of variation (%) was 3.98%. An
experiment with a relatively low coefficient of variation indicates that the experiment was highly
reliable. As indicated by the reported standard deviation (1.09), the values are close to average,
that is, their dispersion is low. According to this study, the derived model's adequacy precision is
55.19, indicating it is suitable for application within the design space (Song et al., 2018).

Fig 4 compares the actual and anticipated data. As can be seen, for the initial concentration of 30

mg 11, there is a low deviation from experimental values, usually less than 5 and 2.5 %

85
@ Data with initial concentration of 10 ppm
75
s
e 65 1
—
-
4
—
=
* 56+
$
-9
]
=
§ 45
35 -
25
25 35 as 55 65 75 85

Experimental data

Figure 4 Deviation between calculated and experimental data

3.6. Effect of operating parameters on the anthracene removal

Three-dimensional diagrams (Fig 5) illustrate the combined impacts of operating variables on

anthracene removal efficiency. Fig 5a and 4b showed the variation of removal efficiency upon
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variation of flow rate from 15 to 25 ml min . The removal efficiency decreased with increasing
inlet flow rate from 22 to 30 ml min-'. Additionally, the highest removal efficiency is obtained at
a flow rate of 22 mL min!. Based on Figures 7b and 7c, the removal efficiency decreased as the
inlet concentration of anthracene increased, with a maximum removal efficiency at an initial

concentration of 34 mg I-.
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A sensitivity analysis was performed on the correlation obtained for removal efficiency (%) to
determine the effect of parameters (size of aerogel, inlet concentration, and flow rate). As can be
seen in Fig 6, by decreasing the value of flow rate toward 25 ml min-! and decreasing the contact
time, considerable changes in the value of removal efficiency can be observed. As mentioned
previously, removal efficiency is more sensitive to the flow rate in comparison to aerogel size and

inlet concentration of anthracene and as flow rate increases removal efficiency changes more

significantly.
50
I Values of removal efficiency by change in flow rate
B values of removal efficiency by change in aerogel size
20 I values of removal efficiency by change in inlet concentration
30 4

Sesitivity of removal efficiency (%)

:L‘)(,,o ﬂ‘@lo ’\50}0 ‘\qu o olo X\so!o X\’golo x’l«soh x'f‘%

Figure 6 Change in removal efficiency

4. Conclusion

In this paper, we present an experimental study that examines the continuous removal of polycyclic
aromatics from water bodies in a fixed-bed column system using an aerogel made of polyimide.
Firstly, an investigation was conducted on the covalent immobilization of PAH degrading enzymes
on modified polyimide aerogels. Furthermore, the application of prepared immobilized enzymes
in fixed bed columns was investigated and the effect of aerogel size, pollutant concentration and
flowrate parameters on the removal of target pollutants was examined to determine the optimum
parameter values for efficient removal of pollutants using fixed bed columns using the BBD model.
Finally, sensitivity analysis was performed on the correlation obtained for removal efficiency (%)
to determine the effect of parameters (size of aerogel, inlet concentration, and flow rate). Our
results showed that flow rate is more effective in influencing the output response. Moreover,
according to the predictions of the derived model, the highest removal efficiency was achieved at
a flow rate of 22 ml min’!, an initial concentration of 34 mg 1", and an aerogel size of 2 cm,
however, the removal efficiency was experimentally measured at 87.14 % under these

conditions.
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