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ABSTRACT

This study aims to remove polycyclic aromatic hydrocarbons (PAHs) from both vehicle wash waste-
water and aqueous solutions through batch experiment utilizing composite adsorbents. The com-
posite adsorbents such as waste polystyrene/biochar/bentonite (WPS/C/Bt) and waste polyethylene
terephthalate/biochar/bentonite (WPET/C/Bt) were prepared using waste polystyrene (wPS) and
waste polyethylene terephthalate (WPET) as matrix and bentonite clay and biochar as filler. The
synthesized wPS/C/Bt and wPET/C/Bt were used as adsorbents for the adsorption of PAHs from
vehicle wash wastewater as well as aqueous solution. The prepared composite adsorbents were
investigated by Fourier-transform infrared spectroscopy, surface area analyser, as well as scan-
ning electron microscopy. To study the PAHs adsorption by wPS/C/Bt and wPET/C/Bt, the batch
adsorption process was performed with different factors such as temperature, contact time, pH,
initial PAHs concentration and the dose of adsorbents. The equilibrium isotherms were tested by
Langmuir and Freundlich models. In addition, the adsorption kinetics were explored using pseu-
do-second-order as well as pseudo-first-order models. The acquired adsorption kinetic statistics
show that the process fits the Langmuir and pseudo-second-order model. The various thermody-
namic factors, like Gibbs free energy (AG®), enthalpy (AH®) and entropy (AS°) have shown that the
process of adsorption PAHs onto wPS/C/Bt and wPET/C/Bt was an endothermic and non-sponta-
neous process. The results of this study show that wPS/C/Bt and wPET/C/Bt exhibit higher efficien-
cies (>70%) and can be used as promising adsorbents while eliminating PAHs from wastewater.

Keywords: Waste polystyrene; Waste polyethylene terephthalate; Biochar; Bentonite; Vehicle wash
wastewater; Aqueous solution; Polycyclic aromatic hydrocarbons; Adsorptive removal

1. Introduction

The United States Environmental Protection Agency
(USEPA) priority pollutants list includes the 16 polycyclic
aromatic hydrocarbons (PAHs); fluoranthene (Flu), benz(a)
anthracene (BaA), phenanthrene (Ph), acenaphthene (Ace),
benzo(ghi)perylene (B[ghi]P), dibenz(a,h)anthracene (D[ah]
A), indeno(1,2,3-cd)pyrene (InP), benzo(a)pyrene (BaP),
benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BKF),
acenaphthylene (Acy), fluorene (Fl), naphthalene (Nap),
anthracene (Ant), pyrene (Pyr), and chrysene (Chr) [1].

* Corresponding author.

PAHs are organic compounds composed of two or more
fused aromatic rings bonded in clustered (e.g., Pyr), angu-
lar (e.g., D[ah]A or linear (e.g., Ant) arrangements [2].
These compounds persist in the environment and have
adverse effects on health. These characteristics make it an
essential category of environmental pollutants [3]. Due to
the presence of at least two aromatic rings, they have low
water solubility, low volatility, as well as a stable hydro-
phobic planar configuration [4]. The source of PAHs is
both man-made and natural. Open burning, coal depos-
its or oil emissions or natural losses, forest and bush fires,
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and volcanoes are natural sources of PAHs [5,6]. The PAHs
anthropogenic sources form through catalytic cracking,
high temperature cooking (e.g., frying, grilling, in addition
to charbroiling), tobacco smoking, petroleum refining, pro-
duction of asphalt, coke, and aluminum, coal gasification,
car exhaustion and residential heating [2,3].

PAHs are used in wood preserving, plastics, dyes, res-
ins, pesticides, manufacturing of pigments, lubricating
materials, agricultural products, and pharmaceuticals [2].
Leakage or spillage of oil, urban surface runoff, industrial
effluents, municipal litters, and atmospheric fallout are
the means that release PAHs into natural water resources
[6]. PAHs are observed mostly in the surface soil due to
surface runoff or atmospheric deposition. Coal-tar linings
of the distribution pipes are the major source of PAHs
in drinking water [3]. The main way for the public to be
exposed to PAHs is through ambient and indoor air and
food intake. Skin absorption and inhalation are occupa-
tional exposures to PAHs [3].

PAHs can cause long-term and temporary health
effects. In humans, the temporary health effects are unclear.
Although, confusion, diarrhea, vomiting, nausea, and eye
irritation are temporary health effects of occupational expo-
sure to high levels of PAHs [2]. High volatility is a char-
acteristic of low molecular weight PAHs (such as Nap),
which brings short-term hazards through inward breathing
without causing malignant tumors [7]. Long-term intro-
duction of PAHs can cause health effects, including lung
system abnormalities, asthma symptoms, difficulty inhal-
ing, liver and kidney damage, cataracts, and immune sys-
tem suppression [2]. PAHs with elevated sub-atomic weight
(e.g., BaP) are distinguished as individual cancer-caus-
ing agents and can release into nature [8]. Due to the per-
sistence of PAHs in nature, it will cause them to accumulate
in food, soil, water, and air. After entering the human body,
PAHs can basically pass through the cell layer and suc-
cessfully adsorb into the cells. Therefore, the immune sys-
tem converts PAHs into epoxide hydrolase and diepoxide,
which react with DNA and prevent its production [9,10].

PAHs have an unfavorable wellbeing impact on aquatic
as well as human health; in this way, they should be elim-
inated from environmental media. Various strategies have
been examined to eliminate PAHs from polluted waters
as well as soils to mitigate the possible harm of PAHs to
human wellbeing and the environment. Chemical, ther-
mal, biological, phytoremediation, as well as physical pro-
cesses (which comprise incineration, thermal desorption,
radio frequency heating, oxidation, ion exchange, photoly-
sis, adsorption, electrolysis, chemical precipitation, natural
attenuation, biostimulation, bioaugmentation, rhizofiltra-
tion, phytoextraction, phytostabilisation, and phytoremedi-
ation) are the most significant treatment strategies of PAHs
contaminated waters, soil as well as sediments [11-16].

The adsorption strategy is simple in design, easy to
operate, insensitive to toxic pollutants, and low in cost.
Therefore, it is a powerful technology to remove PAHs
from aqueous media. The elimination efficiency of the
adsorption method can reach 99.9% [17]. In this way, peo-
ple are increasingly keen to find reasonable adsorbents to
eliminate these toxins from water. During the adsorption
process, pollutants will accumulate on the interface or

surface of the adsorbent. In the water treatment process,
the adsorption process occurs at the interface between the
sewage and the solid adsorbent. The adsorption phase and
the adsorbed pollutants are called adsorbent and adsor-
bate, respectively [17]. Various adsorbents used for this
purpose include hen feather [18], ZnNiln layered double
hydroxides derived mixed metal oxides [19], Fe-benzene
dicarboxylic acid metal organic framework [20], various
adsorbents for caffeine, nicotine and amoxicillin [22], Waste
material a non-carbon adsorbent nano alumina [22], iron-
based metal organic framework [23], waste rubber tires [24],
chitosan grafted polyaniline [25], papaya peel carbon [26],
iron oxide-impregnated dextrin nanocomposite [27], green
synthesis of silver nanoparticles [28], montmorillonite clay
[29], poly (methyl methacrylate)-grafted alginate/Fe,O,
nanocomposite [30], L-cysteine-modified montmorillon-
ite-immobilized alginate nanocomposite [31], waste poly-
styrene/biochar/bentonite (WPS/C/Bt) and waste polyeth-
ylene terephthalate/biochar/bentonite (WPET/C/Bt) [32,33],
activated carbon [34,35]. The basic objective of this study
is to use wPET/C/Bt as well as wPS/C/Bt to remove PAHs
from vehicle wash wastewater and aqueous solution. Due
to the use of alternative sources such as wPS and wPET, the
process of preparing composite adsorbents is a relatively
effective and low-cost method. In addition, various test
conditions were set to determine their effects and explore
the ideal removal performance of composite adsorbents.

2. Experimental
2.1. Sample collection and preparation

Standard solutions of PAHs Mix-13 (USEPA 16) consist-
ing of benz(a)anthracene (BaA; 10 ug/L), benzo(a)pyrene
(BaP; 10 pg/L), benzo(k)fluoranthene (BkF; 10 ug/L), ben-
zo(b)fluoranthene (BbF; 10 ug/L), dibenz(ah)anthracene
(D[ah]A; 10 pg/L), benzo(ghi)perylene (B[ghi]P; 10 ug/L),
indeno(1,2,3-cd)pyrene (InP; 10 pg/L), pyrene (Pyr; 10 ug/L),
chrysene (Chr; 10 ug/L), fluoranthene (Flu; 10 ug/L), ace-
naphthene (Ace; 10 pg/L), acenaphthylene (Acy; 100 ug/L),
anthracene (Ant; 10 pg/L), phenanthrene (Ph; 10 ug/L), flu-
orene (FL; 10 ug/L) and naphthalene (Nap; 100 ug/L) purity
>99% was purchased from Supelco Company, USA. On
daily basis, the working standard solution were prepared
by diluting the PAHs Mix-13 standard solution in 2-propa-
nol. Thus, as to avert photochemical degradation, the sam-
ple extracts and standard solutions were stored in brown
glass vials for further study at 4°C [34]. The vehicle wash
wastewater samples from both heavy vehicle-wash stations
and light vehicle-wash stations were collected using the
same protocol as given in our previous articles [32,34].

2.2. Synthesis of composite adsorbents from waste plastics

The composite materials were synthesized by incor-
porating bentonite clay and biochar as fillers into wPS and
WPET polymer matrix, in different percentage ratios. In a
typical procedure, known amount of wPS and wPET was
dissolved in acetone and different amounts of bentonite
clay and biochar was suspended in it by sonication at 35°C
temperature for 1 h. The slurry was poured into petri dish
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and placed in vacuum oven to remove the solvent. The solid
mass was ground into fine powder and stored in glass vials
for further study.

2.3. Characterization of composite adsorbents

The adsorbent prepared in the laboratory were charac-
terized by relevant instrumental analysis, including scan-
ning electron microscopy (SEM; JSM-5910, JEOL, Japan),
Fourier-transform infrared spectroscopy (FTIR; Spectrum
Two, S. No: 103385) analysis, and surface area analysis
(NOVA 2200e, Quantachrome, USA), in order to study the
surface morphology, functional groups, and surface area,
respectively.

2.4. Adsorption experiments

The batch adsorption tests were carried out for the
adsorption of PAHs from vehicle wash wastewater
and aqueous solution by wPS/C/Bt and wPET/C/Bt. At
24°C + 2°C, put about 100 mL of sample containing PAHs
into a 500 mL Erlenmeyer flask, add a certain amount of
wPS/C/Bt and wPET/C/Bt to it, and stir at 150 rpm on a
magnetic stirrer until it reaches equilibrium. In the study,
various variables were measured, including pH of the solu-
tion (3, 5, 6, 9, and 11), PAHs concentrations (10, 20, 30, and
40 ppm), contact time (0.25, 0.5, 1 and 1.5 h), and dose of
adsorbent (0.2, 0.4, 0.6, and 0.8 g/100 mL), pH was adjusted
by adding NaOH to the solution as needed. For all tests
carried out, the mean values of triplicate were presented.

2.5. Analyses and calculations

Use UV-Vis spectrophotometry (Shimadzu UV-1700,
Japan) to detect the concentration of PAHs in the pro-
cessed samples of vehicle wash wastewater and aqueous
solution [36]. The percentage adsorption of PAHs and
the adsorption efficiency g, (mg/g) are estimated from the
equations as given in Table 1 [32-35].

The adsorption behavior was further studied by apply-
ing different adsorption models, namely, Freundlich as well
as Langmuir isotherms (Table 2). The adsorption kinet-
ics was also studied by applying the adsorption data to
the first and second-order kinetic equations (Table 2). The

Table 1
Equations used for g, and % g, calculations

Equation

[(c,-c)xV]
M

Equilibrium
concentration 4. = 1
where,

C, (ug/L) =initial PAHs concentration;

C, (ug/L) = equilibrium PAHSs concentration;
V (L) = volume of solution;

M (g) = mass of adsorbent.
[(c,-c,)x100]
C

0

Percentage
%q, =

removal

influence of temperature on thermodynamics parameters
(AG®, AH® and AS°) was also analyzed (Table 3) [32-35].

3. Results and discussion

Composite adsorbents such as wPET/C/Bt and wPS/C/
Bt have been used to study the adsorption of PAHs from
aqueous solutions. The initial batch mode adsorption exper-
iment was performed at 24°C + 2°C for 1 h, and the ratio
of adsorbent to solution was 0.3 g/100 mL. The results are
given in Fig. 1. Through adsorption experiments under dif-
ferent conditions, the ideal adsorption factors were further
studied.

3.1. Characterization of adsorbents
3.1.1. SEM analysis

The composite adsorbents such as wPS/C/Bt and
wPET/C/Bt were described by SEM, FTIR, as well as spe-
cific surface area analysis. The SEM micrographs of wPS/C/
Bt and wPET/C/Bt are displayed in Fig. 2a and b, respec-
tively. The surface morphology of wPS/C/Bt (Fig. 2a) show
the stuffing of biochar and bentonite inside the pores of
wPS and finally resulted in uniform microcellular foaming
in the composite. On the other hand, the wPET/C/Bt SEM
micrographs (Fig. 2b) shows that in the holes of wPET,
the biochar and bentonite were embedded and combined
tightly. In the surface cracks or pores of wPET, there were
many club-shaped crystals, which had a much larger size
having 9-10 and 5-6 pm length and diameter, respectively.

3.1.2. FTIR spectra

Fig. 3a—f show FTIR spectra of the waste polymers,
fillers and the composite adsorbents. The wPS/C/Bt com-
posite FTIR spectrum is shown in Fig. 3e. The absorption
bands were detected at 3,630 cm™ (O-H, stretch), 2,919 cm™
(=CH,, stretching), 1,599 cm™ (C=C, stretching), 1,493 cm
(C=C, stretching), 1,451 ecm™ (CH, stretching), 1,013 cm™
(C-O, stretching), 698 cm™ (C-H, stretching) and 521
(C-H, stretching) cm™ [32,37-40]. The FTIR spectrum of the
wPET/C/Bt (Fig. 3f) presented the absorption bands in the
region at 3,630 cm™ (O-H, bending vibration), 1,634 cm™!
(H-O-H, bond), 1,013 cm™ (C-O, bending vibration),
698 cm™ (C-H, bending vibration) and 521 cm™ (C-H, bend-
ing vibration) [33,37-40]. The new wPS/C/Bt and wPET/C/
Bt composite adsorbent had functional groups of both the
fillers and waste polymers, and therefore its adsorption
efficiency was considered to be better than that of fillers
or waste polymers.

3.1.3. Surface area analysis

The surface properties, that is, Barrett-Joyner—-Halenda
surface area (SBIH), Brunauer-Emmett-Teller surface area
(Sggp)s pore volume and pore radius of the fillers and com-
posite adsorbents were determined using N, adsorption
isotherms at 77.35 K. The results are given in Table 2. The
results of surface analysis (Table 4) indicate that in case of
biochar and bentonite the calculated SBJH was found to
be 14.10 and 22.37 m%g, the S, was 18.37 and 43.27 m%/g,
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Table 2
Adsorption models used in the study

Model Equation

Kinetic models

Pseudo-first-order In(q,-q,)=Ing, +kt 3)
where,

g, = equilibrium sorption capacity (ug/g);
q, = sorption capacity (ug/g) at time ¢ (h);
k, = adsorption rate constant for pseudo-first-order.

Pseudo-second-order tt

9. q. kq

4)

k, = adsorption rate constant for pseudo-second-order.

Equilibrium models

Freundlich

Ing, =1an+llnCe ©®)
n

1/n = measure of intensity of adsorption;

K= Freundlich adsorption coefficient;

n = Freundlich constant;

C, (ug/L) = equilibrium concentration of adsorbate;

q,- amount of adsorbate adsorbed per unit mass of adsorbent (ug/g).

Langmuir C, 1

—L =
9. KQ. Qna

C

‘ ()

K'=Langmuir constant relates the energy of adsorption;

g,, = maximum amount of PAHs adsorbed per unit mass of adsorbent (ug/g);

g, = amount of adsorbate per mass unit of adsorbent at equilibrium (ug/g);

C, = equilibrium concentration (ug/L).

Table 3
Equations used for the thermodynamic parameters calculations

Gibbs free energy AG°=-RTInK|, (7)
where R is the ideal gas constant, 8.314 J/K mol; T is the absolute temperature
in K; K, is the equilibrium coefficient of the PAHs adsorption on the adsorbent.

Enthalpy AH° = R T,T, In k, ®)

L-T, kl
Entropy ASe = AH° - AG° ©)
T

with pore radius of 14.90 and 16.62 A and pore volume
of 0.01 and 0.02 cm®/g, respectively. In case of wPS/C/Bt
and wPET/C/Bt composite the S, was found 55.59 and
50.68 m*/g, the S, . was founcl 4495 and 58.53 m?%g, with
pore radius of 27.71 and 27.68 A having pore volume of 0.07
and 0.06 cm®/g, respectively. It is clear from the data that
the composite adsorbents possess a high surface area and
large pore dimensions than the fillers. Hence, the composite
sample hold better adsorption potential compared to the fillers.

3.2. Factors affecting the adsorption process

To study the optimal conditions for the highest adsorp-
tion of PAHs, an adsorption experiment was carried out

under different conditions of concentration of PAHs, adsor-
bent dose, temperature, time, and pH.

3.2.1. Effect of adsorbent dosage

Use 100 mL of PAHSs solution and different amounts
of each composite adsorbent ranging from 0.2 to 0.8 g to
investigate the effect of adsorbent dosage. Fig. 4a and b
show the adsorption of PAHs under different amounts of
wPS/C/Bt and wPET/C/Bt. The results show that as the
adsorbent dosage increases, the percent adsorption of
PAHs also increases. Generally, these results are related
to the presence of more available adsorption sites on
the surface of the adsorbent as the dose increases [41].
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EwPET/C/Bt

BwPS/C/Bt

Fig. 2. SEM images of (a) wPS/C/Bt and (b) wPET/C/Bt.

The maximum adsorption percentage of PAHs was achieved
at 0.8 g of the adsorbent dosage, which is lower than that
reported by [42] and higher than [43]. On the other hand,
this value is consistent with [44].

3.2.2. Effect of temperature

Changes in temperature will affect the PAHs adsorption
from the wastewater and aqueous solution to the adsorbent.
The PAHs adsorption as of aqueous solution by wPS/C/
Bt as well as wPET/C/Bt at various temperatures tanning
from 20°C to 50°C is shown in Fig. 4c and d, which indi-
cates that the adsorption rate of all PAHs increases with
temperature. This also indicates that the PAHs adsorption
on the surface of wPS/C/Bt and wPET/C/Bt is endothermic.

{ (b)

CR L LGP

RZo8 188 1m

The endothermic nature of the adsorption process was
reported by many other researchers using various adsor-
bents, for example, agricultural by-products [45], hen feath-
ers [46], coconut shell activated carbon [47].

3.2.3. Effect of contact time

Through batch adsorption tests with various contact
times (i.e., 0.25, 0.5, 1, and 1.5 h), the influence of contact
time on the adsorption of PAHs over wPET/C/Bt as well as
wPS/C/Bt was investigated. The adsorption of all 16 PAHs
over these composite adsorbents increased by up to 1 h,
after which it became constant (Fig. 5a and b). This mode
may be attributed to the availability of huge number of
available active sites on the composite adsorbents surfaces.
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After 1 h contact time, most of the active sites available over
the composite adsorbents have been occupied and reached
equilibrium. Therefore, the optimal contact time is con-
sidered 1 h. Similar observations have also been reported
in previous studies on the PAHs adsorption over various
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Fig. 3. FTIR spectra of (a) biochar, (b) bentonite, (c) wPS,
(d) wPET, (e) wPS/C/Bt:1:2:2 and (f) wPET/C/Bt:1:2:2.
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adsorbents, that is, the adsorption of PAHs expands as the
adsorption time increases and reaches equilibrium [42].

3.2.4. Effect of initial PAHs concentration

The adsorption of PAHs on wPS/C/Bt and wPET/C/
Bt was examined under different initial PAHs concen-
trations. The data is given in Fig. 6a and b, which shows
that the percent adsorption of PAHs over both adsorbents
increases as the initial PAHs concentration increases from 10
to 40 ppm. This is due to the increase in the initial PAHs
concentration which may cause PAHs to be adsorbed on
the surface active sites of the adsorbent. Similar behavior
was also observed in previous studies, which is due to the
effect of the interaction between the adsorbent and the ini-
tial PAHs concentration [34,35], it shows that the high ini-
tial PAHs concentration has a positive effect, which may be

Table 4
Surface properties of the fillers and composite adsorbents

Adsorbent S S Pore radius Pore volume

BJH BET .
(m%/g) (m¥g) (A) (em?/g)
Biochar 1410 1837  14.90 0.01
Bentonite clay  22.37 43.27 16.62 0.02
wPS/C/Bt 5559 4495  27.71 0.07
wPET/C/Bt 50.68 5853  27.68 0.06
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Fig. 4. Effect of adsorbent dosage (a, b) and temperature (c, d) on the % adsorption of 16-PAHs over the wPET/C/Bt and wPS/C/Bt.
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due to the large amount of PAHs that can interact with the
active sites of composite adsorbents.

3.2.5. Effect of pH

The pH value is an essential factor to control PAHs
absorption from wastewater as well as aqueous solutions.
Using wPS/C/Bt and wPET/C/Bt as adsorbents in the
aqueous solution, the effect of pH changes on the PAHs
adsorption was investigated, and the study was carried
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out at different pH values. The % adsorption of PAHs was
investigated at different pH, that is, 3, 5, 6, 9, and 11 and
the results are given in Fig. 6¢c and d. Due to the fluctuat-
ing adsorption degree of the surface charge distribution of
the adsorbent, the adsorption limit is affected by the pH
value of the solution, as shown by the functional group of
the adsorbate [48]. It can be observed from the data that the
% adsorption of PAHs increases with an increase in the pH
value of the solution and reached up to maximum adsorp-
tion at pH 6. The adsorption capacity of all PAHs in acidic

100 - —d—1h ==] Sh
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=
=
E
=
=
o
4]
g
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Fig. 5. Effect of contact time (a, b) on the % adsorption of 16-PAHs over the wPET/C/Bt and wPS/C/Bt.
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Fig. 6. Effect of initial concentration (a, b) and pH (c, d) on the % adsorption of 16-PAHs over the wPET/C/Bt and wPS/C/Bt.
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medium is relatively low, which may be due to the compe-
tition between the PAHs and H,O* or H" ions found in solu-
tion for the same negatively charged sites on the adsorbent
[49]. When the pH value of the solution increases from 7
to 11, the adsorption rate gradually decreases due to the
electrostatic repulsion of polycyclic aromatic hydrocar-
bons and composite adsorbents at higher pH values [41].

3.3. Adsorption kinetics

In the batch adsorption experiment, the adsorption
behaviour of adsorbents during PAHs adsorption from vehi-
cle wash wastewater was studied by applying the kinetic
model. The experimental data showed the best fit with the
highest correlation coefficients for the pseudo-second-order
model for both the PAHs. The results of the inspection are
shown in Table 5. The plots of the linearized form of pseu-
do-second-order model (t/g, vs. t) are given in Figs. 51-54.
From the parameters shown in Table 5, due to its higher
correlation coefficient (R?), it indicates that the adsorption
kinetics follows the pseudo-second-order kinetic model
much better, which also indicates that the adsorption is
a fast cycle [50]. Based on the pseudo-secondary model
[51], it can be well speculated that the adsorption of PAHs
on wPET/C/Bt and wPS/C/Bt is chemical adsorption,
and the adsorption process may involve multiple steps.

3.4. Isotherm study

To further understand the adsorption components and
quantitatively describe the adsorption limit, the Freundlich
and Langmuir isotherm models were used to analyze
the adsorption data. The calculated Langmuir constants
(k, and g,)) as well as the coefficients of correlation (R?) for
Langmuir isotherms are detailed in Table 6. The outcomes
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uncovered that the adsorption data were better fit to the
Langmuir adsorption isotherms, which were firmly iden-
tified with Langmuir model parameters in other reported
investigations [52]. Figs. S5-58 show the Langmuir iso-
therm plots for the adsorption of PAHs onto wPS/C/Bt and
wPET/C/Bt, respectively.

3.5. Thermodynamic studies

For the adsorption of PAHs, over wPET/C/Bt and wPS/C/
Bt, various thermodynamic parameters were studied at dif-
ferent temperatures. The values of AH°, AG® as well as AS°
are given in Tables 7 and 8. The positive values of AS® and
AH° show the endothermic nature of PAHs onto wPS/C/
Bt and wPET/C/Bt, these values show that the process is
endothermic and high temperature will favor the rate of
adsorption, which was also reported in the literature [53].
The adsorption process is non-spontaneous which was
confirmed by the positive values of AG°.

3.6. Vehicle wash wastewater treatment

Vehicle washing as well as maintenance are one of the
most advanced petrochemical and chemical operations.
This overhaul includes the evacuation of dirt, oil, parti-
cles and traffic grime by means of degreasing solvents and
surfactants. Later, automobiles are presented with the uti-
lization of petroleum and waxes products to resist the cor-
rosion of dust and dirt [60]. The washing station is very
keen to convert a large amount of clean water into waste-
water containing oil-based commodities and toxic synthetic
substances, which may eventually flow into the ocean and
cause harm to the marine environment [61]. Wastewater
from vehicle washes includes oil-based commodities such
as lubricating oils, greases, engine oils, diesel, and gasoline,

Table 5
Pseudo-second-order kinetic parameters for adsorption of PAHs over wPET/C/Bt and wPS/C/Bt
wPET/C/Bt wPS/C/Bt

PAHs k, (mg/g min) q, (mg/g) R? k, (mg/g min) q, (mg/g) R?
Nap 1.5291E-05 0.01 0.998 1.89E-05 0.01168 0.999
Ace 0.000159375 0.014023869 1 0.00024 0.01446 1
Acy 6.04356E-05 0.0169572 0.999 7.47E-05 0.0174 0.999
Ant 0.00012471 0.010852461 0.999 0.00023 0.01117 1

Ph 5.46598E-06 0.007556294 0.999 6.63E-06 0.00774 0.999
Fl 1.13971E-06 0.004574147 0.997 1.38E-06 0.00469 0.997
Flu 1.23564E-06 0.004636284 0.999 1.53E-06 0.00476 0.999
BaA 6.47181E-07 0.006194252 0.994 7.51E-07 0.00617 0.998
Chr 4.8967E-07 0.004701457 0.988 6.08E-07 0.00481 0.988
Pyr 1.02601E-06 0.005244939 0.999 1.23E-06 0.00536 0.999
BaP 4.53729E-07 0.004845196 0.984 5.65E-07 0.00494 0.984
BkF 2.88256E-06 0.006807352 0.998 3.52E-06 0.00697 0.998
BbF 8.27656E-07 0.005130573 0.984 1.04E-06 0.00526 0.999
D[ah]A 1.24614E-06 0.00596374 0.998 1.58E-06 0.00612 0.999
B[ghi]P 1.87446E-06 0.006896552 0.999 2.26E-06 0.00704 0.998
InP 2.00731E-06 0.008507742 0.999 2.36E-06 0.00855 1
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Table 6

Isotherm model parameters for PAHs adsorption over wPET/C/Bt and wPS/C/Bt

Langmuir isotherm parameters

Langmuir isotherm parameters

wPET/C/Bt wPS/C/Bt
PAHs q, (mg/g) k, R q, (mg/g) k, LS

Nap 0.005 2.17 x 10° 0.961 0.004 2.86 x 10° 0.948
Ace 0.006 6.30 x 102 0.987 0.004 4.02 x 10° 0.953
Acy 0.008 7.49 x 10 0.980 0.007 9.46 x 10° 0.973
Ant 0.005 2.90 x 10° 0.962 0.005 8.03 x 102 0.982
Ph 0.003 2.01 x 10° 0.979 0.003 2.62 x 10° 0.973
Fl 0.002 1.80 x 10° 0.979 0.002 2.43 x 10° 0.978
Flu 0.002 3.69 x 10° 0.990 0.002 4.50 x 10° 0.983
BaA 0.002 2.78 x 10° 0.997 0.002 432 x 10° 0.982
Chr 0.002 271 x 10° 0.986 0.002 3.54 x 10° 0.982
Pyr 0.003 2.24 x 10° 0.983 0.003 237 x 10° 0.992
BaP 0.003 1.91 x 10° 0.988 0.003 243 x 10° 0.984
BKF 0.003 1.86 x 10° 0.992 0.003 228 x 10° 0.987
BbF 0.004 2.8 x10° 0.984 0.002 3.85 x 10° 0.983
D[ah]A 0.003 2.82 x 10° 0.954 0.002 411 x10° 0.947
B[ghi]P 0.004 1.33 x 10° 0.992 0.004 1.64 x 10° 0.988
InP 0.004 116 x 10° 0.984 0.004 1.48 x 10° 0.980

which are washed away from the engine in addition to the
surface of the vehicle [62].

The existence of PAHs in car wash wastewater has been
investigated, which is a problem worthy of attention [63].
Wastewater from vehicle washing, such as cars, trucks, and
many types of vehicles, can introduce a variety of pollutants,
especially various hydrocarbons, chemicals, greases, oils,
phosphates, and detergents. Contaminants in this wastewa-
ter can not only affect the quality of surface water, they can
also be dangerous to aquatic life, although groundwater may
be marked as undrinkable due to elevated concentrations
[62]. Oily wastewater contains harmful organic compounds,
such as PAHSs, phenol, and petroleum hydrocarbons,
which can hinder the growth of animals and plants, and
cause carcinogenesis and mutagenic effects on humans [64].

In this study, the composite adsorbents such as
wPET/C/Bt as well as wPS/C/Bt were also utilized for
PAHSs adsorption from vehicle wash wastewater through
batch adsorption experiment. For this purposes the vehicle
wash wastewater samples from both heavy vehicle-wash
stations (buses, trailers, trucks, and oil carriages) as well
as light vehicle-wash stations (pickups, mini coaches, cars
etc.) were collected and homogenized in pre-cleaned 2.5 L
amber glass bottles. The experimental results show that for
wPET/C/Bt under the optimal conditions (0.8 g adsorbent
dose, temperature 50°C, 1 h contact time, 6 pH, and 40 ppm
concentration), the highest % adsorption rate of Nap, Ace,
Acy, Ant, Ph, Fl, Flu, BaA, Chr, Pyr, BaP, BKF, BbF, D[ah]
A, B[ghi]P, InP was 78.44, 76.36, 82.74, 86.54, 81.04, 86.52,
77.73, 81.85, 78.47, 77.80, 80.83, 79.16, 83.08, 85.82, 79.83,
84.49, respectively (Fig. 7). Similarly, for wPS/C/Bt under
the optimal conditions (0.8 g adsorbent dose, tempera-
ture 50°C, 1 h contact time, 6 pH, and 40 ppm concentra-
tion), the highest % adsorption rate of Nap, Ace, Acy, Ant,

Ph, Fl, Flu, BaA, Chr, Pyr, BaP, BKF, BbF, D[ah]A, B[ghi]P,
InP was 76.03, 71.82, 77.92, 78.06, 73.75, 77.08, 81.44, 82.12,
76.72, 76.52, 77.49, 78.65, 74.57, 77.51, 78.96, 81.67, respec-
tively (Fig. 6). The findings of this study show that wPET/C/
Bt and wPS/C/Bt may be promising adsorbents that can
effectively remove PAHs from vehicle wash wastewater.

3.7. Comparison of adsorption potential of different adsorbents

Table 9 summarizes the comparative adsorption effi-
ciencies of adsorbents, that is, wPET/C/Bt and wPS/C/Bt and
various adsorption media reported in the literature used
for PAHs adsorption.

3.8. Mechanisms of PAHs adsorption

Lyklema [65] reported that the PAHs adsorption
from aqueous solution is basically an exchange process.
Therefore, the adsorption process of organic compounds on
the surface of composite adsorbent has been described as a
complex interaction between electrostatic and dispersion
interactions, especially in the case of weak organic electro-
lytes. However, since PAHs are not considered to be elec-
trolytic, the intermediate hydrogen bonding as well as van
der Waals dispersive interactions have become the main
mechanisms proposed in the literature [66].

3.9. Desorption and reusability

In the adsorption processes, desorption/regeneration of
adsorbents is one of the essential aspects as it controls the
economy of water treatment technology [67]. In this study,
HCl solution was used for the desorption experiment.
Acid gave satisfactory desorption results. The regeneration



M. Ilyas et al. / Desalination and Water Treatment 256 (2022) 194-216 203

Table 7
Thermodynamic factors for the adsorption of PAHs onto wPS/C/Bt

Temperature (°C) AG° (kJ/mol) AH° (kJ/mol) AS° (kJ/mol) AG° (kJ/mol) AH® (kJ/mol) AS° (kJ/mol)

Nap Ace
wPS/C/Bt

20 8.98 9.59
30 7.83 44.07 0.12 7.99 50.32 0.14
40 7.36 ' ' 6.54 ’ '
50 5.12 5.45

Acy Ant
20 8.44 7.90
30 8.19 47.82 0.13 7.05 53.22 0.15
40 7.00 ' ' 4.86 ' '
50 4.33 3.48

Ph Fl
20 8.29 8.03
30 701 42.97 0.12 6:31 52.44 0.15
40 6.04 4.82
50 4.66 3.48

Flu BaA
20 8.17 8.64
30 6.79 6.23
40 5.97 36.47 0.10 493 49.07 0.14
50 5.24 451

Chr Pyr
20 8.16 7.66
30 7.08 6.13
40 5.8 38.69 0.10 5.07 32.47 0.08
50 5.11 5.22

BaP BKF
20 8.14 791
30 725 44.62 0.12 7.14 38.39 0.11
40 5.20 ' ’ 5.52 ' '
50 4.70 5.00

BbF D[ah]A
20 8.89 9.59
30 6.01 52.14 0.15 747 71.13 0.21
40 5.19 ' ' 4.40 ’ '
50 4.26 3.66

B[ghi]P InP
20 7.700 8.09
30 6.60 37.11 0.10 681 50.64 0.14
40 5.10 ' ' 4.72 ’ '

50 4.88 3.96
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Table 8
Thermodynamic factors for the adsorption of PAHs onto wPS/C/Bt

Temperature (°C) AG° (kJ/mol) AH® (kJ/mol) AS° (kJ/mol) AG° (kJ/mol) AH® (kJ/mol) AS° (kJ/mol)

Nap Ace
wPS/C/Bt
20 8.577 9.15
30 7.51 7.67
45.94 1 48.4 1
40 7.02 >9 013 6.17 549 013
50 4.44 5.19
Acy Ant
20 8.03 7.49
30 7.88 50.17 0.14 671 53.84 0.16
40 6.66 ’ ' 4.33 ’ '
50 3.59 3.02
Ph Fl
20 7.88 7.62
30 667 4421 0.12 294 42.65 0.12
40 5.64 ’ ' 4.28 ’ '
50 4.09 4.23
Flu BaA
20 7.76 8.23
30 6.44 7.00
71 1 46.4 1
40 5.56 38 013 5.95 6.48 013
50 3.70 4.22
Chr Pyr
20 7.75 7.24
30 6.74 5.75
71 1 2 1
40 5.40 38 010 4.91 3520 010
50 4.69 4.36
BaP BKkF
20 7.74 7.50
30 6.92 6.80
45. 1 44. 12
40 4.72 299 013 5.07 3 0
50 4.14 3.89
BbF Dl[ah]A
20 8.47 9.15
30 5.61 7.15
43.02 12 .07 17
40 5.19 30 0 5.54 280 0
50 4.72 4.14
B[ghi]P InP
20 7.29 7.68
30 6.24 6.46
42.74 12 4.53 1
40 4.60 0 417 45 016

50 3.82 3.13
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Fig. 7. Adsorptions of PAHs from vehicle wash wastewater using composite adsorbents under different experiment conditions.
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Chr
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Fl

Ph

Ant
Acy
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Fig. 8. Regenerating efficiency of wPET/C/Bt and wPS/C/Bt.

studies were carried out in batch using 100 mL of stan-
dard solutions indicating that wPS/C/Bt and wPET/C/Bt
had the potential for reusability (Fig. 8).

4. Conclusion

In the current study, waste plastics such as wPS and
WPET have been successfully used to prepare composite
adsorbents through simple as well as economical methods.

Synthetic composite adsorbents wPS/C/Bt and wPET/C/Bt
were used for PAHs adsorption from wastewater as well
as aqueous solution by batch adsorption method. The pro-
cess of PAHs adsorption completely depends on tempera-
ture, initial PAHs concentrations, contact time, pH value as
well as the amount of adsorbents. The adsorption process
proceeds and conforms to the Langmuir isotherm as well
as pseudo-second-order equation. Thermodynamic stud-
ies show that the adsorption process is an endothermic
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Details of adsorption media and their PAHs removal efficiency

Materials Study type PAHs % removal effectiveness Sorption isotherm model =~ References
wPS/C/Bt Batch Nap (77.43), Ace (73.22), Acy (79.32), Langmuir This article
Ant (79.46), Ph (75.15), F1 (78.48),
Flu (82.84), BaA (83.52), Chr (78.12),
Pyr (77.92), BaP (78.89), BKF (80.05),
BDbF (75.97), D[ah]A (78.91), B[ghi]P
(80.36), InP (83.07)
wPET/C/Bt Batch Nap (81.98), Ace (79.72), Acy (86.56), Langmuir This article
Ant (88.04), Ph (84.30), F1 (87.55),
Flu (80.84), BaA (84.92), Chr (82.20),
Pyr (81.28), BaP (83.89), BKF (82.52),
BDbF (85.97), D[ah]A (88.22), B[ghi]P
(81.34), InP (88.26)
wPS-AC Batch Nap (90.61), Ace (89.40), Acy (92.50), Langmuir and Freundlich, [35]
Ant (94.64), Ph (95.33), F1 (94.66),
Flu (96.02), BaA (94.7), Chr (92.3),
Pyr (94.10), BaP (95.07), BKF (96.23),
BDbF (92.15), D[ah]A (90.01), B[ghi]P
(96.54), InP (93.25)
wPET-AC Batch Nap (96.22), Ace (94.67), Acy (97.21), Langmuir and Freundlich, [35]
Ant (98.22), Ph (93.65), F1 (97.31),
Flu (94.02), BaA (92.10), Chr (90.31),
Pyr (93.46), BaP (92.23), BKF (93.25),
BDbF (94.49), D[ah]A (95.09), B[ghi]P
(91.54), InP (96.47)
Powder activated Batch BDF (86), Ph (95), Chr (94.5), BaP (88), Flu Freundlich [54]
carbon anthracite-based (96.5), Pyr (98), BaA (94.5), InP (73),
and coconut shells BKF (88), B[ghi]P (69), Ant (97.5)
based
Wood char Batch Pyr, Ph, BaA (260) Freundlich [55]
Aspen wood fiber Batch/Column  Pyr (74), Ant (67), F1 (25.5) Freundlich [56]
Inorgano-organo- Batch Ph (99) Langmuir [57]
bentonite
Activated carbon Batch >97% Nap and >98% Flu Langmuir and Freundlich ~ [42]
Wood ashes Batch B[ghi]P, Fl, Pyr, BaP, Chr, BaA, BbF, Freundlich [58]
D[ah]A, BKF, InP (>99)
Coke-derived porous Batch Nap, Fl, Ph, Pyr, Flu (>99 for all PAHs) Freundlich [59]

carbon

non-spontaneous process.

This finding indicates that

wPS/C/Bt in addition to wPET/C/Bt is very efficient adsor-
bents for the adsorption of PAHs from wastewater.
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Fig. S1. Plots of the pseudo-second-order kinetics for wPS/C/Bt in batch experiment.
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Fig. 7. Plots of the Langmuir isotherms for wPET/C/Bt in batch experiment.
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Fig. S8. Plots of the Langmuir isotherms for wPET/C/Bt in batch experiment.



