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a b s t r a c t
In this study, waste polyethylene terephthalate (wPET) and waste polystyrene (wPS) was converted 
into activated char (AC) and utilized for the removal of polycyclic aromatic hydrocarbons (PAHs) 
from vehicle-wash wastewater (VWW). AC was prepared by carbonization in nitrogen atmosphere 
at high temperature followed by chemical activation with 1 M KOH and HCl. The AC was investi-
gated by surface area analyser, Fourier-transform infrared spectroscopy as well as scanning elec-
tron microscopy. The removal of PAHs from VWW through AC was examined by batch adsorp-
tion tests. Adsorption factors, including; initial PAHs concentration, contact time, temperature, and 
adsorbent dose were studied. The PAHs contents were measured by using a UV spectrometer and 
the adsorption efficiency was calculated under optimal conditions. Kinetic and isotherm models 
were applied to evaluate the adsorbents’ capacity for PAHs adsorption. Kinetic studies have shown 
that the adsorption of these PAHs on AC follows pseudo-second-order kinetics. Experimental 
results show that both Langmuir and Freundlich isotherm models are most suitable for this data. 
The calculated thermodynamic factors such as entropy change (ΔS°), enthalpy change (ΔH°) and 
free energy change (ΔG°) indicate that the adsorption process is essentially non-spontaneous and 
exothermic. This examination revealed that the novel AC presents a large potential in the PAHs 
elimination and recovery from VWW.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are prece-
dence organic toxins, which are pervasively occur in veg-
etation, soils, sediments, aquatic as well as atmospheric 
systems and consequently are firmly checked in the envi-
ronment [1,2]. They are considerable groups of organic com-
pounds with at least 2 or more fused aromatic rings having 
atomic masses in the range of 128 to 278 Daltons [3]. In the 
environment, there are thousands of PAH compounds, yet 
PAHs investigation is limited to a couple of compounds, 
mostly the 16 precedence compounds comprising benz(a)

anthracene (BaA), naphthalene (Nap), phenanthrene (Ph), 
benzo(a)pyrene (BaP), fluorene (Fl), benzo(ghi)perylene 
(B[ghi]P), acenaphthene (Ace), acenaphthylene (Acy), ben-
zo(b) fluoranthene (BbF), anthracene (Ant), fluoranthene 
(Flu), dibenz(ah)anthracene (D[ah]A), pyrene (Pyr), chry-
sene (Chr), indeno(123-cd)pyrene (InP) and benzo(k)fluo-
ranthene (BkF) recorded by USEPA as possibly lethal [4]. The 
PAHs having four or more than four aromatic rings are more 
lipophilic, less volatile and are less water soluble than the 
PAHs with three aromatic rings [2]. Several of these PAHs 
are teratogenic, cancer-causing, genotoxic as well as muta-
genic in nature with an extended range of transport and all 
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around embroiled in endocrine system disruption at higher 
levels [5].

PAHs are transported into the environment on account 
of common exercises, for example, volcanic activity, micro-
bial synthesis, and terrestrial vegetation synthesis. Although, 
the PAHs released as a result of these processes is negligi-
ble in examination with those generated from anthropo-
genic sources, grass land as well as forest fires [6]. Manmade 
exercises (e.g., emissions from internal combustion engines, 
heating and power generation, coal tar pitch and asphalt, 
manufacturing of carbon black, leakage from the petroleum 
industry, residential waste burning, combustion of fossil 
fuels, agricultural production, vehicular emissions and mil-
itary operations) discharge a lot of PAHs on the earth [7,8]. 
The cancer-causing nature of PAHs expanded with expand-
ing subatomic weight [9]. Human introduction to PAHs has 
been related to an expanded danger of creating malignancy 
in an assortment of organs (e.g., pancreas, kidney, prostate, 
esophageal, breast, scrotum, larynx, skin, stomach, bladder 
and lung). Moreover, they suppress the immune system 
as well as are associated with being endocrine disrupters  
[10,11].

The general properties of PAHs are low aqueous solu-
bility, high boiling as well as melting point, and low vapor 
pressure (in this manner they are solid). Generally, the lat-
ter two qualities will decrease with the increase of atomic 
weight. In fact, the oxidation resistance and reducibility will 
increase [12]. The PAHs solubility diminishes for every addi-
tional ring [12]. In the interim, PAHs are soluble in natural 
solvents because of their extraordinary lipophilicity. PAHs 
also show different capacities, for example, corrosion resis-
tance, physiological action, conductivity, light sensitivity, and 
heat resistance [13]. However, some PAHs have some com-
mercial uses. They are generally utilized as intermediaries 
in chemical industries, lubricating materials, photographic 
products, agricultural products, and pharmaceuticals [14]. 
Although, the overall uses of a number of PAHs are [15]:

• Ace: production of pharmaceuticals, pesticides, dyes, as 
well as pigments.

• Pyr: manufacture of pigments.
• Ant: diluent for wood preservatives in addition to pro-

duction of pigments as well as dyes.
• Flu: manufacture of pharmaceuticals, dyes as well as 

agrochemicals.
• Fl: production of dyes, pesticides, pigments as well as 

pharmaceuticals.
• Ph: production of pesticides as well as resins.

Other PAHs may be contained in asphalt, used for 
the construction of roads, in addition to roofing tar. 
Furthermore, specific refined products, of precise PAHs, are 
used also in the field of liquid crystals and electronics.

Due to the carcinogenic, mutagenic, as well as toxic qual-
ities of PAHs, noteworthy enthusiasm for creating suitable 
expulsion measure through understanding remediation 
systems has been raised [16]. In order to reduce the potential 
dangers of PAHs to the environment and human well-being, 
various techniques have been explored to eliminate PAHs 
from water-polluted soils. Various techniques have been 
explored to eliminate PAHs from sullied soils in addition to 

waters to alleviate the conceivable danger of PAHs on the 
environment as well as human wellbeing [17]. In any case, 
most of these strategies have some obstacles, for example, 
confused working systems, high support, and venture costs. 
In addition, some of these treatments can play an auxiliary 
role, some of which are mutagenic and carcinogenic (such 
as trihalomethanes, halogenated citric acid) mixtures, and 
further include adverse effects and general health condi-
tions [18]. However, among these techniques, the adsorption 
cycle appears to hold guarantee for the expulsion of organic 
and inorganic micro-pollutants in a conservative and nat-
ural amicable way [19,20]. Variety of adsorbents used for 
this purpose include biochar/bentonite/waste polystyrene 
and biochar/bentonite/waste polyethylene terephthalate 
[19,21], L-cysteine-modified montmorillonite-immobilized  
alginate nanocomposite [22], poly (methyl methacry-
late)-grafted alginate/Fe3O4 nanocomposite [23], montmo-
rillonite clay [24], green synthesis of silver nanoparticles 
[25], iron oxide-impregnated dextrin nanocomposite [26], 
papaya peel carbon [27], chitosan grafted polyaniline [28], 
waste rubber tires [29], iron-based metal organic frame-
work [30], a non-carbon adsorbent nano alumina [31], 
various adsorbents for caffeine, nicotine and amoxicillin 
[32], Fe-benzene dicarboxylic acid metal organic framework 
[33], ZnNiIn layered double hydroxides derived mixed 
metal oxides [34], and hen feather [35]. Consequently, few 
investigations have been completed to locate the viable 
and monetary sorption media and natural components 
influencing the PAHs expulsion measures [36,37]. The fun-
damental objective of this examination is the utilization of 
wPS and wPET in the synthesis of modified AC using KOH 
to increase the functionality and porosity of the synthe-
sized materials for removing the PAHs from vehicle-wash 
wastewater (VWW). The process for preparation of AC is 
a relatively low-cost and effective method since an alter-
native source as wPS and wPET is utilized. Furthermore, 
various trial conditions were set to identify their effects 
and explore the ideal removal performance of AC.

2. Experimental setup

2.1. Sample collection and preparation

The VWW samples from both heavy and light vehi-
cle-wash stations (trailers, buses, pickups, cars, etc.) were 
collected and homogenized in precleaned 2.5 L amber 
glass bottles. The waste plastic collection and preparation 
detail is given in our previous paper [19]. The samples were 
shipped to the Laboratory Department of Environmental 
Sciences, University of Peshawar.

2.2. AC preparation and characterization

The wPS and wPET materials were carbonized in nitro-
gen at 600°C. Distilled water and HCl solution (1 M) were 
used to wash the obtained solids in order to reduce the 
decomposed fragments and ash and then dried for 24 h at 
110°C. The obtained AC were ground and screened through 
a sieve, with pore size 250 μm [38]. The AC were char-
acterized by specific surface area analysis (NOVA2200e, 
Quantachrome, USA), FT-IR (Spectrum Two, S.No: 103385) 
analysis as well as SEM (JSM-5910, JEOL, Japan).
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2.3. Adsorption experiments

Adsorption of PAHs from VWW over wPET-AC and 
wPS-AC was studied in batch mode adsorption exper-
iments. Several variables were measured in the study, 
including dosage of AC (0.2, 0.4, 0.6, and 0.8 g/100 mL), 
contact time (0.25, 0.5, 1, and 2 h) and PAHs concentra-
tions (10, 20, 30, and 40 ppm). 100 mL of samples were used 
throughout the experiment. All adsorption and kinetic 
models of PAHs were performed using 500 mL Erlenmeyer 
flasks at various temperatures in a batch system. Samples 
were mixed in a magnetic stirrer with 150 rpm at various 
temperatures (20°C, 30°C, 40°C, 50°C) until equilibrium 
was reached. 

2.4. Analyses and calculations

The equilibrium concentration, qe (μg g–1) and % qe was 
calculated as per Table 1.

The data were fitted to the numerical models introduced 
in Table 2. All tests were conducted on the 16-PAHs indi-
vidually. UV-Vis spectrophotometry (Shimadzu UV-1700, 
Japan) was used to determine the concentration of PAHs 
in the solution and VWW [43]. The concentrations of phys-
ical and biochemical parameters such as pH, suspended 

solids, total dissolved solids (TDS), chemical oxygen 
demand (COD), dissolved oxygen (DO), biological oxygen 
demand (BOD5), turbidity, colour, and odour were deter-
mined by similar methods as given in our past paper [44].

Table 1
Equations used for qe and % qe calculations

Equation

Equilibrium concentration q
C C V
Me

i�
�� ��� ��0                   (1)

where,
C0 (μg L–1) = Initial PAHs 
concentration
Ci (μg L–1) = Equilibrium PAHs 
concentration
V (L) = Volume of solution
M (g) = Mass of AC

Percentage removal %q
C C

Ce
i�

�� ���� ��0

0

100
         (2)

Table 2
Adsorption models used in the study

Model Equation

Kinetic models

Pseudo-first order [39] ln lnq q q k te t e�� � � � 1                                                                                                        (3)

where, 
qe = equilibrium sorption capacity (μg g–1),
qt = sorption capacity (μg g–1) at time t (h),
k1 = adsorption rate constant for pseudo-first order.

Pseudo-second order [40] t
q

t
q k qt e e

� �
1

2
2                                                                                                                     (4)

k2 = adsorption rate constant for pseudo-second order.

Equilibrium models

Freundlich [41] ln ln lnq K
n

Ce f e� �
1                                                                                                          (5)

1/n: measure of intensity of adsorption and Kf = Freundlich adsorption coefficient.
n = Freundlich constant,
Ce (μg L–1) = equilibrium concentration of adsorbate
qe: amount of adsorbate adsorbed per unit mass of adsorbent (μg g–1).

Langmuir [42]
C
q KQ

C
Q

e

e

e� �
1

max max

                                                                                                           (6)

K = Langmuir constant relates the energy of adsorption
qm = maximum amount of PAHs adsorbed per unit mass of adsorbent (μg g–1), 
qe = amount of adsorbate per mass unit of adsorbent at equilibrium (μg g–1),
Ce = equilibrium concentration (μg L–1)
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3. Results and discussion

Initially, the time to remove PAHs by AC test was 1 h, 
and the ratio of adsorbent to solution was 0.3 g/100 mL at 
a temperature of 24°C ± 2°C. Fig. 1 shows the removal 
percentage of 16-PAHs. Further trials were directed 
under various conditions to examine the ideal adsorption  
parameters.

3.1. Properties of AC

The wPS-AC and wPET-AC prepared in the labora-
tory were described by FT-IR, SEM in addition to specific 
surface area analysis. Detailed discussion on the results is 
given in Table 3. The SEM micrograph of wPS-AC displays 
a rough and irregular morphology with numerous cav-
ities and mounds on the surface. The SEM micrographs of 

Table 3
SEM, FT-IR and surface area of wPET-AC and wPS-AC adsorbents

SEM analysis FT-IR spectra Surface area analysis

wPET-AC

- Dispersion of KOH parti-
cles over the surface of 
wPET-AC

- Porous and rough surface 
structure

- Presence of micropores

Absorption peaks at:
- 3,414 cm–1 which might be due to stretching vibrations of –OH
- 1,696 cm–1 (C=O, stretch)
- 1,260 cm–1 (C=C, stretch)
- 1,092 cm–1 (C–O, stretching vibration)
- 1,010 cm–1 (C–O–C, stretching)
- 720 cm–1 (C–H, stretch) and 521 cm–1 (C–H, stretch)

BJH surface area (m2 g–1): 11.02
BET surface area (m2 g–1): 65.35
RP (A0): 15.02
Vt (cm3 g–1): 0.009

wPS-AC

- Irregular fiber-like 
morphology

- Rough surface
- Spherical carbon black 

structure
- Large macropores

The absorption bands were detected at:
- 3,028 cm–1 (C–H, stretching)
- 1,599 cm–1 (C=C, stretching)
- 1,451 cm–1 (CH2 stretching)
- 1,017 cm–1 (C–O, stretching)
- 696 cm–1 (C–H, stretching) and
- 540 cm–1 (C–H, stretching).

BJH surface area (m2 g–1): 14.68
BET surface area (m2 g–1): 50.14
RP (A0): 14.09
Vt (cm3 g–1): 0.010

72.33

71.7

86.1

83.9

91.3

89.7

84.2

81.7

85.8

83.5

81.4

87.2

85.7

82.2

88.3

84.1

87.21

89.62

91.8

94.71

95.1

94.8

93.3

94.77

91.3

92.44

94.7

92.8

91.6

89.34

93.4

93.7

Nap

Ace

Acy

Ant

Ph

Fl

Flu

BaA

Chr

Pyr

BaP

BkF

BbF

D[ah]A

B[ghi]P

InP

wPET-AC wPS-AC

Fig. 1. % Removal efficiency of AC derived from wPET-AC and wPS-AC for 16-PAHs from VWW.
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wPET-AC show a stretched but uneven morphology, with 
some fine particles agglomerated on the surface. The SEM 
analysis suggests that wPET-AC exhibits better porosity 
than wPS-AC. The new wPET-AC and wS-AC had func-
tional groups of waste polymers, and therefore its adsorp-
tion efficiency was considered better than that of waste poly-
mer. The surface properties, that is, BJH surface area (SBJH), 
BET surface area (SBET), pore volume, and pore radius of 
the AC, were determined using N2 adsorption isotherms 
at 77.35 K. The results are given in Table 3. The results of 
surface analysis (Table 3) indicate that in case of wPET-AC 
and wPS-AC the calculated SBJH was found to be 11.02 and 
14.68 m2 g–1, the SBET was 65.35 and 50.14 m2g–1, with pore 
radius of 15.02 A0 and 14.09 A0 and pore volume of 0.009 

and 0.010 cm3 g–1, respectively. It is clear from the data that 
the AC possesses a high surface area and large pore dimen-
sions than the waste polymers. Hence, the AC hold better 
adsorption potential compared with the waste polymers.

3.2. Batch experiments

3.2.1. Effect of adsorption dose

In adsorption studies, the dose of adsorbent is known 
to have an incredible effect. The amount of adsorbent that 
can be absorbed in the solution determines the number of 
active binding sites available for contaminants [45]. The 
effect of adsorbent dosage on the adsorption of PAHs onto 
wPS-AC and wPET-AC from VWW is shown in Figs. 2a 
and b, respectively. It was observed that as the adsorbent 
dose increased, the PAHs removal expanded. This swell-
ing is attributed to the increase in the number of active 
sites that PAHs can bind and the increase in the adsor-
bent dosage. For an adsorbent dose of 0.8 g, the maximum 
adsorption percentage of PAHs was achieved, and after this 
stage, the adsorption proved to be practically consistent. 
With the increase of the adsorbent dosage, the increase of 
PAHs excretion percentage may be related to the increase 
of adsorbent surface area and adsorption site accessibility. 
As clear from the data, the maximum percentage removal 
of PAHs was attained for an adsorbent dose of 0.8 g, and 
after this stage the adsorption became almost constant. 
Similar behaviour has been observed in previous stud-
ies and arises from the effect of interactions between the 
adsorbate and adsorbent. The increased dose is consistent 
with the greater area and larger number of adsorption sites 
[37,46]. Therefore, due to its higher adsorption limit, a dose 
of 0.8 g of adsorbent was selected in this examination.

3.2.2. Effect of contact time

Considering that the adsorption rate is one of the com-
pelling components that must be considered before design-
ing the adsorption framework, a time-related check was 
performed. Figs. 2c and d show the adsorption of PAHs 
on wPS-AC and wPET-AC over time, respectively. The 
outcomes demonstrated that with expanding contact time 
there is an increase in the percentage removal. The reason 
behind the higher removal with expanding contact time 
is PAHs availability to adsorb over the surface of adsor-
bents. After 2 h of contact time, most of the active sites of 
the adsorbent are involved and equilibrium is reached. An 

equilibration time of 2 h was used in this examination to 
ensure the removal of PAHs.

3.2.3. Effect of temperature

The effect of solution temperature on the removal rate 
of PAHs in the solution on wPS-AC and wPET-AC is shown 
in Figs. 2e and f, respectively. With the increase of tem-
perature, the removal of PAHs has been expanded. This 
indicates that the adsorption cycle is an endothermic cycle. 
As the temperature rises, the contaminant gains greater 
vitality, which breaks the vitality boundary between the 
contaminant and the AC. At the same time, due to the sep-
aration of some surface fragments on the AC, more vitality 
is produced on the surface of the adsorbent [47].

The spontaneity, thermal effect as well as feasibility 
of the adsorption system are determined by the change of 
the thermodynamic equilibrium constant KD with tempera-
ture. Thermodynamic factors, for example, the entropy 
change (ΔS°), free energy change (ΔG°) as well as enthalpy 
change (ΔH°) were determined by means of the following 
equations [48]:

�G RT KD� � � ln  (7)

where R is the ideal gas constant, 8.314 J K–1 mol–1; T is the 
absolute temperature in K; KD is the equilibrium coefficient 
of the PAH adsorption on the AC.

�H R
T T
T T

k
k

� �
�
2 1

2 1

2

1

ln  (8)

�
� �S H G

T
� �

� � �  (9)

The values of ΔG°, ΔS° and ΔH° are shown in Table 4. 
The positive values of ΔG° and ΔS° indicate non-sponta-
neous processes. The negative value of ΔH° indicates the 
exothermic nature of the adsorption process.

3.2.4. Effect of initial concentration of PAHs on the 
adsorption process

The ability of wPS-AC and wPET-AC to remove PAHs 
from the VWW at various initial concentrations was also 
determined and shown in Figs. 2g and h, respectively. As 
an increase in the take-up limit with respect to PAHs with 
increment in initial concentration was acquired, this sorp-
tion trend showed that surface saturation is an element of 
the initial concentration in solution. The reason behind this 
pattern is that, at lesser concentration, less PAHs are acces-
sible in solution, accordingly the maximum binding of the 
PAHs on the active sites of wPS-AC and wPET-AC was 
not accomplished, however as the concentration increases, 
the presence of a high concentration gradient produces a 
more grounded main impetus, which overcomes the resis-
tances to mass exchange, simultaneously, utilizing the 
active sites bringing about higher adsorption per unit mass 
of wPS-AC and wPET-AC [49].
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3.2.5. Adsorption kinetics

In the adsorption process, it is said that pseudo-first- 
order equations and pseudo-second-order kinetic models 
are used to express the chemical reactions. The most widely 
used equation in AC adsorption is pseudo-second-order. 

The estimation of the exploratory adsorption limit (qe,exp) 
was found to be in acceptable concurrence with deter-
mined qe values (qe,cal) by pseudo-second-order model at 
all temperatures. Furthermore, the high estimation of 
the correlation coefficient (R2) additionally proposes that 
pseudo-second-order model is better appropriate at all 

 
Fig. 2. Removal (%) of PAHs using wPS-AC and wPET-AC under different experimental conditions; (a) and (b) effect of adsorbent 
dose, (c) and (d) effect of contact time, (e) and (f) effect of temperature, and (g) and (h) effect of initial concentration.
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temperatures. Table 5 details the R2 values, adsorption 
capacity and rate constants of these two models. The plots 
of the linearized form of pseudo-second-order model (t/qt 
vs. t) are given in Fig. 3. The pseudo-second-order model 
depends on the presumption that the rate-limiting step 
may be chemical adsorption, including the valence gener-
ated by the exchange or sharing of electrons between the 
adsorbate and the adsorbent. It provides the best correla-
tion of data. These outcomes are in good agreement with 
other studies on Nap adsorption by activated carbon [50], 

sorption of poly-aromatic hydrocarbons onto granular 
activated carbons [50], desorption studies of 2,4,6-trichlo-
rophenol on oil palm [51], phenols on activated carbon 
fibers [50], modified coir pith [52], dolomite [53], and ZnCl2 
activated coir pith carbon [54].

3.2.6. Isotherm study

Several models in the literature were described using 
adsorption isotherms [55]. These models are preferred 

Table 4
Thermodynamic factors for the adsorption of PAHs onto wPET-AC and wPS-AC

PAHs wPET-AC wPS-AC

ΔG° (kJ mol–1) ΔH° (kJ mol–1) ΔS° (kJ mol–1) ΔG° (kJ mol–1) ΔH° (kJ mol–1) ΔS° (kJ mol–1)

Nap 6.21 –3.41 0.01 6.33 –1.14 0.02
Ace 6.26 –3.41 0.01 6.46 –1.14 0.02
Acy 6.09 –3.41 0.01 6.22 –1.14 0.02
Ant 6.00 –3.41 0.01 6.16 –1.14 0.02
Ph 6.14 –3.41 0.01 6.28 –1.14 0.02
Fl 6.00 –3.41 0.01 6.30 –1.14 0.02
Flu 6.23 –3.41 0.01 6.23 –1.14 0.02
BaA 6.12 –3.41 0.01 6.30 –1.14 0.02
Chr 6.21 –3.41 0.01 6.37 –1.14 0.02
Pyr 6.22 –3.41 0.01 6.32 –1.14 0.02
BaP 6.14 –3.41 0.01 6.29 –1.14 0.02
BkF 6.19 –3.41 0.01 6.26 –1.14 0.02
BbF 6.08 –3.41 0.01 6.37 –1.14 0.02
D[ah]A 6.01 –3.41 0.01 6.29 –1.14 0.02
B[ghi]P 6.22 –3.41 0.01 6.25 –1.14 0.02
InP 6.05 –3.41 0.01 6.17 –1.14 0.02

Table 5
Pseudo-second-order kinetic parameters for adsorption of PAHs over wPET-AC and wPS-AC in batch experiment

PAHs wPET-AC wPS-AC

k2 (μg g–1 min–1) qe2 (μg g–1) R2 k2 (μg g–1 min–1) qe2 (μg g–1) R2

Nap 1.7 × 10–4 0.11 0.937 5.0 × 106 1.0 × 102 0.962
Ace 3.2 × 10–3 0.52 0.906 3.3 × 106 1.0 × 102 0.947
Acy 1.6 × 10–4 0.11 0.865 4.1 × 104 1.1 × 102 0.932
Ant 1.3 × 10–4 0.71 0.785 3.3 × 106 1.0 × 102 0.950
Ph 1.4 × 10–4 0.10 0.861 1.0 × 107 1.0 × 102 0.996
Fl 1.0 × 10–4 0.09 0.943 8.3 × 108 9.0 × 101 0.999
Flu 1.5 × 10–5 0.10 0.794 1.0 × 107 1.0 × 102 0.998
BaA 7.2 × 10–5 0.07 0.937 8.3 × 108 1.0 × 102 0.997
Chr 4.8 × 10–5 0.05 0.861 8.3 × 108 9.0 × 101 0.996
Pyr 6.4 × 10–5 0.05 0.988 1.0 × 107 1.0 × 102 0.987
BaP 6.0 × 10–5 0.05 0.987 1.2 × 107 1.1 × 102 0.983
BkF 6.5 × 10–5 0.06 0.998 1.2 × 107 1.1 × 102 0.985
BbF 7.4 × 10–5 0.07 0.898 8.3 × 107 9.0 × 101 0.998
D[ah]A 6.2 × 10–5 0.06 0.974 8.3 × 108 9.0 × 101 0.998
B[ghi]P 5.7 × 10–5 0.05 0.998 1.0 × 107 1.0 × 102 0.998
InP 4.7 × 10–5 0.05 0.907 1.0 × 107 1.0 × 102 0.998
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because of their simplicity and common use. Langmuir 
and Freundlich models are the most commonly used mod-
els [56]. When a perfectly homogeneous adsorption occurs 
in the adsorption process, the correct Langmuir adsorption 
data can be yielded. In Freundlich model, it is assumed 
that the adsorption occurs on the heterogeneous sur-
faces and can form mono or multilayers depending on the 
amount of adsorbate adsorbed at equilibrium. It is import-
ant to plan a suitable model to describe the best isotherm 
model for activated carbon adsorption [57]. Data were 
acquired from the isotherm models applied for clarifying 
the response between adsorbent and adsorbed Phe and opti-
mizing the amount of adsorbent [56]. Based on the results, 
Langmuir isotherm models provided the best fit with the 

experimental data. These results are consistent with the 
results of different tests performed recently by the adsorp-
tion of Phe on activated carbon [41,44,50,57,58]. The deter-
mined Langmuir constants (K1 and qm) as well as the R2 for 
the two isotherms are given in Table 6. Figs. 4 and 5 show 
the plots of Langmuir isotherms for adsorption of 16-PAHs 
over wPET-AC and wPS-AC, respectively.

3.3. Mechanisms of PAHs adsorption

In a general sense, the adsorption of pollutants from 
aqueous phase by AC depends on the surface characteristics 
of the adsorbent, the nature of the adsorbate, and the solu-
tion condition. Various mechanisms by which the carbon 

 
Fig. 3. Plots of the pseudo-second-order kinetics for wPET-AC and wPS-AC in batch experiment.



63M. Ilyas et al. / Desalination and Water Treatment 236 (2021) 55–68

Table 6
Isotherm model parameters for PAHs adsorption over wPET-AC and wPS-AC in batch experiment

PAHs Langmuir isotherm parameters Langmuir isotherm parameters

wPET-AC wPS-AC

qm (μg g–1) K1 R2 qm (μg g–1) K1 R2

Nap 6.29 0.11 0.965 43.48 2.07 × 10–6 0.950
Ace 7.25 0.04 0.974 34.48 2.32 × 10–5 0.937
Acy 7.04 0.05 0.986 33.33 2.10 × 10–5 0.925
Ant 18.52 0.02 0.988 32.26 3.10 × 10–5 0.928
Ph 8.06 0.01 0.984 50.00 1.20 × 10–5 0.980
Fl 14.92 0.07 0.938 37.04 1.35 × 10–5 0.975
Flu 7.04 0.05 0.990 38.46 1.04 × 10–6 0.954
BaA 43.48 0.05 0.920 34.48 2.90 × 10–5 0.960
Chr 22.73 0.12 0.945 34.48 2.90 × 10–5 0.947
Pyr 25.64 0.07 0.919 45.45 1.98 × 10–5 0.960
BaP 10.30 0.62 0.985 35.71 2.52 × 10–5 0.910
BkF 2.67 0.02 0.996 52.63 1.71 × 10–5 0.969
BbF 7.58 0.02 0.992 41.67 2.16 × 10–6 0.966
D[ah]A 0.02 3.2 × 10–5 0.923 55.56 1.62 × 10–6 0.987
B[ghi]P 0.02 45 × 104 0.858 47.62 1.89 × 10–6 0.966
InP 0.02 5.8 × 104 0.922 34.48 2.61 × 10–6 0.942

 
Fig. 4. Plots of Langmuir isotherms for 16-PAHs adsorption over wPET-AC in batch experiment.
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surface functional groups might influence the adsorption 
process from aqueous phase have been proposed: π–π dis-
persive interactions [59], hydrogen bonding [59,60] and elec-
tron–donor–acceptor interactions [61]. For organic pollut-
ants, as is the case of PAHs, Lyklema. [62] noted that their 
adsorption from solution is essentially an exchange pro-
cess, and hence molecules adsorb not only because they are 
attracted by solids but also because the solution may reject 
them (the hydrophobic effect). The adsorption process of 
organic compounds on AC surface has thus been described 
as a complex interplay between electrostatic and dispersive 
interactions, especially in the case of weak organic electro-
lytes. However, since PAHs are not considered electrolytic, 
the van der Waals dispersive interaction and, in some cases, 
the intermediate hydrogen bonding interaction, has been 
the dominant mechanism proposed in the literature [63]. 
The mechanism of adsorption of PAH by AC is given in the 
reaction scheme (Fig. 6) [64]. 

3.4. Physical and biochemical characteristics 
of VWW before and after treatment

Table 7 shows the biochemical and physical character-
istics of VWW before and after the treatment process using 
the newly produced AC from wPS and wPET. The subse-
quent observations can be concluded from Table 7, as for 
the biochemical and physical characteristics of VWW sam-
ples after the treatment process. The results obtained for pH 
for the samples were within the range of 6.5–7.5. Outcomes 

acquired demonstrated that there was a remarkable decrease 
in the amount of suspended solids, TDS, COD, DO, and 
BOD5 after treatment. Trial outcomes from Table 7 demon-
strated that the turbidity was relatively removed. The out-
comes from Table 5 showed that the AC manufactured from 
wPS and wPET totally eliminated the offensive odour in 
the VWW, with a clear appearance.

3.5. Comparison of adsorption potential of different adsorbents

Activated carbon is well known in PAHs sorption due 
to their high specific surface area (ranging from 300 to 
3,000 m2/g) [61]. Activated carbon is generated from a vari-
ety of materials (plant-derived materials, petroleum coke, 
shells, sewage sludge, as well as bituminous coal) [56] 
through carbonization and subsequent activation processes. 
Activated carbon is set up as a briquette, granules, or pow-
der relying upon its particular application. Although, the 
adsorption of PAHs by powder and granular activated car-
bon is widespread in practice, granular activated carbon is 
one of the most commonly used permeable media, which can 
be used to remove organic contaminants through adsorp-
tion measures [65–68]. Table 8 details the different adsorp-
tion media reported in the literature and the comparative 
adsorption efficiency of AC, that is, wPET-AC and wPS-AC) 
on PAHs adsorption. The wPET-AC and wPS-AC have 
extraordinary qualities in utilizing PAHs adsorption media 
because of it re-usability, good settle ability, high adsorption 
capacity and miscible nature with aqueous solution.

 
Fig. 5. Plots of Langmuir isotherms for 16-PAHs adsorption over wPS-AC in batch experiment.
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4. Conclusions

PAHs could be removed from aqueous solution as well 
as wastewater by means of various types of adsorbents, for 
example, membranes, cellulose, sediments, sand, amended 
clay, organic minerals, biochar and activated carbon. The 
capability of the sorption process depends not just on the 
characteristics of the adsorbate with the adsorbent, yet 
in addition on the working factors. In the present work, 
the activated char wPET-AC and wPS-AC were synthe-
sized by an economical and simple method. The synthe-
sized chars were effectively used for the removal of PAHs 
from VWW. The removal process is totally dependent on 
the initial PAHs concentration, contact time, temperature, 

adsorbent dose, adsorbent bed height, and flow rate. The 
removal process proceeded and fitted with Langmuir and 
Freundlich isotherms and pseudo-second-order equations. 
Thermodynamic calculations indicated that the adsorp-
tion process is exothermic and nonspontaneous in nature. 
This study recommends that wPET-AC and wPS-AC can 
be utilized as appropriate and productive adsorbents in 
the expulsion of PAHs as of aqueous solutions in addition  
to VWW. 
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Table 7
Physical and biochemical characteristics of vehicle-wash wastewater before and after treatment process

Parameters Before treatment Effluent after treatment

wPS-AC wPET-AC

pH 6.67 7.20 7.05
Suspended solids (mg/L) 100 15 5
TDS (mg/L) 637 410 179
COD (mg/L) 378 142 152
DO (mg/L) 4.90 2.17 1.05
BOD5 (mg/L) 415 110 77
Turbidity (NTU) 62 0 0
Appearance Not clear Clear Clear
Odour Offensive Totally removed Totally removed
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