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a b s t r a c t
In recent years, the contamination of water by potentially poisonous elements (PPEs) has got 
one of the major issues that undermine ecological systems as well as human health. The current 
examination is aimed at eliminating PPEs like zinc (Zn2+), chromium (Cr6+), lead (Pb2+), and cop-
per (Cu2+) from aqueous solutions and vehicle-wash wastewater (VWW) utilizing biochar/bentonite/
waste polyethylene terephthalate (wPET/C/Bt) and biochar/bentonite/waste polystyrene (wPS/C/
Bt) as an adsorbents. The adsorbents were investigated by surface area analyser, scanning electron 
microscopy, and Fourier-transform infrared spectroscopy. To investigate the adsorption of PPEs by 
synthesized wPET/C/Bt and wPS/C/Bt, different column and batch adsorption tests were conducted 
with varying different parameters such as pH, contact time, initial PPEs concentration, temperature 
and dose of adsorbents. Atomic absorption spectrophotometer was used for determining the PPEs 
concentration in addition to the adsorption efficiencies of the composites were calculated under 
ideal conditions. The ideal conditions for the highest adsorption of PPEs of aqueous solution on 
the wPET/C/Bt and wPS/C/Bt adsorbents were found to be: pH 6 for Pb2+ and Cu2+, pH 3 for Cr6+ 
and pH 4 for Zn2+, adsorbent dose of 0.20 g, temperature 60°C, contact time of 90 min, and initial 
concentration of 30 mg L–1. Results demonstrated that highest removal of Pb2+, Cu2+, Cr6+, and Zn2+ 
from aqueous solution achieved over wPET/C/Bt adsorbent was 89.06%, 86.30%, 90.10% and 92.43%, 
respectively, whereas that of wPS/C/Bt adsorbent was 84.69%, 79.80%, 77.56% and 82.80%, respec-
tively. The highest removal in column tests was seen at an adsorbent bed height of 20 cm with the 
optimal flow rate of 3.56 mL min–1. Moreover, PPEs removal by wPET/C/Bt adsorbents was seen in 
the order of Zn2+ < Pb2+ < Cu2+ < Cr6+, whereas that of wPS/C/Bt adsorbent was Cu2+ > Zn2+ > Cr6+ > Pb2+. 
The outcomes were likewise assessed by different kinetic as well as isotherm models. Root mean 
square error was also calculated for the validation of data. The adsorption process proceeded and 
fitted with Freundlich as well as Langmuir isotherm models and pseudo-second-order equation. 
The calculated values of thermodynamic factors, for example, entropy (ΔS°), Gibbs free energy (ΔG°) 
as well as enthalpy (ΔH°) demonstrate that the process of adsorption is endothermic, spontaneous 
as well as feasible in nature. Findings from this study suggest that wPET/C/Bt and wPS/C/Bt could 
be utilized as a promising adsorbent at the same time eliminating a number of PPEs from VWW.
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1. Introduction

Anything that skirmishes with the rule of creating and 
destroying matter may lead to deterioration in the envi-
ronment. The plastic matter goes against this rule which 
results in significant dangers to the environment [1,2]. 
The most generally utilized plastics around the world, 
which present 90% of the entire manufacture of plastics 
are polycarbonate, low-density polyethylene, polyvinyl 
chloride, polystyrene, polyamide (nylon), polyethylene 
terephthalate, polypropylene and high-density polyeth-
ylene [3]. As an outcome, the manufacture of plastics has 
expanded, especially throughout the most recent 60 years; 
worldwide plastic production has sustained to rise. In any 
case, the present levels of their use and disposal produce 
various ecological issues. Roughly 4% of world gas and 
oil production is used as feedstock for plastics and around 
3%–4% is utilized in their assembling to give energy [4].

Plastics possess many properties due to which it is a 
fundamental part of our lives. The drivers for such devel-
opment are their low-cost, fabrication and design capabili-
ties, robustness, strength, and low density. Thus, because of 
such properties, plastics are used in industrial, automotive 
applications and as packaging materials. Despite its many 
positive properties, plastics have their disadvantages from 
the perspective of waste organizations [5]. The plastics 
business has developed astonishingly since the advance-
ment of various courses for the production of polymers 
from petrochemical sources. In terms of its lightweight, 
durability, and low cost compared to other materials, 
plastic has considerable advantages [3].

The advantages of plastics are especially obvious in 
public health and medicine. Plastics are adaptable, require 
less energy for their production than alternative materi-
als, cost-effective – for example, glass or metal, and can be 
fabricated to have various characteristics. Because of these 
qualities, polymers are used as a piece of different wellbe-
ing applications, for example, intravenous bags, disposable 
syringes, joint replacements, sterile packaging for tissue 
engineering as well as medical instruments, etc. [6]. Over 
the previous century in human society, most advances have 
been encouraged by the utilization of plastics. Plastics are 
made of monomers bound together to form macromol-
ecules. Today, about more than 20 distinctive significant 
sorts of plastics are being used around the world [7].

One of the most challenges of modern days in the 
world is the management of waste plastic. Waste plastic 
is not biodegradable because of its stable chemical struc-
ture; therefore, it can stay for longer in the environment 
constituting a large part of the solid waste. Due to the 
extensive usage of plastic in our daily life, a large amount 
of waste plastic is disposed to the environment [1]. Several 
approaches have been adopted for waste plastic handling 
which include: conversion into useful materials, micro-
bial degradation, incineration, landfilling, and recycling. 
All of these methods have their own disadvantages and 
there are need to explore the most ideal alternative for the 
administration of waste plastics [1].

Wastewater from different industrial units like glass 
production, mining operations, paint industries, and hos-
pitals produces potentially poisonous element (PPEs), for 

example, Zn2+, Mn, Pb2+, Ni, Cd, Cu2+ as well as Cr6+ [8]. 
PPEs can cause a number of ecological issues in view of 
their bio-amplification, bioaccumulation, long persistence, 
and toxicity in the food chain, and as a result, these are con-
sidered as poisonous elements for human beings, aquatic 
fauna and flora [9]. PPEs go into the human body via inha-
lation of air, food ingestion as well as drinking polluted 
water. PPEs increases blood acidity. Subsequently, the bones 
release calcium (Ca) into the blood, as a result the blood 
pH is restored. This marvel causes osteoporosis (brittle 
bone), which is ordinarily found in aged people and chil-
dren [10]. Higher concentrations of PPE such as Pb2+, Cu2+, 
Cr6+ and Zn2+, etc. have harmful effects. It can cause dis-
eases such as memory loss, behavioral disorders, diarrhea, 
anorexia, dermatitis, polycythemia, depression, immune 
dysfunction, and thyroid abnormalities. PPEs are the most 
important problem in water because some of them are car-
cinogenic and can cause stomach and lung cancer, as well 
as kidney and nerve damage [11]. Excess Cu2+ can cause 
mental illness, among which children are most affected by 
Pb2+. This can lead to behavioral disorders and memory 
loss. Pb2+ may cause nerve damage, as well as high blood 
pressure and kidney damage. Excessive Zn2+ can also cause 
anemia. When Pb2+ is found to be part of water, it is found 
to have a negative effect on health, and it is the heaviest 
and most common metal [12]. The basic health risks caused 
by Cr6+ are developmental and reproductive problems, 
skin allergies, nasal and lung ulcers, and cancer. It can 
also cause death due to excessive intake [13]. Removal of 
PPEs from industrial wastewater is fundamental since they 
critically harm the environment. The elimination of these 
PPEs should be possible by different conventional strate-
gies including complexation, flocculation or coagulation, 
bio-sorption, chemical precipitation, electrochemical treat-
ment, membrane technology, filtration and chemical oxida-
tion/reduction [14]. Although, each innovation has its own 
restrictions, for example, generation of toxic sludge, incom-
plete removal, and production of poisonous intermediate 
chemicals in addition to greater expense because of high 
energy demand. As of late, different strategies have been 
developed to use accessible as well as economical organic 
wastes, for example, sawdust, coconut shell (apricot stone, 
rice hull, and peanut shell) [15], for the purposive expulsion 
of PPEs from industrial wastewater or aqueous solutions.

Therefore, in this article, an exertion has been made to 
eliminate different PPEs including Pb2+, Cr6+, Zn2+, and Cu2+ 
from vehicle-wash wastewater (VWW) as well as aque-
ous solutions via column and batch experiments using 
biochar/bentonite/waste polystyrene (wPS/C/Bt) and bio-
char/bentonite/waste polyethylene terephthalate (wPET/C/
Bt) composites as adsorbent. Furthermore, various trial 
conditions were set to identify their effects and explore 
the ideal removal performance of composite adsorbents.

2. Materials and methods

2.1. Sample collection and preparation

The VWW samples from both heavy vehicle-wash sta-
tions (oil carriages, trailers, buses, and trucks) and light 
vehicle-wash stations (mini-coaches, pickups, cars, etc.) 
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were collected and homogenized in pre-cleaned 2.5 L amber 
glass bottles. The samples were brought to the Laboratory 
Department of Environmental Sciences, University of 
Peshawar. The detail of the waste plastic, biochar, and ben-
tonite clay collection and preparation is already given 
in our previous paper [2].

2.2. Adsorbent preparation and characterization

The wPET/C/Bt and wPS/C/Bt composites were set 
up by similar methods as given in our past paper [2]. The 
adsorbents were characterized by scanning electron micros-
copy (SEM; JSM-5910, JEOL, Japan), Fourier-transform 
infrared spectroscopy (FTIR; Spectrum Two, S. No: 103385) 
analysis, and specific surface area analysis (NOVA 2200e, 
Quantachrome, USA).

2.3. Adsorption experiments

2.3.1. Batch experiments

Adsorption of PPEs over the composite adsorbents was 
studied in batch mode experiments. In distilled water, a 
1,000 mg L–1 (stock solution) of PPEs was prepared by dis-
solving their respective salts (CuSO4, Pb(NO3)2, K2Cr2O7, 
and ZnSO4). All analyses were done by putting vari-
ous adsorbent doses of the adsorbents into single metal 
solutions for different contact times (15, 30, 45, 60, and 
90 min), whereas pH in the range of 1–7 was maintained. 
The pH was optimized utilizing 0.1 M HCl/NaOH. At dif-
ferent temperatures (30°C, 40°C, 50°C, 60°C) the mixtures 
were agitated for various contact times at 200 rpm. At that 
point, the liquid and adsorbents were isolated by filtration.

2.3.2. Column experiments

The column experiment was used for the removal of 
PPEs from VWW. A glass column with a height and inter-
nal diameter of 40 and 2.8 cm, respectively, was used for 
this purpose. At the base of the column for preventing out-
let blockage and supporting the column, a glass wool was 
utilized. To control the composites and activated carbon 
washout with water and equal water dissipation beneath 
and above the materials, cleaned sand was put. The ther-
mal solution uniform flow was maintained into the column. 
The column was filled with composite adsorbents up to 
5, 10, 15, and 20 cm height. Wastewater with a controlled 
flow (5 mL min–1) was allowed with various initial con-
centrations from the top of the column. At various times 
interims (15, 30, 45, 60, and 90 min), samples of water were 
collected and analyzed for PPEs.

2.4. Analyses and calculations

Atomic absorption spectrophotometer (AAnalyst 700, 
PerkinElmer, USA), was used for filtrate analysis. The 
adsorption efficiency qe (mg g–1) was assessed according 
to the following equation.

q
C C V
Me

i=
−( )0  (1)

Since, Ci and C0 are the initial and equilibrium con-
centrations (mg L–1) of PPEs, respectively; V is the volume 
of PPEs (L); M is the weight of wPS/C/Bt and wPET/C/Bt 
composites (g).

The removal percentage (%) of PPEs was evaluated 
by the next equation:

Removal,% =
−( )×C C
C
i0

0

100
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To assess the fitness of the isotherm, as well as the 
kinetic equations to the experimental data, the root mean 
square error (RMSE) was utilized to determine the isotherm 
along with kinetic constants. RMSE can be defined as:
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−
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where N is the number of observations and the subscripts 
“calc” and “exp” show the calculated and experimental val-
ues in the experimental data. The small the RMSE value, 
the better the curve fitting [16].

2.5. Kinetic studies

There are many kinetic-models utilized to assess the 
monitoring mechanisms of adsorption process like chemi-
cal-reaction, diffusion control, and mass-transfer. In the cur-
rent study, two different kinetic models; namely, Lagergren 
pseudo-second-order kinetic and pseudo-first-order kinetic 
were examined. The equations for these models are given 
in Table 1.

2.6. Adsorption isotherm

The equilibrium adsorption isotherms are always essen-
tial to describe the adsorbent–adsorbate interaction and 
it is necessary for analyzing as well as designing of the 
adsorption process. There are several isotherm- models 
utilized to demonstrate the adsorption at equilibrium. 
In this study, the Langmuir and Freundlich models were 
examined to demonstrate the adsorption at equilibrium. 
The Langmuir and Freundlich equations are given in Table 2.

3. Results and discussion

3.1. Characterization of composite adsorbents

The wPET/C/Bt and wPS/C/Bt composites prepared 
in the laboratory were described by FTIR, SEM in addi-
tion to specific surface area analysis and details in our 
previous paper published in the Desalination and Water 
Treatment Journal [2]. The SEM images of the composite 
adsorbent wPS/C/Bt as well as wPET/C/Bt are shown in 
Figs. 1a and b, respectively. Clearly, the surface morphol-
ogy of wPS/C/Bt shows the stuffing of bentonite and bio-
char inside the pores of wPS and finally resulted in uni-
form microcellular foaming in the composite. Similarly, 
the wPET/C/Bt SEM micrograph shows that in the holes 
of wPET, the bentonite and biochar were embedded and 
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combined tightly. In the surface cracks or pores of wPET, 
there were many club-shaped crystals, which had a much 
larger size having 5–6 and 9–10 μm diameter and length, 
respectively [2].

The wPET/C/Bt and wPS/C/Bt composite FTIR spectrum 
is shown in Figs. 2e and f, respectively. The new wPET/C/
Bt and wPS/C/Bt composite adsorbent had functional groups 

of both the waste polymers as well as fillers, and therefore 
its adsorption efficiency was considered better than that of 
fillers or waste polymers [2].

The surface properties, that is, pore radius, pore-vol-
ume, Brunauer–Emmett–Teller (BET) surface area (SBET), 
and Barrett–Joyner–Halenda (BJH) surface area (SBJH) 
of the composite adsorbents were determined using N2 

 
Fig. 1. SEM images of (a) wPS/C/Bt and (b) wPET/C/Bt.

Table 1
Kinetic models used in the study

Model Equation

Pseudo-first-order [17] ln lnq q q k te t e−( ) = + 1  (4)

where qe and qt are the amounts of adsorbed PPEs (mg g–1) at equilibrium and 
time t (min), respectively, and k1 is the rate-constant of pseudo-first-order (min–1).

Pseudo-second-order [18] t
q

t
q k qt e e

= +
1

2
2  (5)

where k2 is the rate-constant of pseudo-second-order adsorption (g mg–1 min–1) and 
at equilibrium the sorption capacity is presented by qe.

Table 2
Isotherm models used in the study

Model Equation

Langmuir [19] C
q KQ

C
Q

e

e

e= +
1

max max

 (6)

where qe is the quantity of adsorbed PPEs on the composite at equilibrium 
(mg g–1) and Ce is the equilibrium-concentration of the PPEs (mg L–1).

Freundlich [20]
ln ln lnq K

n
Ce f e= +

1  (7)

where n and Kf are the adsorption intensity and capability, respectively.
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adsorption isotherms at 77.35 K [2]. The results are given  
in Table 3.

3.2. Effects of the studied parameters on the adsorption capacity

Initial adsorption tests were completed at constant con-
ditions, for example, composite adsorbent to solution ratio 
of 0.10 g/20 mL, temperature (ambient), stirring speed 
(100 rpm) and contact time (1 h) to screen the better adsor-
bent. Further analyses were led under various conditions 
to examine the ideal parameters for the adsorption process.

3.3. Batch adsorption experiment

3.3.1. Effect of contact time

The contact time is one of the interesting parameters 
which effects on the adsorption process. Therefore, the 
removal of PPEs by wPS/C/Bt and wPET/C/Bt compos-
ites at different contact times, that is, between 15–90 min., 
was studied and presented in Figs. 3a and 4a, respectively. 
The outcomes demonstrated that with expanding con-
tact time there is an increase in the % removal. The reason 
behind the higher removal with expanding contact time 
is PPEs availability to adsorb over the surface of adsor-
bents. After a contact time of 90 min, the majority of active 
sites present on the adsorbents have been occupied and 
equilibrium is attained. Thus, 90 min were reported as the 
optimum contact time for removing PPEs at equilibrium

3.3.2. Effect of temperature

The impact of temperature of the solution on the per-
centage removal of PPEs from the solution by wPET/C/
Bt and wPS/C/Bt is presented in Figs. 3b and 4b, respec-
tively. An expansion in the expulsion of PPEs with tem-
perature increment was acquired. This shows that the 
process of adsorption is an endothermic one. As the tem-
perature rises, the PPEs procure more vitality to overcome 
the energy barrier between the composites and PPEs, at the 
same time, due to the separation of the surface fragments 
of the composite material, more additional adsorption 
sites are generated on the surface of the adsorbent [21].

3.3.3. Effect of initial metal ion concentration

The ability of wPET/C/Bt and wPS/C/Bt to remove 
PPEs from the solution at various initial concentrations was 
resolved and introduced in Figs. 3c and 4c, respectively. 
As an expansion in the take-up limit with respect to PPEs 
with increment in initial concentration was acquired. This 
sorption trademark showed that surface immersion is a 
component of the underlying concentration in solution. The 
reason behind this pattern is that, in solution fewer metal 
ions at lower concentration are accessible, hence the great-
est binding of the PPEs on the wPET/C/Bt and wPS/C/Bt 
active sites was not accomplished, yet as the concentration 
expands, the presence of a high concentration gradient gen-
erates a stronger driving force which overcomes the resis-
tances to mass transfer, in the process, making maximum 
use of the active sites resulting in higher adsorption per 
unit mass of wPET/C/Bt and wPS/C/Bt [22].

3.3.4. Effect of pH

The pH is an interesting parameter, which affects the 
adsorption process of PPEs through wPET/C/Bt and wPS/C/
Bt composites. The pH of a solution may tend to change the 
extent of dissociation of the adsorbent functional groups, the 
degree of ionization of the adsorbate, and the surface charge 
of an adsorbent [23]. The influence of pH in the range of 1–7 
on the adsorption of PPEs onto wPET/C/Bt and wPS/C/Bt 
was studied and presented in Figs. 3d and 4d, respectively. 
Since when the pH transcends 7 metal hydroxide precipita-
tion may happen, the trials on the impact of pH were done in 
neutral and acidic single metal solutions. The optimum pH 
for maximum adsorption of PPEs from aqueous solution on 
the wPET/C/Bt as well as wPS/C/Bt composites was observed 
to be: pH 6 for Cu2+ and Pb2+, pH 3 for Cr6+, pH 4 for Zn2+.

3.3.5. Effect of adsorbent dose

It is well known that the adsorbent dose has a serious 
effect on the removal percentage of PPEs from aqueous 

 

Fig. 2. FTIR spectra of (a) biochar, (b) bentonite, (c) wPS, (d) 
wPET, (e) wPS/C/Bt, and (f) wPET/C/Bt.

Table 3
Surface properties of the composite adsorbents

Adsorbent BJH surface area (m2 g–1) BET surface area (m2 g–1) Pore radius (Å) Pore volume (cm3 g–1)

wPET/C/Bt 50.68 58.53 27.68 0.06
wPS/C/Bt 55.59 44.95 27.71 0.07
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solution. In the solution, the amount of adsorbent acces-
sible decides the active binding sites number accessible 
for PPEs [24]. The effect of adsorbent dose on the adsorp-
tion of PPEs from aqueous solution onto wPET/C/Bt and 

wPS/C/Bt is presented in Figs. 5a and b, respectively. It is 
indicated that the removal percentage of PPEs rises quickly 
as the composite increases from 0.05 to 0.2 g. Generally, 
these results are associated with the existence of a greater 

Fig. 4. Removal (%) of PPEs using wPS/C/Bt under different experiment conditions: (a) effect of contact time, (b) temperature, 
(c) effect of initial concentration, and (d) effect of pH.

 Fig. 3. Removal (%) of PPEs using wPET/C/Bt under different experiment conditions: (a) effect of contact time, (b) temperature, 
(c) effect of initial concentration, and (d) effect of pH.
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number of available adsorption sites on adsorbent surfaces 
with increasing their doses. The maximum percent adsorp-
tion of PPEs were accomplished for an adsorbent dose of 
20%, and after this stage the adsorption turned out to be 
constant. The PPEs elimination is not considerably affected 
by an extra increase in the adsorbent dose more than 0.2 g 
owing to the chance of aggregation, which restricts the 
number of active-site surfaces available for adsorption [25]. 
Similar behavior has been seen in past investigations and 
emerges from the impact of associations between adsor-
bent and metal ions. The expanded dose is consistent with 
the large number of adsorption sites as well as surface area 
[26]. According to the obtained results in Figs. 5a and b, 
the dose 0.2 g is selected as the optimum adsorbent dose 
at which the removal percentage exhibits its highest value.

3.4. Column experiments

3.4.1. Effect of adsorbent bed height

The influence of various adsorbent heights (5.0, 10, 
and 20 cm) on the removal of PPEs from VWW was stud-
ied. The flow rate of the adsorbate was kept constant 
(5 mL min–1). The results are displayed in Figs. 6a and d. 
It tends to be seen clearly that the elimination of PPEs is 
expanded by increasing the height of the column (5–20 cm).

3.4.2. Effect of contact time

Results demonstrated that with increasing contact time, 
the removing percentages are relatively increased. The 
details of removal efficiencies at all contact times in VWW 
are given in Figs. 6b and e. The explanation behind the higher 
removal after longer contact time is the greater accessibility 
of active sites and good interaction with the adsorbent.

3.4.3. Effect of flow rate

The effect of various flow rates (3.60, 5.00, and 
8.56 mL min–1) on the PPEs removal utilizing composite 
adsorbents was also investigated in the column experiment. 

It was observed that the flow rate of 3.56 mL min–1 was the 
most appropriate for PPEs removal from VWW. Results 
revealed that by expanding the flow rate, the removal of PPEs 
reduces consistently, as shown in Figs. 6c and f. The decrease 
of PPEs removal is because of the accessibility of lacking 
contact time of the adsorbents with PPEs in the wastewater.

3.5. Kinetic study

The adsorption kinetics of PPEs on wPET/C/Bt and 
wPS/C/Bt composites were investigated by pseudo-first-or-
der and pseudo-second-order reactions to investigate 
which of them are fitting with the adsorption process; 
also, to compare the values of calculated and experimental 
adsorption capacities. It can be seen from Table 4 that the 
pseudo- first-order model doesn’t fit well with the adsorp-
tion process since it gives low linear regression correlation 
coefficient (R2). The kinetic parameters achieved from the 
pseudo-first-order and pseudo-second-order kinetic mod-
els as well as their corresponding RMSE values are illus-
trated in Table 4. It is appeared that the adsorption pro-
cess is well fitted with the pseudo-second-order model 
during the studied adsorption time since R2 values are very 
high and reach 0.999. In view of the pseudo-second-order 
model [17,27], it tends to be inferred that the adsorption 
of PPEs onto wPET/C/Bt and wPS/C/Bt is a chemisorp-
tion comprising the valence forces via the contribution or 
exchange of electrons between the adsorbent and adsorbate.

3.6. Isotherm study

This process describes the relation between the total 
amount of adsorbate in the liquid medium and its amount 
adsorbed at the interface [28]. In the present study, the 
equilibrium isotherms were examined by Langmuir and 
Freundlich-models to investigate the elimination capac-
ity of wPET/C/Bt and wPS/C/Bt composite for PPEs. 
The Langmuir hypothesis assumes that monolayer cov-
erage of the adsorbate on homogeneous and equivalent 
sites of the adsorbent are happened during the process. 

 
Fig. 5. Effect of adsorbent dose on the % removal of PPEs from aqueous solution over the wPET/C/Bt (a) and wPS/C/Bt (b).
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In Freundlich model, it is assumed that the adsorp-
tion occurs on the heterogeneous surfaces and can form 
mono or multilayers depending on the amount of adsor-
bate adsorbed at equilibrium. The calculated Freundlich 
constants (n and Kf) and Langmuir constants (k1 and qm) 
as well as the coefficients of correlation (R2) for both iso-
therms and their corresponding RMSE values are detailed 
in Table 5. The outcomes demonstrated that the adsorption 
data were better fit to both the Freundlich and Langmuir 
adsorption isotherms, which were firmly identified 
with Langmuir model parameters in other studies [29].

3.7. Thermodynamic studies

The spontaneity, thermal effect in addition to feasi-
bility of the adsorption system was determined from the 
variation of the thermodynamic equilibrium constant, 
KD, with temperature. Thermodynamic factors, for exam-
ple, the entropy change (ΔS°), free energy change (ΔG°) 

and enthalpy change (ΔH°) were assessed according the 
following equation [30,31]:

∆G° = –RT lnKD (8)

∆H R
T T
T T

k
k

° =
−
2 1

2 1

2

1

ln  (9)

∆
∆ ∆S H G

T
° =

° − °  (10)

The values of ΔS°, ΔG° as well as ΔH° are shown in 
Table 6. The positive values of ΔS° and ΔH° show the endo-
thermic nature of PPEs onto wPET/C/Bt and wPS/C/Bt. 
The negative value of ΔG° confirms the feasibility and spon-
taneous nature of the adsorption process. An expansion in 
the ΔG° esteem demonstrates that the level of spontaneity 
additionally expanded at higher temperature.

 
Fig. 6. Removal (%) of PPEs by wPET/C/Bt and wPS/C/Bt in column experiments under the experimental conditions: 
(a and d) effect of column height, (b and e) effect of contact time, (c and f) effect of flow rate in column experiments.
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3.8. Comparison of adsorption potential of different adsorbents

The comparative adsorption efficiency of the different 
adsorbents reported in the literature and the adsorbents, 
that is, wPET/C/Bt as well as wPS/C/Bt for PPEs removal 
is summarized in Table 7.

3.9. Desorption experiment

In the removal processes of PPEs, regeneration/desorp-
tion of adsorbents is one of the essential aspects as it con-
trols the economy of water treatment technology [42]. For 
PPEs recovery and effective regeneration of adsorbents, 

Table 4
Pseudo-second-order kinetic parameters for adsorption of PPEs over wPET/C/Bt and wPS/C/Bt

Adsorbents k2 (mg g–1 min–1) qe2 (mg g–1) R2 RMSE k2 (mg g–1 min–1) qe2 (mg g–1) R2 RMSE

wPET/C/Bt wPS/C/Bt

Aqueous solution
Pb2+ 2.1 × 10–4 0.097 0.999 0.090 53.428 0.568 0.999 0.560
Cu2+ 53.370 0.568 0.998 0.561 10.31 0.097 0.999 0.047
Cr6+ 0.380 0.488 0.997 0.332 0.004 0.064 0.998 0.082
Zn2+ 0.166 0.278 0.999 0.044 0.001 0.061 0.999 0.250

Vehicle-wash wastewater
Pb2+ 2.1 × 10–4 0.097 0.999 0.492 53.428 0.568 0.999 0.255
Cu2+ 53.370 0.568 0.998 0.561 10.31 0.097 0.999 0.047
Cr6+ 3.085 0.499 0.996 0.070 0.681 0.263 0.997 0.387
Zn2+ 0.053 0.047 0.997 0.044 0.317 0.254 0.997 0.250

Table 5
Isotherm model parameters for PPEs adsorption onto wPET/C/Bt and wPS/C/Bt

Adsorbents qm (mg g–1) k1 R2 RMSE qm (mg g–1) k1 R2 RMSE

Langmuir isotherm parameters Langmuir isotherm parameters

wPET/C/Bt wPS/C/Bt

Aqueous solution
Pb2+ 27.778 0.973 0.999 0.167 0.319 8.928 0.995 0.004
Cu2+ 0.009 –0.903 0.996 0.002 –0.903 0.010 0.995 0.953
Cr6+ 9.174 0.524 0.995 0.611 0.004 0.064 0.992 0.138
Zn2+ 25.641 0.481 0.995 0.962 27.778 0.972 0.999 0.986

Vehicle-wash wastewater

Pb2+ 21.739 0.686 0.998 0.471 16.667 0.984 0.986 0.857
Cu2+ 47.619 0.292 0.993 0.612 111.112 0.095 0.967 0.861
Cr6+ 43.478 0.384 0.986 0.572 5.650 0.414 0.993 0.486
Zn2+ 8.403 0.364 0.995 0.900 5.208 0.486 0.992 0.204

Adsorbents N Kf R2 RMSE N Kf R2 RMSE

Freundlich isotherm parameters Freundlich isotherm parameters

wPET/C/Bt wPS/C/Bt

Aqueous solution

Pb2+ 2.1 × 10–4 0.097 0.997 0.622 53.428 0.568 0.996 0.090
Cu2+ 1 × 10–4 –1.098 0.993 0.460 –1 × 10–8 -0.558 0.999 0.827
Cr6+ 1.629 4 × 10–4 0.972 0.933 1.098 1 × 10–4 0.993 0.247
Zn2+ 1.230 0.099 0.990 0.227 0.926 0.237 0.996 0.922

Vehicle-wash wastewater
Pb2+ 0.973 0.012 0.981 0.007 1.107 0.084 0.993 0.087
Cu2+ 0.955 0.011 0.995 0.044 0.872 0.003 0.979 0.047
Cr6+ 0.613 0.0004 0.993 0.155 0.190 0.095 0.994 0.097
Zn2+ 0.955 0.011 0.995 0.008 0.971 0.013 0.992 0.009
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acids (such as CH3COOH, HCOOH, HNO3, H2SO4, and HCl), 
alkalis (such as K2CO3, KOH, Na2CO3, NaHCO3 and NaOH), 
salts (such as C6H5Na3O7-2H2O, KNO3, NH4NO3, CaCl2-
2H2O, (NH4)2SO4, KCl and NaCl), buffer solutions (such as 

phosphate and bicarbonate), chelating agents and deion-
ized water were used in various studies [43]. In this study, 
Deionized water and 0.1 M HCl was used for the desorption 
experiment. Acid (HCl) gave satisfactory desorption result. 

Table 6
Thermodynamic parameters for the adsorption of PPEs onto wPS/C/Bt and wPET/C/Bt

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

Pb2+ Cu2+

wPS/C/Bt:1:2:2
30 –10.891

31.111 12.097

–4.8693

8.4470 0.0289
40 –19.915 –4.2384
50 –20.335 –3.0255
60 –20.762 –1.4481

wPET/C/Bt:1:2:2
30 –10.506

14.433 7.248

–3.2281

2.8592 0.0093
40 –18.636 –3.1760
50 –19.014 –2.1098
60 –19.397 –0.1443

Cr6+ Zn2+

wPS/C/Bt:1:2:2
30 –4.6763

9.6526 0.0329

–10.495

77.062 16.47
40 –4.0430 –20.465
50 –2.6785 –20.944
60 –1.9799 –21.523

wPET/C/Bt:1:2:2
30 –4.2830

10.010 0.0342

–9.598

6.516 4.059
40 –3.6734 11.63
50 –2.7668 –11.752
60 –1.8201 –11.915

Table 7
Comparison of different adsorbents used for PPEs removal

Adsorbent Adsorption potential References

Pb2+ Cu2+ Cr2+ Zn2+

wPET/C/Bt:1:2:2, mg g–1 – 118.65 127 – [2]
wPS/C/Bt:1:2:2, mg g–1 – 109.65 107.88 – [2]
Palygorskite, mg g–1 – – 30.70 – [32]
Crosslink cationic starch, mg g–1 – – 97.08 – [33]
Acid activated palygorskite, mg g–1 – 32.24 – – [34]
Expanded perlite, mg g–1 – 8.62 – – [35]
Activated carbon, mg g–1 – 24.21 34.70 – [36]
Polyaniline, mg g–1 – 92 101 – [37]
Polyaniline/palygorskite composite, mg g–1 – 114 198 – [38]
Petiolar felt-sheath palm, mg g–1 96.9 89.8 77.5 56.9 [39]
Spherical cellulose adsorbent, mg g–1 – 30.8 – – [40]
Papaya wood, mg g–1 – 9.65 – 5.72 [41]
Clinoptilolite, mg g–1 23.03 – – 13.02 [41]
wPET/C/Bt, mg g–1 126.2 118.65 127 138 This article
wPS/C/Bt, mg g–1 115.5 109.65 107.88 111 This article
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The regeneration studies were carried out in batch for three 
successive cycles using 100 mL of VWW (Figs. 7a and b). The 
summary of the adsorbents used for adsorption of PPEs, 
PPEs removed, desorbing or regenerating agents used, and 
desorption efficiency is given in Table 8. These findings were 
in agreement with the findings of [39,40,44,45].

4. Conclusions

In the present work, the composites adsorbents 
wPET/C/Bt and wPS/C/Bt were synthesized by an eco-
nomical and simple method. The synthesized adsorbents 
were effectively used for the removal of PPEs from VWW 
and aqueous solutions. Generally, the wPET/C/Bt exhib-
ited better removal percentages for PPEs than wPS/C/Bt. 
The adsorption process is totally depended on pH, con-
tact time, initial concentration, and adsorbent dosage. The 
adsorption process proceeded and fitted with Langmuir 
and Freundlich isotherms and pseudo-second-order equa-
tions. Thermodynamic calculations indicated that the 
adsorption process is endothermic, spontaneous as well as 
feasible in nature. Findings from this study suggested that 
wPET/C/Bt and wPS/C/Bt could be a promising adsorbent 
for the effective removal of PPEs from VWW and aque-
ous solutions. The current study proves to be a milestone 
in reducing the environmental pollution, in terms of min-
imizing the wastewater and plastic debris lying around 

the drains, roads, and streets. This will in turn lead to 
increase the aesthetic value of the local environment.
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