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a b s t r a c t
In this study, waste polystyrene and polyethylene terephthalate were used to prepare efficient 
adsorbents by incorporating with bentonite clay and biochar, for removal of Cr and Cu ions from 
wastewater. In waste polymers as matrix, biochar and bentonite clay were incorporated as fillers 
in different compositional ratios to prepare biochar/bentonite/waste polystyrene (wPS/C/Bt) and 
biochar/bentonite/waste polyethylene terephthalate (wPET/C/Bt) composites. The composites were 
characterized by SEM, specific surface area analysis and FTIR analysis. The optimum conditions for 
maximum adsorption of Cr6+ and Cu2+ ions from aqueous solution on the wPS/C/Bt and wPET/C/Bt 
composites were found to be: pH 3 for Cr6+ and pH 6 for Cu2+, contact time of 90 min, temperature 
60°C, adsorbent dose of 0.20 g and Cr6+ and Cu2+ ions concentration of 30 mg/L. The concentration 
of Cr6+ and Cu2+ ions was determined by atomic absorption spectrophotometer and the adsorption 
efficiencies of the composites were calculated under optimal condition. Results shown that maximum 
removal of Cr6+ and Cu2+ ions from aqueous medium attained over wPS/C/Bt adsorbent was 77.56% 
and 79.80%, respectively, while that of wPET/C/Bt adsorbent was 90.10% and 86.30%, respectively. 
Adsorption kinetics was studied using different kinetics models, the results were also evaluated by 
applying various adsorption isotherm models. Kinetic study shows that the adsorption of Cr and Cu 
ions follows pseudo-second-order kinetics. The experimental data best fitted to both the Langmuir 
and Freundlich isotherm model. The values of thermodynamic parameters such as entropy (ΔS°), 
Gibbs free energy (ΔG°) and enthalpy (ΔH°) show that the adsorption process is feasible, spontaneous 
and endothermic in nature. This investigation demonstrated that the novel composite wPET/C/Bt has 
a large potential for the removal of Cr6+ and Cu2+ ions from industrial wastewater.
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1. Introduction

Management of municipal and industrial wastewater 
has become an inevitable challenge of the modern day 
world [1,2], because of the extensive industrialization and 
rapid growth in human population around the world [3,4]. 
Excessive urbanization is associated with huge consumption 
of industrially manufactured goods containing various levels 

of trace and heavy metals, which are ultimately disposed of 
to the environment as waste, causing severe environmental 
pollution [5]. Various types of heavy metals find their way 
to water bodies and enter into food chain and poses serious 
health risks to humans. Different heavy metals have been 
reported to cause different physiological toxicities, but in 
general, trace and heavy metals are known to be associated 
with damage of bones, liver, kidney, nerves and also block 
the enzyme functional groups [6].
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Among various heavy metals, chromium (Cr6+) and cop-
per (Cu2+) are of great concerns, since these are widely used 
in industries, as a result of these, high concentrations of these 
metals are found in industrial and municipal sewages. Cr 
compounds are principally used as wood preservative in 
wood processing industries, in pigments in textile indus-
try, in leather tanning and finishing and in electroplating 
industry for corrosion resistance. Wastewater contains Cr in 
both hexavalent and trivalent forms, having oxidation states 
+6 and +3, respectively. It is reported that Cr is mutagenic 
in +6 form and bio element in +3 states [7]. Studies reveal 
that Cr6+ is readily absorbed by the cell as compared with 
Cr3+. Inhalation, dermal contact, and ingestion are the com-
mon routes through which Cr enters into the human body. 
The essential wellbeing dangers caused by Cr are devel-
opmental and reproductive problems, skin allergies, nasal 
and lung ulcers and cancers, and may also cause death in 
excess uptake [8]. The US Environmental Protection Agency 
(USEPA) recommended 100 µg L–1 concentration of Cr in 
drinking water [7]. In several instances, natural Cr (+6) may 
surpass drinking water treatment measures. For example, 
a portion of the recorded qualities in groundwater located 
near ultramafic rocks enormously surpass the drinking water 
limits (50 µg L−1) of World Health Organization (WHO). 
These areas incorporate the province of New Caledonia; the 
Mojave Desert, United States; and La Spezia, Italy; at 700, 60, 
5–73 µg L−1, respectively [9,10].

Likewise, copper (Cu) is utilized in numerous indus-
trial applications, for example, etching, electroplating, and 
metal finishing [11], wood preservation, petroleum refining, 
pulp, paper industries, etc. [12], which releases Cu directly 
to the environment. Besides, other sources which contain 
Cu, include animal wastes, fungicidal sprays and fertilizers 
[13], some foods particularly mushrooms, liver, shell fish, 
chocolates and nuts, packaging containers used for water, 
drink and food, leads to release of Cu to the environment. 
Cu has been accounted to cause Wilson’s disease (neurotox-
icity) and kidney failure [14]. In some cases, Cu is known to 
cause enlarged liver and jaundice [15]. Additionally, Cu2+ at 
low concentration is considered as an exceptionally poison-
ous metal [16]. According to USEPA, in industrial effluents 
the allowable limit of Cu2+ ion was set to be 1.3 mg L–1 [17]. 
Therefore, Cr6+and copper Cu2+ removal from wastewater is 
fundamental in view of their incessant occurrence in waste-
water [18].

Over the time various techniques are developed to cater 
for the removal of heavy metals from wastewater, which 
include membrane separation, flocculation or coagulation, 
electrochemical treatment, chemical reduction/oxidation, 
complexation, solid-phase adsorption, chemical precipitation, 
filtrations, bio-sorption photocatalytic reduction, adsorp-
tion, electrochemical precipitation, membrane separations, 
chemical precipitation, ion exchange and reduction [19–27]. 
Each of these innovations has its own particular impediments, 
for example, toxic sludge (solid residue) generation, inter-
mediate poisonous chemical production, higher cost because 
of the high energy requirement, incomplete removal and 
time consuming [28]. However, among these the adsorption 
process seems to hold promise in removal of heavy metals 
including Cu and Cr ions. Various solid adsorbents used 
for this purpose include kaolin [29], natural zeolites [30], 

peat [31], coal [32] and activated carbon [33]. Other researchers 
have examined the adsorption of Cr and Cu ions from 
aqueous solutions on polyaniline/palygorskite composite, 
polyaniline, expanded perlite, acid activated palygorskite, 
crosslink cationic starch and palygorskite [18,34–38].

Management of solid-plastic waste is another environ-
mental issue, since plastics are produced and consumed on 
large scale, whereas environment being the sole sink of these 
waste. The expanding utilization of plastics has resulted in the 
landfill depletion [39]. Currently, the rivers, seas and oceans 
act as a sink for other plastic debris as well as polystyrene 
and polyethylene terephthalate [40]. Various techniques used 
for handling the waste plastics have been suggested which 
include land filling, incineration, recycling, conversion into 
gaseous and liquid fuels [41]. A more suitable option can be 
its utilization as adsorbent for treatments of polluted water 
in composite form.

In the current study, waste polystyrene and polyethylene 
terephthalate are converted into the solid composite adsor-
bents by incorporation with char and bentonite clay and are 
used for removal of Cr6+ and Cu2+ ions from wastewater. This 
study is aimed at: (i) removal of the toxic Cr6+ and Cu2+ ion 
from wastewater and (ii) reducing the environmental pol-
lution associated with solid wastes and plastic debris lying 
around the streets, roads and drains.

2. Experimental

2.1. Sample collection and preparation

Biochar, prepared from wood was provided by the 
University of Agriculture (Peshawar, Pakistan). Bentonite 
clay was purchased from Karachi market Khyber Bazaar 
Peshawar, Pakistan. Both biochar and bentonite clay were 
ground and screened through a sieve, with pore size 250 µm. 
Samples of waste polystyrene or styrofoam (wPS) and waste 
polyethylene terephthalate (wPET) were collected from the 
municipal solid wastes. The wPS and wPET were washed 
with distilled water, dried at room temperature and then 
shredded into small flakes. 

The metals stock solution containing 1,000 mg L–1 of Cr6+ 
and Cu2+ ions was prepared by dissolving potassium dichro-
mate (K2Cr2O7) and copper(II) sulfate (CuSO4), in 1 L of 
deionized water.

2.2. Preparation and characterization of  
the composite adsorbent

The composite adsorbents were prepared by incor-
porating biochar and bentonite clay as filler in wPS and 
wPET matrix in different ratios by mass. In typical proce-
dure, wPS or wPET were dissolved in toluene separately, 
and stoichiometric amounts of biochar and bentonite clay 
were dispersed in each by sonication at 35°C for 1 h. The 
suspension was poured into Petri dish and dried overnight. 
The composite prepared from waste polystyrene-biochar 
and bentonite clay was coded as wPS/C/Bt and that of 
waste polyethylene terephthalate was coded as wPET/C/Bt. 
Different composite samples were prepared with different 
percentage by mass of fillers, that is, biochar and bentonite 
in polymer matrix.



M. Ilyas et al. / Desalination and Water Treatment 171 (2019) 144–157146

The composite samples were characterized by SEM (JSM-
5910, JEOL, Japan), FTIR (Spectrum Two, S.No: 103385) anal-
ysis and specific surface area analysis (SAA; NOVA2200e, 
Quantachrome, USA).

2.3. Adsorption experiments

Adsorption of Cr and Cu ions on the composite adsor-
bents was studied in batch mode experiments. About 50 mL 
of stock solution containing 1,000 mg L–1 of Cr6+ and Cu2+ 

was taken in Erlenmeyer flask and about 0.5 g of adsorbent 
was added and stirred using magnetic stirrer. The adsor-
bent was recovered by filtration and the filtrate was sub-
jected to analysis. The adsorption experiments were carried 
out under different conditions of contact time (15, 30, 45, 60, 
90 min), adsorbent amount (0.05, 0.10, 0.15, 0.20 g), pH (1–7), 
and temperature (30°C, 40°C, 50°C, 60°C) to optimize the 
adsorption parameters [12].

2.4. Analyses and calculations

The concentration of Cr and Cu ions in the filtrate was 
analyzed by atomic absorption spectrophotometer (AAnalyst 
700, PerkinElmer, USA) equipped with air flame mode using 
conditions as per Table 1.

From the concentration of metal ion in filtrate sample, the 
% removal was calculated as;

%
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where Ci and C0 represent the final and initial concentration 
(mg L–1). The amount of equilibrium adsorption, qe (mg g–1), 
was calculated using the following relation [42].
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where v is the volume (L) of stock solution and m is the adsor-
bent weight (g). For all tests carried out, the mean values only 
of triplicate were presented.

Adsorption kinetics was investigated by applying differ-
ent rate equations. Construction of linear plots was studied 
by applying pseudo-first-order and pseudo-second-order 
kinetic model. The pseudo-first-order rate constant was cal-
culated using following Eq. (3) [43]:
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The pseudo-second-order rate constant was determined 
using following equation [44]:
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Different adsorption isotherms were also applied to 
investigate the nature of adsorption. The Langmuir isotherm 
equation was used in the following form [45];
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The Freundlich adsorption isotherm was applied as fol-
lowing equation [46]; 

ln ln ln  q K
n

Ce f e= +
1  (6)

where qe represent the concentration adsorbed on the compos-
ite (mg g–1), Ce is the equilibrium concentration of the metal 
ion (mg L–1), while the constant and the adsorption coeffi-
cient is represented by n and Kf for the model, respectively.

3. Results and discussion

Preliminary adsorption experiments were carried out for 
1 h contact time, 60°C temperature and adsorbent to solution 
ratio of 0.10 g/20 mL, the % adsorption of Cr and Cu ion is 
given in Fig. 1. The waste polymers were mixed with the bio-
char and bentonite clay in different compositional ratios. The 
efficient adsorbent of utilizing waste polymer of 10% and bio-
char and bentonite clay of 20, 20% were selected for further 
experiments. Results indicates that the composites samples, 
that is, wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2 show greater ten-
dency for the adsorption of Cr6+ and Cu2+ ions than that of 
the fillers. This difference of adsorption potential is due to 

Table 1
Atomic absorption spectrophotometer specifications for Cr6+ 

and Cu2+

Parameters Cr6+ Cu2+

Wavelength (nm) 357.9 324.8
Fuel gas Air acetylene Air acetylene
Air flow (L/min) 17 17
Lamp current (mA) 25 15
Energy 75 68
Slit width 0.7 0.7 Fig. 1. % Adsorption efficiency of composite adsorbents 

 prepared in the laboratory at various compositions.
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diverse metal ions mechanism. In case of adsorption by only 
biochar and bentonite, the removal efficiency for both Cr6+ 
and Cu2+ ions is very low; whereas in case of the composite 
adsorbents, the adsorption efficiency of both ions is higher 
than the pure carbon and bentonite, which shows the clear 
advantage of the composite adsorbents. Among the compos-
ite adsorbents, wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2 compos-
ites shown the highest removal efficiency for both ions, in 
case of Cr6+ the % removal was 77.56% and 90.10 %, while 
for Cu2+ the % removal was 79.80% and 86.30%, respectively. 
This difference in adsorption efficiency is due to diverse 
metal ions mechanism. When the fillers were utilized as an 
adsorbent, at the point only chelation existed between metal 
ions and fillers. However, three removal mechanisms, elec-
trostatic attraction, ion exchange, and chelation mechanism 
existed simultaneously when the composite adsorbents was 
used [34]. As a result, the adsorption efficiency of the com-
posite adsorbents was larger than that of fillers.

3.1. Characterization of composite adsorbents

The composite adsorbents prepared in the laboratory 
were characterized by SEM and FTIR analysis. The SEM 

micrographs of the biochar, bentonite clay, waste polystyrene 
(wPS) and waste polyethylene terephthalate (wPET), wPS/C/
Bt:1:2:2 and wPET/C/Bt:1:2:2 are displayed in Figs. 2a–f. The 
SEM micrograph of biochar (Fig. 2a), shows non-uniform 
granular morphology. Fine grains and lumps are visible indi-
cation different sized of the biochar particles, which ranges 
in sizes from less than 5 micron to as large as 30 micron. 
The surface morphology of bentonite (Fig. 2b) depicts mes-
oporous structure, characteristics of aluminosilicates, with 
some extraneous particles spread on the surface. The micro-
graph of wPS displayed in Fig. 2c shows a spongy structure 
with wide pores openings, formed from interconnected poly-
mer films. In Fig. 2d SEM images highlighting the porosity of 
wPET are shown. The surface features of wPET and region 
of both external and internal structure and in addition the 
unfilled spaces between the particles can be seen. The SEM 
images of the composite adsorbent wPS/C/Bt:1:2:2 are shown 
in Fig. 2e. Clearly, surface morphology shows 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:1:2:2 SEM micrographs 
are shown in Fig. 2f. It shows that in the holes of wPET, the 
biochar and bentonite were embedded and combine tightly. 

Fig. 2. SEM images of (a) biochar, (b) bentonite clay, (c) wPS, (d) wPET, (e) wPS/C/Bt:1:2:2 and (f) wPET/C/Bt:1:2:2.
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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 µm length and diameter, respectively.

Figs. 3a–f shows FTIR spectra of the waste polymers, 
fillers and the composite adsorbents. The FTIR spectrum of 
the biochar sample shows a broad peak at around 1,620 cm–1 

which corresponds to aromatic C=C bonds, a weak peak 
positioned at 1,012 cm–1 indicates C–O bonds for carbon 
oxygen linkage resulted due to surface oxidation [47,48]. 
The spectrum of bentonite clay shows a peak at 3,625 cm–1 

which indicates O–H bond, due to surface moisture. Peaks 
positioned at 1,635 and 989 cm–1 which indicates H–O–H 
and Al–O bonds, which indicates the aluminate structure 
of the clay [49,50]. The FTIR spectrum of wPS shows peaks 
centered at around 3,000 and 2,800 cm–1 corresponding to 
aromatic C–H and methylene C–H bonds. Multiple peaks 
positioned at 1,630 and 1,500 cm–1 indicates aromatic C=C, a 
peak around 1,447 cm–1 indicate methylene C–H vibration. 
These configurations agree with the structure of polystyrene 
[51,52]. The characteristic infrared absorptions bands of 
wPET (Fig. 3d) at 1,697 cm–1 (C=O, stretch); 1,249 cm–1 (C=C, 
stretch); 1,092 cm–1 (C–O, stretching vibration); 1,010 cm–1 
(C–O–C, stretching); 721 cm–1(C–H, stretch); 521 cm–1 (C–H, 
stretch) are clearly observed [49,50]. The wPS/C/Bt:1:2:2 
composite FTIR spectrum is shown in Fig. 3e. The absorption 
bands were detected at 3,630 cm–1 (O–H, stretch); 2,919 cm–1 

(=CH2, stretching); 1,599 cm–1 (C=C, stretching); 1,493 cm–1 

(C=C, stretching); 1,451 cm–1 (CH2 stretching); 1,013 cm–1 

(C–O, stretching); 698 cm–1 (C–H, stretching) and 521 (C–H, 
stretching) cm–1 [49,51–53]. The FTIR spectrum of the wPET/C/
Bt:1:2:2 (Fig. 3f) presented the absorption bands in the region 
at 3,630 cm–1 (O–H, bending vibration); 1,634 cm–1 (H–O–H, 
bond); 1,013 cm–1 (C–O, bending vibration); 698 cm–1 (C–H, 
bending vibration) and 521 cm–1 (C–H, bending vibration). 
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.

The surface properties, that is, BJH surface area (SBJH), 
BET surface area (SBET), pore volume and pore radius of the 
fillers and composite adsorbents were determined using 
N2 adsorption isotherms at 77.35 K. The results are given 
in Table 2. The results of surface analysis (Table 2) indicate 
that in case of biochar and bentonite the calculated SBJH was 
found to be 14.10 and 22.37 m2 g–1, the SBET was 18.37 and 
43.27 m2 g–1, with pore radius of 14.90 Å and 16.62 Å and 
pore volume of 0.01 and 0.02 cm3 g–1, respectively. In case of 
wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2 composite, the SBJH was 
found to be 55.59 and 50.68 m2 g–1, the SBET was found to be 
44.95 and 58.53 m2 g–1, with pore radius of 27.71 Å and 27.68 Å 
having pore volume of 0.07 and 0.06 cm3 g–1, 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 holds better adsorption poten-
tial compared with the fillers.

3.2. Investigation of the adsorption parameters

Initial adsorption experiments were carried out at con-
stant conditions such as contact time (1 h), stirring speed 
(100 rpm), temperature (ambient) and adsorbent to solution 
ratio of 0.10 g/20 mL in order to screen the better adsorbent. 
Further experiments were conducted under different condi-
tions to investigate the optimum adsorption parameters.

3.3. Effect of contact time

The effects of contact time on adsorption of Cr6+ and 
Cu2+ ions were investigated by carrying out adsorption 
experiments for different time duration, that is, 15, 30, 45, 
60 and 90 min. Results are indicated in Figs. 4a–d, which 
indicates that in case of both adsorbents the adsorption 
rate linearly increases with increasing the contact time. In 
case of wPS/C/Bt:1:2:2, the maximum adsorption of Cr and 
Cu ions attained was 77.56% and 79.80%, in 90 min contact 
time. Similarly, in case of wPET/C/Bt:1:2:2, the maximum 
adsorption of 90.10% and 86.3% was achieved at a contact 

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.

Table 2
Surface properties of the fillers and composite adsorbents

Adsorbent BJH surface area (m2 g–1) BET surface area (m2 g–1) Pore radius (A0) Pore volume (cm3 g–1)

Biochar 14.10 18.37 14.90 0.01
Bentonite clay 22.37 43.27 16.62 0.02
wPS/C/Bt:1:2:2 55.59 44.95 27.71 0.07
wPET/C/Bt:1:2:2 50.68 58.53 27.68 0.06
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time of 90 min for Cr and Cu ions, respectively. The exper-
imental data indicate that, the adsorption efficiency of the 
composites increased by increasing contact time. This is 
probably due to the higher contact between the surface of 
the composites and Cr and Cu ions [54]. The system reached 
equilibrium state after 90 min. Figs. 4a–d also explained that 
as the initial concentration of solution increased the adsorp-
tion efficiency of Cr and Cu ions onto the surface of the 
adsorbents increased. As clear from the data, the maximum 
percentage adsorption of Cr and Cu ions was attained for 
an adsorbent dose of 0.20 g, and after this stage the adsorp-
tion became almost constant. The increase in percentage 
removal of metal ions with increasing adsorbent doses could 
be attributed to large availability of adsorbent surface area 
as well as adsorption sites. From that point forward, with 
additional increment of adsorbent measurement, no criti-
cal adsorption effectiveness was noted and this could be a 
direct result of the congestion of adsorbent particles, which 
causes covering of adsorption sites [55]. Similar behaviour 
has been observed in previous studies and arises from the 
effect of interactions between metal ions and adsorbent. The 
increased dose is consistent with the greater area and larger 
number of adsorption sites [56].

3.4. Effect of temperature

Figs. 5a–d show the effect of different temperature (30°C, 
40°C, 50°C and 60°C) on Cr6+ and Cu2+ ions over compos-
ite adsorbents. Results indicated that as the temperature is 
increased the adsorption efficiency increases. It is just like 

as the temperature increases the rate of the reaction also 
increases. The surface becomes activated and adsorption effi-
ciency increases. In this case, as the temperature increases, 
the favourable intermolecular forces between adsorbate and 
adsorbent are much stronger than those between adsorbate 
and solvent. As a result, the temperature increasing causes 
adsorbate to be more easily adsorbed. The maximum % 
adsorption efficiency of wPS/C/Bt:1:2:2 composite was 51.70, 
64.62, 67.34 and 76.00 mg g–1 for 0.05, 0.10, 0.15 and 0.20 g, 
respectively, for Cr6+. While in case of Cu2+, this adsorption 
was 54.68, 58.80, 67.47 and 74.15 mg g–1 for 0.05, 0.10, 0.15 and 
0.20 g of wPS/C/Bt:1:2:2 composite, respectively. Similarly, 
the maximum % adsorption efficiency of wPET/C/Bt:1:2:2 
composite for Cr6+ was 51.36, 60.64, 62.92 and 77.10 mg g–1 
for 0.05, 0.10, 0.15 and 0.20 g of wPET/C/Bt:1:2:2 compos-
ite, respectively. While in case of Cu2+, this adsorption was 
found to be 55.02, 64.17, 66.99 and 84.10 mg g–1 for 0.05, 0.10, 
0.15 and 0.20 g of wPET/C/Bt:1:2:2 composite, respectively. 
The extent of adsorption for both metals increases along 
with an increase of temperature. In fact, when the tempera-
ture increased from 30°C to 60°C, an increase of adsorption 
was indicating the adsorption process to be endothermic. As 
temperature increases, the metal ions acquire more energy 
to overcome the energy barrier between the metals and com-
posites, simultaneously creating more additional adsorption 
sites on the adsorbent surface due to dissociation of some of 
the surface components on composites [57]. Moreover, the 
increasing temperature shows an increased probability of 
adsorption at higher temperatures, which is consistent with 
an earlier report [58].

Fig. 4. Effect of contact time on the % adsorption of Cr6+ (a, c) and Cu2+ (b, d) over the wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2  composite.
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3.5. Effect of initial concentration of metal ions

Initial concentration of metal ions affects the adsorp-
tion and adsorption mechanisms [59]. Generally, adsorption 
occurs at specific sites when the concentration is low, which 
are saturated as the concentration increase until it gradually 
reaches the point where exchange of occupied sites is the only 
process occurring [59]. Adsorption efficiency of metal was 
found to increase with the increase in initial concentration of 
metal ions (Figs. 6a–d). In case of wPS/C/Bt:1:2:2 composite, 
the adsorptive efficiency of Cr6+ increased from 62.58 mg g–1 
for 10 mg/L to 76.53 mg g–1 for 30 mg/L, whereas in case of 
wPET/C/Bt:1:2:2 composite, the adsorptive efficiency of Cr6+ 
increased from 61.74 mg g–1 for 10 mg/L to 97.65 mg g–1 for 
30 mg/L of initial Cr6+ concentration. Similarly, in case of 
wPS/C/Bt:1:2:2 composite, the adsorptive efficiency of Cu2+ 

was found to be increased from 71.82 to 90.09 mg g–1 for 
an increase in concentration from 10 to 30 mg/L as shown 
in Figs. 6b and d. While in case of wPET/C/Bt:1:2:2 compos-
ite, the adsorption of Cu2+ increases to 106.60 mg g–1 from 
73.60 mg g–1 with an increasing of initial metals concentra-
tion from 10 to 30 mg/L. This may be due to increasing of ini-
tial metals concentration leads to excess availability of metal 
ions to adsorb over the wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2 
composites surface active sites. Increasing the initial metal 
ion concentration led to an increase in adsorption efficiency 
under different contact times. It may be suggested that the 

initial concentration provides an important driving force to 
overcome all mass transfer resistances of metal ions between 
the aqueous and solid phases, hence a higher initial concen-
tration of metal ions will enhance the adsorption process [60].

3.6. Effect of pH

The pH is an essential parameter of adsorption which 
primarily influences the interaction of the adsorbent and the 
state of adsorbate. The effect of pH of the medium on the 
adsorption of Cr6+ and Cu2+ions over the wPS/C/Bt:1:2:2 and 
wPET/C/Bt:1:2:2 composites was studied under different pH 
ranging from 1 to 7 (Figs. 7a–d). As above pH 7, most of the 
metals exist as metal hydroxide which may precipitate in the 
solution therefore the effect of pH was studied in the neutral 
and acidic environment. The maximum % adsorption effi-
ciency noted down for Cr6+ using 0.05, 0.10, 0.15 and 0.20 g 
of wPS/C/Bt:1:2:2 composite at pH 3 was 49.65, 55.44, 65.31 
and 75.17, respectively. Similarly, the maximum % adsorp-
tion efficiency noted down for Cr6+ using 0.05, 0.10, 0.15 and 
0.20 g of wPET/C/Bt:1:2:2 composite at 3 pH was 51.70, 64.62, 
67.34 and 69.31, respectively.

In case of Cr6+, the % adsorption efficiency increases first 
from pH 1 to 3, and then decreases from pH 4 to 7. Cr is usu-
ally found in three ionic forms (i.e., Cr2O7

2–, CrO4
2– and HCrO4

–),  
and their stability is effected by pH. Cr is found at lower pH 

Fig. 5. Effect of temperature on the % adsorption efficiency of the wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2 composite on the Cr6+ (a, c) and 
Cu2+ (b, d) adsorption.
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Fig. 6. Effect of initial concentration on the % adsorption efficiency of the wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2 composite on the Cr6+ 
(a, c) and Cu2+ (b, d) adsorption.

Fig. 7. Effect of pH on the % adsorption efficiency of the wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2 composite on the Cr6+ (a, c) and Cu2+  
(b, d) adsorption.
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in its HCrO4
– form, which binds up to the protonated sur-

face of adsorbent due to electrostatic attraction between the 
negative chromate ions and the positively charged adsor-
bent surface [61]. It has been shown that pH has profound 
influence on different forms of Cr ion, for example, Cr2O7

2–, 
CrO4

2– and HCrO4
– ions [23]. In a solution with pH ranging 

between 1 and 3, the predominant form of Cr is HCrO4
– [62], 

whereas at high pH, HCrO4
– changes into Cr2O7

2− and CrO4
2–  

forms, having lower free energy of adsorption, that is, –2.1 
to –0.3 kcal/mol.CrO4

2– and Cr2O7
2– are not readily adsorbed, 

as compared with HCrO4
– ions wherein the free energy of 

binding is high, that is, around –2.5 to –0.6 kcal/mol [34]. 
Hence at low pH the Cr exists in Cr3+, therefore its adsorp-
tion rate is high at pH 3. 

As shown in Figs. 7b and d, the adsorption of Cu 
increases gradually as pH increases from 1 to 5, becomes 
maximum at pH 6, and beyond the adsorption slightly 
decreases in case of both adsorbents. As indicated by the 
results at pH of 6, the maximum % adsorption of Cu2+ was 
55.02, 64.17, 66.99 and 71.66 for 0.05, 0.10, 0.15 and 0.20 g 
of wPS/C/Bt:1:2:2 composite, respectively. Whereas in case 
of wPET/C/Bt:1:2:2 composite maximum % adsorption of 
Cu2+ at pH 6 was 55.91, 58.80, 68.56 and 82.22 for 0.05, 0.10, 
0.15 and 0.20 g of adsorbent, respectively. The % adsorp-
tion efficiency of wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2 
composites for Cu2+ is small at low pH, which might be 
due to the competition of H+ and Cu2+ ions in the solution 
for the anionic sites on the adsorbent surface. At higher 
pH, the concentration of H+ decreases, which facilitates the 
adsorption of Cu cations on the active sites of the adsor-
bent [63].

In the present experiment, the adsorption of Cu2+ was 
very low when the pH value was less than 5. The adsorption 
of Cu2+ was increased significantly when pH was 6, possibly 
as a result of the decrease in H+ concentration.

3.7. Kinetic study

The adsorption kinetics of Cr6+ and Cu2+ ions over wPS/C/
Bt:1:2:2 and wPET/C/Bt:1:2:2 composites was studied by 
applying pseudo-first-order and pseudo-second-order 
kinetic models (Figs. 8a–d). The pseudo-second order kinetics 
equation provided a better fit to the adsorption data as com-
pared with pseudo-first-order. Linear plots were obtained 
with pseudo-second-order kinetics equation, kinetic parame-
ters are indicated in Table 3. The plot of the linearized form of 
pseudo-second-order model (t/qt vs. t) is given in Figs. 8a–d.

A good correlation (R2 > 0.998) can be observed, imply-
ing that the adsorption occurs via a chemisorption process 
[64,65]. The experimental data showed the best fit with the 
highest correlation coefficients (R2 ≥ 0.998) for the pseudo- 
second-order model for both the metal ions. In addition, 
the experimental values were well matched with the cal-
culated data (Table 3). Therefore, the experimental data 
accurately support the pseudo-second-order kinetic model 
for the adsorption of metal ions. This finding indicates that 
the rate-limiting step was not the resistance of the bound-
ary layer [66]. Thus, the rate-limiting step is chemisorption 
involving valence forces through the exchange of electrons 

Fig. 8. Pseudo-second-order kinetics for the adsorption of Cr6+ (a, b) and Cu2+ (c, d) onto wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2 composite.

Table 3
Pseudo-second-order kinetic parameters for adsorption of Cr6+ 
and Cu2+over composite adsorbents

wPS/C/Bt:1:2:2 wPET/C/Bt:1:2:2

Cr6+ Cu2+ Cr6+ Cu2+

k2 (mg g–1 min–1) 0.076 0.075 0.126 0.097
qe2 (mg g–1) 1.010 1.050 1.216 1.136
R2 0.999 0.998 0.999 0.999
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between the metal ions and the different functional groups 
in the adsorbent [67]. For the two composites, the adsorption 
isotherm equations of Cr6+ and Cu+2 were a better fit with the 
Lagergren second-order equation, indicating that the adsorp-
tion process followed Lagergren second-order mechanism 
and adsorption rate was controlled by chemical adsorption 
[68], and the particle dispersion mechanism played a dom-
inant role in the whole adsorption process. Several authors 
have also reported the applicability of the pseudo-second- 
order kinetic model for modelling the removal of copper 
using other sorbents [69,70].

3.8. Isotherm study

The equilibrium adsorption data were evaluated using 
the Freundlich and Langmuir isotherm models. The calcu-
lated Langmuir constants (K1 and qm) and Freundlich con-
stants (n and Kf) as well as the coefficients of correlation (R2) 
for both isotherms are given in Table 4.

Figs. 9a and b show the plots of Langmuir for adsorption 
of Cr6+ and Figs. 10a and b show Freundlich isotherms for 
Cu2+ over wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2 composites. 
The straight line plots of Freundlich and Langmuir isotherm 
models demonstrate that the Cr6+ adsorption on wPS/C/
Bt:1:2:2 and wPET/C/Bt:1:2:2 composites follows Langmuir 
isotherm; whereas the Cu2+ adsorption on wPS/C/Bt:1:2:2 and 
wPET/C/Bt:1:2:2 composite follows Freundlich isotherm. The 
results suggest that in case of Cr6+ the Langmuir model best 
fits the data as shown by the correlation coefficient >0.990 
and 0.973, whereas in case of Cu2+ the Freundlich model best 
fits the data as shown by the correlation coefficient >0.996 
and 0.999. This result demonstrates that adsorption on a het-
erogeneous surface. It also assumes that the adsorption effi-
ciency of the adsorbent increases with increasing concentra-
tion of the adsorbate, which is in agreement with the results 
obtained for the effect of initial concentration on adsorption.

3.9. Thermodynamic studies

The feasibility, thermal effect and spontaneity of the 
adsorption process were calculated from the variation of the 
thermodynamic equilibrium constant, KD, with temperature. 

Thermodynamic parameters such as the free energy change 
(ΔG°), enthalpy change (ΔH°) and entropy change (ΔS°) were 
calculated using the following equations [71,72]:

∆G° = –RT ln KD (7)

Table 4
Isotherm model parameters for Cr6+ and Cu2+adsorption

Langmuir isotherm parameters Freundlich isotherm parameters

wPS/C/Bt:1:2:2 wPS/C/Bt:1:2:2

Cr6+ Cu2+ Cr6+ Cu2+

qm (mg/g) 55.556 55.556 N 1.832 1.953
K1 0.038 0.035 Kf 2.934 2.881
R2 0.990 0.981 R2 0.981 0.996

wPET/C/Bt:1:2:2 wPET/C/Bt:1:2:2

Cr6+ Cu2+ Cr6+ Cu2+

qm (mg/g) 66.667 7.692 N 3.077 3.356
K1 0.014 0.008 Kf 2.665 2.639
R2 0.973 0.994 R2 0.924 0.999

Fig. 9. Langmuir isotherms for Cr6+ adsorption over wPS/C/
Bt:1:2:2 (a) and wPET/C/Bt:1:2:2 (b) composites.
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The negative values of ΔG° in Table 5 show the sponta-
neous and feasibility nature of Cr6+ and Cu2+ adsorption onto 
wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2. As the temperature 
is increased, the value of ΔG° increases, indicating that at 
higher temperature the degree of spontaneity also increased. 
The positive value of ΔH° and ΔS° confirms the endothermic 
nature of the adsorption process.

3.10. Comparison of adsorption potential of different adsorbents

The comparative adsorption efficiency of the various 
adsorbents reported in literature and the composite adsor-
bents, that is, wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2 for Cr and 
Cu ions adsorption is summarized in Table 6. It is clear from 
the data that the adsorption efficiency of the wPET/C/Bt:1:2:2 
composite is superior to that of wPS/C/Bt:1:2:2 adsorbents. 
In addition, by comparing the adsorption efficiency for Cr6+ 

and Cu2+ displayed in Table 6, the adsorption of metal ions 
from the single-metal solutions was in the order: Cr6+ > Cu2+, 
and the adsorption efficiency for Cr6+ was much larger than 
Cu2+. The difference for adsorption efficiency of Cr6+ and Cu2+ 
could be attributed to the fact that Cr6+ is not a hexavalent 
chromium cation but occurs as chromate/dichromate anion 
interacting with the adsorbent, which is quite different from 
other metal cations.

4. Conclusions

The wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2 composites 
were synthesized by a simple and low-cost method. The 
wPET/C/Bt:1:2:2 composite formed is an effective adsorbent 
for toxic metals such as Cr6+ and Cu2+ removal from aqueous 
medium. SEM, FTIR and SAA were employed to characterize 
its surface morphology, functional groups and average pore 
radius, total pore volume and specific surface area. The syn-
thesized composites were used as an adsorbent to remove 
Cr and Cu ions from an aqueous solution. The removal of 
metal ions was greatly dependent on adsorption parameters, 
including pH, contact time, temperature, adsorbent dose and 
initial concentration. The results showed that the adsorption 
kinetics followed pseudo-second-order kinetics. The study 

Table 5
Thermodynamic parameters for the adsorption of Cr6+ and Cu2+ onto wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2

wPS/C/Bt:1:2:2

Temperature (oC) Cr6+ Cu2+

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

30 –4.6763 9.6526 0.0329 –4.8693 8.4470 0.0289
40 –4.0430 –4.2384
50 –2.6785 –3.0255
60 –1.9799 –1.4481

wPET/C/Bt:1:2:2

30 –4.2830 10.010 0.0342 –3.2281 2.8592 0.0093
40 –3.6734 –3.1760
50 –2.7668 –2.1098
60 –1.8201 –0.1443

Table 6
Comparison of different adsorbents used for Cr and Cu ions removal

Adsorption potential

Adsorbent Cr6+ Cu2+ References
Polyaniline/palygorskite composite, mg g–1 198 114 [34]
Polyaniline, mg g–1 101 92 [34]
Activated carbon, mg g–1 34.70 24.21 [35]
Expanded perlite, mg g–1 – 8.62 [36]
Acid-activated palygorskite, mg g–1 – 32.24 [37]
Crosslink cationic starch, mg g–1 97.08 – [38]
Palygorskite, mg g–1 30.70 – [18]
wPS/C/Bt:1:2:2, mg g–1 107.88 109.65 This article
wPET/C/Bt:1:2:2, mg g–1 127 118.65 This article



155M. Ilyas et al. / Desalination and Water Treatment 171 (2019) 144–157

revealed that Freundlich equation represented the best fit 
of experimental data for Cr6+, whereas the Cu2+ adsorption 
on wPET/C/Bt:1:2:2 composite follows Langmuir isotherm. 
Thermodynamic results which indicate that adsorption of 
Cr6+ and Cu2+ onto wPS/C/Bt:1:2:2 and wPET/C/Bt:1:2:2 is 
endothermic in nature. The maximum percentage adsorp-
tion efficiency of Cr6+ and Cu2+ from aqueous medium was 
90.10 and 86.30, respectively. These results indicate that 
the wPET/C/Bt:1:2:2 can be used as a suitable and efficient 
adsorbent in the removal of Cr6+ and Cu2+ from wastewater. 
This study not only helps to remove toxic Cr6+ and Cu2+ from 
wastewater, but also serves to provide a route for better reuse 
of the waste plastic materials thereby minimizing the envi-
ronmental degradation due to waste plastic.
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