
Colloids and Surfaces A: Physicochemical and Engineering Aspects 676 (2023) 132104

Available online 20 July 2023
0927-7757/© 2023 Elsevier B.V. All rights reserved.

Effects of zeta-potential on enhanced removal of hexavalent chromium by 
polypyrrole-graft-chitosan biodegradable copolymer 

Mehmet Cabuk a,*, Murat Oztas b, Fethiye Gode b, Halil Ibrahim Unal c, Mustafa Yavuz b 

a Metallurgical and Material Engineering Department, Engineering Faculty, Mersin University, Mersin, Turkiye 
b Chemistry Department, Sciences Faculty, Süleyman Demirel University, Isparta, Turkiye 
c Chemistry Department, Science Faculty, Smart Materials Research Lab., Gaz i University, Ankara, Turkiye   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Cr(VI) ions adsorptions of biodegradable 
PPy-g-CS was found to change with 
changing the ζ-potential of the 
solutions. 

• The initial ζ-potential of PPy was 
increased significantly from +14 mV to 
+47 mV at pH of 4.8 after grafting with 
CS chains. 

• Maximum Cr(VI) removal was 73% for 
PPy, whereas, it was enhanced to 98% 
for PPy-g-CS copolymer at pH of 4.8 and 
25 ◦C. 

• The PPy-g-CS copolymer with high 
ζ-potential (128 mg/g at pH of 4.8) 
would be a good adsorbent candidate.  
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A B S T R A C T   

In the present research, chitosan grafted polypyrrole (PPy-g-CS) biodegradable copolymer particles were used as 
novel adsorbent to remove hexavalent chromium ions, Cr (VI), from water solutions and compared with the PPy. 
The effects of zeta (ζ)-potentials of these nanoparticles on the uptake properties of Cr(VI) ions were investigated 
as a function of pH. It was observed that the ζ-potential of PPy was shifted significantly from + 14 mV 
(pHinitial=4.8 for PPy) to + 47 mV (pHinitial=4.8 for PPy-g-CS) owing to the covalently grafting of polycationic CS 
chains with PPy chains. Thus, effective sites (− NH+

3 )for adsorption of Cr(VI) ions were created at the surfaces of 
the substrate. Adsorption efficiency of the PPy-g-CS copolymer observed to change by changing the pH of the 
medium which resulted in the variation of ζ-potential. The uptake capability of the PPy-g-CS copolymer increased 
compared to the pristine PPy. The maximum removal of Cr(VI) at the optimum pH of 4.8 and at 25 ◦C was 98 % 
and 73 % for PPy-g-CS and PPy, respectively. The adsorption kinetics was pseudo-second-order and inconsistent 
with the Freundlich isotherm. According to the thermodynamic parameters, the adsorption was endothermic 
(ΔH◦

PPy-g-CS = 7.12 kJ/mol), spontaneous (ΔG◦
PPy-g-CS = − 546.43 kJ/mol) and driven by the increased entropy 

(ΔS◦
PPy-g-CS = 247.55 J/mol.K) of the system. In conclusion, the biodegradable PPy-g-CS graft copolymer par-

ticles with enhanced positive ζ-potential (+47 mV at pH=4.8) and adsorption capability (128 mg/g) would be a 
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good candidate as an environmentally friendly adsorbent for the removal of negatively charged pollutants from 
water resources.   

1. Introduction 

Pollution of water resources caused by toxic heavy metal cations (i. 
e., Pb2+, Cd2+, Cr6+, Hg2+, Cu2+, etc.) has turned into a very dangerous 
environmental issue in the recent years which put the health of the living 
species in danger [1]. Among these heavy metals, chromium (Cr) is a 
serious pollutant commonly released by the industrial sites such as metal 
plating, pigment production, mining, tannery and textile [2]. Although 
chromium transforms into several different oxidation states, Cr(III) and 
Cr(VI) are the most stable forms in nature [3]. Cr(III) has limited ionic 
mobility due to the small value of Ksp (1.6 ×10− 30 at 25 ◦C) of Cr(OH)3 
which is the most stable form of Cr(III) ions in nature. This slightly 
soluble property makes the Cr(III) ions genetically less toxic. In contrast, 
Cr(VI) ions primarily exist as in the form of HCrO−

4 and CrO2−
4 with high 

solubility in water which increases their mobility and so the toxicity in 
biological systems. Therefore, the efficient removal of Cr(VI) from water 
resources has become an important issue to overcome and concern of the 
researchers [4]. That is why its maximum allowable level for total 
chromium is set to be less than 0.05 mg⋅L− 1 in drinking-water by the 
World Health Organization (WHO) [5]. 

To remove these chromium ions from waste water resources, various 
methods such as ion exchange, ultrafiltration and reverse osmosis are 
currently in use [6–8]. However, these methods have generally high 
cost, low efficiency and drawbacks especially for very dilute solutions. 
Adsorption is widely used physicochemical separation method for the 
removal of pollutants from wastewater due to its easy operation, high 
efficiency and low cost [9,10]. 

Recently, nanomaterials are proposed for adsorption processes of 
heavy metals from waste water with enhanced adsorption capacity, 
sorption rate, high surface area, big aspect ratio, fast diffusion rate, high 
upcycling capacity and functional active sites readily available on their 
chemical structures [11]. Therefore, it is expected to produce advanced 
nano adsorbents that can uptake large amounts of Cr(VI) from waste 
water. 

In recent years for this purpose, the removals of anionic metal oxide 
pollutants through the electrostatic interactions of amino functionalized 
materials have attracted great attention [12]. Chitosan (CS) is a 
biopolymer containing functional free amino groups (-NH2) with amino 
polysaccharide structure. Their amino groups are protonated under 
acidic conditions and turn into a polycationic structure (− NH+

3 ) and 
easily interact with the anions [13,14]. Functional CS has been inves-
tigated as a potential bio-based and environmentally friendly adsorbent 
for metal oxide anions from waste water solutions by chelating heavy 
metals with amino and hydroxyl groups [15]. The drawbacks of CS are 
low surface area, weak mechanical properties and solubility difficulties 
in highly acidic solutions, which limits its application in adsorption 
processes [16,17]. To overcome these drawbacks of CS, some chemical 
and physical modifications are reported in the literature. For example, 
various graft copolymers such as chitosan-g-n-butylacrylate [18], chi-
tosan-g-chloroacetic acid [19] and chitosan-g-itaconic acid [20] are 
fabricated and used as adsorbents for various heavy metals. 

On the other hand, it has been reported in the literature that 
conductive polymers are highly effective adsorbents in removing Cr(VI) 
ions [21]. Polypyrrole (PPy) is one of the most important conductive 
polymers with many advantages such as easy synthesis, adjustable 
electrical conductivity, and environmental stability [22]. It is well 
known that PPy undergoes to protonation and deprotonation processes 
by changing its surface charges when subjected to doping and dedoping 
cycles in basic or acidic conditions, respectively [23]. 

Determination of the electrokinetic properties of dispersed solid 
particles are carried out by measuring their ζ-potentials. The ζ-potential 

of a solution changes depending on pH, ionic strength, valency of the 
ions and temperature of the medium. In a dispersion it is possible to 
gather information on the colloidal stability, surface charges, electrical 
double layer and interactions between the dispersed and dispersing in-
terfaces by the ζ-potential measurements [24,25]. 

To the best of our knowledge, effect of ζ-potential on the adsorption 
behavior of Cr(VI) ions onto functional PPy-g-CS graft copolymer dis-
persions has not hitherto been reported and discussed in the literature. 
That is why a novel study is carried out to investigate the effects of 
ζ-potential change on the adsorption yield of Cr(VI) ions from water 
solutions as functions of pH, adsorbent concentration, contact time of 
ions with the adsorbent, temperature of the medium and surface 
charges. Further, kinetic and thermodynamic parameters are revealed 
and compared with the pristine PPy and discussed with the literature. 

2. Experimental 

2.1. Materials 

Pyrrole (99 % pure), chitosan, (medium molecular weight and 75–82 
% deacetylation degree), FeCl3⋅6 H2O (97 % pure), K2Cr2O7, HCl and 
NaOH were analytical grade, obtained from Merck (Germany) and used 
as received. The pH values of the dispersions were adjusted by using 
0.25 M HCl(aq) and 0.25 M NaOH(aq). Other chemical materials used 
were obtained from Aldrich company in analytical grade and used as 
received. 

2.2. Synthesis of PPy-g-CS copolymer 

PPy-g-CS copolymer was synthesized by chemical oxidative radical 
polymerization method using FeCl30.6 H2O initiator in acidic medium. 
The PPy particles were functionalized with CS to increase the number of 
available adsorption sites (− NH+

3 ), surface charge, colloidal stability 
and consequently the adsorption capacity. PPy-g-CS graft copolymer 
particles were characterized by means of FTIR, 1H NMR, TGA, SEM, 
TEM, and UV–VIS techniques. The grafting yield, grafting efficiency, 
particle size, dielectric constant and density of the conducting graft 
copolymer were determined and details on the synthesis, characteriza-
tion and grafting mechanism of the PPy-g-CS graft copolymer were 
presented extensively in our previous publication [26]. In this study, 
effects of ζ -potential and pH on Cr(VI) adsorption of the PPy-g-CS graft 
copolymer were investigated. 

2.3. Determination of physical properties 

All the samples were dried and ground milled in order to reduce the 
particle size and provide a homogeneous size distribution. The details of 
the results obtained on some physical properties of the samples (i.e., 
hydrodynamic particle size, and apparent density) are explained in our 
previous study [26]. 

2.4. Electrokinetic measurements 

Malvern Zeta-sizer Nano ZS device operating according to the Laser 
Doppler Electrophoresis technique was used for the ζ-potential mea-
surements of PPy-g-CS copolymer aqueous dispersions. The ζ-potential is 
determined from the electrophoretic mobility of the dispersed particles 
by using the Henry’s Eq. (1): 

ζ =
3ηUE

2εf (κα) (1) 
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where η is the viscosity of the medium (N m− 2 s), UE is the electropho-
retic mobility (m2 V− 1 s− 1), ε is permittivity of the medium (F m− 1), and 
f(κα) is the Henry’s function, κ is the Debye length (m− 1), and α is the 
radius of the particle (m). In order to study the effect of pH on the ζ- 
potential of PPy-g-CS colloidal particles, 0.1 g/L colloidal dispersion was 
prepared in 1.0 × 10− 3 M NaCl(aq). The dispersion prepared at room 
temperature was sonicated for 30 min and rested for 2 h to establish a 
kinetic equilibrium. All the measurements were performed in the pH 
range of 3–11 at 25 ºC. The pH measurement of the dispersion was 
performed immediately by using an MPT-2 auto titration unit. 

2.5. Adsorption experiments 

Adsorption experiments of PPy and PPy-g-CS samples were carried 
out by using a batch technique at 25 ◦C. For this purpose, the experi-
ments were carried out in bottles containing distilled water (25 mL) and 
stirred at 250 rpm in a shaker. The Cr(VI) concentration varied from 
1.0 × 10− 4 to 1.0 × 10− 3 M by using K2Cr2O7. The pH values of the 
dispersions were adjusted in the range of 2–7. After equilibration time of 
2 h, the bottles were taken from the shaker and the dispersions were 
filtered. Residual Cr(VI) content of the supernatant liquids on each 
bottle were determined by atomic absorption spectroscopy (Perkin 
Elmer model AA800, USA). The effect of adsorbent dosage on the 
adsorption yield was investigated at a dose range of 0.01 g (0.4 g/L) to 
0.5 g (20 g/L) and the concentration of Cr(VI) was 1.0 × 10− 3 M for 
each dispersion. Effect of temperature on the adsorption performance 
was investigated in the range of 25–65 ◦C using a thermostatic shaking 
water bath (Memmert WB29 model, Germany). The pH values were 
measured with a pH meter (Eutech Instruments Ion 510 model, USA). 
The adsorbed Cr(VI) amounts (qe, mg/g) were determined via Eq. (2). 

qe =
(Co − Ce)V

m
(2)  

where Co and Ce are the initial and equilibrium concentrations of Cr(VI) 
ions (in mg/L), respectively, m is the mass of adsorbent (g) and V is the 
volume of solution (L). The percent of Cr(VI) removal was calculated by 
Eq. (3). 

Removal(%) =
(Co − Ce)100

Co
(3) 

Finally, in order to determine the reusability of the adsorbent, the 
cyclic adsorption properties of PPy-g-CS graft copolymer for Cr(VI) were 
studied by five consecutive adsorption-desorption processes. For this 
purpose, 0.5 mg adsorbent was mechanically mixed at 60 rpm for 2 h in 
40 mL of Cr(VI) solution having concentration of 100 mg/L and the pH 

of 4.8. The Cr(VI)-loaded adsorbent was filtered and washed with 
distilled water several times. Then, 0.01 M, 5 mL NaOH solution was 
added and mixed for 1 h at room temperature. Desorption processes 
took place in NaOH solution by exchanging OH- ions with adsorbed 
HCrO−

4 ions. Further, the upcycled adsorbent was dried at 60 ◦C for 
24 h, and the same procedure was repeated for each cycle. 

3. Results and discussions 

3.1. Determination of the physical properties 

SEM image of PPy-g-CS particles exhibited spherical, poor mono-
dispersity and agglomerated morphologies (Fig. 1a). The hydrodynamic 
particle size of PPy was 140 nm, it was increased to 180 nm after 
grafting on polycationic functional CS chains (Fig. 1b). Similar particle 
size increase was reported for PPy/monodisperse latex spheres (MLS) in 
the literature. While the MLS possessed uniform particle size of 226 nm, 
PPy/MLS composite also possessed sphericity but poor monodispersity 
with an average hydrodynamic diameter of 255 nm [4]. Apparent 
density of the PPy was observed to decrease from 0.93 g/cm3 to 
0.88 g/cm3, as expected, after grafting with low density CS chains which 
also cause steric hindrance on the PPy surface to increase the total 
volume. 

These results further confirmed that PPy chains were successfully 
grafted onto CS back-bone. As grafting mechanism, pyrrole radicals may 
be ascribed to attack to the saccharide units of CS. During the grafting 
reaction, both grafting yield and grafting efficiency values raised with 
time, due to the increased amounts of formed PPy macro radicals on the 
saccharide units of CS. The reduced monomer and free pyrrole radicals 
in the reaction system led to the leveling off of grafting parameters with 
increasing reaction time. These results are in accordance with the study 
reported by Lee et al. which is on suspensible CS-PPy composite [27]. 

3.2. Effect of pH on ζ-potential 

Solution pH is a very important factor that affects the ζ-potential and 
adsorption process. The ζ-potential of a particle in suspension can be 
defined as the electrical potential at the interface which separates the 
fluid that remains attached to the surface of the particle from the rest of 
the mobile fluid [28]. As shown in Fig. 2a, the PPy-g-CS particles 
exhibited a positive ζ-potential of + 47 mV at the initial equilibrium pH 
of 4.8. This value indicates that the particles are colloidally highly stable 
in the dispersion. The ζ-potential of the PPy-g-CS particles changed in 
the range of + 49 mV≥ ζ ≥ − 44 mV at the pH range of 3–11 and the 
isoelectric point (IEP) was observed at the pH of 8.4. The initial pH of the 
pristine CS biopolymer was 5.8. As the pH changed between 3 and 11, 

Fig. 1. (a) SEM image of the PPy-g-CS particles; (b) Schematic mechanism of Cr(VI) adsorption on positively charged PPy-g-CS particles.  
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ζ-potential of the dispersion was also changed accordingly from 
+ 56 mV to − 22 mV. In the literature, colloidal stability range of a 
dispersion is accepted as + 30 mV≤ ζ-potential≤ − 30 mV at a certain 
pH values [29]. The nitrogen atoms of PPy, and –NH2 groups of CS 
biopolymer were protonated at lower pH conditions than initial pH 
value, thus the more positive ζ-potential values were obtained for all the 
samples examined. 

To better understand the surface properties of PPy-g-CS graft 
copolymer, basic electrokinetic properties were compared with the PPy 
homopolymer. The ζ-potential and IEP values of the copolymer were 
observed to shift to the more positive values. This may be attributed to 
the increased number of ionizable polycationic groups (− NH+

3 ) on the 
PPy surfaces owing to the grafting with CS back-bone as shown in 
Fig. 1b, which may cause the enhanced electrostatic interactions be-
tween the copolymer surfaces and anionic forms of Cr(VI), thereby 
improving the adsorption performance of the PPy-g-CS biocompatible 
adsorbent. 

The dominant Cr(VI) species vary, depending on the pH of the 
aqueous medium, as follows: H2CrO4 at pH< 1, HCrO−

4 and Cr2O2−
7 at 

pH between 2 − 6, Cr2O2−
7 and CrO2−

4 at pH between 6 − 8, and CrO2−
4 at 

pH> 8 [30]. The adsorption experiments of PPy-g-CS dispersions were 
carried out at the initial pH of 4.8 which corresponds to the ζ-potential 
of + 47 mV, indicating that the particles were highly positively charged 
and colloidally stable (ζPPy-g-CS≥+30 mV). The Cr(VI) ions exist as 
Cr2O2−

7 and HCrO−
4 forms at pH of 4.8. This pH value is very suitable to 

reach to the maximum Cr(VI) adsorptions on PPy-g-CS surfaces due to 
the increased interfacial electrostatic interactions. 

3.3. Effect of pH on adsorption capacity 

The pH value of a medium has a significant effect on the uptake of 
heavy metal by the adsorbents [27,31,32]. The percentage adsorption of 
Cr(VI) onto PPy and PPy-g-CS particles as a function of pH (2− 7) is 
shown in Fig. 2b. The removal of Cr(VI) complex ions increased sharply 
at the optimum pH of 4.8 and slightly decreased with further increasing 
of pH between 4.8 and 7.0. The percentage uptake of Cr(VI) reached to 
98 % with PPy-g-CS at the pH of 4.8 whereas PPy was only 73 % at the 
same pH. These ratios are in harmony with the ζ-potentials of PPy-g-CS 
and PPy as shown Fig. 2a. This increase in the electrostatic adsorption 
capacity may be attributed to the high ζ-potential of the PPy-g-CS 
copolymer due to its greater number of active functional adsorption 
sites. On the other hand, enhanced Cr(VI) adsorption at low pH was also 
reported and attributed to the high redox potential (1.33 eV) of HCrO−

4 
[33]. The decrease in the uptake rate of adsorption in the pH range of 
4.8–7.0 may be attributed to the formation of gradually unprotonated 
amino groups present both in CS and PPy chains (− NH+

3 ↔ − NH2) [34]. 

At basic pH values, above the IEP, surface charges become negative for 
PPy-g-CS and PPy, and the concentration of free OH- anions increase in 
the medium. On the other hand, the CrO2−

4 oxyanion has a reduction 
potential of − 0.26 eV indicating low electrostatic interactions with the 
adsorbents [33]. Therefore, pH of 4.8 is determined to be the optimum 
for adsorption of Cr(VI) onto PPy-g-CS for the rest of the experiments. 

Further, when NaOH(aq) was added to increase the pH of the 
dispersion, [H3O+] decreased and [OH-] increased. The initial ζ-potential 
of the PPy-g-CS colloidal dispersion shifted up to − 44 mV at pH of 11 
due to the deprotonation of the protonated groups as shown in Fig. 2a. It 
was observed that, both the ζ-potential and Cr(VI) adsorption of PPy-g- 
CS decreased as the pH increased and vice versa. These results are in 
good agreement with the other studies reported in the literature on Cr 
(VI) adsorption with zwitterionic CS derivatives [35] and PPy/maghe-
mite substrate [33]. 

Cr(VI) ions show varying oxidation states as the pH of the solutions 
changes. Thus, as the oxidation state of chromium ions change, their 
stability also changes. It is known that the most stable form of the 
chromium ion up to pH of 7 is HCrO−

4 . As the pH of the solution further 
increase lower oxidation states are detected [36,37]. The dominant 
chromium ion species in the medium was HCrO−

4 ions at the maximum 
adsorption pH of 4.8, on the other hand, CrO2−

4 ion form was stable at 
higher pH values [38]. The ζ-potential also changes in a similar way. 
With the increasing valencies of the anions such as CrO2−

4 and SO2−
4 in 

dispersion, positive ζ-potentials of the particles decrease and shift to 
more negative values in the basic region. This is due to the presence of 
the Stern layer, which balances the positive surface charge created by 
the negatively charged divalent counter ions. The Debye length is one of 
the most important electrokinetic parameters and is a measure of the 
electrical double layer thickness (κ− 1). The κ− 1 changes with the valency 
of ions in a colloidal dispersion by the following equation [39]: 

κ− 1 =
0.3041
Zc1/2 (4)  

where, Z and c values indicate the valency and concentration of the ions 
in the dispersion, respectively. Accordingly, as the ion valence increases, 
the Debye length decreases and therefore the ζ-potential of the disper-
sion decreases [40]. In conclusion, with decreasing ζ-potential, the 
electrostatic interaction ability of PPy-g-CS decreases, so does the 
adsorption capacity which is in accordance with our initial hypothesis. 

3.4. Effect of initial chromium concentration on adsorption capacity 

The change of adsorbed Cr(VI) amount with initial Cr(VI) concen-
tration at constant PPy and PPy-g-CS adsorbent amounts are investigated 
(cadsorbent = 2 g/L, contact time: 2 h, pH = 4.8 and T = 25 ºC). It was 

Fig. 2. (a) Change of ζ-potential as a function of pH for PPy, CS and PPy-g-CS. csample = 0.1 g/L, T = 25 ºC. (b) The effect of pH on Cr(VI) removal efficiency for PPy 
and PPy-g-CS. cadsorbent = 2 g/L, 1.0 × 10− 3 M Cr(VI) and T = 25 ºC. 
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observed that, increasing initial concentration of Cr(VI), enhanced the 
uptake of Cr(VI) ions both by PPy and PPy-g-CS until a certain value then 
levelled off due to the saturation of the adsorbent surfaces (Fig. 3a). 
While a maximum removal of Cr(VI) was 0.38 mmol by PPy-g-CS at a 
constant adsorbent dose of 2 g/L, the maximum removal of Cr (VI) by 
PPy was found to be 0.27 mmol. Similar electrostatic adsorption be-
haviors of Cr(VI) ions (100 mg/L) are reported in the literature for CS- 
sodium tripolyphospahte beads as 15.23 mg/g and for CS/β-cyclodex-
trin/sodium tripolyphosphate beads as 15.64 for 100 mg/L Cr(VI) con-
centrations and concluding that as the initial concentration of Cr(VI) 
ions increase, so does the adsorption capacity of the adsorbent [34]. 

Positively charged surfaces of PPy-g-CS copolymer particles were 
covered gradually by the negatively charged HCrO−

4 anions. Compared 
to PPy, the positively charged amino functional groups of PPy-g-CS in-
crease in harmony with the increased ζ-potential and consequently 
interact with more HCrO−

4 ions at the solution/adsorbent interface. It 
was observed that, when the concentration of Cr(VI) ions is lower than 
0.005 mmol/L, there are adequate adsorption sites (-NH2 groups) on the 
surfaces of PPy-g-CS copolymer for the uptake of Cr(VI) ions which is not 
the case when the Cr(VI) concentration exceeds 0.005 mmol/L due to 
the dominating electrostatic repulsive forces between the negatively 
charged HCrO−

4 anions which resulted in the decreased uptake. 

3.5. Effect of adsorbent dosage on adsorption capacity 

PPy-g-CS exhibited higher adsorption rate (98 %) of Cr(VI) when 
compared with PPy (73 %) at the maximum adsorbent dosage of 0.1 g 
(4 g/L). The removal rate of PPy-g-CS enhanced from 56 % to 98 % as 
the amount of adsorbent increased 10 fold from 0.01 to 0.1 g. This may 

be attributed to the increased number of surface charges and number of 
cationic amino groups (− NH+

3 ) as adsorption functional active sites of 
PPy-g-CS. When the PPy-g-CS dosage was greater than 0.05 g (2 g/L), Cr 
(VI) ions were almost completely drawn away from the solution. These 
results further confirmed that PPy-g-CS particles with enhanced posi-
tively surface charges exhibit excellent adsorption efficiency for Cr(VI) 
ions. Since the PPy-g-CS particles reached almost equilibrium after 2 g/L 
adsorbent dosage the rest of the experiment were carried out at this 
dosage. Similar adsorbent dosage effects were reported in the literature 
and the highest Cr(VI) removal efficiency of 97 % observed at 20 g/L of 
initial adsorbent dosage of chitosan/β-cyclodextrin beads [34]. Because 
of long reaction time, their adsorption studies were performed at low 
initial adsorbent concentration of 3.0 g/L. 

3.6. Adsorption kinetics 

Adsorption kinetics reveal the changes of adsorption rates in time by 
changing concentration or temperature at constant pressure. The vari-
ations of the amount of adsorption yield with different contact times are 
shown in Fig. 3c (cadsorbent = 2 g/L, 1.0 ×10− 3 M Cr(VI), pH = 4.8 and 
T = 25 ºC). It is clearly seen that the adsorption of Cr(VI) onto the both 
samples increased rapidly in the first 120 min due to the high inter- 
surface interactions between the PPy-g-CS particles and Cr(VI) anions 
(HCrO−

4 ) and then levelled off. This may be attributed to the decreased 
number of non-interacting active groups on the adsorbents as the 
adsorption reaction approaches to the equilibrium state. The adsorption 
capacity (98 %) of PPy-g-CS was almost 1.5 times greater than PPy (73 
%). This is may be due to the + 33 mV increase in the ζ-potential of PPy- 
g-CS (+47 mV at the pH of 4.8) with the active end amino groups on the 

Fig. 3. (a) The effect of initial Cr(VI) concentration on Cr(VI) removal efficiency for PPy and PPy-g-CS adsorbents: cadsorbent = 2 g/L, contact time: 2 h, pH = 4.8 and 
T = 25 ºC. (b) The effect of adsorbent dosage on Cr(VI) removal efficiency for PPy and PPy-g-CS, contact time: 2 h, [Cr(VI)] = 1.0 × 10− 3 M, pH = 4.8 and T = 25 ºC. 
(c) Effects of contact time on Cr(VI) removal efficiency for PPy and PPy-g-CS, pH = 4.8 and T = 25 ºC. 
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CS chains when compared to the ζ-potential of pure PPy (+14 mV at the 
pH of 4.8). 

Two models were used to evaluate the adsorption kinetic parameters 
of Cr(VI) on the PPy and PPy-g-CS particles, namely pseudo-first-order 
(PFO) and pseudo-second-order (PSO) models, and their linearized 
equations are given in Eqs. (5) and (6), respectively [41,42]: 

log(qe − qt) = logqe −
k1

2.303
t (5)  

t
qt

=
1

k2q2
e
+

1
q

t (6)  

where, the amounts of Cr(VI) (mg/g) adsorbed at equilibrium and time t 
are shown as qe and qt, respectively. Pseudo-first-order and pseudo- 
second-order rate constants are shown as k1 and k2. Table 1 shows the 
two different kinetic model parameters of the PPy and PPy-g-CS samples. 
The correlation coefficient (R2) of the pseudo-second-order kinetic 
model (0.999) for PPy-g-CS was higher than that of the pseudo-first- 
order kinetic model (0.891). In addition, the experimental values of qe 
were observed to fit better to the pseudo-second-order kinetic model 
(Eq. 6) than the pseudo-first-order kinetic model (Eq. 5). Additionally, 
k2 value of PPy-g-CS (0.121 g/mg min) was higher than PPy (0.111 g/ 
mg min) which indicates faster uptake of Cr(VI) by PPy-g-CS than PPy. 
These results also support the pseudo-second-order kinetic model. 
Similar pseudo-second-order kinetic models were reported in the liter-
ature for PPy/MLS [4] and PPy/calcium rectorite composites [43]. 
Based on the positive increase in the ζ-potential of the PPy-g-CS copol-
ymer particles, it is an important result that the driving force behind the 
Cr(VI) adsorption mechanism is the electrostatic interactions between 
HCrO−

4 and (− NH+
3 )ions as reflected in Fig. 1b ( − NH2 +

H+→− NH+
3 ̅̅̅̅̅̅→

HCrO−
4

− NH+
3 HCrO−

4 ). 

3.7. Adsorption isotherms 

The Freundlich and Langmuir models are applied to fit the adsorp-
tion isotherm data. Freundlich isotherm proposes a non-linear and a 
monolayer sorption model by taking the inhomogeneous energy distri-
butions of the active groups and the take interactions between the 
adsorbed species into account as described in Eq. (7): 

qe = KFC1/n
e (7)  

where, KF (mmol/g) and n are the adsorption capacity and adsorption 
intensity, respectively. 

On the other hand, the Langmuir model proposes that adsorption of 
colloidal adsorbate ions take place as monolayer on the substrate but 
does not take the interactions between the adsorbed molecules into 
account. It suggests that there are uniform adsorption energies on the 
adsorbent surface and that the transmigration of the adsorbate will not 
be possible as described in Eq. (8): 

qe =
QLbCe

1 + bCe
(8)  

where, QL (mmol/g) is the Langmuir capacity of adsorption and b is the 
energy of adsorption. Another analysis of the Langmuir model can be 
performed based on RL, which is known as both a separation factor and a 

dimensionless equilibrium parameter, as shown in Eq. (9). 

RL =
1

1 + bc0
(9)  

where, b (L⋅mg− 1) and c0 (mg⋅L− 1) are the constant of Langmuir and the 
highest initial concentration of metal ions, respectively. Whether the 
adsorption of the adsorbate species is favored or not, is defined by the 
changing value of RL: It is mentioned in the literature that if 0 <RL< 1 
adsorption of adsorbate onto the substrate surface is favored. If RL> 1 
the adsorption is un-favored, if RL = 1 it is linear adsorption and if RL 
= 0 adsorption is irreversible [44–46]. 

The Freundlich and Langmuir adsorption isotherms for the PPy and 
the PPy-g-CS copolymer are shown in Fig. 4a-b, respectively and the 
isotherm parameters are tabulated in Table 2. For PPy and PPy-g-CS 
copolymer, the R2 values of the Freundlich model (0.981 for PPy and 
0.974 for PPy-g-CS) were much higher than the Langmuir model (0.933 
for PPy and 0.968 for PPy-g-CS). The values showed that the Cr(VI) 
adsorption process onto the both sample surfaces were better fitted to 
the Freundlich isotherm. Furthermore, the maximum adsorption ca-
pacity KF = 128.48 mg/g at 25 ◦C with an affinity value n = 2.65 rep-
resents an effective adsorption of Cr(VI) onto the PPy-g-CS copolymer 
particles. The maximum adsorption capacities of some adsorbents based 
on PPy and CS reported in the literature are tabulated in Table 3 for 
comparison. It is clearly seen that the adsorption capacity of PPy-g-CS 
graft copolymer has medium effect and is higher than most of the ad-
sorbents listed in Table 3. According to the values obtained from 
Langmuir isotherms as tabulated in Table 2, RL value is between 0 and 1, 
confirming that the adsorption process of PPy-g-CS is very favorable. 
Also, the 1/n parameter in the Freundlich model was found to be be-
tween 0.1 and 0.5, which shows that adsorption is easy [46]. On the 
other hand, Langmuir model is reported to well fit to the adsorption 
isotherms of Cr(IV) ions onto PPy/MLS [4], cross-linked CS and 
CS/β-cyclodextrin beads [34], PPy/calcium rectorite composite [44] 
and CS flakes [49]. 

The Dubinin-Radushkevitch (D-R) model has been the fundamental 
model to quantitatively describe the adsorption of gases and vapors by 
microporous sorbents [61]. The D-R isotherm model can be applied to 
distinguish between physical and chemical adsorption [62,63]. It is 
proposed by the theory that when the adsorption energy (E) value is 
between 1 and 16 kJ/mol it can be used to determine the adsorption 
mechanism. If E < 8, it is described as physisorption [63]. From this 
point of view, the D-R parameters are also calculated and tabulated in 
Table 2. With high correlation coefficients (R2 >0.98), experimental 
results are in agreement with the D-R isotherm model. The magnitude of 
E was found to be 3.53 kJ/mol, indicating that the Cr(VI) adsorption 
mechanism onto PPy-g-CS is by physisorption. 

3.8. Thermodynamics parameters 

The influence of temperature on Cr(VI) adsorption was investigated 
between 25 and 65 ◦C. It was observed that while the adsorption of Cr 
(VI) onto PPy was slow, the adsorption of Cr(VI) onto PPy-g-CS slightly 
increased with rising temperature (Fig. 4c). When the variation of 
ζ-potential with temperature was examined, the ζ-potential of the PPy-g- 
CS particles exhibited little change despite the increase in temperature. 
Temperature has a significant effect on some parameters of a dispersion 

Table 1 
Adsorption kinetic parameters.   

Adsorbent Pseudo first order (PFO) Pseudo second order (PSO) 

k1 

(1/min) 
qe (exp) (mg/g) qe (cal) (mg/g) R2 k2 

(g/mg.min) 
qe (exp) (mg/g) qe (cal) (mg/g) R2 

Cr (VI) PPy-g-CS  0.366  0.495  0.116  0.891 0.121  0.495  0.498  0.999 
PPy  0.231  0.334  0.240  0.873 0,111  0.334  0.363  0.999  
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such as dielectric constant, viscosity, ion adsorption, thermal energy and 
desorption [2]. Electrophoretic mobility of the adsorbent particles raise 
with increasing temperature as a result of their enhanced kinetic en-
ergies, increased ionic mobility and decreased viscosity of the medium 
[63], which undergoes to the weakened formation of the diffuse layer 
and results in the variations in ζ-potentials [64]. 

Thermodynamic parameters of the samples, such as Gibbs free en-
ergy change (ΔG◦), standard enthalpy change (ΔH◦) and standard en-
tropy change (ΔS◦) were calculated from the slope of the Van’t Hoff plot 
of lnKc vs. 1/T for four different temperatures (Fig. 4d) and results ob-
tained are tabulated in Table 4. The positive values of ΔH◦ indicates that 

the nature of Cr(VI) adsorption process is endothermic (ΔH◦
PPy =

6.20 kJ/mol, ΔH◦
PPy-g-CS = 7.12 kJ/mol). This may be due to the raised 

thermal energies of the adsorbate ions with rising temperature of the 

Fig. 4. (a) Freundlich and (b) Langmuir Adsorption isotherms for Cr(VI) on the PPy and PPy-g-CS. (c) Effect of temperature on Cr(VI) removal efficiency. (d) Plot to 
determine thermodynamic parameters for PPy and PPy-g-CS, pH= 4.8. 

Table 2 
Freundlich, Langmuir and Dubinin-Radushkevic (D-R) adsorption isotherm pa-
rameters at 298 K.  

Freundlich adsorption isotherm  

Adsorbent KF 

(mmol\g) 
n R2 1\n 

Cr (VI) PPy-g-CS 0.4368 2.648 0.974 0.377 
PPy 0.0369 3.306 0.981 0.302 

Langmuir adsorption isotherm   
Q 
(mmol\g) 

b 
L\ mmol 

R2 RL 

Cr (VI) PPy-g-CS 0.499 1336.00 0.968 0.42 
PPy 0.310 806.45 0.933 0.55 

Dubinin- Radushkevich adsorption isotherm   
qe 

(mmol\g) 

KD–R 

(mol2\kJ2) 
E 
kJ\mol 

R2 

Cr (VI) PPy-g-CS 7.269 0.00000004 3.53 0.980 
PPy 9.130 0.00000004 3.53 0.985  

Table 3 
Comparison of the Cr(VI) removing capasities of PPy-g-CS and some reported 
adsorbents at 25 ◦C.  

Adsorbent Adsorption 
capacity, qm (mg/ 
g) 

Optimum 
pH 

Reference 

Quaternized chitosan 
microspheres  

39.11  5.0 [46] 

PPy/montmorillonite clay 
nanocomposite  

119.3  2.0 [47] 

Magnetic cyclodextrin–chitosan  67.66  2.0 [48] 
Chitosan flakes  22.09  3.0 [49] 
Polypyrrole/Fe3O4  169.5  2.0 [50] 
Polypyrrole/wood sawdust  3.4  5.0 [51] 
Polyacrilonitrile/PPy core/shell 

mats  
61.8  2.0 [52] 

Polypyrrole-poyaniline 
nanofibers  

227  2.0 [53] 

Chitosan  110.5  4.0 [54] 
Polypyrrole-halloysite nanotube 

halloysite nanotube clay  
149.5  2.0 [55] 

Chitosan microfibers  112.5  5.0 [56] 
Crosslinked chitosan  325.2  2.0 [57] 
Polypyrrole/maghemite magnetic  209.0  2.0 [58] 
Nano Fe oxide/chitosan beads  69.8  5.0 [59] 
Maghemite/Chitosan/ 

Polypyrrole NC  
301.2  2.0 [60] 

PPy-g-CS graft copolymer  128.48  4.8 Present 
study  
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system and ends up with the enhanced adsorption affinity of the func-
tional surfaces. The ΔG◦ values are negative and decreases with the 
increase in temperature, which illustrated the increased spontaneity and 
feasibility of adsorption at all the temperatures [65]. In addition, the ΔS◦

of PPy and the PPy-g-CS copolymer was 25 and 247 J/mol K, respec-
tively and indicating that the system exhibited increasing randomness 
during adsorption processes. 

3.9. Reusability assays 

Variations of Cr(VI) removal efficiencies with PPy-g-CS copolymer 
adsorbent after five times of repeated adsorption-desorption processes 
are depicted in Fig. 5. The uptake percentage of the adsorbent gradually 
decreased with increasing cycles of adsorption processes. The removal 
efficiencies of cycles from 1 to 5 were found to be 98 %, 98 %, 95 %, 90 
% and 87 %, respectively. This decrease in the adsorption efficiency of 
the functional adsorbents is attributed to the degradation of polymer 
chains due to the interactions with Cr(VI) ions during the repeated 
loading cycles which undergoes to the formation of shorter active sites 
on the adsorbent surfaces [66]. 

3.10. Adsorption mechanism of Cr(VI) 

The mechanism of Cr(VI) uptake from the solution by PPy-g-CS graft 
copolymer particles are schematically shown in Fig. 1b. According to the 
Fig. 1b, the PPy particles were not colloidally stable due to low positive 
ζ-potential value (+14 mV at pH of 4.8) at acidic conditions. This low 
positive ζ-potential can be attributed to the N+ sites in the pyrrole 
monomer structure [26]. On the other hand, after grafting of PPy with 
positively charged polycationic CS chains, positive ζ-potential value of 
the PPy-g-CS copolymer increased to + 47 mV at pH of 4.8 due 
to − NH+

3 groups of CS. In addition, owing to the increased ζ-potential, 
colloidal stability of PPy-g-CS graft copolymer particles in the dispersion 
increased. 

When chromium ions are added to the PPy-g-CS(aq) colloidal 
dispersion system at low pH values (by adding HCl), the HCrO−

4 ions are 
attracted to. 

− NH+
3 by electrostatic interactions. In addition, HCrO−

4 ions 
displacement with OH− and Cl− ions occur. Thus, more 
HCrO−

4 adsorption on the PPy-g-CS copolymer take place. At high pH 
values (by adding NaOH), desorption process occurs and OH− ions ex-
change with adsorbed HCrO−

4 ions. Similar adsorption and desorption 
processes were reported in the literature for CS/β-cyclodextrin beads 
[48] and PPy/Polyaniline nanofibers [53]. 

4. Conclusion 

The ζ-potential (+47 mV at pH of 4.8) of biodegradable PPy-g-CS 
graft copolymer particles was enhanced due to the synergistic effect of 
polycationic PPy and CS units. The adsorption capacity of PPy-g-CS was 
enhanced approximately 1.5 times, owing to the increased ζ-potential 
from + 14 mV (PPy) to + 47 mV (PPy-g-CS) at the initial pH of 4.8. The 
ζ-potential value and Cr(VI) adsorption capacity of the PPy-g-CS graft 
copolymer particles changed in harmony. The maximum chromium ions 
adsorption with 98 % of the PPy-g-CS copolymer was occurred due to the 

electrostatic attractions between− NH+
3 and HCrO−

4 ions at the pH of 4.8 
indicating positive ζ-potential of the PPy-g-CS (ζpH=4.8 = +47 mV). 
Adsorption kinetics followed a pseudo-second-order kinetic model and 
Freundlich isotherm was better fitted. The maximum adsorption ca-
pacity was KF = 128.48 mg/g at 25 ◦C. The mechanism of Cr(VI) 
adsorption by PPy-g-CS was physisorption and the driving force is 
electrostatic interactions since the E value in the D-R isotherm was 
< 8 kJ/mol. According to thermodynamic parameters, adsorption pro-
cess is spontaneous and endothermic. In conclusion, biodegradable PPy- 
g-CS graft copolymer with enhanced positive ζ-potential can be an 
environmentally friendly and new adsorbent candidate for the with-
drawal of negatively charged pollutant ions from wastewater resources. 
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