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Removal of Cr(VI) from water using polypyrrole/
attapulgite core–shell nanocomposites:
equilibrium, thermodynamics and kinetics

Yong Chen,* Hui Xu, Shiyu Wang and Long Kang

In this study polypyrrole (PPy) was synthesised chemically on the surface of attapulgite (ATP) to form

nanocomposites using ATP as nucleus and PPy as shell. Transmission electron microscopy (TEM) and

scanning electron microscopy (SEM) showed that ATP was coated with a PPy layer. PPy/ATP

nanocomposites as adsorbents were used to remove Cr(VI) from aqueous solutions. External factors

were investigated, including contact time, adsorbent dose, initial concentration of adsorbate and pH. The

experimental data are well fitted with the Langmuir isotherm model. The thermodynamic parameters

were evaluated and the results revealed that the adsorption process was exothermic and spontaneous.

The kinetic data indicated that the adsorption process followed a pseudo-second-order equation,

implying that the adsorption process was predominantly controlled by chemical processes. The

associated adsorption mechanism for Cr(VI) removal by the PPy/ATP nanocomposites was investigated

using X-ray photoelectron spectroscopy (XPS), which suggests that ion change and reduction processes

on the surface of the nanocomposites may be the possible mechanism.
1. Introduction

The removal of toxic heavy metals from environmental water
resources introduced by industrial pollution is considered to be
a global environmental issue. Chromium is one of the heavy
metals and its compounds are extensively used in chemical
industries such as electroplating, textile, leather tanning, metal
nishing, wood preservation, electroplating and chromate
preparation industries.1,2 Chromium is most commonly found
in two oxidation states, Cr(III) and Cr(VI), and other oxidation
states are not stable in aerated aqueous media.2 Among them
Cr(VI) is highly poisonous and endangers public health.
However, different from Cr(III), which can be easily adsorbed
onto all kinds of inorganic and organic materials at neutral pH,
Cr(VI) is only weakly adsorbed onto inorganic surfaces.3 Thus,
how to remove Cr(VI) from wastewater utilizing efficient method
is considered to be of urgency.

During recent years, various treatment processes have been
employed to remove Cr(VI) from water, for example, adsorption,
chemical treatment, ion exchange, electrochemical reduction
and membrane separation.4 Among these methods, adsorption
is extensively used because of the feasibility and low cost.
However, most of adsorbents, such as activated carbon, zeolite
and silicone have some aws, for instance, excessive time
requirements, high costs and inefficiency. Therefore, it is
urgent to explore a highly efficient adsorbent.
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Since their discovery three decades ago, conducting poly-
mers have attracted more and more attention and a lot of
research work has been done to probe into their physical and
chemical properties.5 PPy, as one of the conducting polymers,
has been widely applied in various elds due to its good elec-
trical, electrochemical properties, environmental stability to
water and oxygen, and ease of preparation at low cost.6 These
applications mainly focus on its interesting electrical conduc-
tivity. However, some studies have found that PPy synthesized
in solutions with small or large dopants mainly exhibits anion-
exchanger or cation-exchanger behavior.7–9 Thus, due to its
excellent property of ion exchange, PPy can be used as an
adsorbent to remove heavy metal ions from aqueous solution.

ATP, a kind of crystalline hydrated magnesium aluminum
silicate mineral with large surface area, excellent chemical
stability and strong adsorption,10,11 has been intensively utilized
as adsorbent for the removal of heavy metal ions. However, ATP
may easily agglomerate due to its large surface area, and
therefore its adsorption efficiency becomes low. To overcome
these disadvantages, various methods were applied to improve
the adsorption efficiency of ATP. One of methods is modica-
tion,12 and aer modied, ATP can successfully improve its
adsorption capabilities.

In this work, PPy prepared with chloride ion as a dopant was
employed to modify ATP to form nanocomposites and the
composites were exploited to remove Cr(VI) from aqueous water.
The batch sorption method was used to investigate adsorption
equilibrium, kinetics and thermodynamics of the adsorption
process.
RSC Adv., 2014, 4, 17805–17811 | 17805
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Fig. 1 FTIR spectra of (a) attapulgite (b) polypyrrole (c) PPy/ATP
nanocomposites before adsorption (d) PPy/ATP nanocomposites after
adsorption.
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2. Experiment
2.1 Materials

Pyrrole was purchased from Shanghai Zhongqin Chemical
Reagent Co. Ltd. and was distilled prior to use. ATP was
supplied by Jiangsu Xuyi. Anhydrous ferric chloride (FeCl3), as
oxidant and dopant for polymerization of pyrrole and potas-
sium dichromate (K2Cr2O7), were purchased from Yantai
Shuangshuang chemical Co. Ltd. Stock solution of Cr(VI) was
prepared by dissolving K2Cr2O7 in distilled water. All other
reagents used were of analytical-reagent grade.

2.2 The preparation of nanocomposites

5 g FeCl3 was added into 100 mL distilled water and stirred until
totally dissolved. 1 g ATP was added into the solution, then
freshly distilled pyrrole was dropwise added into the mixture
and black precipitation appeared. The reaction was allowed to
continue for 4 h, then the precipitation was ltered, washed
with distilled water and acetone until the washing liquid was
colorless, and dried at temperature about 60 �C for 4 h.

2.3 Adsorption experiments

A certain concentration of Cr(VI) (100 mL) and adsorbent (PPy/
ATP nanocomposites) were added into a ask. Aer stirring for
a certain time, the suspension liquid was ltered. A spectro-
photometer was employed for analysis of Cr(VI) in the ltrate.
The removal efficiency of Cr(VI) (%) and the adsorption capacity
qt (mg g�1) were calculated by eqn (1) and (2).

Removal efficiency ð%Þ ¼ c0 � ct

c0
� 100% (1)

qt ¼ ðc0 � ctÞ � V

m
(2)

where c0 is the initial concentration (mg L�1) and ct is the nal
concentration (mg L�1). V was the solution volume (mL) and m
was the mass of PPy/ATP adsorbent (g).

2.4 Instrument of characterization

FT-IR spectra measurements were done on a Spectrum 100
spectrometer (Perkin Elmer, USA) using the KBr pellets. The
morphology of nanocomposites was examined using a JSM-670
scanning electron microscope (SEM) (Electronics optical Ltd.,
Japan). Transmission electron microscopy (TEM) was taken by
using a JEM-1200EX transmission electronmicroscopy operated
at 200 kV (FEI, USA). XPS data of PPy/ATP nanocomposites were
obtained using an ESCALAB 210 Instrument. A Spectropho-
tometer (Shanghai Scientic Instrument Corporation, 7230G)
was employed for analysis of Cr(VI).

3. Results and discussion
3.1 Characterization of PPy/ATP nanocomposites

The FTIR spectra of ATP, PPy, PPy/ATP nanocomposites (before
adsorption and aer adsorption) are respectively shown in Fig. 1.
It can be seen from Fig. 1(a) that the characteristic peaks at 3563
17806 | RSC Adv., 2014, 4, 17805–17811
cm�1 and 3417 cm�1 correspond to –OH stretching vibration
causing by mineral layer and surface adsorbed water and the
peak at 1655 cm�1 corresponds to –OH stretching vibration of
H2O. In addition, the peaks at 1032 cm�1 and 793 cm�1, 472
cm�1 are respectively attributed to Si–O–Si stretching vibration
and bending vibration.13 In Fig. 1(b) the peak at 3430 cm�1 is
assigned to the N–H stretching vibrations.9 The peak at 1630
cm�1 is attributed to the conjugate molecular structure of PPy
and the free charge carrier present in the polymer.14 The band at
1535 cm�1 corresponds to C]C stretching vibration and the
band at 1160 cm�1 reects C–N stretching vibration. The bands
of the C–H in-plane stretching vibration and out-plane bending
vibration are situated at 1030 cm�1 and 772 cm�1.6 The spectrum
of PPy/ATP nanocomposites (before adsorption) (Fig. 1(c)) clearly
exhibits characteristic absorption peaks with respect to PPy
(Fig. 1(b)), which indicates the formation of PPy in nano-
composites. Also, there is no difference between Fig. 1(c) and (d),
which implies that no new species generated aer adsorption.

The morphology of ATP and PPy/ATP nanocomposites is
illustrated in Fig. 2. As can be seen from Fig. 2(a) and (b) that ATP
without any modication is rod-like structure but poor disper-
sion. Fig. 2(c) and (d) respectively have the same magnication
factor with (a) and (b). Compared with Fig. 2(a), many holes can
be observed in Fig. 2(c), which means that the structure of
nanocomposites is loose and has good dispersion. With the
magnication improvement, high dispersion rod-like structure
can be seen from Fig. 2(d) and it is clearly observed that some PPy
microspheres coat the surface of ATP. The result is further proved
by TEM image of nanocomposites. Fig. 2(e) shows that the surface
of the PPy/ATP nanocomposites is rougher and covered by PPy
layer. The analysis demonstrates that rod-like nanocomposites
can be formed employing ATP as nucleus and PPy as shell.

3.2 Effect of contact time

Fig. 3 shows the effect of contact time on adsorption of Cr(VI) by
PPy/ATP nanocomposites. For these cases, initial concentration
of Cr(VI) was of 100 mg L�1, PPy/ATP dose of 0.1 g were used and
temperature was 298 K. When contact time is 30 s, the removal
efficiency of Cr(VI) reaches up to 95.21%, which indicates that
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 SEM micrographs of (a) & (b) attapulgite, (c) & (d) PPy/ATP
nanocomposites, TEM image of (e) PPy/ATP nanocomposites.

Fig. 3 Effect of time on adsorption of Cr(VI).

Fig. 4 Effect of adsorbent dose on adsorption of Cr(VI).
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most of Cr(VI) can be removed during such a short time. When
contact time is 10 min, the removal efficiency reaches up to
99.79%, and then little change of removal efficiency is observed.
This may be due to the fact that once a certain number of Cr(VI)
is removed by quantitative adsorbent within a given time, no
more adsorption occurs aerwards. The results demonstrate
that it is sufficient for removing Cr(VI) from water by PPy/ATP
with a very minimum contact time. Based on these results, a
contact time of 10 min was chosen for further experiment.
Fig. 5 Effect of initial concentration of Cr(VI) on adsorption.
3.3 Effect of adsorbent dose

The effect of adsorbent dose on Cr(VI) removal was studied at
298 K and at initial Cr(VI) concentration of 100 mg L�1 by
This journal is © The Royal Society of Chemistry 2014
allowing a contact time of 10 min. The results are depicted in
Fig. 4. It can be clearly seen from Fig. 4 that the adsorption
capacity reduces and removal efficiency increases with
improvement of adsorbent dose. When adsorbent dose reaches
to 0.2 g, the adsorption capacity becomes 46.14 mg g�1 and the
removal efficiency of Cr(VI) reaches up to 92.27%. Considering
two factors (adsorption capacity and removal efficiency), further
experiments were carried out with adsorbent dose of 0.2 g.

3.4 Effect of initial concentration of Cr(VI)

The initial concentration of 10, 25, 40, 50, 65, 85, 100 mg L�1 of
Cr(VI) at 10 min contact time and 0.2 g dose was investigated. As
shown in Fig. 5, the removal efficiency of Cr(VI) decreases with
increasing of initial Cr(VI) concentration. When the initial
concentration of Cr(VI) is less than 50 mg L�1, the removal
efficiency (99%) is almost unchanged. However, When the
initial concentration of Cr(VI) is more than 50 mg L�1, the
removal efficiency is lower than 99%. At low concentration the
removal efficiency is higher due to a larger surface area of PPy/
ATP nanocomposites being available for the adsorption of
RSC Adv., 2014, 4, 17805–17811 | 17807
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Cr(VI). When the initial concentration of Cr(VI) becomes higher,
the removal efficiency will be lower, because the available sites
of adsorption will become less with the initial amount of Cr(VI)
increasing. Another reason is the oxidative nature of Cr(VI), high
concentration of Cr(VI) may damage the PPy structure, which
leads to the decrease of the removal efficiency.1
3.5 Effect of pH

The chemistry of Cr(VI) in aqueous solution is very pH
dependent. In the range of pH 2.0–6.0, the predominant Cr(VI)
species are monovalent bichromate (HCrO4

�) and dichromate
(Cr2O7

2�), and when the pH value is above 6.0, the dominant
species is (CrO4

2�) ions.1,2 So, in order to nd out the optimum
pH for the maximum removal efficiency of Cr(VI) the effect of
pH on adsorption was examined at 298 K, 10 min contact time
and 0.2 g dose. In this experiment, 100 mL of 50 mg L�1 Cr(VI)
solution was prepared in different pH, ranging from 1.0 to 11.0
using HCl and NaOH solutions. Fig. 6 shows the results and it
is clear that the removal efficiency of Cr(VI) can reach up to
above 96% in acidic and weakly alkaline medium (pH ¼ 1.0–
10.0). The best pH value for Cr(VI) removal is found to be 3
(99.27%), and when the pH value is above 10.0, the removal
efficiency will rapidly decline (91.18%). To remove Cr(VI) by
PPy/ATP nanocomposites is mainly through the anion
exchange process by replacing the doped Cl� ions with
HCrO4

�, Cr2O7
2� or CrO4

2� in the treated solutions. When the
pH values are low, the anion exchange process can be easily
carried out. However, with the pH values increasing, the
number of hydroxyl (OH�) in the solution also increases,
leading to the competitive interaction between CrO4

2� and
OH� for the limited adsorption sites. As a result, the removal
efficiency of Cr(VI) declines.

Furthermore, anion exchange is not the only mechanism of
the adsorption process, and a redox reaction between Cr(VI) and
electron rich polymer may also occur. For conrming the redox
process X-ray photoelectron spectroscopy (XPS) was used to
analyze PPy/ATP nanocomposites aer adsorption. XPS
Fig. 6 Effect of pH value on adsorption of Cr(VI).

17808 | RSC Adv., 2014, 4, 17805–17811
spectrum is exhibited in Fig. 7. Two energy bands at 577.13 eV
and 586.75 eV assigning to the banding energies of Cr (2p3/2)
and Cr (2p1/2) orbital's, are observed. This observation implies
the existence of both Cr(III) and Cr(VI).2,15,16 In other words, the
existence of Cr(III) on the surface of PPy/ATP nanocomposites
suggests that Cr(VI) adsorbed by PPy/ATP nanocomposites is
partially reduced to Cr(III) by electron rich polypyrrole moieties
in the nanocomposites.
3.6 Adsorption thermodynamics

Adsorption isotherms are important for the description of how
adsorbate interacts with adsorbent surface and are also critical
in optimizing the use of an adsorbent. Adsorption isotherms
were studied at ve different temperatures with varying initial
concentration of Cr(VI) from 25 to 100 mg L�1. Two well known
isotherm equations, i.e., Langmuir and Freundlich equation,
have been employed to plot the isotherms. The linearized
Langmuir and Freundlichmodels are mathematically expressed
as eqn (3) and (4).

ce

qe
¼ 1

bqm
þ ce

qm
(3)

ln qe ¼ ln kF þ 1

n
ln ce (4)

where qm is the maximum adsorption capacity (mg g�1) of the
PPy/ATP nanocomposites; b is the free energy of adsorption (L
mg�1); kF and n are the Freundlich isotherm parameters related
to the adsorption capacity (mg g�1) and the intensity of adsorp-
tion. The linearized results and calculated values of Langmuir
and Freundlich constants are listed in Tables 1 and 2.

Based on the higher values of correlation coefficients (R2),
adsorption data are better described by the Langmuir model
than that of Freundlich model, which indicates that the
adsorption of Cr(VI) on the surface of PPy/ATP nanocomposites
is a monolayer adsorption. The value of qm decreases from 48.45
mg g�1 to 27.06 mg g�1 with improvement in temperature from
Fig. 7 XPS spectra of the PPy/ATP nanocomposites after Cr(VI)
adsorption.

This journal is © The Royal Society of Chemistry 2014
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Table 1 Langmuir isotherms regression equation and constants for Cr(VI) adsorption onto PPy/ATP

Temperature/K Regression equation ce/qe R2 qm/(mg g�1) b/(L mg�1)

298 0.02064Ce + 0.00302 0.99838 48.45 6.8344
303 0.02092Ce + 0.006 0.99841 47.8 3.4867
308 0.03673Ce + 0.03388 0.99756 27.23 1.0841
313 0.03714Ce + 0.02348 0.99825 26.93 1.5818
318 0.03696Ce + 0.01284 0.99565 27.06 2.8785

Table 2 Freundlich isotherms regression equation and constants for
Cr(VI) adsorption onto PPy/ATP

Temperature/K Regression equation ln qe R2 K n�1

298 3.58596 + 0.23748 ln Ce 0.81517 36.088 0.23748
303 3.43702 + 0.24815 ln Ce 0.86026 31.094 0.24815
308 2.76863 + 0.15732 ln Ce 0.82793 15.937 0.15732
313 2.81074 + 0.14643 ln Ce 0.93769 16.621 0.14643
318 2.89699 + 0.12596 ln Ce 0.79618 18.120 0.12596
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298 K to 318 K. This reveals that the exothermic nature of the
adsorption process.
3.7 Thermodynamic study

To study the thermodynamics of adsorption of Cr(VI) on PPy/
ATP nanocomposites, the thermodynamic parameters such as
Gibbs free energy change (DG), enthalpy change (DH) and
entropy change (DS) were determined by using eqn (5) and (6).17

DG ¼ �RT ln KD (5)

ln KD ¼ �DH

RT
þ DS

R
(6)

where R is the ideal gas constant (8.314 J mol�1 K) and T is the
temperature in Kelvin. The values of, DG, DH, DS and can be
calculated from the slope and intercept of the ln KD versus 1/T.
The results are listed in Table 3. The enthalpy change is negative
which is consistent with the exothermic nature of the adsorption
process. The negative value of Gibbs free energy change indicates
the thermodynamic feasibility and the spontaneous nature of the
adsorption. Meanwhile, the negative value of entropy change
suggests an increase in order at the solid–liquid interface.
3.8 Kinetics of adsorption

The effect of adsorption time on the uptake of Cr(VI) at
four different initial concentrations of Cr(VI) (i.e., 25, 40, 50
Table 3 Thermodynamic parameter for Cr(VI) adsorption onto PPy/
ATP

Temperature/K DH/(kJ mol�1) DG/(kJ mol�1) DS/(J mol�1 K�1)

298 �113.685 �14.376 �333.56
303 �113.685 �12.887 �333.56
308 �113.685 �10.116 �333.56
313 �113.685 �9.762 �333.56
318 �113.685 �11.514 �333.56

This journal is © The Royal Society of Chemistry 2014
and 65 mg L�1) is depicted in Fig. 8. The adsorption
capacity of Cr(VI) increases with an improvement in adsorp-
tion time until the equilibrium is established between
the solid phase and liquid phase in the adsorption system at
200 s. Various kinetics models, namely pseudo-rst-order
kinetics, pseudo-second-order kinetics and intra-particle
diffusion model have been used for their validity with the
experimental adsorption data for the Cr(VI) on PPy/ATP
nanocomposites. These kinetic equations can be linearly
expressed as follows:

ln(qe � qt) ¼ ln qe � k1t (pseudo-first-order kinetics equation)

t

qt
¼ t

k2qe2
þ t

qe
ðpseudo-second-order kinetics equationÞ

qt ¼ kpt
0.5 (intra-particle diffusion equation)

where qe and qt are the adsorption capacity (mg g�1) of the
adsorbent at equilibrium and at time t (s), respectively,
k1(min�1) is the pseudo-rst-order rate constant, k2 (g mg�1 s) is
the pseudo-second-order rate constants and kp (mg g�1 s�10.5)
is the intra-particle diffusion rate constant. The linearizing
results are shown in Table 4. According to the correlation
coefficient (R2), the kinetic data indicate that the adsorption
process is controlled by pseudo-second-order model, which
implies that the Cr(VI) uptake process is due to chemisorptions.
The assumption behind the pseudo-second-order model is that
the rate-limiting step may be chemisorptions involving valence
Fig. 8 Adsorption kinetic curves of (VI) onto PPy/ATP nanocomposites.

RSC Adv., 2014, 4, 17805–17811 | 17809
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Table 4 Parameters for kinetic models of Cr(VI) adsorption onto PPy/ATP

C0 (mg L�1)

Pseudo-rst-order kinetics Pseudo-second-order kinetics Intra particle diffusion model

k1/(min�1) R2 k2 � 10�5/(g mg�1 s�1) R2 kp/(mg g�1 s�1) R2

25 0.00955 0.75487 1069 0.99972 0.13132 0.70609
40 0.01124 0.95717 431 0.99982 0.38041 0.38041
50 0.00868 0.75943 750 0.99998 0.2227 0.76969
65 0.00457 0.69378 189 0.99987 0.6553 0.80751
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forces through sharing or exchange of electrons between
adsorbent and adsorbate.

4. Conclusions

For the rst time PPy/ATP core–shell nanocomposites
were successfully prepared in situ polymerization technique.
The nanocomposites exhibited considerable potential for
the removal of Cr(VI) from aqueous solution. The optimum
conditions of adsorption were found to be: contact time
of 10 min, an adsorbent dose of 0.2 g and Cr(VI) initial
concentration of 50 mg L�1. Also the removal of Cr(VI) can
keep high removal efficiency under acidic or neutral
conditions. The results from this experiment are well tted
with Langmuir models, and the thermodynamic research
show that the adsorption process is spontaneous and
exothermic. The kinetic data indicate that the adsorption
process is described by pseudo-second-order equation.
The mechanism for the removal of Cr(VI) by PPy/ATP
nanocomposites is a combined effect of anion exchange
and redox of Cr(VI) to Cr(III). The results demonstrate
that PPy/ATP nanocomposites can be considered as an
optimum material for the removal of Cr(VI) from aqueous
solution.
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