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" Exfoliated PPy-OMMT NC was synthesized for Cr(VI) removal.
" Enhanced adsorption capacity was found using PPy-OMMT NC clay.
" Adsorption of Cr(VI) followed the Langmuir isotherm model and it was rapid.
" Results from co-existing ions experiment showed selective Cr(VI) adsorption.
" PPy-OMMT NC can be used for three consecutive adsorption cycles.
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a b s t r a c t
Exfoliated polypyrrole-organically modiﬁed montmorillonite clay nanocomposite (PPy-OMMT NC), was
prepared as a potential adsorbent, via in situ polymerization of pyrrole monomer for adsorption of toxic
Cr(VI) from aqueous solution. The WAXD and SAXS results indicated that the clay sheets were exfoliated
in the prepared nanocomposite. HR-TEM results showed good dispersion of the clay into the polymer
matrix. The presence of the PPy polymer in the nanocomposite and adsorption of Cr(VI) onto the nanocomposite were conﬁrmed using ATR-FTIR. Using the BET method, an improved surface area was
observed for the PPy-OMMT NC compared to native clay. Batch adsorption studies whereby the pH, initial
Cr(VI) concentration, sorbent dosage and temperature were varied, revealed that Cr(VI) adsorption process was rapid, spontaneous in nature and favoured with increased temperature at pH 2. The kinetic data
ﬁtted well to the pseudo second order kinetic model while the equilibrium data was satisfactorily
described by the Langmuir isotherm. The Langmuir maximum adsorption capacity of Cr(VI) onto PPyOMMT NC at pH 2.0 was found to be 112.3, 119.34, 176.2 and 209.6 mg/g at 292 K, 298 K, 308 K and
318 K, respectively. The selective adsorption of Cr(VI) was demonstrated in binary adsorption systems
with co-existing ions. Moreover, desorption experiments revealed that the nanocomposite can be reused
effectively for two consecutive adsorption–desorption cycles without any loss of its original capacity.
Groundwater test results showed that the nanocomposite is a potential adsorbent for Cr(VI) ion removal
from contaminated water sources.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
Since the beginning of industrialization, surface and groundwater contamination by heavy metals has been a major problem because of their toxicity towards aquatic life, plants, animals,
human beings and the environment [1]. The exponential increase
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in the presence of heavy metals such as Cr(VI)/(III), Pb(II), Ni(II),
Cd(II) and Co(II) in water has raised the concern for lessening the
environmental pollution caused by industrial activities and the
need for more efﬁcient removal technologies and tougher environmental regulations. Amongst the prevalent heavy metals in aqueous environments, chromium(VI) is known to be very toxic and
hazardous element to living organisms and the environment. It is
harmless in its elemental state but in aqueous medium, it exists
generally in trivalent and hexavalent forms, of which both have
different chemical, biological and environmental characteristics
[2]. Chromium(III) is reported to be an essential nutrient required
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for normal energy metabolism [3], but it can be toxic and mutagenic in large doses [4]. Chromium(VI) on the other hand is 500
times more toxic than Cr(III) state and its human toxicity is manifested by skin irritation, lung cancer, as well as kidney, liver and
gastric damage [5]. Additionally, it is non biodegradable and is reported as one of the top 16 toxic pollutants to date [6].
Chromium(VI) can enter the environment through surface
waters and even reach groundwater in a number of pathways.
These include; discharge of wastewater from industries such as
those of electroplating, leather tanning, metal ﬁnishing, nuclear
power plant, dyeing, photography industries, steel fabrication,
plants producing industrial inorganic chemicals, wood treatment
units, paints, metal cleaning, fertilizers and textile industries
[7–9]. The acceptable limit of Cr(VI) discharge in potable water is
0.05 mg/L and 0.1 mg/L for surface waters [2,7]. To comply with
the Cr(VI) discharge limits, it is critical that industries treat their
efﬂuent streams to acceptable levels before release to the natural
environment.
Recent years has seen large efforts being devoted in developing
suitable technologies to effectively remove contaminants such as
Cr(VI) from wastewater. Advancements in heavy metals remediation techniques include chemical precipitation, membrane separation, ion exchange, reverse osmosis, solvent extraction and
adsorption, amongst others [4]. Apart from adsorption, the aforementioned processes have many disadvantages associated with
high energy and reagent requirements, cost, sophisticated equipment and monitoring systems [10].
Adsorption, however, is a well recognized technique for the
treatment of wastewater because of its simplicity, low cost and
robustness [11]. Even though activated carbon is the most familiar
adsorbent, its widespread use is limited because of factors associated with cost and low capacity for Cr(VI) [12]. Adsorption technique though robust in nature, massive mass transfer resistance
due to the size of conventional adsorbents is a big issue. Most of
the traditional micro-scale adsorbents have low adsorption capacities and are time consuming owing to larger diffusion paths [13].
These drawbacks can be overcome by the application of nano-sized
or nanostructured adsorbent materials. Factors such as high surface area, short diffusion route and high extraction efﬁciencies
make nanostructured materials attractive as adsorbents for removal of contaminants from wastewater [14]. Furthermore,
adsorption using inexpensive and abundant nanostructured adsorbents would make the removal of heavy metals from wastewater
an economically viable alternative technique.
Recently, several researchers have shown interest in clay materials because of their availability, low cost, lamellar structure,
chemical and mechanical stability and also non toxicity [15–17].
It is broadly known that there are three basic species of clay: smectites (such as montmorillonite), kaolinite, and micas; out of which
montmorillonite has the highest cation exchange capacity and its
current market price (about US$ 0.04–0.12/kg) is considered to
be 20 times cheaper than that of activated carbon [18].
However, clays have a low surface area owing to some of the
inaccessible sites of the stacked lamellar sheets. For this reason,
clays have shown to have very low adsorption capacities for Cr(VI).
This drawback can be overcome through modiﬁcation by either
intercalation or exfoliation of the clay sheets by polypyrrole, with
the intention of exposing the inaccessible clay sites for Cr(VI)
adsorption. Amongst the conducting polymers, polypyrrole is one
of the most frequently studied polymers, having high electrical
conductivity, ion exchange property, environmental stability, non
toxicity, and low cost. More efforts have been made to synthesize
polypyrrole nanocomposites for a myriad of applications. For instance, Hong et al. [19] synthesized polypyrrole–montmorillonite
nanocomposites for application in electronic devices such as light
emitting diodes and as corrosion resistant, Hosseini et al. [20],
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studied the effect of polypyrrole–montmorillonite nanocomposites
powder addition on corrosion performance of epoxy coatings on Al
5000, while Bae et al. [21] synthesized a fully exfoliated nanocomposite from polypyrrole graft copolymer/clay for potential applications in many ﬁelds such as optics, ionics, electronics, and
mechanics. Because of their ion exchange property, PPy and its
modiﬁed materials are important adsorbents for removing pollutants from wastewater [7,13].
Therefore, this work focuses for the ﬁrst time on the removal of
highly toxic Cr(VI) from wastewater using exfoliated nanocomposite via modiﬁcation of clay using polypyrrole matrix.
2. Experimental
2.1. Chemicals and methods
Organically modiﬁed montmorillonite (OMMT) clay, commercially known as C20A, was provided by Southern Clay Products,
Inc. The C20A is ion exchanged MMT clay modiﬁed with dimethyl
dehydrogenated Tallow ammonium salt [22]. Pyrrole (Py) (Sigma–
Aldrich, Germany) was distilled and kept in a refrigerator prior to
use and the oxidant, anhydrous iron chloride (FeCl3) (Sigma–Aldrich, Germany), was used as received. Potassium dichromate
(K2Cr2O7) for preparation of Cr(VI) solution was also purchased
from Sigma Aldrich, Germany. All other reagents such as hydrochloric acid (HCl), sodium hydroxide (NaOH) were of analytical
grade and were used without further puriﬁcation.
2.2. Synthesis of the Ppy-OMMT nanocomposite (Ppy-OMMT NC)
The Ppy-OMMT NC was synthesised via in situ chemical oxidative polymerization technique [23] as shown in Scheme 1. In order
to get better dispersion, a known weight of OMMT clay (0.2–2 g)
was dispersed in water (65 mL)-alcohol (15 mL) mixture in a conical ﬂask. The mixture was stirred for 6 h at room temperature. To
this, 0.8 mL of pyrrole monomer was injected and the latter was
stirred for 2 days for better insertion of the monomer inside the
clay sheets. The monomer was polymerized using 6 g of FeCl3
and stirred for 3 h. To stop the reaction, acetone was added and
the resulting black mass (nanocomposite) was ﬁltered, washed
with distilled water until the ﬁltrates were colourless. Finally, the
nanocomposite was washed with acetone. The nanocomposite was
dried at 80 °C under vacuum. The total weights of the nanocomposites after drying varied from 1.27 to 3 g and the clay loading
percentages varied from 20% at 0.2 g clay to 71.4% at 2 g clay
loading.
2.3. Characterization of the adsorbent
In order to determine the functional groups on the nanocomposites, the specimen were studied by using attenuated total
reﬂectance (ATR) Fourier transform infrared spectroscopy (FTIR).
ATR-FTIR spectra were performed on a Perkin–Elmer Spectrum100
spectrometer, equipped with an FTIR microscopy accessory and a
diamond crystal. The ﬁeld-emission scanning electron microscopy
(FE-SEM) was used to characterize the morphology of the clay and
the nanocomposite. FE-SEM images with energy dispersive X-ray
analysis (EDX) were obtained on a LEO, Zeiss SEM. Information
about the intercalation or exfoliation of the OMMT clay was
achieved by characterization with the wide angle X-ray diffraction
(WAXD), the small angle X-ray scattering (SAXS) and high resolution transmission electron microscope (HR-TEM). The WAXD
experiments were performed using the Panalytical X’pert PRO
PW 3040/60 X-ray diffractometer with a Cu Ka (k = 0.154 nm)
monochromated radiation source operated at 45.0 kV and
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Scheme 1. Schematic representation for the formation of exfoliated Ppy-OMMT clay nanocomposites.

40.0 mA and the SAXS experiments were performed by SAXSess
PANalytical X-ray source from Anton Paar Operating at a voltage
of 40 kV and current of 50 mA. HR-TEM image was taken using
JEOL JEM-2100 instrument with a LAB6 ﬁlament all operated at
200 kV. For TEM image, the Ppy-OMMT NC was dispersed in ethanol and deposited onto carbon coated copper grids. The BET surface
area was measured using the Nova 1000e surface and pore size
analyzer at a degas temperature of 80 °C for 1 h with a nitrogen
coolant.

where qe is the equilibrium amount of Cr(VI) adsorbed per unit
mass (m) of adsorbent (mg/g) and V is the sample volume (L).
The kinetics of adsorption were carried out in a 1 L batch reactor
with initial Cr(VI) concentrations of 100, 150 and 200 mg/L. The
adsorbent mass was ﬁxed at 3 g. The reactor was stirred with an
overhead stirrer operated at 200 rpm. At predetermined time
intervals, 10 mL samples were withdrawn from the reactor, ﬁltered
through syringe ﬁlters and analyzed. Amounts of Cr(VI) ions adsorbed per unit mass of adsorbent at any time were calculated
by the following equation:

2.4. Batch adsorption equilibrium and kinetics experiments
2.4.1. Effect of pH, sorbent dosage and co-existing ions
The effect of pH was studied by varying the initial pH of the
Cr(VI) solution within the range of 1–11, using either 0.05–0.1 M
NaOH or HCl. Accordingly, adsorption process was conducted by
adding 0.15 g of the Ppy-OMMT NC to 50 mL of 250 mg/L Cr(VI)
solution contained in 100 mL plastic bottles. The bottles were
placed in a thermostatic shaker and shaken for 24 h. The effect of
Ppy-OMMT NC dosage on adsorption of Cr(VI) was examined by
varying the mass of adsorbent from 0.025 to 0.3 g using 50 mL of
Cr(VI) solution (250 mg/L) at pH 2.0. The residual concentration
was then measured by the Perkin Elmer Lambda UV–Vis spectrometer at 540 nm using 1,5 diphenylcarbazide reagent. The Cr(VI) removal percentage was determined by using the following
equation:

% Removal ¼



Co  Ce
 100
Co

ð1Þ

where Co and Ce are the initial and the equilibrium concentration
(mg/L) of Cr(VI), respectively. The effect of the presence of other
commonly occurring ions in wastewater was evaluated by conducting experiments in binary adsorption systems. In a typical binary
adsorption, 0.15 g of Ppy-OMMT NC was contacted with 50 mL of
solution containing 250 mg/L of both Cr(VI) and another commonly
occurring ion in wastewater (e.g. Ni2+, Co2+, Cu2+, Zn2+, Cl, NO
3 ).
The reaction temperature and solution pH was kept at 298 K and
pH 2. The latter was then shaken to equilibrium and the residual
Cr(VI) concentration was determined.
2.4.2. Equilibrium isotherms and kinetics
Sorption isotherm data were generated by contacting 0.15 g of
sorption media with a Cr(VI)-containing aqueous solution. 50 mL
of Cr(VI) solutions ranging from 250 to 800 mg/L were pipette into
100 mL plastic bottles. The bottles were placed in a thermostatic
shaker and shaken for 24 h at varying temperatures of 292, 298,
308 and 318 K. The shaking speed was set at 200 rpm. At the end
of the experiment, samples were ﬁltered through syringe ﬁlters
and the residual Cr(VI) concentration was measured by the Perkin
Elmer Lambda UV–Vis spectrometer. The equilibrium sorption
capacity was determined using the following equation:

qe ¼



Co  Ce
V
m

ð2Þ

qt ¼



Co  Ct
V
m

ð3Þ

where qt is the time-dependent amount of Cr(VI) adsorbed per unit
mass of adsorbent (mg/g) and Ct (mg/L) is the bulk-phase Cr(VI)
concentration (mg/L) at any time t.

2.5. Regeneration study
To test the regenerability and reusability of the adsorbent,
desorption experiments were conducted in a batch mode. Firstly,
83 mg/g of Cr(VI) was loaded on Ppy-OMMT NC by contacting
0.15 g adsorbent with 250 mg/L Cr(VI) solution at pH 2. Thereafter,
the Cr(VI) loaded Ppy-OMMT NC was contacted with 50 mL of
varying concentrations of NaOH (0.01–1 M) and allowed to equilibrate, followed by ﬁltration where the ﬁltrate was analyzed for
Cr(VI) concentration. Subsequent to analysis, the best desorbing
NaOH concentration was chosen for further desorption experiments. Furthermore, the volume of the selected NaOH solution
was varied between 10 mL and 50 mL in order to evaluate the effect of the NaOH volume during desorption. The Cr(VI) concentrations in the solutions were analyzed and a proper material balance
was performed to determine the desorbed Cr(VI). To regenerate the
spent sorbent for the next adsorption cycle, the Ppy-OMMT NC was
treated with 50 mL of 2 M HCl for 3 h, dried and then reused.

2.6. Application to remediation of Cr(VI) contaminated groundwater
The performance of the prepared nanocomposite was assessed
for its application in treating groundwater contaminated by Cr(VI)
from industrial activities. The Cr(VI) containing groundwater was
received from Lanxess (Pty), one of the biggest producers of
chrome in Africa. The company recently found that the groundwater in their surrounding area was contaminated with Cr(VI) and
sulphates (SO2
4 ) resulting from various plant processes. The
groundwater contained 149.6 mg/L of Cr(VI) and >1200 mg/L
SO2
4 . Batch experiments were conducted to treat 50 mL groundwater samples by varying the adsorbent dosage of the Ppy-OMMT
NC3 (0.025–0.3 g). The experiments were conducted at pH 2 and
also at the original groundwater pH (pH = 6.6). Temperature and
contact time were set at 298 K and 24 h, respectively. The residual
Cr(VI) concentration was determined.
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3. Results and discussion
3.1. Effect of clay loading on adsorption of Cr(VI)
Upon material synthesis, the % of clay loading was varied in order to determine its optimum mass within the nanocomposites
which would provide better performance towards Cr(VI) adsorption. For this reason, we prepared several types of clay loaded
nanocomposites. Results, as shown in Fig. 1, showed that the Cr(VI)
removal percentage was almost constant (99.9977%) up to
55.55% clay loading in the nanocomposite and then decreased with
a further increase in % of clay loading using 250 mg/L of Cr(VI)
solution at pH 2. The decreased efﬁciency may be due to the increased clay loading, given that other clay platelets may have not
been fully exfoliated, therefore, restricting the exposure of other
available clay adsorption sites to the Cr(VI) ions and also the lower
% of PPy loading which is involved for Cr(VI) adsorption. Under
same experimental condition, only 11% removal efﬁciency was
achieved for the OMMT clay alone. It was also reported that
73.5% removal efﬁciency was achieved using pure PPy homopolymer using 200 mg/L Cr(VI) at pH 2 [7]. These features indicated
that exfoliated Ppy-OMMT clay nanocomposite is a potential
adsorbent for removal of Cr(VI). We chose Ppy-OMMT NC3 containing 33.33% clay as a model nanocomposite for all experiments.
3.2. Characterization of the Ppy-OMMT NC3
The surface area of the Ppy-OMMT NC3 was measured using the
BET surface area analyzer and compared to that of the OMMT
clay. The surface area of the Ppy-OMMT NC3 was found to
be 16.076 m2/g while that of OMMT clay was found to be
9.794 m2/g. Therefore, it can be concluded that the insertion of
polypyrrole between the OMMT clay sheets increased the clay’s
surface area by either intercalation or exfoliation. Furthermore,
the pore volumes of the OMMT and Ppy-OMMT NC3 were found
to be 0.99288 cm3/g and 0.79341 cm3/g, respectively. The decrease
in pore volume for Ppy-OMMT NC3 may be due to covering or
ﬁlling of the pores of the clay by polypyrrole.
The FTIR spectrum of the Ppy-OMMT NC3 before adsorption
(Fig. 2a) demonstrated peaks at 824–958 cm1, 1081 cm1,
1423 cm1 and 1513 cm1 that are considered to arise from C–H
deformation, C–H stretching vibration, conjugated C–N stretching

Fig. 1. Effect of clay loading on adsorption of Cr(VI).

Fig. 2. FTIR spectra of the Ppy-OMMT NC3 (a) before and (b) after adsorption with
Cr(VI).

and pyrrole ring stretching, respectively [7,24,25]. These ﬁndings
substantiate the presence of the PPy moieties in the nanocomposite. However, all peaks shifted to increasing wavenumber after
Cr(VI) adsorption, indicating a possible interaction between the
Ppy-OMMT NC3 with the Cr(VI) ions, as shown in Fig. 2b. This
may be due to the affected p electrons of the polymer backbone
by the doping ions as various types of dopants possibly will agitate
the conjugate structure of the PPy, thus limiting the extent of polymer chain charge delocalization, followed by red shifts and high
adsorption frequencies [7].
X-ray diffraction (XRD) has frequently been used for determining the degree of intercalation and/or exfoliation of clay in the
polymer matrix. Fig. 3a shows the wide angle X-ray diffraction
(WAXD) patterns of the OMMT (i) and the Ppy-OMMT NC3 (ii).
The crystalline peak at 7.05° (d-spacing = 1.25 nm) corresponds
with the periodicity in the direction of (0 0 1) for the OMMT clay
sample [25]. It is observed that the XRD pattern for Ppy-OMMT
NC3 does not demonstrate any distinct peak, hence signifying that
most of the clay sheets in the polymer matrix are exfoliated [24].
However, the patterns obtained from the WAXD are inconclusive
since it has a limit for investigation of other peaks that may lie
in the lower 2h range (0–5°). To conﬁrm the exfoliation, the PpyOMMT NC3 was characterized with the SAXS and the pattern is
shown in Fig. 3b. It is well observed that the nanocomposite prepared by in situ polymerization do not reﬂect any visible peak even
at lower 2h region. Based on these ﬁndings, it is therefore concluded that the OMMT clay sheets were successfully exfoliated
by the insertion of polypyrrole matrix.
To get better understanding about dispersion of OMMT clay into
the polymer matrix, high resolution transmission electron microscopic images (HR-TEM) of OMMT and Ppy-OMMT NC3 were taken
and are shown in Fig. 4a and b, respectively. Fig. 4a shows the
OMMT sheets as black strips and these strips are nicely distributed
in the nanocomposite (Fig. 4b). The morphology of the OMMT and
Ppy-OMMT NC3 was studied using the scanning electron microscope as shown in Fig. 4c and d, respectively. The OMMT particles
show an irregular plate-like shape stacked sheets, which are
mostly less than 10 lm, while after modiﬁcation with polymer,
the Ppy-OMMT NC3 image shows a change in morphological
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Fig. 3. (A) Wide angle X-ray diffraction patterns of (i) OMMT and (ii) Ppy-OMMT NC3 and (B) small angle X-ray diffraction patterns of (i) OMMT and (ii) Ppy-OMMT NC3.

Fig. 4. Transmission electron microscopic images of (a) OMMT and (b) Ppy-OMMT NC3, and scanning electron microscope of (c) OMMT and (d) Ppy-OMMT NC3.
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features of the OMMT clay. It can be seen that after modiﬁcation by
PPy, the ﬂaky structure of the OMMT clay is covered by
polypyrrole.
The energy dispersive X-rays (EDX) was employed to determine
the elemental constituents of the Ppy-OMMT NC3 before and after
adsorption as shown in Fig. 5a and b. Fig. 5a demonstrates the
peaks at 0.02 keV for C, 0.26 keV for O, 0.51 keV for Fe, 1.41 keV
for Al, 1.75 keV for Si and 2.62 keV for Cl. It is interesting to note
that after adsorption of Cr(VI), the nanocomposites showed two
additional peaks at 5.4 keV and 6 keV for chromium. These features
conﬁrmed the attachment of Cr(VI) ions onto the Ppy-OMMT NC3.
3.3. Chromium(VI) adsorption onto Ppy-OMMT NC3
3.3.1. Effect of pH and sorbent dosage on Cr(VI) removal
The sorption efﬁciency of Cr(VI) onto Ppy-OMMT NC3 and
OMMT clay as a function of pH (1–11) was investigated and results
are presented in Fig. 6a. The solution pH has a signiﬁcant inﬂuence
on the adsorption of metal ions, because the surface charge density
of the adsorbent and the metallic speciation depend on pH [10]. It
is evident from the results that on comparing Ppy-OMMT NC3 and
OMMT clay, the highest Cr(VI) removal efﬁciency was achieved
with the Ppy-OMMT NC3 (99.99%), whereas only 11% removal efﬁciency was achieved for the OMMT clay using 250 mg/L Cr(VI)
solution. The increase in removal efﬁciency of the Ppy-OMMT
NC3 is a result of the increased surface area of the OMMT clay as
well as the adsorptive ion exchange properties of PPy. From these
ﬁndings, the Ppy-OMMT NC3 can be regarded as a highly effective
adsorbent as compared to OMMT clay. A gradual decrease in Cr(VI)
removal efﬁciency is observed as the pH increases for the
Ppy-OMMT NC3. The recorded removal percentages are 99.99% at
pH 1 and 7.5% at pH 11. To explain the observed behaviour of
Cr(VI) adsorption with varying pH, various mechanisms such as
electrostatic attraction/repulsion, chemical interaction and ion exchange need to be examined, which could be responsible for
adsorption on adsorbent surfaces [9]. According to the Cr(VI) speciation, the predominant species of Cr(VI) in aqueous solutions in
the pH range 2–6 are monovalent bichromate (HCrO
4 ) and the

Fig. 5. EDX spectra of the Ppy-OMMT NC3 (a) before and (b) after adsorption.
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divalent dichromate (Cr2 O2
7 ) ions while at pH > 6 the dominant
species is the chromate (CrO2
4 ) [7]. At low pH, the clay surface becomes positively charged due to the high concentration of hydronium ions (H+), therefore increasing afﬁnity for the negatively
2
charged HCrO
4 and Cr2 O7 anions to bind on the clay without competing for the adsorption sites. Furthermore, the increased removal
efﬁciency is also due to the anion exchange property of the polypyrrole (PPy) through replacement of the doped Cl with either
2

HCrO
4 or Cr2 O7 . As the solution pH increases, more OH is present
in the solution, thus competing for the adsorbent active sites with
the chromate ions (CrO2
4 ) and therefore resulting in a low Cr(VI)
removal at increased solution pH. Based on these observations,
all subsequent experiments were performed at pH 2.
The effect of Ppy-OMMT NC3 dosage on Cr(VI) removal from
aqueous solutions was investigated and data is presented in
Fig. 6b. This is an essential parameter as it determines the capacity
of an adsorbent for a given initial concentration. The adsorption results illustrate a gradual increase in the Cr(VI) percentage removal
as the Ppy-OMMT NC3 dosage is increased from 0.025 to 0.3 g. Speciﬁcally 8.8% Cr(VI) removal was recorded at 0.025 g of Ppy-OMMT
NC3 while 99.99% Cr(VI) removal was recorded from 0.15 g to
0.3 g. This behaviour is due to the fact that at increased sorbent
dosage, there are more available active adsorption sites for the
Cr(VI) to adhere, hence high percentage removal. It is obvious from
the results that for the quantitative removal (99.99%) of 250 mg/L
of Cr(VI) in 50 mL solution, a minimum of 0.15 g Ppy-OMMT NC3 is
required. Accordingly, 0.15 g of Ppy-OMMT NC3 was chosen for all
subsequent batch experiments where applicable.
3.3.2. Adsorption kinetics
The relationship between contact time and adsorbed amounts
at the initial Cr(VI) concentrations of 100, 150 and 200 mg/L was
studied and data is presented in Fig. 7a. The results illustrate that
adsorption of Cr(VI) onto Ppy-OMMT NC3 for all the considered
initial concentrations was rapid with an increase in time between
0 and 25 min and slowed down considerably as reaction approached equilibrium. Such rapid uptake is indicative of readily
available sorption sites of the nanocomposites. It is noted that
adsorption normally occurs in three steps and this behaviour was
observed for all the explored initial concentrations. At initial Cr(VI)
concentration of 100 mg/L for instance, the ﬁrst step (0–25 min)
was very fast and characterized by the rapid attachment of Cr(VI)
onto the surface of the Ppy-OMMT NC3. The second step
(25–180 min) was slower due to intraparticle diffusion of the
adsorbate to the internal matrix of the adsorbent, while on the
third step (>180 min) the reaction stopped which is indicative of
equilibrium. The rapid uptake would be ideal for lowering capital
and operational costs for industrial application. Moreover, the
Cr(VI) uptake by Ppy-OMMT NC3 increased with an increase in initial concentration. Speciﬁcally, up to 33 mg/g, 49 mg/g and 66 mg/
g for 100, 150 and 200 mg/L of Cr(VI) initial concentrations, respectively, were recorded. This behaviour can be best explained considering the concentration gradient. Adsorption is a process where the
adsorbed species concentration gradient acts as a driving force
during the reaction. Accordingly, the higher the initial concentration, the higher the adsorption driving force, hence an increase in
adsorption capacity. An increase in the initial concentration results
in an increase in the number of moles of Cr(VI) available to the
adsorbent surface area, therefore the number of collisions between
chromium species and adsorbent are increased, and a driving force
to overcome all mass transfer resistances between the aqueous and
solid phases is developed [8].
Meanwhile, to design an appropriate adsorption process, one
should have sufﬁcient information about the rate at which adsorption occurs. Thus, the kinetics of adsorption of Cr(VI) onto
Ppy-OMMT NC3 were determined using the Lagergren pseudo-ﬁrst
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Fig. 6. Effect of pH (a) and sorbent dosage (b) on Cr(VI) adsorption onto OMMT and Ppy-OMMT NC3.

Fig. 7. Adsorption kinetics (a) and the pseudo-second order kinetic plot (b) of Cr(VI) adsorption onto Ppy-OMMT NC3.

order model and the Ho [26] pseudo-second order model. The linearized forms of the pseudo-ﬁrst order (Eq. (4)) and pseudo-second
order (Eq. (5)) models are given by:

logðqe  qt Þ ¼ log qe 
t
1
t
¼
þ
qt k2 q2e qe

k1
t
2:303

ð4Þ

ð5Þ

where k1(1/min) and k2(g/mg/min) are the pseudo-ﬁrst order and
pseudo-second order rate constants, respectively, qt is the amount
of Cr(VI) adsorbed at any time (mg/g) and qe is equilibrium adsorption capacity (mg/g). A linear plot of log(qe  qt) versus t for the

pseudo-ﬁrst order model was employed (Fig. S1) and the R2 values
achieved for this model are 0.959, 0.992 and 0.975 for 100, 150 and
200 mg/L initial concentrations, respectively.
The application of the Ho pseudo-second order kinetic equation
is presented in Fig. 7b. Linear plots of t/qt versus t are obtained with
R2 values of 1, 0.999 and 0.999 for the initial concentrations of 100,
150 and 200 mg/L, respectively, suggesting that the Cr(VI) and PpyOMMT NC3 interaction follows the pseudo-second order mechanism, hence implying that the rate limiting step may be a chemical
sorption involving valence forces through sharing or exchange of
electrons [16,27].
To assess the existence and roles of diffusion mechanism, sorption kinetic data was further analyzed to understand the role of
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intraparticle diffusion throughout the adsorption process. The
intraparticle diffusion model is evaluated by the relationship between the time-dependent adsorption capacity (qt) and the t1/2
(Eq. (6)):

qt ¼ K p t1=2 þ C

ð6Þ
1/2

where Kp is the intraparticle diffusion rate constant (mg/g min )
and C is the intercept (mg/g). According to the model, the plot of
qt versus t1/2 should be linear if intraparticle diffusion is involved,
and if the plot passes through the origin, the intraparticle diffusion
is the only rate limiting step. In certain occasions whereby the plot
of qt versus t1/2 is multilinear, then two or more steps were followed
during adsorption process [25]. Fig. S2 represents multilinear plot of
qt versus t1/2 which suggests that the adsorption process occurred in
three stages. The ﬁrst steeper segments of the plots characterize the
surface or ﬁlm diffusion of the Cr(VI) through the solution to the
external surface of the adsorbent (boundary ﬁlm diffusion). The second linear section is attributed to the gradual adsorption phase
which is described by intraparticle or pore diffusion of Cr(VI) ions
into the Ppy-OMMT NC3 vacancies [28,29]. The third linear segment
is the ﬁnal equilibrium stage. However, since the plot did not pass
through the origin, intraparticle diffusion was not the sole rate limiting step and that there were more than one process controlling the
adsorption process at a particular time [30]. Furthermore, the slope
of each linear portion signiﬁes the rate of the resultant adsorption
i.e. a lower slope describing a slower adsorption process. Consequently, the plot indicates that surface diffusion (ﬁrst segment) proceeds faster than intraparticle diffusion (second segment) [29]. The
intraparticle diffusion constant Kp and the intercept (C) were calculated from the second linear segment of the plot and are shown in
Table 1.
3.3.3. Effect of temperature – sorption isotherms and thermodynamics
Temperature is known to have a profound effect on various
chemical processes. Temperature affects the adsorption rate by
altering the molecular interactions and the solubility of the adsorbate [31]. The effect of temperature on adsorption of Cr(VI) onto
Ppy-OMMT NC3 was investigated and data is presented in
Fig. 8a. The temperature was varied from 292 K to 318 K. It is observed that the adsorption of Cr(VI) increases with an increase in
temperature, indicating the endothermic nature of the process.
For all the studied temperatures, the isotherms display analogous
features, that is, very high uptake values in the low concentration
range followed by plateau. It is possible that increasing temperature could have increased the mobility and the driving force of
the Cr(VI) ions towards the active sites of the Ppy-OMMT NC3,
hence resulting in higher Cr(VI) uptake.
Additionally, the isotherm data was modeled using the Langmuir and Freundlich isotherm models as they describe the relationship between the amount adsorbed and the equilibrium
concentration of ions in the liquid phase [32]. The linearized Langmuir isotherm which is based on the monolayer sorption on the
adsorbent surface with identical sorption sites is represented by
the following equation (Eq. (7)):

Ce
1
Ce
¼
þ
qe qo b qo

ð7Þ

where qo (mg/g) is the maximum amount of Cr(VI) ions per unit
mass of adsorbent to form a complete monolayer on the adsorbent
surface and b (L/mg) is the binding energy constant.
Furthermore, the dimensionless separation factor, RL, which is
an essential characteristic of the Langmuir model for deﬁning the
favorability of an adsorption process, was used. The RL is given
by (Eq. (8)):

RL ¼

1
1 þ bC o

ð8Þ

If the average of the RL values for each of the different initial concentrations used is between 0 and 1, it indicates a favorable adsorption. Meanwhile, the Freundlich isotherm is an empirical model that
is based on adsorption on heterogeneous surface and the linear
form is expressed by (Eq. (9)):

ln qe ¼ ln K F þ

1
ln C e
n

ð9Þ

where KF(mg/g) and 1/n constants are related to the adsorption
capacity and intensity of adsorption, respectively. The Langmuir
and Freundlich linear plots of Ce/qe versus Ce and ln qe versus ln Ce
at 292, 298, 308 and 318 K are shown in Figs. 8b and S3, respectively. The Langmuir and Freundlich isotherm parameters calculated from the slope and intercept of the linear equations are
given in Table 2. The R2 values of 0.999 for the Langmuir isotherm
at 292, 298, 308 and 318 K, respectively, strongly suggest that the
experimental data for adsorption of Cr(VI) onto Ppy-OMMT NC3 ﬁts
well to the model. The maximum adsorption capacities for the
Langmuir isotherm increased from 112.35 to 209.6 mg/g as the
temperature increased from 292 K to 318 K. Furthermore, the average RL values at different temperatures were found to be in a range
0–1, strongly suggesting that the adsorption process is favorable.
On the other hand, the Freundlich model (supporting document)
showed a poor ﬁt of the experimental data as seen from the R2 of
<0.987 (Table 2). Nonetheless, the applicability of each isotherm
model was evaluated by calculating the sum of square errors (SSEs)
given by the following equation:

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P
ðqe;exp  qe;calc Þ2
SSE ¼
N

ð10Þ

where N is the number of data points. The values of error analysis
for Langmuir and Freundlich isotherms are shown in Table 2. The
low SSE values obtained for the Langmuir isotherm ﬁt further substantiates the applicability of the model as compared to the Freundlich isotherm. The maximum adsorption capacities (qo) obtained in
this study were compared to some of the other adsorbents reported
in literature as shown in Table 3. Ppy-OMMT NC3 is quite competitive as its capacity for Cr(VI) is higher than the capacities of most
clay materials. It should be noted, however, that the values given
in Table 3 originate from different studies in which the experimental conditions might not match those applied in the current study
and, as such, that the comparison made here aims at showing the
high uptake potential of Ppy-OMMT NC3 medium rather than
establishing a quantitative scale of efﬁciency among different
adsorbents.
Thermodynamic parameters such as change in Gibbs free energy (DGo), enthalpy (DHo) and entropy (DSo) for the adsorption

Table 1
Adsorption kinetics models and intraparticle diffusion model parameters for chromium(VI) adsorption.
Co (mg/L)

100
150
200

Pseudo ﬁrst order kinetic model

Pseudo second order kinetic model

Intraparticle diffusion

K1

qe (mg/g)

R2

K2

qe (mg/g)

R2

Kp (mg/g min1/2)

C (mg/g)

R2

0.18
0.086
0.039

9.87
26.57
37.94

0.959
0.992
0.975

0.0805
0.0112
0.0026

33.44
50.41
69.11

1
0.999
0.999

2.941
3.330
1.851

22.55
30.08
42.97

0.937
0.994
0.951
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Fig. 8. Effect of temperature (a) and the linearized Langmuir isotherm (b) for Cr(VI) adsorption onto Ppy-OMMT NC3.

Table 2
Langmuir and Freundlich isotherm parameters for adsorption of Cr(VI) onto Ppy-OMMT NC3.
Temperature (K)

292
298
308
318

Langmuir constants

Freundlich constants

qo (mg/g)

b (L/mg)

R2

RL

SSE

KF (mg/g)

1/n

R2

SSE

112.3
119.3
176.2
209.6

3.37
2.45
0.63
4.42

0.999
0.999
0.999
0.999

0.00678
0.00088
0.00130
0.00023

2.67
11.97
7.96
32.89

102.9
116.8
148.8
182.9

0.0148
0.0042
0.0313
0.0257

0.987
0.987
0.987
0.973

4.87
19.83
44.44
56.82

Table 3
Comparison of adsorption capacity of the Ppy-OMMT NC3 with other low cost adsorbents for Cr(VI) at room temperature.
Adsorbent

qo (mg/g)

pH

References

Aluminum magnesium mixed hydroxide
Polymeric Fe/Zr pillared montmorillonite
Bentonite based ArquadÒ 2HT-75 organoclays
Montmorillonite modiﬁed with hydroxyaluminum and cetyltrimethylammonium bromide
Surfactant-modiﬁed zeolite
Spent activated clay
Brazilian smectite (organically modiﬁed)
Surfactant-modiﬁed montmorillonite
Kaolinite clay
Ppy-OMMT NC3

105
22.35
14.64
11.9
5.07
0.957
90.72
41.5
1.51
119.3

4
3
4.7
4
6
2
4
1
1
2

[12]
[16]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
Present work

of Cr(VI) onto Ppy-OMMT NC3 were calculated using the following
equations (Eqs. (11) and (12)):

 
q
DSo  DH o
ln e ¼
þ
Ce
R
RT

DGo ¼ RT ln

 
qe
Ce

ð11Þ

ð12Þ

where m is the adsorbent dose (g/L), R (J/mol/K) is the gas constant
and T is the temperature in K. DHo and DSo were obtained from the
slope and intercept of the linear Van’t Hoff plots of ln(qe/Ce) versus
1/T as shown in Fig. S4. Table 4 shows the calculated values of the
thermodynamic parameters for the adsorption of Cr(VI) on PpyOMMT NC3. The decrease in free energy with an increase in temper-

Table 4
Thermodynamic parameters for Cr(VI) adsorption onto Ppy-OMMT NC3.
Temperature (K)
292
298
308
318

DSo (J/mol/K)

DHo (kJ/mol)

219.6

64.55

DGo (kJ/mol)
0.0064
0.593
2.456
5.770

ature indicates the spontaneous nature of the adsorption process.
The positive value of DSo (219.6 J/mol K) indicates that there is an
increase in the randomness in the system (solid/solution interface)
during the adsorption process while the positive value of DHo
(64.55 kJ/mol) illustrates that the adsorption of Cr(VI) onto PpyOMMT NC3 is endothermic in nature. Similar results have been
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reported for Cr(VI) adsorption by other materials [7,10]. The large
value of DHo suggests chemisorption to dominate.
3.3.4. Effect co-existing ions
Industrial discharges may contain a large number of other ions
which may have competitive effect on Cr(VI) adsorption. Thus, the
experiment was carried out in a batch mode where 0.15 g of the
sorption media was contacted with 50 mL of aqueous solution containing Cr(VI) ions and known quantities of commonly occurring

ions (Ni2+, Co2+, Cu2+, NO
3 , Cl ) in wastewater. Fig. 9a shows a typical example of the adsorption of Cr(VI) in binary components of
6+

Cr6+/Ni2+, Cr6+/Cu2+, Cr6+/Co2+, Cr6+/NO
3 and Cr /Cl . The initial
concentration of all ions and sorbent dosages in binary adsorption
were kept constant at 250 mg/L and 0.15 g, respectively. The uptake of Cr(VI) by Ppy-OMMT NC3 in a single and binary component
adsorption was found to be 83.3 mg/g. It is observed that the uptake of Cr(VI) by Ppy-OMMT NC3 is not affected by the presence
of other occurring ions, implying that the Ppy-OMMT NC3 is selective for Cr(VI). One possible reason for Cr(VI) selectivity in the binary system with cations may be that, at lower pH, the
nanocomposite is positively charged, hence giving a repulsive force
to the approaching positively charged cations, and further adsorbing Cr(VI) without competition. In case of the Cr(VI)/NO
3 and Cr/
Cl binary systems, the selectivity of Cr(VI) can be explained by

the behaviour of NO
in adsorption processes. Nitrate
3 and Cl

(NO
)
and
chloride
(Cl
)
are
low
afﬁnity ligands which are well
3
known to form outer-sphere complexes with binding surfaces.
Their low afﬁnity nature thus imply weaker adsorption mechanism
via outer-sphere complexation, and consequently, their competitive inﬂuence during Cr(VI) adsorption is negligible [34,40].
It was already reported that for the adsorption of Cr(VI) onto
PPy based materials, ion-exchange mechanism was involved via
replacement of doped Cl by HCrO
4 ions. XPS studies also conﬁrmed that after adsorption of Cr(VI) onto the adsorbents some
of Cr(VI) was reduced to Cr(III) by electron rich PPy polymer [7].
In this study, the extent of reduction was evaluated by measuring
the total Cr that remained in the solution after adsorbing 50 mL of
250 mg/L Cr(VI) using inductively coupled plasma atomic emission
spectroscopy (ICP-OES). The total Cr that remained in the solution
was in the form of Cr(III) as there were no traces of Cr(VI) during
analysis with UV–Vis spectroscopy. It was found that only 9.08%
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of Cr(VI) was reduced to Cr(III) which remained in the efﬂuent,
while the rest of the Cr(VI) was on the surface of the nanocomposite. The electron rich PPy further reduced some of the Cr(VI) on the
surface to Cr(III), and through leaching by HCl, the amounts of
Cr(III) were quantiﬁed by ICP-OES as total Cr. Through a simple
material balance, it was found that there remained 32.4% Cr(III)
and 58.52% Cr(VI) on the surface of the nanocomposite. The whole
adsorption and reduction of Cr(VI) onto the exfoliated Ppy-OMMT
NC3 can be represented by Scheme 2. Because of reduction of
Cr(VI), the equilibrium was shifted in the forward direction. This
mechanism is not involved for other coexisting ions which are
not strong oxidizing agent. This may be the other reason for the
selectivity of Cr(VI) adsorption onto nanocomposite.
3.3.5. Regeneration studies
The possibility of adsorbent regeneration was primarily studied
based on the general assumption that regeneration of adsorbent
promotes an economic adsorption treatment. Desorption of Cr(VI)
from the 0.15 g Ppy-OMMT NC3 with an adsorption capacity of
83.3 mg Cr(VI)/g was performed at different concentrations
(0.1–1.0 M) of NaOH solution, where 0.5 M NaOH was found to
be optimum. Also, varying volumes (10–50 mL) of the 0.5 M NaOH
were used in order to investigate the possibility of regenerating the
adsorbent at lower volumes of NaOH. Interestingly, it was observed that maximum regeneration was achieved when using
10 mL of 0.5 M NaOH. In the ﬁrst cycle, only 12% of the adsorbed
Cr(VI) could be extracted using 0.5 M NaOH while upon treatment
with 50 mL 2 M HCl, the remaining amounts of Cr(VI) which were
reduced to Cr(III) by the electron rich polypyrrole moieties were
released and simultaneously the adsorption sites were regenerated
by the doping Cl ions. Fig. 9b shows that the capacity of the ﬁrst
two adsorption cycles was 83.3 mg/g, while in the third cycle the
adsorption capacity was reduced to below 64 mg/g for all NaOH
volumes. Therefore, the nanocomposite can be successfully reused
for two adsorption cycles without loss of its original adsorption
capacity.
3.3.6. Application to remediation of Cr(VI) contaminated groundwater
The application of Ppy-OMMT NC3 for Cr(VI) adsorption from
real groundwater was evaluated and Fig. 10 shows adsorption data
of Cr(VI) removal from groundwater at pH 2 and 6.6. The ground-

Fig. 9. Effect of co-existing ions (a) on Cr(VI) adsorption onto Ppy-OMMT NC3 and adsorption–desorption cycles (b).
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Scheme 2. A possible mechanism for adsorption and partial reduction of Cr(VI)
onto Ppy-OMMT clay NC3.

adsorbents reported in literature. The removal efﬁciency was controlled by solution pH, contact time, temperature and initial concentration. Adsorption increased with an increase in temperature
and optimum removal of Cr(VI) was achieved at pH 2. Adsorption
data ﬁtted well to the Langmuir model, from which the maximum
adsorption capacity was determined as 119.34 mg/g at 298 K.
Kinetically, the adsorption process followed the Ho pseudo-second
order mechanism. Furthermore, the Ppy-OMMT NC3 proved to be
selective for Cr(VI) adsorption. It can therefore be concluded that
by exfoliating the OMMT clay with PPy successfully increased the
uptake of the nanocomposite for Cr(VI). Further research is required to evaluate the performance of the adsorption material in
continuous process using a ﬁxed-bed operation mode.
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Fig. 10. Removal of Cr(VI) from groundwater
tion = 149.6 mg/L; 1200 mg/L SO2
4 ; pH 2 and 6.6).

(initial

Cr(VI)

concentra-

water contained 149 mg/L Cr(VI) and >1200 mg/L SO2
4 . A gradual
increase in Cr(VI) adsorption is observed as the mass is increased
from 0.025 to 0.3 g. More than 99.9% Cr(VI) removal was achieved
at 0.05 g and 0.25 g for pH 2 and pH 6.6, respectively. Interestingly,
the presence of the sulphates did not have any inﬂuence on Cr(VI)
adsorption. The selectivity of the chromate ions in the presence of
sulphate ions could be explained in terms of their hydration energies. The hydration energies of chromate, bichromate and sulphate
ions are 950 kJ/mol, 184 kJ/mol and 1080 kJ/mol, respectively.
As a result of their hydration energies, sulphate ions are favourably
bonded to water molecules than the chromate and the bichromate
ions, hence selective Cr(VI) adsorption is observed in the presence
of sulphate ions [41]. These features indicate that the prepared
nanocomposite can be used successfully for Cr(VI) removal from
industrial wastewater.
4. Conclusion
The removal of Cr(VI) ion as a model heavy metal from aqueous
solution was carried out in a batch adsorption mode using PpyOMMT NC3. The Ppy-OMMT NC3 exhibited effectiveness in the removal of Cr(VI) ions from aqueous solutions. Higher Cr(VI) uptake
by the Ppy-OMMT NC3 was achieved compared to various low cost
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