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a b s t r a c t

This research presents the kinetic and equilibrium performance of arsenic sorption by a novel polymer-
clay nanocomposite ion exchange resin. The monomer N-(4-vinylbenzyl)-N-methyl-D-glucamine was
previously synthesised and subsequently polymerised via radical initiation in the presence of crosslink-
ing reagent N,N-methylene-bis-acrylamide and organic-modified montmorillonite. The sorption of
arsenic(V) was studied as a function of time, initial concentration and pH. Experiments as a function of
pH revealed that arsenic sorption was favoured in the pH range from 3 to 6. The experimental data were
fitted to kinetic and diffusion models, such as pseudo-first order, pseudo-second order, Elovich, and the
intra-particle diffusion model. The pseudo-second order model presented the best correlation with the
experimental data. The model indicated that high percentages of retention could be achieved in a short
time (>90%, 1 h of contact) at pH 6 when the initial arsenic concentration was between 5 and 50 mg/L.
Intra-particle diffusion and the Boyd relationship showed that arsenic sorption was controlled by the film
diffusion mechanism. The Langmuir, Freundlich, and Dubinin–Radushkevitch isotherms were fitted to
experimental data, and the Langmuir isotherm presented the best fit. Thermodynamic parameters
(DG�, DH�, DS�) showed that the arsenic sorption process was a spontaneous process, endothermic,
and produced an increase in entropy.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Water plays important roles in human activities, the natural
environment, and social development. One of the most important
problems in water use is arsenic pollution due to its high toxicity.
Arsenic pollution concerns the entire world, particularly in coun-
tries where water naturally has high arsenic concentrations, such
as Bangladesh, India, China, Chile, Argentina, and Mexico [1]. The
World Health Organization (WHO) and the Environmental Protec-
tion Agency (EPA) have strictly reduced the maximum contami-
nant level recommended from 50 lg/L to 10 lg/L to minimise the
risk to humans [2]. Therefore, it is necessary to research new sorp-
tion procedures able to remove arsenic selectively.

Arsenic exists in water primarily as arsenate, As(V), and arse-
nite, As(III), in the forms of arsenic acid (H3AsO4) and arsenous acid
(H3AsO3), respectively. The arsenic species are pH dependent and
the most dominant species in natural waters is the monovalent
oxyanion ðH2AsO�4 Þ. Several technologies exist for arsenic removal,
ll rights reserved.
such as coagulation-precipitation, filtration, and adsorption [3],
with adsorption being the most extensively studied because it
has better performance, easier operation, lower cost and the possi-
bility to recycle [4–7].

Ion exchange resins containing N-methyl-D-glucamine (NMDG)
are widely used for selective boron removal [8,9]. This ligand has
also been studied for oxyanion uptake of molybdate, vanadate,
chromate, and arsenate [10,11]. Arsenic uptake presented the most
promising results, and it has been demonstrated that ion exchange
resins containing NMDG ligands improve the retention of arsenate
as H2AsO�4 at pH 4–6. Additionally, the NMDG ligand showed a
high selectivity toward arsenate ions, even in the presence of a
high concentration of sulphate [12,13].

The development of new materials for potential application in
ion exchange has presented important advances. These have in-
cluded solvent impregnated resins and metal-loaded ion exchange
resins, which consist of hybrid materials to obtain new materials
with improved properties [14–17]. Our group has reported the
synthesis of polymer-clay nanocomposites of monomers able to
interact with metal ions and loaded with organic-modified mont-
morillonite. The nanocomposites presented enhanced mechanical
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Nomenclature

C Intercept intra-particle diffusion model (mg/gresin)
C0 Initial solute concentration (mg/L)
Ceq Equilibrium solute concentration (mg/L)
Dp Pore diffusion coefficient (cm2/min)
E Free energy of adsorption (kJ/mol)
h Initial solute adsorption (mg/gresin min)
k1 Pseudo-first order constant rate (1/min)
k2 Pseudo-second order constant rate (gresin/mg min)
kDR Dubinin–Radushkevitch isotherm constant
kf Freundlich constant
kip Intra-particle rate constant (gresin/mg min0.5)
kL Langmuir constant (L/mg)
MBA Methylene-bis-acrylamide
MMT Montmorillonite
n Freundlich parameter, dimensionless
NMDG N-methyl-D-glucamine

PVbNMDG Poly[N-(4-vinylbenzyl)-N-methyl-D-glucamine]
qe Equilibrium adsorption capacity (mg/gresin)
qm Monolayer capacity (mg/gresin)
qt Adsorption capacity at time t (mg/gresin)
r2 Correlation coefficient
RL Langmuir separation factor
t Time of adsorption (min)
VBC 4-vinylbenzyl chloride
VbNMDG N-(4-vinylbenzyl)-N-methyl-D-glucamine
a Elovich initial adsorption rate (mg min/gresin)
b Elovich surface coverage parameter (g resin/mg)
DG� Gibbs free energy change (kJ/mol)
DH� Enthalpy change (kJ/mol)
DS� Entropy change (kJ/mol)
e Polanyi potential
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properties through the addition of montmorillonite and further
studies showed favourable metal-ion retention properties [18].

The aim of this paper was the study of arsenic sorption proper-
ties using a novel nanocomposite ion exchange resin consisting of a
polymeric matrix bearing N-methyl-D-glucamine. This research
emphasised the kinetic and equilibrium characteristics of arsenic
sorption. Equilibrium studies provide useful information about
the affinity or capacity of the adsorbent, while kinetic studies pro-
vide information on the time needed to accomplish the sorption
process and how sorption rate depends on the concentration of
the solute and the characteristics of the adsorbent [19]. Polymer-
clay nanocomposite resins were obtained by in situ radical poly-
merisation of a monomer based on N-methyl-D-glucamine in the
presence of N-methylene-bis-acrylamide and organic-modified
montmorillonite as crosslinking and filler reagents, respectively.
The monomer based on the NMDG ligand is not commercially
available and was thus synthesised. The sorption of arsenate was
evaluated as a function of time, and the experimental data were fit-
ted using both kinetic and diffusion models to obtain information
on the sorption process. In addition, equilibrium batch studies
were carried out, and thermodynamic parameters were calculated.

2. Experimental procedure

2.1. Materials

The monomer N-(4-vinylbenzyl)-N-methyl-D-glucamine
(VbNMDG) was synthesised using the precursors 4-vinylbenzyl
chloride (VBC, Aldrich) and N-methyl-D-glucamine (NMDG, Aldrich)
as received. The reagent N,N-methylene-bis-acrylamide (MBA, 98%,
Aldrich) and ammonium persulphate (Aldrich) were used as cross-
linker and initiator reagents, respectively. Dihydrogen sodium arse-
nate heptahydrate salt (99%, Aldrich) was used to prepare arsenic
solutions for the sorption experiments. Montmorillonite K10 (CEC
70–120 meq/100 g, Aldrich) ½Mþ

y ðAl2�yMgyÞðSi4Þ O10ðOHÞ2 � nH2O�
previously modified using 3-acrylamidopropyl(trimethylammoni-
um) chloride (Aldrich) was used as filler.

2.2. Synthesis

2.2.1. Synthesis of N-(4-vinylbenzyl)-N-methyl-D-glucamine monomer
In a three necked round bottomed flask, the reaction of N-

methyl-D-glucamine and 4-vinylbenzyl chloride was carried out
in a mole ratio of 1:1. Reagent grade N-methyl-D-glucamine
(21.9 mmol) was dissolved in a 2:1 volume solvent mixture of
dioxane and deionised water. The solution was added to the reac-
tor and heated for 20 min until NMDG was completely dissolved.
Next, 3.20 mL (21.9 mmol) of 4-vinylbenzyl chloride was dissolved
in 10 mL of dioxane and slowly added to the reactor. The reaction
was kept under reflux with constant stirring for 5 h, and a yellow
solution was obtained. To remove unreacted VBC, the solution
was washed with ethyl ether twice.

2.2.2. Montmorillonite modification
Montmorillonite was modified to improve the interaction of

polymeric matrix with the clay surface. Organic-modified mont-
morillonite was obtained by a previously reported experimental
procedure [18]. Briefly, 5.0 g of Na+-montmorillonite was dispersed
in 200 mL of distilled water and an excess of intercalating agent (3-
acrylamidepropyl)trimethylammonium chloride was added. The
mixture was stirred for 24 h at 30 �C. Organic-modified montmoril-
lonite was filtered and washed with an excess of distilled water
until no chloride ion was detection by AgNO3. Finally, the clay
was dried in an oven at 40 �C.

2.2.3. Poly[N-(4-vinylbenzyl)-N-methyl-D-glucamine]-MMT
nanocomposite synthesis

Water-insoluble nanocomposite resins were synthesised by
in situ radical polymerisation. The solution of N-(4-vinylbenzyl)-
N-methyl-D-glucamine monomer was added to a polymerisation
tube. Subsequently, the crosslinker reagent N,N-methylene-bis-
acrylamide (4 mol% with respect to the monomer) and the
organic-modified montmorillonite (2.5 wt.% with respect to the
monomer) were added. Finally, the radical initiator benzoyl perox-
ide (2 mol%) was added to the reactor, and the mixture was de-
gassed with nitrogen gas for 10 min. The reaction was stirred for
4 h under a nitrogen atmosphere at 75 �C. Resins were extracted
and washed with dioxane, distilled water, and dried in an oven
at 50 �C.

2.3. Physicochemical characterisation

Evaluation of the functional groups present on the resins was
carried out by Fourier transformed infrared spectroscopy (FTIR)
on a Perkin Elmer 1760-X spectrometer from 4000 to 400 cm�1

using KBr pellets. The interlayer distances of raw montmorillonite,
organic-modified and montmorillonite dispersed within nanocom-
posites were determined by X-ray diffraction in a RIGAKU, Geiger-
flex model diffractometer (CuKa tube, 40 kV, 20 mA) in the range
of 2–15� 2h at 1�/min. Transmission electron microscopy (TEM)



Fig. 1. Infrared spectra of (a) raw montmorillonite (MMT), (b) organic modified
montmorillonite (OMMT) and (c) PVbNMDG - 2.5%OMMT.
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analysis was performed to evaluate the nanocomposite morphol-
ogy and to obtain direct and visual information on the dispersed
clays. For this purpose, the nanocomposite resins were analysed
with a JEOL/JEM 1200 EX II instrument. Scanning electron micros-
copy (SEM) was performed in a SEM-PROBE CAMECA, model SU-
30, to evaluate the surface characteristics of the resins. The arsenic
concentrations were measured using a Unicam solar atomic
absorption spectrometer equipped with a hydride generator
(quantification limit of 1.07 lg/L).

2.4. Arsenate sorption experiments

Batch equilibrium experiments were performed to evaluate the
arsenate retention by nanocomposite resins. Sieved dry resins of
particle size fraction between 180 and 250 lm were used for all
sorption experiments.

The effect of pH on retention was studied to obtain a correlation
between arsenic speciation and sorption performance of nanocom-
posite resins. Experiments were carried out using a batch proce-
dure at 25 �C, 140 rpm, and over 24 h. Arsenic aqueous solutions
were adjusted to a pH of 2.0–12.0 (±0.1) using dilute nitric acid
and sodium hydroxide solutions. All experiments were carried
out in a contact tube using 30 mg of PVbNMDG nanocomposite re-
sin and 5 mL of arsenic solution placed in a shaker equipped with a
thermoregulated bath at 25 �C and 140 rpm over 24 h. Afterwards,
mixtures were filtered and collected in a calibrated flask for further
measurement of arsenic concentration.

2.5. Equilibrium and kinetic studies

Equilibrium sorption experiments were performed by the batch
procedure. In a contact tube, 30 mg of nanocomposite resin was
combined with 5 mL of arsenate solution at 30, 40, and 50 �C at
140 rpm over 30 h. The experiments were carried out at pH 6.0
using the same dose of nanocomposite resin (30 mg) and varying
the arsenic concentration (range of 1–700 mg/L). After contact, res-
ins were filtered, washed, and arsenic concentrations were deter-
mined by atomic absorption spectroscopy. The amount of
arsenate species retained was determined by the difference from
the initial concentration.

The sorption of arsenic as a function of time was studied at pH
3.0 and 6.0 at three concentrations between 5 and 200 mg/L.
Experiments were performed between 0 and 24 h of contact at
25 �C and 140 rpm. The same resin dose and volume of arsenic
solution were used in these equilibrium studies. The contact tubes
were withdrawn from the shaker at different time intervals and the
resins were handled as described above.
Fig. 2. XRD patterns for (a) raw montmorillonite, (b) organic modified montmo-
rillonite and (c) PVbNMDG-2.5% OMMT.
3. Results and discussion

3.1. Nanocomposite characterisation

3.1.1. Infrared spectroscopy
Fig. 1 shows the infrared spectra of raw montmorillonite (MMT)

and organic-modified (OMMT). The montmorillonite spectrum
presents characteristic vibrational bands at 3643 cm�1 (O–H st),
3347 cm�1 (H2O st), and 1034 cm�1 (Si–O st). For modified mont-
morillonite, the spectrum presents both MMT and (3-acrylamido-
propyl)trimethylammonium chloride characteristic bands at
3046 cm�1 (C@C st), 1670 cm�1 (C@O st), and 1490 cm�1 (N+–H
st). In addition, Fig. 1 shows the infrared spectra of poly(N-(4-
vinylbenzyl)-N-methyl-D-glucamine) nanocomposite loaded with
2.5% modified montmorillonite. The spectrum presents the charac-
teristic vibration bands of both precursors used: 1084 cm�1 m(C–O)
and 1035 cm�1 m(C–N), corresponding with vibrations of
N-methyl-D-glucamine, and bands at 1463 cm�1 m(CH2) and
1641 cm�1 m(C@C) related to the 4-vinylbenzyl chloride monomer.
Note that the stretching band associated to Si–O of clays did not
appear due to the low content in the nanocomposite. The charac-
teristic vibrational band related to the stretching of C–Cl at
1270 cm�1 of the 4-vinylbenzyl chloride monomer did not appear
in the resin spectrum, indicating that the reaction between NMDG
and VBC occurred and that the N-methyl-D-glucamine was at-
tached to the polymeric matrix.

3.1.2. X ray diffraction and electron microscopy
The morphology of the nanocomposites was studied by X-ray

diffraction and scanning electron microscopy. The former gives
information related to the interlayer distance between the layers
of montmorillonite and provides information on the morphology
(exfoliated, intercalated, or tactoid clay layers). The latter tech-
nique gives information on the surface of the nanocomposite and
its characteristics. Fig. 2 shows the X-ray diffraction patterns for
different stages of nanocomposite synthesis. The pattern of raw
montmorillonite shows its characteristic peak associated to plane
d001. Once the montmorillonite was modified with (3-acrylamido-
propyl)trimethylammonium chloride, the pattern showed a new
peak at lower angles (�5.7� 2h), indicating that the interlayer dis-
tance increased as a consequence of incorporating the intercalating
agent. However, the original peak of montmorillonite was still
present in the pattern, suggesting that the intercalation process
was not complete. Fig. 2 shows the XRD pattern of montmorillonite
dispersed within the polymeric matrix. The pattern did not present



Fig. 3. Scanning electron images of PVbNMDG nanocomposite loaded with 2.5% of montmorillonite.
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defined peaks, but an increase in diffraction intensity between 3�
and 8� 2h (broad peak) with a maximum at the same angle of the
OMMT diffraction peak was observed. Hence, it was possibly to
conclude that the resin possessed a certain degree of intercalated
morphology.

Transmission electron microscopy images provided visual con-
formation that the clays were dispersed within the PVbNMDG res-
ins (Fig. 3a). The dark lines observed in the micrographs
corresponded to dispersed clay layers, and according to the scale,
they were dispersed at the nano level. Scanning electron micros-
copy gives information on the surface and shape of resin particles.
It was thus possible to observe in Fig. 3b that the resin particles
possessed an irregular shape, while in Fig. 3c and d, the particles
were porous and rough. In the other zones, the surface was uni-
form and smooth.
Fig. 4. Effect of pH on arsenic sorption by PVbNMDG nanocomposite.
3.2. Effect of pH on sorption

The pH is a key factor in obtaining good performance in several
sorption processes, especially ion exchange. Hydronium in water
can change the structural properties of ligands of resins and also
the speciation of metal ions in aqueous solution, affecting sorption.
Fig. 4 shows the effect of pH on arsenate sorption studied with a
batch equilibrium procedure for two arsenic concentrations. Both
curves present a similar trend in which arsenate retention re-
mained static up to pH 8, where retention began to decrease. The
maximum retention was observed between pH 3 and 6, where
arsenic is found primarily as H2AsO�4 . The main characteristic of
N-methyl-D-glucamine as ligand was the interaction of monovalent
arsenate species with the protonated tertiary amine [12]. In con-
trast, strongly basic anion exchange resins with ammonium groups
interact better with divalent species of arsenic ðH2AsO�4 Þ in the pH
range of 8–10 [20].
The maximum retention capacity experiments were carried out
at pH 3 and 6 using a high arsenic concentration (1.2 g/L) to satu-
rate the resin. The pH values were chosen according to the litera-
ture and previous results obtained by our group. The result
showed that retention capacity was higher at pH 6 than pH 3
reaching 73.01 and 66.96 mg As/gresin, respectively.
3.3. Sorption kinetics

The evaluation of the kinetics of the sorption process was an
important issue before scaling up to industrial process scale. In this
study, kinetic experiments were carried out by the batch procedure
for a period of 24 h. Experiments used different concentrations of
arsenic and the effect of pH was evaluated (pH 3–6) and compared
with the results obtained above (Section 3.2).



Fig. 5. Effect of time on arsenic sorption by PVbNMDG resin.
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Several kinetic models have been used to determine the rate
constants of different systems. Widely used kinetic models are
those based on the decrease of available active sites to interact
with solute (adsorption capacity) and have been successfully used
to determine rate constants and characteristics of the sorption pro-
cess (e.g., pseudo-first order model [21], pseudo-second order
model [22], Elovich equation [23]). The term ‘‘pseudo’’ is used to
distinguish the use of solute concentration from solid concentra-
tions [24].

Fig. 5 presents the change of arsenic concentration as a function
of time. It was observed that nanocomposite resins adsorbed a high
amount of arsenic in a short period of time, especially for those
experiments carried out at pH 6. After 1 h of contact, the experi-
ments with initial arsenic concentrations of 5.6, 49.7 and
168.9 mg/L had adsorbed 91.7%, 85.6% and 80.5%, respectively.
On the other hand, for experiments at pH 3, the percentages of
retention were 51.8%, 66.7% and 73.1% for 6.6, 71.5 and
199.6 mg/L, respectively. The differences in uptake percentage
could be explained by the speciation of arsenate in aqueous media.
At pH 6, a major amount of arsenate exists in the monovalent form
ðH2AsO�4 Þ, and based on our previous results and the literature, it
has been demonstrated that sorption is favoured at pH 6 [12,25].
3.3.1. Elovich model
The Elovich equation is one of the first equations used for the

chemisorption process and is mostly used for highly heteroge-
neous systems [23,26]. The model assumes a decrease in
Table 1
Kinetic parameters for pseudo-first order, pseudo-second order and Elovich models.

C0 As (mg/L) – pH 3

6.6 71.5 1

qe,exp (mg As/gresin) 1.10 11.91

Pseudo-First order
qe,cal (mg As/gresin) 0.61 6.42
k1 � 10�3 (1/min) 2.76 8.06
r2 0.9816 0.9594

Pseudo-second order
qe,cal (mg As/gresin) 1.11 11.83

0.94 8.31
k2 � 10�3 (gresin/mg As min) 17.1 4.74
h (mg As/gresin min) 0.021 0.66
r2 0.9957 0.9997

Elovich equation
a (mg As min/gresin) 0.144 10.591 1
b (gresin/mg As) 6.506 0.7405
r2 0.9844 0.9321
adsorption rate with an increase in adsorbed solute, and its linear
form is expressed by Eq. (1):

qt ¼
1
b

lnðabÞ þ 1
b

lnðtÞ ð1Þ

where a (mg min/g) is the initial sorption rate and b (g/mg) is a
parameter related to the extent of surface coverage and activation
energy for chemisorption. Table 1 presents the kinetic parameters
obtained from the Elovich model fitted to experimental data. The
correlation coefficients are higher than pseudo-first order and lower
than pseudo-second order (except to C0 = 49.7 mg/L). Additionally,
it was possible to observe that the initial sorption rate was related
to arsenic concentration. For experiments carried out at pH 3, as the
initial concentration increased the parameter a also increased. It
was interesting that the high initial rate observed for an arsenic
concentration of 5.6 mg/L, the value was ten orders of magnitude
higher than the experiment carried out at pH 3 (C0 = 6.6 mg/L). This
was in agreement with the trend observed in Fig. 5, where the curve
for pH 6 and 5.6 mg/L presented the sharpest drop, indicating a
higher initial sorption compared with the rest of the experiments.
3.3.2. Pseudo-first order model
Lagergren proposed the pseudo-first order model for describing

the adsorption process of solid-liquid systems and its linear form is
formulated below:

logðqe � qtÞ ¼ logðqeÞ �
k1

2:303
t ð2Þ

where qe (mg/gresin) and qt are the amounts of arsenic adsorbed at
equilibrium and at time t, respectively. The slope from a plot of
log(qe � qt) vs. t allows determination of the rate constant k1

(1/min). Fig. 6 shows the curves obtained fitting the model and Ta-
ble 1 summarises the corresponding values associated to pseudo-
first order parameters for the experimental data. The curves
presented in Fig. 6 illustrate the poor fit of the model with the
experimental data, which was confirmed by the correlation values.
However, the pseudo-first order model was useful to describe the
initial sorption periods. The deviation observed could be attributed
to the sharp fall in gradient concentration as a consequence of a
high initial arsenic sorption. The values for equilibrium sorption cal-
culated by the model were quite different from those values ob-
tained experimentally, indicating that this model was not
appropriated to describe the sorption of arsenic by a PVbNMDG
nanocomposite.
C0 As (mg/L) – pH 6

99.6 5.6 49.7 168.9

33.27 0.94 8.28 28.13

10.84 0.12 1.84 6.97
3.91 5.06 9.21 4.83
0.8618 0.9506 0.9023 0.9109

33.00
28.11

1.76 207.2 19.69 3.247
1.92 0.183 1.359 2.566
0.9996 0.9999 0.9999 0.9998

73.71 7.68 � 109 686.08 4332.52
0.33 35.587 1.6162 0.5188
0.9624 0.9743 0.7781 0.9528



Fig. 6. Lagergren pseudo-first order model for arsenic sorption, as function of initial
arsenic concentration at (a) pH 3 and (b) pH 6.

Fig. 7. Pseudo-second order linear plots for arsenic sorption, as function of initial
concentrations of arsenic at (a) pH 3 and (b) pH 6.
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3.3.3. Pseudo-second order model
The pseudo-second order equation has been widely used due

the excellent fit of experimental data for the entire sorption period
of many systems [22]. The kinetic model can be expressed as
shown below:

dqt

dt
¼ k2ðqe � qtÞ

2 ð3Þ

Integrating and assuming boundary conditions, the rearranged lin-
ear form of the pseudo-second order model is obtained:

t
qt
¼ 1

k2q2
e
þ t

qe
ð4Þ

where qe and qt are the arsenic amounts adsorbed (mg/gresin) at
equilibrium and at time t, respectively, h ¼ kq2

e is the initial sorption
of arsenic (mg As(V)/gresin min), and k2 is the rate constant of sorp-
tion (gresin/mg min). Fig. 7 presents the pseudo-second order curves
for arsenic sorption using the nanocomposite PVbNMDG resins. A
good agreement between the experimental data and the model
was found across the whole time period investigated. In addition,
the slopes for the experiments carried out at low initial arsenic con-
centrations (5.6 and 6.6 mg/L) were very different compared from
the rest of the experiments. Pseudo-second order model rate
parameters are summarised in Table 1. Correlation coefficients con-
firmed the excellent fit for all experimental conditions used (initial
arsenic concentration and pH) and the calculated sorption capaci-
ties were very similar to those values obtained experimentally. In
the case of rate constants, it was observed that as the concentration
increased, the rate constant decreased. The rate constant for the ar-
senic concentration of 5.6 mg/L was substantially higher compared
with the other values, in agreement with previous observations.
These results suggested that the best performance could be
achieved using low arsenic concentrations at pH 6.
The relationship between time and the amount of arsenate
sorption is important from an engineering perspective. Eq. (5)
can be written as follows:

tx ¼
W

k2qe
ð5Þ

where W = X/(1 � X) and X represents the fractional sorption (qt/qe).
Thus, as the system approaches equilibrium, X ? 1, W ?1 and
tx ?1.

Table 2 shows the time needed for different sorption ratios
according to rate parameters obtained from the pseudo-second or-
der model. The model predicts a high efficiency for arsenic sorption
in experiments carried out at low initial concentrations of arsenic
and at pH 6. Specifically, after 1 h of contact more than 90% of
the arsenic was removed by the nanocomposite (for experiments
carried out at 5.6 and 49.7 mg/L, pH 6).

3.4. Sorption mechanism

Although the models described above provide useful informa-
tion on the sorption process, they cannot predict the rate-limiting
step of the arsenate sorption or provide information on the mech-
anism. In a heterogeneous process, such as the sorption of arsenic
by nanocomposite resins, three consecutive steps can represent the
solute transfer: (1) transport of the arsenate anions from the bulk
solution through the liquid film surrounding the external surface of
the nanocomposite particle (film diffusion), (2) arsenate diffusion
into the pores of nanocomposite resins (intra-particle diffusion),
and (3) reaction of arsenate (sorption) at interior surface pores
and capillary areas of the nanocomposite particle (chemical reac-
tion). The rate of sorption will be controlled by the slowest step,
which usually corresponds to film diffusion or intra-particle



Table 2
Relationship of sorption ratio and time.

X tx [h] – pH 3 tx [h] – pH 6

6.6 (mg/L) 71.5
(mg/L)

199.6
(mg/L)

5.6
(mg/
L)

49.7
(mg/L)

168.9
(mg/L)

0.3 0.4 0.1 0.1 0.04 0.04 0.1
0.5 0.9 0.3 0.3 0.3 0.1 0.2
0.7 2.0 0.7 0.7 0.2 0.2 0.4
0.9 7.9 2.7 2.6 0.8 0.9 1.6
0.95 16.7 5.6 5.5 1.6 1.9 3.5
0.99 86.9 29.4 28.4 8.5 10.1 18.1

Fig. 8. Intra-particle diffusion plots for arsenic sorption.

B.F. Urbano et al. / Chemical Engineering Journal 193–194 (2012) 21–30 27
diffusion. Film diffusion often controls the rate when the sorption
system used has poor mixing, a low concentration of arsenic, a
small particle size and a high affinity of the solute for the nano-
composite. On the other hand, intra-particle diffusion will be pre-
dominant in systems with a high concentration of solute, good
mixing, a large particle size and a low affinity between the adsor-
bate and the adsorbent [27]. However, due to the characteristics of
the adsorbent and the experimental conditions used in the exper-
iment, it is possible to observe both mechanisms acting during ar-
senic uptake. To elucidate the mechanism of sorption of arsenic by
the PVbNMDG nanocomposite, the intra-particle diffusion model
was fitted to the experimental data. The model can thus be de-
scribed by the following equation:

qt ¼ kipt0:5 þ C ð6Þ

where kip (mg/gresin min0.5) corresponds to the rate constant for in-
tra-particle diffusion and C (mg/gresin) is related to the extent of the
boundary layer thickness. In an ideal intra-particle diffusion pro-
cess, a plot of qt vs. t0.5 should give a straight line passing through
the origin, otherwise when the intercept is not zero, some degree
of external film mass transfer or boundary layer control exists.
The larger the intercept, the greater the layer effect [28].

Fig. 8 presents the intra-particle diffusion curves for the sorp-
tion of arsenate at pH 3 and 6 and different concentrations. It
was observed that curves had multi-linearity, except for low initial
concentrations of arsenic (Fig. 8a), which saw gradual increases of
qt with time. In the case of higher concentrations (Fig. 8b and c),
multi-linearity was more evident. Multi-linearity has been re-
ported before and two or three steps often appear [29–31]; the first
step can be associated to a fast sorption of solute; the second step
to a gradual sorption where intra-particle diffusion controls the
process. The third step is typically associated with equilibria in
which the solute slowly moves within the particle (through
micropores).

In this study, two stages of sorption were well distinguished,
suggesting that both surface and intra-particle sorption were
occurring. The initial linear segment might be associated with sur-
face adsorption, while the final segment of the curve was related to
intra-particle diffusion. To elucidate the sorption mechanism asso-
ciated with each segment of the curve, the intra-particle diffusion
model was evaluated for each segment. Table 3 summarises the
rate constant and intercept values obtained for linear segments
of experimental data (Fig. 8). The correlation coefficients showed
that the intra-particle model fit the first step of the sorption better
than the second step. The second step began approximately 4 h
after contact, where retentions were above 95% and 90% for pH 6
and 3, respectively. This suggested that the second segment corre-
sponded to diffusion of arsenate at interior pores within the nano-
composite with little change in sorption. Taking into account the
latter assumption, the first stage should correspond to intra-parti-
cle diffusion of arsenate anions into the pores closer to the surface
of the nanocomposite particles. The rate constant values increased
with initial arsenic concentration, which could be explained con-
sidering that as the initial concentration increased, the concentra-
tion gradient was higher, inducing faster diffusion and sorption.
For the intercepts, the values were related to the effect of the
boundary layer on the adsorbent particle surface, and their magni-
tude was a measure of rapid adsorption occurring in a short period
of time.

According to the results obtained above, the model suggested
that both intra-particle and film diffusion mechanisms (at a very
early stage) were participating in the sorption process. To confirm
the actual stage involved, the experimental data were evaluated
using the Boyd relationship developed for a diffusion process in
and through an adsorbent particle spherical of radius ‘‘r’’ [32].
The equation is given by:

1� qt

qe

� �
¼ 6

p2 exp
�Dpp2

r2 t
� �

ð7Þ



Table 3
Intra-particle diffusion constants for different sorption intervals.

As(V) (mg/L) 1st segment 2nd segment

kip (mg As(V)/gresin min0.5) C (mg As(V)/gresin) r2 kip (mg As(V)/gresin min0.5) C (mg As(V)/gresin) r2

5.6a 0.0034 0.833 0.8142 – – –
6.6a 0.0201 0.446 0.9183 – – –

49.7 0.434 3.378 0.9827 0.012 7.897 0.5959
71.5 0.462 4.301 0.9801 0.030 10.658 0.8186

168.9 0.521 18.202 0.9742 0.058 25.845 0.6768
199.6 0.888 25.845 0.9887 0.101 29.126 0.8579

a These experiments did not present multi-linearity, then the single segment was evaluated.
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where qt and qe are the arsenic sorption at time t and equilibrium,
Dp corresponds to the internal diffusion coefficient (cm2/min), and
r is the radius of the nanocomposite particle. If we consider
B ¼ Dpp2

r2 ð8Þ
Eq. (7) can rewritten as:
Bt ¼ �0:4997� ln 1� qt

qe

� �
ð9Þ
From Eq. (9) it is possible to obtain Bt values for each initial concen-
tration. The linearity of a plot of Bt vs. t then provides useful infor-
mation for distinguishing if external transport or intra-particle
diffusion controls the rate of arsenic sorption. The plot should give
a straight line passing through the origin if the controlling process is
pore diffusion; otherwise, the controlling step is film diffusion.

Fig. 9 shows the Bt curves for different initial arsenic concentra-
tions. The plots were found to have a good correlation at an early
stage of sorption, but the curves did not pass through the origin. This
suggested that arsenic sorption in this study was governed by exter-
nal mass transfer (film diffusion). The values of the intercepts for
experiments carried out at pH 6 were 1.52, 1.02 and 0.90 for 5.6,
49.7 and 168.9 mg/L of arsenic. In addition, the Bt values at t = 0
moved closer to 0 as the initial arsenic concentration increased. This
suggested that as the initial concentration increased, the higher the
effect of external mass transfer [31]. The calculated B values were
then used to determine the pore diffusion coefficient using Eq. (8).
Assuming that nanocomposite particles are spherical and using
the mean particle size used for sorption experiments (215 lm),
the Dp values for the experiments carried out at pH 6 were
1.37 � 10�10, 2.63 � 10�10 and 1.60 � 10�10 cm2/min for 5.6, 49.7
and 168.9 mg As/L.
Fig. 9. Boyd plot for arsenic sorption.
3.5. Adsorption isotherms

Equilibrium sorption isotherms are one of the most important
studies to design adsorption processes. Moreover, isotherms pro-
vide useful information on the interaction between the adsorbate
and the adsorbent. From adsorption isotherms, it is possible to
determine thermodynamic parameters as the experiments are car-
ried out at different temperatures. Equilibrium experiments were
thus carried out at 303, 313 and 323 K, and the experimental data
were fitted to several isotherm models (Langmuir [33], Freundlich
[34], and Dubinin–Radushkevitch (D–R) [35]).

Langmuir equation:

Ce

qe
¼ 1

kLqm
þ Ce

qm
ð10Þ

Freundlich equation:

logðqeÞ ¼ logðkFÞ þ
1
n

logðCeÞ ð11Þ

where qe is the equilibrium sorption of arsenic by the nanocompos-
ite (mg/gresin), Ce is the concentration at equilibrium (mg/L), qm is
the monolayer capacity (mg/gresin), and kL is the Langmuir constant
(L/mg), which is related to the free energy of sorption. For the Fre-
undlich isotherm, kF is the Freundlich constant and is related to the
sorption efficiency, and n is a dimensionless variable indicative of
favourability of sorption. The Dubinin–Radushkevitch (D–R) iso-
therm, which is based on the Polanyi theory, was applied to under-
stand the mechanism involved in arsenic sorption by the PVbNMDG
nanocomposite. The linear form of a D–R isotherm is given below:

lnðqeÞ ¼ lnðqmÞ þ kDRe2 ð12Þ

where qe is the amount of arsenic adsorbed per unit weight of the
resin (mg As/gresin), qm is the adsorption capacity (mg As/gresin),
kDR is a constant related to the adsorption energy (mol2/J2), and e
is the Polanyi potential, equal to:
Fig. 10. Adsorption isotherms for As(V) sorption on PVbNMDG nanocomposite.



Table 4
Parameters of Langmuir, Freundlich and Dubinin–Radushkevitch isotherms for arsenic sorption at different temperatures.

T (K) Langmuir Freundlich D–R

qm (mg/gresin) kL (L/mg) r2 n kF (mg/gresin) r2 kDR (mol2/J2) qm (mg/gresin) E (kJ/mol) r2

303 72.26 15.33 0.9962 2.55 70.87 0.9368 1.00 � 10�8 70.09 7.07 0.9719
313 72.99 19.57 0.9756 1.96 129.71 0.9279 1.01 � 10-8 81.59 7.02 0.9687
323 82.64 24.2 0.9673 2.05 150.55 0.9625 8.01 � 10�9 73.53 7.90 0.9746

Fig. 11. Van’t Hoff relationship of arsenic sorption by PVbNMDG nanocomposite
resin.
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e ¼ RT ln 1þ 1
Ce

� �
ð13Þ

where R is the gas constant (J/mol K), T the temperature (K) and Ce

the equilibrium concentration of arsenic (mg As/L).
Fig. 10 shows the isotherm obtained for arsenic sorption by

PVbNMDG resin at different temperatures. As temperature in-
creased, the sorption capacity also increased, possibly due to high
motion of arsenate ions increasing encounters with active sites on
the resin. The figure also shows the curves for Langmuir and Freund-
lich isotherm models. It was observed that the Langmuir described
the experimental data well, while the Freundlich isotherm did not.

Table 4 summarises the isotherm parameters associated with
each isotherm model evaluated. The correlation coefficients re-
vealed that the Langmuir isotherm fits the experimental data bet-
ter. The values of the monolayer capacities indicated that as the
temperature increased, the adsorption capacity increased. The
same trend was observed for the Langmuir constants, suggesting
that arsenic sorption by PVbNMDG was an endothermic process.

To confirm the favourability of the arsenic sorption process, the
separation factor (RL) was calculated using the following equation.

RL ¼
1

1þ kLC0
ð14Þ

where RL is a dimensionless separation factor indicating the effi-
ciency of the adsorption process, KL is the Langmuir constant and
C0 is the initial adsorbate concentration. The isotherm is (i) unfa-
vourable when RL > 1, (ii) linear when RL = 1, (iii) favourable when
RL < 1, and (iv) irreversible when RL = 0. The RL values calculated
for the arsenic concentration of 10 mg/L were 0.0064, 0.0050 and
0.0041 for 303, 313 and 323 K, respectively. These values indicated
that arsenic sorption using a PVbNMDG nanocomposite was a
favourable process at all temperatures studied.

The Dubinin–Radushkevitch isotherm also presented good
agreement with the experimental data, but the correlation coeffi-
cients were slightly lower than the Langmuir coefficients. Addi-
tionally, the values for sorption capacity did not show the
expected trend (the higher the temperature, the higher the sorp-
tion capacity) seen in Langmuir.

To evaluate the nature of the interaction between arsenic and
the binding sites of N-methyl-D-glucamine, the mean free energy
of adsorption, E (kJ/mol), defined as the free energy change when
one mole of ion is transferred from infinity in solution to the sur-
face of the solid, was calculated from k in Eq. (12) using the follow-
ing equation:

E ¼ ð2kDRÞ�0:5 ð15Þ

The calculated values of E are shown in Table 4. The magnitude of E
is useful for estimating the type of sorption involved (i.e., physical,
ion exchange or chemisorption). Values of E<8 kJ/mol indicate phys-
ical adsorption, while E between 8 and 16 kJ/mol indicates that the
adsorption process follows an ion exchange mechanism. A value in
the range of 20–40 kJ/mol indicates chemisorption [36–38]. The
values of E obtained for arsenic sorption using PVbNMDG resins
were in the range of 7–8 kJ/mol, suggesting a physical adsorption
of the arsenate anions.
3.6. Thermodynamic parameters

Thermodynamic considerations of an adsorption process are
necessary to conclude whether the process is spontaneous or not.
The Gibbs free energy change, DG�, is an important parameter to
evaluate the spontaneity of a process. Reactions occur spontane-
ously at a given temperature if DG� is a negative quantity. The free
energy of arsenic sorption, considering the adsorption equilibrium
constant obtained from the Langmuir isotherm, is given by the fol-
lowing equation:

DG0 ¼ �RT lnðkLÞ ð16Þ

The thermodynamic parameters DH� and DS� were obtained using
the Van’t Hoff equation:

logðkLÞ ¼
DS0

2:303R
� DH0

2:303RT
ð17Þ

A plot of log(kL) vs. T then allows the values of DH� and DS� to
be determined from the slope and intercept, respectively (Fig. 11).
The thermodynamic parameter values obtained at 313 K were
�7.50, 18.58 and 0.036 for DG�, DH� and DS�, respectively. The
Gibbs free energy change (DG�) value was found to be negative,
indicating that arsenic sorption using the PVbNMDG nanocompos-
ites was a feasible and spontaneous process. Moreover, the DG�
values became more negative as the temperature increased
(�6.88, �7.50, �8.03 kJ/mol for 303, 313, and 323 K). The decrease
in the negative value of DG� with an increase in temperature indi-
cated that the adsorption process of arsenic onto PVbNMDG nano-
composite became more favourable at higher temperatures. The
enthalpy change (DH�) was found to be positive, indicating an
endothermic nature for the adsorption. In the case of entropy, a po-
sitive entropy change (DS�) was found, suggesting an increase in
the number of species and hence randomness in the interface sorp-
tion process. These results supported the ion exchange nature of
the arsenate adsorption mechanism at protonated amines of N-
methyl-D-glucamine.
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4. Conclusions

The distribution of the clay sheets in the material presented cer-
tain stacking and regularity, verified by X-ray diffraction, indicat-
ing the PVbNMDG nanocomposites possessed an intercalated
morphology. Arsenic sorption using the PVbNMDG nanocompos-
ites was favoured at a pH where monovalent arsenic species were
present (pH 3–6). However, better performance was observed for
experiments carried out at pH 6.

The kinetics of arsenic sorption was evaluated as a function of
initial concentration and pH, and it was concluded that the best
performance could be achieved using low arsenic concentrations
at pH 6. Furthermore, arsenic uptake is controlled by film diffusion
with a fast and high initial sorption.

The arsenic sorption could be described by the Langmuir iso-
therm. The nanocomposites presented high arsenic sorption capac-
ity, which increased with temperature. Finally, the calculated
thermodynamic parameters showed that arsenic sorption by a
PVbNMDG nanocomposite was a spontaneous and endothermic
process.
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