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ABSTRACT: The synthesis and characterization of a novel
nanocomposite is reported that was developed as an efficient
adsorbent for the removal of toxic methylene blue (MB) and
methyl violet (MV) from aqueous solution. The nano-
composite comprises hydrolyzed polyacrylamide grafted onto
xanthan gum as well as incorporated nanosilica. The synthesis
exploits the saponification of the grafted polyacrylamide and
the in situ formation of nanoscale SiO, by a sol—gel reaction,
in which the biopolymer matrix promotes the silica polymer-
ization and therefore acts as a novel template for nanosilica
formation. The detailed investigation of the kinetics and the
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adsorption isotherms of MB and MV from aqueous solution showed that the dyes adsorb rapidly, in accordance with a pseudo-
second-order kinetics and a Langmuir adsorption isotherm. The entropy driven process was furthermore found to strongly
depend on the point of zero charge (pzc) of the adsorbent. The remarkably high adsorption capacity of dyes on the
nanocomposites (efficiency of MB removal, 99.4%; maximum specific removal Q,,,, 497.5 mg g~'; and efficiency of MV removal,
99.1%; Quaw 378.8 mg g~') is rationalized on the basis of H-bonding interactions as well as dipole—dipole and electrostatic
interactions between anionic adsorbent and cationic dye molecules. Because of the excellent regeneration capacity the
nanocomposites are considered interesting materials for the uptake of, for instance, toxic dyes from wastewater.
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1. INTRODUCTION

Water pollution with toxic dyes, metal ions and organic
contaminants constitutes a serious environmental hazard in
particular for aquatic biosystems, where symbiotic processes
may be affected, e.g, by reducing the photosynthetic activity.1
Thus, the efficient decontamination of dye pollutants via
reliable and ecofriendly techniques has garnered considerable
attention recently.” Among the various chemical, physical, and
biological treatment processes, adsorption is a simple, yet
effective method for dye uptake.>*

Both methylene blue (MB) and methyl violet (MV) are
typical examples of industrially relevant toxic cationic dyes with
known harmful effects on humans.”~® From a toxicological as
well as from an ecological point of view it is therefore essential
to treat effluents containing these and related dyes.

It is well-established that various adsorbents including
polymers are widely used for the remediation of effluents in
the dye industry.”~"> Among those, ready available naturally
occurring polymers, such as polysaccharides, are potentially
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applicable as adsorbents because they are low-cost, non-toxic,
and eco-friendly in nature.'®> However, until now, the use of
polysaccharides as adsorbents was limited due to their poor
specific surface area, comparatively low hydrodynamic volume
and limited potential to form H-bonding with dyes because of
extensive intramolecular chain interactions."> To overcome
these shortcomings, many efforts have been undertaken
recently to develop modified biopolymer-based adsorbents in
order to introduce the combined functionality of both
constituents."¥*°A promising strategy is to graft long, flexible
synthetic polymer chains onto the polysaccharide backbone.'®
However, simple non-ionic graft copolymers may have certain
limitations like the lack of electrostatic interactions with ionic
dyes. Therefore, the development of adsorbents, which carry
permanent charges, on the basis of graft copolymers of

Received: December 4, 2013
Accepted: March 3, 2014
Published: March 3, 2014

dx.doi.org/10.1021/am4055657 | ACS Appl. Mater. Interfaces 2014, 6, 4766—4777


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

polysaccharides is a worthwhile target to improve the
adsorption efficiency.

For an efficient adsorption process a high adsorption capacity
Quax Of the adsorbent as well as a good regeneration capacity is
of paramount importance.z’S’w’17 More recently, nanocompo-
sites were reported to possess many advantages in this respect,
which are linked to their high surface area, increased number of
active sites, high thermal stability and polyfunctional character-
istics.'"®'® In particular well-defined, monodisperse silica
nanoparticles have garnered attention also because they render
flexible surface modification feasible.”>*" In addition, poly-
saccharides were shown to act as a template for the in situ silica
generation”> and growth through interactions between several
—OH groups present in polysaccharides with the silica
surface.”” ** Therefore, the in situ synthesis of templated
modified polysaccharide/silica materials obtained via the sol-gel
technique may open new pathways for the formation of hybrid
nanocomposites.”> >>Compared to modified polysaccharides,
such nanocomposites promise to yield improved porosity,
better surface area and hydrodynamic radius, and enhanced
mechanical resistance.”*”>°

Recently modified polysaccharides (such as xanthan gum®*
and carboxymethyl tamarind®®) and silica based nanocompo-
sites have been developed in our laboratories as adsorbents for
the uptake of toxic Pb (II)** and Congo red dye as well as for
use as flocculant.”” Despite its useful properties, the reported
modified xanthan-based composite materials™ are non-ionic in
nature and therefore not optimal for the elimination of cationic
dyes. In contrast, modified carboxymethyl tamarind-based
nanocomposites,26 although anionic in nature, were found to
be less capable for the separation of MB from aqueous solution
(Qunax = 43.85 mg g ™! after 120 min).*® This behavior can be in
parts attributed to the ex situ incorporation of commercial
nanosilica into the copolymer matrix.

In this paper we report on the development, characterization
and application of novel nanocomposites derived from
hydrolyzed polyacrylamide grafted xanthan gum and its
nanosilica composite (h-XG/SiO,) through a sol-gel method
as adsorbents to remove both MB and MV from aqueous
solution. The partial hydrolysis of polyacrylamide chains grafted
onto xanthan gum affords electrostatic charges that result in an
increased hydrodynamic volume® and enhanced electrostatic
attraction with cationic dyes, resulting in a significantly higher
adsorption efficiency. The nanocomposites obtained show
rapid adsorption and excellent adsorption efficiencies for uptake
of both MB and MV from aqueous solution, which improves

the performance beyond the state of the art reported in the
literature 236~ 813.15,17,26,28-37

2. EXPERIMENTAL SECTION

2.1. Chemicals. XG-g-PAM was used as synthesized earlier.”*
Tetraethylorthosilicate (98%, TEOS, Sigma-Aldrich, USA), ammo-
nium hydroxide (30%, NH;, Merck, India), sodium hydroxide (Merck,
India) and ethanol (99.9% pure, Merck, India) and the dyes MB (4,,,,,
662 nm, Loba Chemie Pvt. Ltd., Mumbai, India) and MV (4, 585
nm, Loba Chemie Pvt. Ltd., Mumbai, India) were of analytical grade.
Double distilled water was used for all experiments.

2.2. Synthesis of h-XG and Nanocomposites (h-XG/SiO,). For
the alkaline hydrolysis reaction, 1 g graft copolymer (i.e. XG-g-PAM)>*
was dissolved in 100 mL double distilled water and under stirring the
required amount of 0.1 (N) NaOH solution was added to the mixture
(details, Table 1). At the end of the required reaction time (compare
Table 1), the mixture was cooled to room temperature and washed
with 400 mL of ethanol. Finally, the product was dried in a vacuum
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Table 1. Synthesis Details of the Hydrolyzed Polyacrylamide
Grafted Xanthan Gum (h-XG) and in Situ Silica
Incorporated Hydrolyzed Polyacrylamide Grafted Xanthan
Gum (h-XG/SiO,)

amount of
0.1 (N) reaction intrinsic
NaOH reaction  temperature neutralization  viscosif
polymer (mL) time (h) °C) equivalent (g)  (dL/g)
h-XG 1 25 2 60 3142.8 43.7
h-XG 2 S50 2 60 1245.6 46.8
h-XG 3 75 2 60 7142.7 41.1
h-XG 4 S0 3 60 1038.1 48.0
h-XG 5 50 4 60 657.2 54.2
h-XG 6 S0 S 60 905.2 S51.7
h-XG 7 50 4 70 416.4 59.5
h-XG 8 50 4 80 537.3 56.0
intrinsic
amount of amount of EtOH, 12 (N) viscosity (dL/
polymer ~ TEOS (mL) NH,OH, and time g
h-XG/ 2 67.8
$io, 1
h-XG/ 2.5 4mL 2mL 12h 742
Si0, 2
h-XG/ 3 70.8
Sio, 3

oven at 60°C. Different h-XGs were prepared by altering the reaction
conditions to optimize the material having a lower neutralization
equivalent and a higher intrinsic viscosity.

The nanocomposites were synthesized in situ by adding the
required amount of TEOS (dissolved in 4 mL of ethanol) and
subsequently 12(N) ammonium hydroxide solution to the aqueous
solution of the h-XG. The reaction was carried out under stirring (400
rpm) at 70°C for 4 h. Finally, the nanocomposite was precipitated by
adding 250 mL of acetone and followed by drying in a vacuum oven at
50 °C, grounding and finally sieving through a 125 um sieve.

2.3. Determination of the Neutralization Equivalent (NE) of
h-XG. The neutralization equivalent (NE) is the equivalent weight of
an acid for neutralization, which was calculated by titration with a
standard base.>® The NE of h-XG was measured (Table 1) as reported
earlier.*®%

2.4. Characterization. Intrinsic viscosities were measured with an
Ubbelohde Viscometer in 0.1 M sodium nitrate solution at 25 °C. The
elemental analyses were performed with a Perkin Elmer Elemental
Analyzer (Series-I, CHNS/O Analyzer-2400). *C and *Si magic
angle spinning (MAS) nuclear magnetic resonance (NMR) spectra
were recorded in the solid state using a 500 MHz Bruker Advance II-
SOONMR spectrometer. FTIR spectra were recorded in solid state
(KBr pellet method) using a Model Spectrum 2000 FTIR
spectrometer (Perkin Elmer). The thermal analysis of h-XG and the
h-XG/SiO, nanocomposite was carried out using a thermo gravimetric
analyzer (TGA Q 500, TA, USA) with a heating rate of 5°C/min in a
nitrogen atmosphere.The surfaces of h-XG and the h-XG/SiO,
nanocomposites were analyzed using field emission scanning electron
microscopy (Zeiss Ultra SScv FESEM, Zeiss, Germany) and
transmission electron microscopy (Model: JEM 2100, JEOL, Japan).
Additional energy-dispersive X-ray (EDAX) analysis was carried out in
a field emission SEM (Model — FESEM Supra S5, Zeiss, Germany).
The specific surface area, total pore volume and pore size distribution
analyses were performed using a NOVA 3200e instrument
(Quantachrome, USA). The details of the measurement procedures
were reported earlier.”’ The zeta potential was measured using a
Zetasizer Nano-ZS90 (Malvern, UK). The rheological characteristics
of various h-XGs and nanocomposites were investigated using a Paar
Physica Advanced Rheometer.

2.5. Adsorption Studies. The dye uptake study was performed
using an orbital shaker (Rivotek, Kolkata, India). In particular, the
effect of altered solution pH, temperature, contact time, initial dye
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concentration and adsorbent dosage were analyzed according to

previously reported procedures.”' For all the uptake study, 25 mL of

dye solution was used. The % of dye adsorption was calculated using
21

eql

CO — Ce
X 100
Co (1)

21,24

% adsorption =

The equilibrium uptake was calculated using eq 2

|4
q,=(Co — C) % > (2)
Where g, represents equilibrium capacity of dye on nanocomposite
(mg. g'), Cy and C, are the initial and equilibrium concentrations of
adsorbate solution (mg L™"), respectively. V denotes the volume of the
dye solution used (L) and W is the weight of the adsorbent (g) used.”!
The results shown here are the arithmetic mean of three readings.
2.6. Desorption Study. The regeneration ability of the nano-
composites was determined in four subsequent adsorption-desorption
cycles. The desorlption experiment was performed in the same way as
reported before,”’ however, stripping solutions with a pH of 2, 7, and
10 were used to evaluate the maximum regeneration efficacy of dye
(with 25 mL of 400 ppm MB solution mixed with 30 mg of h-XG/
SiO, nanocomposite for 20 min at 323 K. For MV, the desorption
conditions were: dye concentration, 350 ppm; adsorbent dosage, 40
mg/25 mL; contact time, 15 min; and temperature, 313 K). The %
desorption was calculated with eq 3*

concentration desorbed (mg/ L)

% desorption = X 100

concentration adsorbed (mg/L)

©)

3. RESULTS AND DISCUSSION

3.1. Synthesis. 3.1.1. Synthesis of Hydrolyzed Xanthan
Gum (h-XG). The alkaline hydrolysis reaction of XG-g-PAM**
affords stiffened and straightened graft copolymer chains, since
the adjacent negatively charged carboxylic acid groups formed
by the conversion of —CONH, groups will repel each other.””
Known side reactions are the deetherification and depolyme-
rization. Khalil et al. pointed out that the desired conversion of
amide to carboxylic groups increases with NaOH concentration
up to 0.1 (M) NaOH.*' For higher concentrations, the side
reactions compete significantly.’® As expected, the NE values of
partially hydrolyzed XG were found to depend on the NaOH
concentration along with the time and temperature of the
reaction.®” h-XG 7 was shown to possess the lowest NE value
of 4164 (Table 1), ie, the highest number of carboxylate
groups, which is considered an optimum for the adsorption of
dyes (vide infra).

3.1.2. Synthesis of the Nanocomposite (h-XG/SiO,). h-XG/
SiO, hybrid nanocomposites form according to the established
sequences of (i) the initial hydrolysis of TEOS, (ii) the
condensation of silanol groups to afford oligomers assembled as
sol particles and finally (jii) the cross linking of sol particles to a
sol—gel transition. The precursor medium accelerates the sol-
gel process in the presence of h-XG. Here, h-XG acts as a
template for the nucleation and growth of a SiO, shell because
of the H-bonding between the—COO"/-CONH, groups of the
surface of modified XG and hydroxyl groups at the SiO,
nanoparticle surface, as shown in Scheme 1. In presence of h-
XG, the silanol groups can further be hzrdrolyzed and
contribute in the polycondensation reaction” to generate
nano scale silica in the polymer matrix.

3.2. Characterization. The value of the intrinsic viscosity
of different grades of h-XG is much higher than that of the XG-
g-PAM,** as shown in Table 1. Due to the alkaline hydrolysis of
the grafted PAM chains, the repulsive forces between adjacent
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Scheme 1. Schematic for the Synthesis of h-XG/SiO,
Nanocomposites
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—COO" groups formed in the hydrolysis are enhanced and
straighten the flexible chains. Therefore, the hydrodynamic
volume and in turn the intrinsic viscosity of h-XG solutions
increased. For h-XG 7 the electrostatic repulsion was maximal,
resulting in a higher hydrodynamic volume, because of the
maximum content of carboxylate groups (i.e., lower NE Value).
The intrinsic viscosity of the h-XG/SiO, nanocomposites
increased drastically in comparison to h-XG because of the H-
bonding interaction between the active sites of the modified
polysaccharide and the silanol groups. h-XG/SiO,-2 showed
the highest intrinsic viscosity values, presumably because of the
unique and better distribution of silica nanoparticles.

The conversion of —CONH, groups during the alkaline
hydrolysis was verified by elemental analyses, which showed a
lower % of N and a higher % of O (see Table S1 in the
Supporting Information). Further, for nanocomposite h-XG/
Si0,-2, the silanol groups at the surface of the h-XG matrix
increased the % of O in the composite product (see Table S1 in
the Supporting Information).

The solid-state '*C NMR spectrum of h-XG7 (Figure 1a)
revealed all the characteristics peaks of xanthan gum as well as
those for polyacrylamide** (see Table S2 in the Supporting
Information). However, the presence of an additional peak at &
= 169.2 ppm signifies the presence of the carbon atom of the
carboxylate groups (see Table S2 in the Supporting
Information), which are absent in XG-g-PAM.24 This signal
supports the occurrence of the saponification reaction during
the alkaline hydrolysis of the grafted chains, as shown in
Scheme 1. Further, the spectra of all nanocomposites (Figure
1b—d) exhibited a regular downfield shift of the NMR peaks
attributed to the amide, carboxylate and —CH,OH groups (see
Table S2 in the Supporting Information), presumably because
of the interaction between h-XG and silanol groups. h-XG/
SiO,-2 (Figure 1c) evidenced a greater shift of both amide and
carboxylate groups (see Table S2 in the Supporting
Information), probably due to the improved distribution as
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Figure 1. *C NMR spectra of (a) h-XG 7, (b) h-XG/SiO,-1, (c) h-XG/SiO,-2, (d) h-XG/SiO,-3.
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well as the better interaction of h-XG with the in situ formed
silica nanoparticles.

The solid state *?Si MAS NMR spectrum of the h-XG/SiO,-
2 (see Figure S1 in the Supporting Information) was found to
be near identical to the spectrum of Stober silica,”* which
supports the incorporation of silica in the nanocomposite.
However, in comparison to Stober silica,** the spectrum of h-
XG/SiO,-2 was noisier, possibly because of the existence of a
significant amount of carbon in h-XG.
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The presence of silica particles in the composites was also
confirmed by EDAX analysis (see Figure S2 in the Supporting
Information).

Figure 2 elucidates the results of the comparative TGA and
DTG analysis of h-XG 7 and the h-XG/SiO,-2 nanocomposite.
The TGA curve of h-XG 7 (Figure 2a) shows four regions of
mass loss. The initial mass loss (between S0 and 100 °C) may
be attributed to the loss of moisture present in the material.
The second mass loss (between 220 and 300 °C) can be

dx.doi.org/10.1021/am4055657 | ACS Appl. Mater. Interfaces 2014, 6, 4766—4777
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Figure 4. (a) TEM image and (b) particle size distribution of nanocomposite h-XG/SiO,-2 as determined by TEM.

assigned to the decomposition of the polysaccharide back-
bone,”’while the third zone of mass loss (between 310 and
400°C) suggests the elimination of NH; from the grafted
polyacrylamide chains.”” Finally, between 450 and 500°C, CO,
may be eliminated from the h-XG backbone. By contrast, the
thermogram of the h-XG/SiO,-2 nanocomposite (Figure 2b)
exhibits an additional region of mass loss (560 and 670 °C).
This mass loss is tentatively attributed to the degradation of the
silanol —OH groups present in the silica surface,” which
supports the successful assimilation of silica particles on h-XG.

The FE-SEM micrograph of h-XG 7 (Figure 3a) shows an
interconnected three-dimensional network with a porous
structure. The FE-SEM image of the nanocomposite h-XG/
$i0,-2 (Figure 3b) unveils that smaller, spherical silica
nanoparticles (discernible as circular features with pronounced
secondary electron emission) are well-embedded and homoge-
neously distributed throughout the porous surface of the h-XG
matrix. This suggests that SiO, nanoparticles are attached to the
surface of h-XG, because of the H-bonding interaction between
the silanol groups and the active sites of polymer matrix.

The TEM image (Figure 4a) of nanocomposite h-XG/SiO,-2
shows a uniform distribution of spherical silica particles with
diameters ranging from 2 to 7 nm throughout the polymer
matrix (compare also the histogram of the particle size
distribution, Figure 4b). In addition, it has also been observed
that the silica particles were well dispersed for h-XG/SiO,-1
(see Figure S3a in the Supporting Information) and h-XG/
SiO,-3 (see Figure S3b in the Supporting Information). For
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comparison, Figure S4 (see the Supporting Information) shows
a TEM image of neat Stober silica, in which the silica particles
apparently agglomerated. The observation of isolated nano-
particles in the nanocomposites is consistent with the template
effect of hydrolyzed XG during the in situ synthesis (vide
supra). Thus, we assume that the polymer chains of h-XG act as
a promoter for the nucleation and growth of the silica
nanoparticles in the system as well as a stabilizer. In
nanocomposite h-XG/SiO,-2 (Figure 4), the nanoparticles
were very homogeneously distributed in the modified
polysaccharide, probably because of the better matrix—filler
interaction.

The incorporation of silica nanoparticles in the h-XG 7
through in situ synthesis results in a considerable increase in
the surface area in comparison to h-XG 7. This was unveiled by
surface area and pore structure determinations of h-XG 7 and
h-XG/SiO,-2 using the nitrogen isothermal adsorption
technique (Table 2). Figure SS (see the Supporting
Information) shows N, adsorption—desorption isotherms and
pore size distributions of h-XG7 and the nanocomposite h-XG/

Table 2. Surface Parameters of h-XG 7 and h-XG/SiO,-2
Nanocomposites

BET surface area BJH pore volume pore size
sample (m* ¢! (em® g)
h-XG 7 34.3 0.56 35.6
h-XG/SiO,-2 398.0 0.67 40.6

dx.doi.org/10.1021/am4055657 | ACS Appl. Mater. Interfaces 2014, 6, 4766—4777
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Figure 5. (a) Effect of pH on zeta potential of h-XG/SiO,-2 nanocomposite and effect of (b) pH, (c) time, (d) temperature, (e) adsorbent dosage,
and (f) initial dye concentration on adsorption characteristics of MB and MV from aqueous solution using the h-XG/SiO,-2 nanocomposite.

SiO,-2. It is evident that the interfacial interactions between the
templated h-XG copolymer matrix and the silica nanofiller
greatly affect the materials’ pore structure.*?

All the materials investigated show a typical shear thinning
behavior (see Figure S6 in the Supporting Information). h-XG
7 showed the highest shear viscosity among the hydrolyzed
xanthan gums, probably owing to the stronger electrostatic
repulsion between the carboxylate groups present in this
composition (h-XG 7 showed the lowest NE value). Clearly, all
the nanocomposites exhibited higher shear viscosities than the
neat hydrolyzed product. This may be due to the fact that the
nanocomposites are hetero phase materials and because of the
polymer matrix-nanosilica interactions, there is an increase in
solution viscosity. Nevertheless, h-XG/SiO,-2 exhibited the
highest viscosity, because of the enhanced interaction of the h-
XG and the filler, which originates from the homogeneous
distribution of the SiO, particles.

3.3. Adsorption Characteristics. 3.3.7. Optimization of
the Adsorption Conditions of Cationic Dyes. Removal of toxic
dyes from aqueous solution using an adsorbent is well known
to depend on temperature, the solution pH, added salt, the
equilibrium time of adsorption, the adsorbent dosage and
finally the initial concentration of the dye.”!

Effect of pH. Figure Sb demonstrates that a maximum % of
color removal was observed at pH 8 for MB (99.4 %) and at
pH 9 for MV (99.1 %), beyond which it was constant. To
determine the adsorption mechanism, measurements of zero
point charge (pzc) of the adsorbent are crucial, since it is well
known that adsorption of a cation is favorable at pH > pzc. By
contrast, for an anion the favorable adsorption condition is pH
< pzc. Here we observed that the pzc of nanocomposite h-XG/
Si0,-2 is 3.6 (Figure Sa). Therefore, in an acidic environment
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(pH < pzc), a lower adsorption efficiency is expected because of
the repulsive forces between the adsorbent and adsorbate.
Additionally, in acidic pH, the increased surface excess of H*
ions on the adsorbent implies competion of the H" ions with
cationic dye molecules, which reduces the adsorption of dye
molecules.** However, under alkaline conditions, the electro-
static attraction force increases, resulting in a higher % of
adsorption of the cationic dye. This is attributed to an increase
in the number of negatively charged sites, because of the
deprotonation of carboxylic acid groups of the grafted chains.
Further, the electrostatic repulsion among neighboring ionized
groups is enhanced, resulting in an increase of the grafted
chains inside the composite structure.”*>® We conclude that the
formation of ionic complexes between cationic dye (MB or
MYV) molecules and the anionic adsorbent is responsible for the
high adsorption efficacy.

Effect of Contact Time. Figure Sc shows that the initial rate
of dye uptake increased sharply with time and reached a
maximum (99.4%) within 20 min for MB and within 15 min for
MV (99.1%), after which it leveled off. This observation
indicates that a monolayer of dye molecules at the external
interface on the nanocomposite is formed. After the initially
rapid adsorption, the dye adsorption rate was controlled by
mass transport in the nanocomposite.m’21

Effect of Temperature. Figure 5d demonstrates the effect of
temperature on the adsorption eflicacy using the h-XG/SiO,-2
nanocomposite. For MB, the adsorption efficacy was enhanced
from 89.4% to 99.4% with a rise in temperature from 298 K to
323 K, beyond which it decreased to 93.5% at 333 K. By
contrast, a maximum adsorption (99.1 %) was observed for MV
at 313 K, which decreased to 91.9% with a further rise in
temperature to 328 K. It is well known that adsorbate
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Figure 6. Modeling of the adsorption kinetics of MB using (a) pseudo-second-order and (b) intraparticle diffusion models, and MV using (c)
pseudo-second-order and (d) intraparticle diffusion models onto h-XG/SiO,-2 nanocomposite.

molecules, on contact with water, may or may not enter inside
the adsorbate, which depends on the level of interaction
between adsorbate and adsorbent.”! In addition, at elevated
temperatures, swelling may enable the passage of large dye
molecules, which results in an increase in % adsorption.”!
Further, the increase in the adsorption rate with temperature
may be because of the superior diffusion rate of the dye
molecules as well as the lower solution viscosity of the
adsorbent particles.*> This confirms the endothermic nature of
the dye uptake. However, at very high temperatures, desorption
may take place because of enhanced thermal motions, which
results in a lower % adsorption.*"

Effect of Adsorbent Dosage. Figure Se shows the effect of
h-XG/Si0,-2 nanocomposite dosage on the uptake of MB and
MV from aqueous solution. The maximum color removal was
found to be 99.4% at 30 mg adsorbent dosage for MB and 99.1
% at 40 mg nanocomposite dosage for MV, after which it
reached a plateau. This phenomenon can be explained on the
basis of higher surface area as well as increased availability of
the active sites on the h-XG/SiO, nanocomposite surface. On
the other hand, with higher adsorbent dosage, lower rate of
adsorption have been witnessed due to the aggregation of
adsorption sites and an enhanced diffusion path length, which
caused a decrease of total available surface area.*®

Effect of Dye Concentration. Figure 5f demonstrates the
effect of the concentration of cationic dyes on the % adsorption
using nanocomposite h-XG/SiO,-2 as an adsorbent. It is
obvious that the dye removal declined from 99.4% to 81.6%
with an increase in MB concentration from 400 to 700 ppm,
and in the case of MV, the dye adsorption decreased from
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99.1% to 87.7% with increasing MV concentration from 350 to
650 ppm. This trend may be explained by the fact that at lower
concentrations, a maximum number of dye molecules would be
able to adsorb on h-XG/SiO,-2 surface, ensuing a higher % of
adsorption. By contrast, at higher dye concentrations, a lower %
adsorption has been monitored due to the saturation of the
active adsorption sites. %"

Therefore, the optimized conditions for the maximum
specific removal (Qu. = 497.5 mg g™') of MB are: pH §;
time 20 min; temperature 323 K; adsorbent dosage 30 mg/25
mL; initial dye concentration 400 ppm; and for MV (Q,., =
378.8 mg g~ '), the optimized adsorption parameters are pH 9;
time 15 min; temperature 313 K; adsorbent dosage 40 mg/25
mL; initial dye concentration 350 ppm.

3.3.2. Effect of lonic Strength. The effect of ionic strength
on the adsorption efficiency of MB and MV on h-XG/SiO,-2
nanocomposite was investigated. The results are shown in
Figure S7 (see the Supporting Information). In the present
study, NaCl and CaCl, solutions with concentration from 0.1
(M) to 0.6 (M) were utilized at otherwise constant parameters
(pH 7, contact time 20 min, temperature 323 K, adsorbent
dosage 30 mg/25 mL, dye concentration 400 ppm for MB and
pH 7, contact time 15 min, temperature 313 K, adsorbent
dosage 40 mg/25 mL, dye concentration 350 ppm for MV).
The results (see Figure S7 in the Supporting Information)
reveal that the color removal rate of the adsorbent gradually
declined with an increase in ionic strength of both salts. This
observation can be rationalized by considering the competitive
effect between salt cations (Na* and Ca?*) and hydrated
cationic dye molecules with the negatively charged surface of
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Figure 7. Various adsorption isotherm models fittedto the experimental data for the adsorption of MB at temperatures of (a) 303, (b) 313 (c) 323 K
and the adsorption of MV at temperaturesof (d) 293, (e) 303, and (f) 313 K using the h-XG/SiO,-2 nanocomposite.

the h-XG/SiO,-2 nanocomposite. Similar observations were
reported for the removal of MB using Cu** exchanged
montmorillonite.*® With an increase in salt concentration, the
“ionic atmosphere” may also progressively enhance the
shielding of the charge of cationic dye molecules, which
reduces the adsorption rate.** However, as Ca®* creates a
greater contribution to the ionic strength compared to Na’, the
adsorption efficiency of nanocomposite in presence of Ca®"
ions is lower than that of Na* at the same concentration. This
result suggests that electrostatic attraction is predominating
between the anionic adsorbent (i.e. the h-XG/SiO, nano-
composite) and the cationic dye molecules.

3.3.3. Adsorption Kinetics. The rate of dye uptake depends
on the contact time of the solid and liquid as well as on
diffusion processes.>® During the adsorption process, adsorbate
molecules migrate to the outer surface of the adsorbent, diffuse
in the boundary layer and eventually from the particle surface
into the internal sites via pore diffusion. Thus, to explore the
adsorption kinetics and understand the mechanism of
adsorption, pseudo-first-order,* pseudo-second-order,®® sec-
ond-order,”" and intraparticle diffusion®* kinetics models were
studied ( for details, see the Supporting Information). The fits
of the experimental results (see Table S3 in the Supporting
Information) show that the pseudo second order model
possesses a higher R* and a lower y* value, compared to the
pseudo-first-order and second-order models. This indicates that
the adsorption kinetics may be described as a pseudo-second-
order model (Figure 6) and depends on the amount of solute
adsorbed on the surface of adsorbent and the amount adsorbed
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at equilibrium.® The linear form of the pseudo-second order
kinetic rate equation is expressed as>’

9, )
where K, (g mg™' min™') is the pseudo-second-order rate
constant.

Figure 6a (for MB) and Figure 6¢ (for MV) show the plot of
t/q, vs. t and the parameters K, q,, and the R* and y* values are
given in Table S3 in the Supporting Information. The
intraparticle diffusion kinetics model of Weber and Morris*>
is presented in Figure 6b (for MB) and Figure 6d (for MV); the
linear form of this equation is

q, = K41‘1/2 +C (5)
where K, (mg g™ min~"2) is the intraparticle diffusion rate
constant®® and C is the boundary layer thickness®* and the
parameters K, g, and the R* and »* values are given in Table S3
in the Supporting Information.

Plots of g, vs. t"/? show at least two linear segments (Figure
6b, d). The first phase represents boundary layer diffusion due
to the mass transfer from the dye solution to the outer surface
of the nanocomposite. The second portion indicates a steady
adsorption step, corresponding to intraparticle diffusion of dye
molecules™ throughout the porous surface of the nano-
composite.

In addition, if the plot of g, vs. t'/* passes through the origin,
then intraparticle diffusion plays a crucial role in the adsorption
kinetics.”> However, the plots possess an intercept (see Table
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S3 in the Supporting Information), which indicates the
thickness of the boundary layer. Therefore, the presence of
multilinearity and the boundary layer thickness suggests that
some other mechanism may also contribute significant role in
the dye uptake process in combination with intra particle
diffusion model. Thus it is believed that surface adsorption
along with intraparticle diffusion takes place concurrently.
3.3.4. Adsorption Isotherm. The adsorption isotherm
(Figure 7) explains the distribution of dye molecules between
the liquid and the solid phase, when the processes involved
equilibrium. To reveal the interactive behavior between the
adsorbent and adsorbate molecules, appropriate adsorption
isotherm models, including the Langmuir,54 Freundlich,>®
Temkin>® and Sips isotherms,”” were tested (for details, see
the Supporting Information).The data were found to agree best
with the Langmuir model (Figure 7), which assumes that
adsorption took place on the homogeneous surface of
adsorbent with identical binding sites and that no trans-
migration between the adsorbed species occurs.®® The
nonlinear mathematical expression of the Langmuir model>* is

bQ ,C.
9.= 7~

1+ bC, (6)

where C, is the equilibrium concentration of adsorbate (mg
L™"), g. is the amount of dye adsorbed by the nanocomposite at
equilibrium (mg g™'), Q, (mg g™') signifies the maximum
adsorption capacity and the Langmuir constant b (L mg™')-
relates to free energy and affinity of adsorption.””** The
feasibility of the adsorption process is calculated using
separation factor (Ry),’ which is defined by following equation

1

Ro=—
146G,

(7)
The value of Ry indicates the category of the isotherm to be
either unfavorable (R; > 1), linear (R, = 1), irreversible (R, =
0) or favorable (0 < R, < 1).°

It is evident from Figure 7 that the Langmuir isotherm model
shows a better fit with the experimental data in comparison to
the other models studied here. The Freundlich constant
increased with rise in temperature, suggesting the process is
endothermic. The Langmuir constant “b” increased with
temperature, which represents the stronger attraction between
the active sites of the adsorbent and adsorbate,®’ and also
indicates a higher affinity of adsorbent and adsorbate molecules
at higher temperature in comparison to lower temperature.”' At
an MB concentration of 400 mg L™', R, was calculated to be
0.0179 at 323 K and in the case of 350 mg L™ the value of R,
was observed as 0.0179 at 313 K for MV. This observation
further supports that the Langmuir adsorption isotherm is
favorable. Finally, Q,,,, was calculated for both dyes and found
to be 497.5 mg g~" at 323 K for MB and 378.8 mg g ' at 313 K
for MV, respectively (see Table S4 in the Supporting
Information). This result suggests that the h-XG/SiO,-2
nanocomposite possesses a high capability to remove both
cationic dyes from aqueous solution.

3.3.5. Adsorption Thermodynamics. The van’t Hoff analysis
was used to unveil the spontaneity of the adsorption of MB and
MV on the h-XG/SiO, nanocomposites and to afford various
thermodynamic parameters.

AS° _ AH®
R RT

Inb =

(8)

4774

©)

where AG® is the change in Gibbs free energy (J. mol™), AH’ is
change in enthalpy (J. mol™), AS’ is the change in entropy (J.
mol! K*), R is universal gas constant (8.314 J. K mol") and b
is Langmuir constant at temperature T (K).

The values of AS° and AH° were evaluated from the
intercept and slope of a plot of In b vs. 1/T (Figure S9,
Supporting Information); the parameters are reported in Table
SS (Supporting Information). The negative values of AG°
confirm the spontaneous nature of the dye uptake process. It
was also observed that the AG® values gradually decreased with
increasing temperature. The positive values of AH® suggest that
the process is endothermic'® and the positive values of AS®
reveal the increase in randomness at the solid-solution interface
all through the adsorption of MB and MV dyes on the active
sites of adsorbent.'**!

3.3.6. Comparison of the Adsorption Capacity with
Various Adsorbents. To investigate the efficiency of the h-
XG/Si0,-2 nanocomposite as adsorbent for uptake of MB and
MYV from aqueous solution, the Q,,,, of the h-XG/SiO,-2 was
compared with various reported adsorbent. Although it is
complicated to directly compare the adsorption efficacy of the
h-XG/SiO, with literature data due to the dissimilar
experimental conditions, Table S6 (Supporting Information)
reveals that the adsorption capacity of h-XG/SiO,-2 (497.5 mg
g! for MB and 378.8 mg g' for MV) is better than that of
various reported adsorbents used for removal of MB and
MV Z30~81315,17,2628=37 10 pacult suggests that h-XG/SiO,
nanocomposites can be considered as promising adsorbents for
the removal of MB and MV from aqueous solution.

3.3.7. Regeneration Study. The adsorption and desorption
characteristics of an adsorbent is very important for its potential
application. An efficient adsorbent should possess both high
adsorption capacities as well as excellent desorption character-
istics, to render the sorbent economically viable. Therefore, to
explicate the mechanism of sorption, desorption experiments
were performed with different media of pH 2, 7, and 10. For
these three solutions, the maximum % desorption was achieved
in pH 2 (95.7% for MB and 95.5 % for MV) and the minimum
% desorption was observed at pH 10 (51.3% for MB and 49.9%
for MV), which is the opposite trend compared to the
adsorption process. This result signifies that ion exchange may
be the key adsorption mechanism. The probable desorption
mechanism is represented in Scheme S1 (Supporting
Information). Hence to realize the regeneration efficacy of h-
XG/Si0,-2, adsorption-desorption cycles were carried out in
concert for four times at pH 2. It was found that 85.6 % of MB
and 83.5 % of MV were desorbed after the 4™ cycle (Figure
S10, Supporting Information). Thus, it can be concluded that
the h-XG/SiO,-2 nanocomposite showed excellent recycling
ability for the treatment of the MB and MV from aqueous
solution.

3.3.8. Adsorption Mechanism. 1t is well known that various
factors including functional behavior and structure of adsorbate
molecules, surface of the adsorbent along with interaction
among adsorbent and adsorbate influence the dye adsorption
mechanism.”' Figure S11 (Supporting Information) shows that
the h-XG/SiO, nanocomposites exhibit better dye adsorption
characteristics in comparison with h-XGs under optimized
adsorption conditions. This result is attributed to the enhanced
hydrodynamic volume, high surface area as well as the existence
of additional chelating binding sites on the nanocomposite

AG®° = AH® — TAS®
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surface. Further, compared to the other nanocomposites, h-
XG/SiO,-2 showed higher dye removal efficiency, probably
because of the uniform distribution of nanofillers throughout
the polymer matrix, which enhanced the H-bonding interaction
between silica and modified polysaccharide matrix.

The FTIR spectra of the h-XG/SiO,-2 nanocomposite
(Figure S12a, Supporting Information), nanocomposite with
adsorbed MB (Figure Sl2c, Supporting Information) and
adsorbed MV (Figure S12e, Supporting Information) suggest
the possible interaction sites between adsorbent and adsorbate
molecule. In the spectra characteristic peak shifts were
observed. After adsorption, the characteristics peaks for the
dye loaded h-XG/SiO,-2 nanocomposite shifted e.g. for
silanol-OH stretching from 3787 cm™ to 3779 cm™ (for
MB) and to 3770 cm™ (for MV), —OH stretching vibration
from 3460 cm™ to 3427 cm™ (for MB) and to 3436 cm™ (for
MV), COO’ symmetric stretching vibrations from 1456 cm™ to
1439 cm® (for MB) and to 1440 cm (for MV), COO
asymmetric stretching vibrations from 1562 cm” to 1553
cm™ (for MB) and to 1548 cm™ (for MV), and for amide — I,
the shift took place from 1669 cm™ to 1660 cm™ ( for MB) and
to 1659 cm™ (for MV). However, there is no significant change
took place for peak corresponding to C—H stretching (2939
cm™) and C—N stretching vibrations (1399 cm™). This
indicates the specific electrostatic as well as H-bonding
interaction between the active sites of cationic MB and MV
dyes and the silanol — OH as well as polysaccharide —OH
groups, amide carbonyl groups and —COO" groups of
nanocomposite, as shown in Scheme 2.

Scheme 2. Adsorption Mechanism of (a) MB and (b) MV
Using h-XG/SiO,-2 Nanocomposites
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FE-SEM measurements were also carried out to compare the
morphological features and surface characteristics of h-XG/
Si0,-2 adsorbent after adsorption of MB (Figure S13a,
Supporting Information) and MV (Figure S13b, Supporting
Information). The appearance of layers (with bright contrast in
the secondary electron images) is evidenced from FE-SEM
images for both dyes, which is due to the significant
accumulation of MB and MV over the adsorbent surface®
owing to the physical interaction among the adsorbate and
adsorbent molecules. Further, the salt effect study revealed that
the adsorption efficacy decrease with increasing ionic strength,
which confirms the existence of electrostatic interaction
between cationic dye molecules and anionic adsorbent. The
efficient regeneration property of the h-XG/SiO, nano-
composite implies that ion exchange might be a probable
mechanism for the adsorption process of the cationic dyes.
Thus it is presumed that the possible interaction involved in
MB and MV uptake process is the electrostatic interaction
between COO" groups of adsorbent and the positively charged
active sites of the dye molecule as well as dipole—dipole H-
bonding interaction between the several —OH groups present
on the adsorbent surface and the electronegative residue (N
lone pair) in the dye molecule."* Additionally, Yoshida H-
bonding interaction between silanol —OH groups, large
number of —OH groups present in polysaccharides and the
active sites of cationic dyes (aromatic ring) plays a crucial role
in adsorption phenomenon.

The adsorption mechanism can also be explained by
consecutive process of dye diffusion comprising bulk diffusion,
intraparticle diffusion and surface adsorption.” It was found that
the removal of MB and MV is initially rapid and subsequently
equilibrium is reached more slowly. This confirms that initially
a rapid dye uptake has occurred through a surface adsorption
process. The hydrophilic nature of the adsorbent is mainly
responsible for a fast adsorption due to surface mass transport.
However, the entangled chains of the polymeric nanocomposite
network facilitate the diffusion process as the carboxylate
groups are hydrophilic in nature and are expected to swell in
aqueous media allowing the fast diffusion of dyes. Thus the
intraparticle diffusion process might also take place for the
adsorption process of cationic dyes and may control the
adsorption mechanism. The Langmuir isotherm may also hint
at the homogeneous nature of the h-XG/SiO, nanocomposite
surface with equal identical binding sites and monolayer
coverage of dyes. Finally, the negative AG® value reveals that
the adsorption process is spontaneous in nature.

We have additionally investigated the uptake capacity of the
anionic dye Congo red (CR) from aqueous solution using the
h-XG/SiO,-2 nanocomposite. The details of optimized
parameters of CR adsorption efficacy are explained in Figure
S14 (Supporting Information). It was found that only 63.1 mg
g! CR dye was removed after prolonged adsorption for 150
min. Because of the anionic nature of the dye it is assumed that
only H-bonding interaction is taking place between the
different organic functional groups present in the adsorbate
and adsorbent as evidenced from FTIR spectra (Figure S1S,
Supporting Information). This also opens up the perspective
that this novel nanocomposite (i.e. h-XG/SiO,-2) may act as a
competent adsorbent for selective adsorption of cationic dyes.

4. CONCLUSIONS

It can be concluded that the in situ incorporation of silica
nanoparticles on h-XG affords a high performance, novel
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nanocomposite-based adsorbent, which shows excellent cati-
onic dye removal efficacy from aqueous solution. This dye
uptake efficacy of the nanocomposite is attributed to its high
hydrodynamic volume and high specific surface area, which
originates from the uniform distribution of SiO, nanoparticles
in the polymer matrix of partially hydrolyzed polyacrylamide
grafted onto xanthan gum. The adsorption capacity of h-XG/
SiO,-2 is considerably higher in contrast to various reported
adsorbents used for cationic dye removal and also showed good
recyclability. Thus, h-XG/SiO, based nanocomposites might be
promising adsorbents for selective removal of cationic dye
pollutants from aqueous solution.
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