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Bionanocomposites based on layered silicates
and cationic starch as eco-friendly adsorbents
for hexavalent chromium removal

Yamina Koriche,"° Margarita Darder,” Pilar Aranda,” Saida Semsari,®
and Eduardo Ruiz-Hitzky ®

Functional bionanocomposites based on two layered silicates, the commercial montmorillonite
known as Cloisite® and a natural bentonite from Algeria, were prepared by intercalation of
cationic starch, synthesized with two different degrees of substitution, 0.85 and 0.55. After
characterization of the prepared bionanocomposites by XRD and zeta potential measurements,
batch studies were conducted to evaluate the adsorption capacity of hexavalent chromium
anions from aqueous solution. The adsorption isotherms, adsorption kinetics, and the effect of
pH on the process were studied. The removal efficiency was evaluated in the presence of
competing anions such as NO3, CIO4, SO,* and CI'. In order to regenerate the adsorbent for its
repeated use, the regeneration process was studied in two different extractant solutions, 0.1 M

NaCl at pH 10 and 0.28 M Na,CO; at pH 12.

1. Introduction

Bionanocomposites represent an emerging group of advanced
materials resulting from the assembly of biopolymers and
diverse inorganic solids, most commonly layered silicates
belonging to the clay minerals group. These materials show
improved structural and functional properties similarly to
conventional nanocomposites, and also offer non-toxicity,
biocompatibility and biodegradability associated with the
biopolymer counterpart.' The use of clay minerals of natural
origin also contributes to these non-toxic and biocompatible
characteristics of the resulting materials. Layered silicates of
the smectite family are the most commonly used inorganic
solids in the preparation of hybrid and biohybrid materials,
including the groups of organoclays and bionanocomposites,
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intercalation of molecular
6

based on the or polymeric
(bio)organic species.™ phyllosilicates
comprising two sheets of Si tetrahedral sheets sandwiching one
octahedral sheet that contains Al or Mg ions, and showing
swelling ability in water as well as cationic exchange capacity
due to the negative charge of the silicate layers.”

Among many other applications of hybrid materials derived

Smectites are 2:1

from clays, organoclays and bionanocomposites are receiving
application as adsorbents for environmental remediation.® Some
recent examples are the application of chitosan-montmorillonite
bionanocomposites to efficiently adsorb a wide diversity of
pollutants like herbicides,” dyes'® or As(V) and Cr(VI) anions,"
reported
previously as an effective low-cost and ecofriendly adsorbent

or the cationic starch/clay bionanocomposite
for organic anionic pollutants such as the Congo red dye and
the 2,4-D herbicide.'? In fact, abundant and low-cost neutral
polymers like starch,

nanocomposites, can be easily modified by covalently grafting

commonly used to prepare green

of functional groups with the aim of improving the adsorption
capacity of this biopolymer.'*'* Its functionalization with
quaternary ammonium groups anion-exchange
properties and it is also helpful to facilitate the biopolymer

introduces

assembling with charged clay minerals in order to produce
more stable adsorbents, favoring the intercalation of the
polysaccharide chains in the interlayer space of layered silicates
(Scheme 1) compared to the neutral starch.'>!'> The presence of
the silicate layers within the bionanocomposite material
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contributes to increase the stability in water of the cationic
starch and to allow its easy recovery from the aqueous solution
after the adsorption process.
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Scheme 1 Bionanocomposite based on the intercalation of cationic starch
functionalized with quaternary ammonium groups in the layered silicate
montmorillonite.

Chromium is one of the most dangerous harmful heavy metals.
Its most stable oxidation states in the environment are Cr(I1I)
and Cr(VI). While Cr(IIl) is an essential element for living
beings and plays an important role in carbohydrate
metabolism,'® Cr(VI) is a strong oxidant irritating plant and
animal tissues and it is also carcinogenic and mutagenic.'” It
has a great mobility in the chromate form (CrO,>), which is
extensively used in industrial processes such as electroplating,
leather tanning, wood preservations, manufacturing of dye,
paint and paper.'® The maximum permissible limit of Cr(VI) for
discharge into inland surface water is 0.1 mg/L. Thus, it
becomes imperative to remove chromium from industrial
wastes before discharging them into water or onto land. At
present, several treatment technologies have been developed to
remove chromium from water and waste water. Common
methods include chemical precipitation, reverse osmosis, ion
exchange, electrolysis, and adsorption.'” Among them,
adsorption is one of the most economically favorable and
technically and easily feasible method for removing Cr(VI)
from wastewater. A wide variety of adsorbents has been
reported,”” including metal oxides,?'** clay minerals,” layered
double hydroxides,24 biomass,”> %’ industrial wastes,?® and
activated carbon®*~*' among others. Recently, diverse polymer-
based nanocomposites including magnetic nanoparticles or
clays like the polypyrrole/magnetite® and the
polypyrrole/palygorskite®® materials have been tested as
adsorbents for chromium removal, as well as the so-called
bionanocomposites based on naturally occurring polymers,
such as the abovementioned chitosan-montmorillonite
material."!

The aim of the present work is the preparation of functional
bionanocomposites based on two layered silicates, the
commercial montmorillonite known as Cloisite® and a natural
bentonite from Algeria. Two cationic starch biopolymers with
different degrees of substitution, 0.85 and 0.55, have been
assembled to those clays for their application as adsorbents in
the removal of chromate oxyanions (CrO,*) from aqueous
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solution. The efficiency of the adsorption process was studied
in the presence of competing anions, such as NOs", ClO,, SO,*
and CI, and the possibility of regenerating the adsorbent was
also evaluated with two different extracting solutions in order
to allow its repeated use.

2. Experimental section

2.1. Materials

Potato starch (ST) and glycidyltrimethylammonium chloride
((2,3-epoxypropyl) trimethyl ammonium chloride, GTAC) were
supplied by Sigma-Aldrich. Sodium hydroxide was obtained
from Fluka and absolute ethanol from J.T. Baker. Commercial
Cloisite®Na (CL) was obtained from Southern Clay Products
and the sodium bentonite (Bnt) was prepared from a natural
bentonite (Maghnia deposit, Algeria) supplied by the Société
des Bentonites d'Algérie (BENTAL) company. The purification
and preparation of homoionic Na bentonite (Bnt) sample (< 2
pm fraction) have been done as described elsewhere.***> The
chromate solutions were prepared with K,CrO, obtained from
Merck. Other reagents used in this work were all of analytical
grade and the solutions were prepared with bidistilled water
(resistivity of 18.2 MQ cm) obtained with a Maxima Ultrapure
Water system from Elga.

2.2. Preparation of cationic starch

starch (CST) with degrees of
substitution, 0.85 and 0.55, was prepared according to
previously reported methods.*® Briefly, CST with DS 0.85
(CST1) was prepared by thoroughly mixing a 35% (w/v)
suspension of native potato starch (non-gelatinized) with 10 mL
of GTAC and 10 mL of an aqueous solution of 1.25 M NaOH.
After magnetic stirring for 24 h at 70 °C under reflux, the
reaction mixture was cooled down to room temperature and
then the CST was collected by precipitation in absolute ethanol
with stirring. The resulting product was washed thoroughly
with absolute ethanol to eliminate the non-reacted GTAC and
by-products, and finally the CST was filtered and dried at 40 °C
for 24 h. The same procedure was followed for the preparation
of the CST with DS 0.55 (CST2), but using 2.5 mL of GTAC.
The nitrogen content in both CST was estimated by elemental
analysis with a PerkinElmer 2400 series II CHNS/O elemental
analyzer, and the degree of substitution DS was calculated
according to the nitrogen content (N%) using equation 1, where
N is the nitrogen amount estimated by chemical analysis (%),
162 the molecular weight of anhydroglucose unit and 151.5 is
the molecular weight of GTAC.?¢3#

Cationic two different

162N

DS = (1400-151.5N)

(1)

2.3. Preparation and characterization of CST/clay
bionanocomposites

The adsorption of CST on both smectites for the preparation of
CST/clay bionanocomposites was carried out following the

This journal is © The Royal Society of Chemistry 2012
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procedure described in work.'?  Briefly,

bionanocomposites with initial 1:1 CST:CL or CST/Bnt mass

our previous
ratio were prepared by mixing 150 mg of clay (Bnt or CL)
suspended in 25 mL of bidistilled water with 25 ml of aqueous
solutions containing 150 mg of CST. The mixtures were placed
for 48 h in a thermostatic bath at 30 °C (+2 °C) and the resulting
hybrid materials were recovered by centrifugation, washed with
bidistilled water to eliminate the excess of CST, and finally
freeze-dried and later used in the chromate adsorption studies.
The CST content was determined by CHN chemical analysis
using the PerkinElmer 2400 series II CHNS/O elemental
analyzer). The X-ray diffraction (XRD) patterns of the
bionanocomposites were collected in a Bruker D8 T2T
Advance diffractometer using a Cu—Ka source, with a scan step
between 2-70° 20 Zeta
measurements were carried out using a Malvern Instruments

of 2°min values. potential
Zetasizer Nano ZS. CST and CST/clay bionanocomposite
suspensions (1.25 wt.%) were prepared in 0.1 M NacCl solutions
with the desired pH in the range of 2-12 adjusted with 0.1 M
HCI or 0.1 M NaOH and shaken for 24 h to attain stable

suspensions.

2.4. Adsorption of hexavalent chromium anions

A solution of 3.83 mmol/L of K,CrO, was prepared by
dissolving the required amount of K,CrO,. Solutions of lower
concentration were prepared by dilution. The adsorption
isotherms were determined by batch equilibration of 25 mg of
the adsorbent with 10 mL of chromate aqueous solution of
initial concentration (Cy) between 0.076 and 0.766 mmol/L at
pH around 7.5, the experiments were carried out in a
thermostatized bath with horizontal shaking at 25 °C for 24 h,
centrifuged and the supernatant was analyzed for chromate
concentration with UV—Vis spectrophotometer (Shimadzu UV-
2401) at the appropriate wavelength corresponding to the
maximum absorption of chromate (372 nm), after adjusting the
pH value at 7.5. The amount of adsorption Q was calculated by
the following equation:

Q

_ (Co=Co)V
m

()

where C, is the initial chromate concentration and C, is the
concentration at equilibrium in the solution.

For the study of the adsorption kinetics, the mixture of 20 mL
of 0.383 mmol/L chromate solution with 50 mg of the
adsorbent was shaken in the bath shaker at 25 °C, varying the
contact time from 5 to 240 min. The effect of pH on the
adsorbed amount of CrO,* was investigated by varying the pH
of the 0.383 mmol/L solution using 0.1 M NaOH or 0.1 M HCl
between pH 3.0 and pH 11 at 25 °C, using a dispersion of
adsorbent of 2.5 g/L. The characteristic changes in the
vibrational frequency of both bionanocomposites and the
recovered bionanocomposite after adsorption of chromates
were recorded using an attenuated total reflectance infrared
(ATR-IR) (Shimadzu, GladiATR10). The
presence of chromium in the bionanocomposite after adsorption

spectrometer

This journal is © The Royal Society of Chemistry 2012
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was confirmed semi-quantitatively by energy-dispersive X-ray
spectroscopy (EDX) with an EDAX detector TypeSDD Apollo
10 mounted on the FE-SEM equipment FEI-NOVA NanoSEM
230.

2.5. Effect of competing anions on the adsorbed amount of
chromate anions

In order to study the competing effect of similar anions, the
adsorption of chromate was measured in the presence of
various inorganic anions commonly present in the industrial
effluents at similar initial concentration. A series of 1:1 molar
ratio chromate/competing anion solutions with a concentration
of 0.383 mmol/L for each anion was prepared using sodium
salts of H,PO,, NO5, ClO4, SO,* and CI, and the pH values
of each solution was adjusted to 7.5. An amount (25 mg) of the
adsorbent was added to 20 mL of each solution and the samples
were kept at the same adsorption conditions mentioned above.
Finally, the adsorbent was separated by centrifugation and the
supernatant was the CrO.*

analyzed for determining

concentration.

2.6. Regeneration/re-use experiment

For regeneration testing, 100 mg of the bionanocomposite
exposed to 0.383 mmol/L chromate solution for 2 h were
recovered and directly treated with 10 mL of two different
extracting solutions, 0.1 M NaCl at pH 10 and 0.28 M Na,CO;
at pH 12, and shaken for 1 h at 25 °C. The solid sorbents were
then separated and the desorbed chromate determined in order
to evaluate the removal efficiency of each extracting solution.
The solids treated with 0.28 M Na,COj; at pH 12 were exposed
to 1 mM HCI in order to eliminate the carbonate anions, then
the solids were dried at 40 °C for 24 h and finally reused in
successive adsorption-desorption cycles.

3. Results and discussion

3.1. Assembling of cationic starch to layered clays

The two cationic starch (CST) polysaccharides used in this
study present a degree of substitution of 0.85 and 0.55 and are
denoted as CST1 and CST2, respectively, which corresponds to
85 and 55 quaternary ammonium groups per 100 glucose units,
as determined from the nitrogen content in each CST measured
by CHN elemental analysis. This same technique allowed to
the the
bionanocomposites prepared from 1:1 CST/CL initial ratio,
which were 32.8% and 44.8% for CST1/CL and CST2/CL,
respectively, as well as in those materials prepared from 1:1
CST/Bnt initial ratio, yielding values of 30.2 % and 43.6% for
CST1/Bnt and CST2/Bnt, respectively. In all cases, the specific
surface area of the resulting bionanocomposites is close to 20

estimate final amounts of CST present in

2
m-/g.

The XRD patterns of both CST/clay bionanocomposites (Fig.
la, b) show higher values of the basal spacing (dgy) in the
materials prepared with CST2 (2.74 nm for CST2/CL and 2.72
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nm for CST2/Bnt) than in those prepared with CST1 (2.00 nm
for CST1/CL and 1.94 nm for CST1/Bnt). This fact could be
attributed to the smaller amount of positive charges in the CST2
chains, requiring the intercalation of large quantities of
biopolymer in order to compensate the negatively charged sites
of the silicate layers, as determined from the chemical analysis
results. These large amounts of intercalated biopolymer would
be responsible for the increased distance between the silicate
layers observed in the CST2/clay materials. FESEM images of
these bionanocomposites are shown in Fig. S1.

a
T—2.74 nm

3
S 2.00 nm CsT2/CL
> \\ {
B ll\ R
S M} ‘? f\\
£ MW T~ 1.150m

|. % ) CST1/CL

\ VM‘.,'I“\N‘P-’”‘)"‘ i

T\““WMM | it sttt i

10 20 3‘0 4‘0 50 60 70
2Theta (°)

CST2/Bnt

Intensity (a.u.)

10 20 30 40 50 60 70
2Theta (°)

Fig. 1 XRD patterns of CL and CST/CL bionanocomposites (a), as well as of Bnt
and CST/Bnt bionanocomposites (b).

3.2. Zeta potential characterization

Zeta potential curves as a function of pH for CST1 and CST2
are shown in Fig. 2a. The zeta potential values of all the
samples were positive and ranged between 3.56 and 23.6 mV.
As expected, CST1 showed the slightly superior values of the
apparent zeta potentials than CST2, in accordance with the
higher DS of CST1 in comparison to CST2. The zeta potential
curves of Cloisite® (CL) and its bionanocomposites with CST1
and CST2 are shown in Fig. 2b. The negative zeta potential
value of Cloisite™ over the entire pH-range confirms the high
anionic surface charge of this clay, which shows a high cationic
exchange capacity (92 meq/100 g). Previous studies reported a
similar result for the zeta potential of montmorillonite at the

4| J. Name., 2012, 00, 1-3

same conditions.***’ In the acidic medium (pH = 2), the zeta
potential value of Cloisite® is less negative than at higher pH
values and the reason may be due to the neutralization of a part
of the anionic sites in the silicate layers with the protons present
in the medium. Actually, AI** and Mg®" ions located in the
octahedral sheet can be lixiviated at this low pH conditions,
modifying the clay structure and so affecting its surface charge.

40
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Fig. 2 Zeta potential as a function of pH for the CST1 and CST2 polysaccharides
(a), for CL and the CST1/CL and CST2/CL bionanocomposites (b), as well as for
Bnt and the CST1/Bnt and CST2/Bnt bionanocomposites (c).

The CST1/CL bionanocomposite exhibits a net positive charge
in all the pH range due to the excess of a positive charge
resulting from the high DS of CST1. The zeta potential values
in the basic medium were slightly inferior to those in the acidic
medium in all cases. The curve corresponding to the CST2/CL
bionanocomposite presents the same tendency, and in addition
this biohybrid material presents an isoelectric point at pH
around 11.4, which can be due to the smaller excess of cationic
groups in comparison to the material prepared from CSTI1. In
the case of bionanocomposites based on Bnt (Fig. 2¢), which
shows also cationic exchange ability (72 meq/100 g), the
variation of zeta potential as a function of pH presents the same
behavior  than  that observed for the CST/CL
bionanocomposites.

This journal is © The Royal Society of Chemistry 2012
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3.3. Adsorption of hexavalent chromium anions

The functionalization of layered clays with modified starch
bearing cationic quaternary ammonium groups increases their
degree of interaction with anionic pollutants and other
negatively charged compounds, as previously reported.'
Adsorption of CrO4> anions onto CST/CL bionanocomposite
was confirmed by means of FTIR and SEM-EDX analysis. Fig.
3 shows the FTIR spectra of CSTI1/CL bionanocomposite
before and after adsorption of CrO,* anions. In both cases, the
spectra show the combination of the characteristic absorption
bands due to the cationic starch and the clay:12 ve.u(CH,) at
2933 cm™! and veg(-N(CH;)5) at 1477 cm’! characteristic of the
polysaccharide, as well as vy.o(Si-OH) at 3620 em! and vg o at
995 cm™ due to the silicate. After contact with chromate anions,
the spectrum of the bionanocomposite shows clearly the
appearance of a new band around to 878 cm™' corresponding to
the asymmetric stretching vibration mode of the Cr=0 bond,*'
due to the electrostatic interaction of the chromate oxyanions
and the cationic charges present in the bionanocomposite.

0.3 4

0.2

0.1

Absorbance (a.u.)

0.0 H
4000

T T T T T
3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

T
3500

Fig. 3 ATR-IR spectra of CST1/CL adsorbent (a) before and (b) after the
adsorption of chromate anions.

The energy-dispersive X-ray analysis (EDX) of the CST/clay
samples (Fig. S2) also confirms the adsorption of chromate on
the CST/CL adsorbent, as the presence of chromium is pointed
out by the peak between 5 and 6 keV (Fig. S2b).**** The peak
observed at around 2.6 keV, attributed to chloride ions, in the
spectrum of the bionanocomposites before chromate adsorption
(Fig. S2a) disappears after the adsorption process, appearing the
new signal at 5-6 keV due to chromate anions (Fig. S2b). This
fact confirms that the mechanism of the adsorption process is
due to an anion exchange of the chloride anions by the
chromate oxyanions in the cationic starch chains located at the
surface and/or in the interlayer space of the clay.

3.3.1. ADSORPTION ISOTHERMS

A higher DS of CST in the bionanocomposites is expected to
lead to a higher amount of cationic groups, and consequently to
increase the adsorption capacity towards anionic molecules.

This journal is © The Royal Society of Chemistry 2012

Dalton Transactions

Thus, the adsorption of chromate oxyanion (CrO,>) was
studied on CST/clay bionanocomposites prepared from CST
with DS 0.85 and 0.55. The adsorption isotherms of chromate
by these materials are plotted in Fig. 4.

18
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Fig. 4 Adsorption isotherms of chromate anions on CST/CL and CST/Bnt
bionanocomposites at 25 °C.

The adsorption isotherms reveal the specific relation between
the concentration of adsorbate and the adsorption capacity of an
adsorbent at a constant temperature. In this study, two
important adsorption models are selected, that is, Langmuir and
Freundlich models.

The Langmuir isotherm assumes that adsorption occurs at
specific homogeneous sites on the adsorbent and is the most
commonly used model for monolayer adsorption process, as

represented by the following equation:**

— QMaxbCe
Qe = 1+bC, (3)

where Q. is the equilibrium adsorption capacity of CrO4* on
(mmol/100g), C. is the equilibrium CrO,*
concentration (mmol/L), Quax is the monolayer adsorption
capacity of the adsorbent (mmol/100g) and b is the Langmuir

adsorbent

adsorption constant (L/mmol).

The Freundlich isotherm equation,
adsorption isotherm for heterogeneous surfaces, is described by
the following equation:*

the most important

Q. = KC, (4)
where Q. is the equilibrium adsorption capacity of CrO,* on
adsorbent (mmol/100g), C. is the equilibrium CrO/>
concentration (mmol/L), K is a constant related to the
adsorption capacity and 1/ is an empirical parameter related to
the adsorption intensity.

In this study, the experimental data were fitted to both models
by non-linear regression and the resulting fitting parameters are
summarized in Table 1 together with the correlation coefficient
(R%). The fitting curves from the two isotherms are also
illustrated in Fig. 4.

J. Name., 2012, 00, 1-3 | 5
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Table 1 Parameters resulting from data fitting to Langmuir and Freundlich
isotherms

Freundlich Langmuir
K 1/n R’ b Quax R’

(L/mmol)  (mmol/

100 g)
CSTI/CL  23.11 0427 0948 11.87 17.80 0.984
CST2/CL 930 0552 0977 5.37 7.70 0.992
CST1/Bnt  8.63  0.240 0923 47.09 6.60 0.960
CST2/Bnt 7.66  0.863 0.933 3.533 4.98 0.909

The correlation coefficients for the Langmuir model are closer
to 1 than those obtained for the Freundlich model. In addition,
the QOpy., values for the adsorption of CrO,> onto the
bionanocomposites calculated from the Langmuir model are
very close to the experimental data. Obviously, the Langmuir
model is much better to describe the adsorption of CrO4> onto
CTS/clays bionanocomposites than the Freundlich model,
indicating the homogeneity of the adsorption sites in both
CST/clays bionanocomposites. It can be also observed that the
maximum adsorption capacity toward anionic species increased
with the increase of the DS of CST, rather than with a higher
amount of intercalated cationic polysaccharide. This behavior
can be also related to the higher positive zeta potential values of
the CST1/clay bionanocomposite in comparison to those of the
CST2/clay material in all the pH range.

The effectiveness of CST/clay bionanocomposite adsorbent was
compared in terms of the adsorption capacity with some
reported eco-friendly adsorbents. For instance, the maximum
adsorbed amounts of chromate onto chitosan with different
deacetylation  degrees,* with
epichlorohydrin,*’ carboxymethylcellulose,*® and biopolymer
beads of cross-linked alginate and gelatin® were 97.4mg/ g,
11.3 mg/g, 5.1 mg/g and 0.8 mg/g, respectively. These results
indicated that the adsorption capacity of the CST/clay
adsorbents proposed in this study (20.6 mg/g) is lower than
pure chitosan but compares favorably with the other reported
biopolymer-based materials. Anyway, the presence of the
layered solid in the bionanocomposites is advantageous in order
to afford an easier recovery of the biosorbent from the aqueous
solution.

chitosan cross-linked

3.3.2. KINETICS STUDY

In order to investigate the mechanism controlling the adsorption
process of CrO,* on CTS/clay bionanocomposites, the pseudo-
first order and the pseudo-second order kinetic models™ were
applied to evaluate the experimental data obtained from batch
CrO,”> removal experiments (Fig. 5). Pseudo-first order or
Lagergren’s kinetics equation is based on the assumption that
the rate of change of solute uptake with time is directly
proportional to the difference in saturation concentration and
the amount of solid uptake with time, and the linear form of the
equation is given as:

log(Qe — Qr) = log(Qe) — (K1/2.303)t  (5)

6 | J. Name., 2012, 00, 1-3

where Q.and Q, are the amounts of adsorbed CrO,> (mmol/100
g) at equilibrium and at a predetermined time (t), respectively,
and K; (min™") is the rate constant of this equation. The fittings
of the experimental data to the linear form of the pseudo-first
order model are shown in Fig. S3a, and the values of the
pseudo-first-order rate constants, K; and Q,values for CST/clay
bionanocomposites are listed in Table 2.

The linear form of the pseudo-second-order rate equation
represented by Ho and McKay™ is given as:

t 1

1
L —t
Qt

K2Q% = Qe

(6)

where Q.and Q, are the amounts of adsorbed CrO4*" (mmol/100
g) at equilibrium and at a predetermined time (t), respectively,
and K, (g/mmol.min) is the pseudo-second order rate constant.
The fittings of the experimental data to this form of the pseudo-
second order model are shown in Fig. S3b, and the values of
Q., K5 and R obtained from this rate model are given in Table
2.

Table 2 Kinetic parameters for chromate adsorption

Pseudo-first order kinetic Pseudo-second order Kinetic

model model
I<l Qe R KZ Qe R

(min™)  (mmol/ (g/mmol  (mmol/

100 g) .min) 100 g)
CST1/CL 0.043 3.37 0.97 -310.4 12.16 0.99994
CST2/CL  0.0198 2.28 0.88 0.193 7.44 0.9998
CST1/Bnt  0.0273 3.60 0.92 0.87 7.52 0.9999
CST2/Bnt  0.0045 0.54 0.32 -0.13 4.34 0.9994

The correlation coefficients for the pseudo-second-order are
better than those obtained with the pseudo-first -order kinetic
model, suggesting that adsorption of chromate anions on these
adsorbents follows a pseudo-second order model in all cases.
Although it is difficult to corroborate a possible mechanism of
interaction, it could be considered that the adsorption of CrO>
takes place probably via surface exchange reactions until the
surface functional sites are fully occupied, and thereafter CrO,*
anions could diffuse into the CST/clay layers for further
interactions and/or reactions such as ion-exchange.

12] T —* ——— —® *
'3
il
10-e
TL
<) .
8 84, Q
s L NP
< E‘ & A — N ——i
<}
£ 6
E
T 4
o CSTH/CL
2 — —CST1/BNT
il a-CST2/CL
CST2/Bnt
0- T T T T T
0 50 100 150 200 250
time (min)

Fig. 5 Kinetics of chromate adsorption by the CST/clay bionanocomposites.
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3.3.3. EFFECT OF PH

The pH of the aqueous solution is an important parameter in
many adsorption processes, especially when the involved ions
are sensitive to pH, as it is the case of chromate. The removal
of chromate oxyanions by CST/clay bionanocomposites was
also found to be pH dependent. The effect of pH on the
adsorption process was studied at 25+1 °C, an initial CrO4> ion
concentration of 0.383 mmol/L, a contact time of 120 min, and
with an adsorbent dosage of 0.5 g. The adsorbed amounts of
Cr(VI) species onto CST/clay bionanocomposites at a pH range
of 3—11 are shown in Fig. 6.

Q (mmol/100g)

—e—CST1/CL
2 —v—CST1/Bnt

pH

Fig. 6 Effect of pH on the chromate

bionanocomposites.

adsorption of by CST1/clay

It can be observed that the extent of adsorption on both
CST/CL bionanocomposites shows the maximum values at pH
below 7. Generally, the Cr(VI) species may be represented in
various forms as chromic acid (H,CrO,), hydrogen chromate
ion (HCrO,") and chromate ion (CrO,*"), depending on the pH.
H,CrO, predominates at pH below 1, HCrO, at pH between 1
and 6, and CrO4* at pH values above 6. The dichromate ion
(Cr,0,%), a dimer of HCrO, minus a water molecule, is only
formed when the concentration of Cr(VI) exceeds
approximately 1 g/L.*° Thus, in the current study the
predominant species are HCrO, at pH below 6, and CrO4*
above such value (Fig. S4). Given that the positive charge of
the CST/CL bionanocomposites is assured in all the pH range
due to the presence of the quaternary ammonium groups,
electrostatic interaction can be established with both HCrO,
and CrO,* species in the whole pH range. Thus, the decrease in
the adsorbed amount of Cr(VI) as pH increases could be
attributed to the predominance of CrO4> anions, which require
two ion-exchange sites for binding to the adsorbent, as well as
to a possible competing effect with the increasing number of
OH’ ions at the highest pH values. In fact, as above indicated it
was observed a similar behavior of zeta potential, which was
also slightly reduced at pH values higher than 6.

3.4. Effect of competing anions

In many cases, industrial wastewater, surface and underground
waters contain various kinds of ions such as Cl, SO,*, NO;5

This journal is © The Royal Society of Chemistry 2012
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and ClO, which can interfere in the adsorption of hexavalent
chromium. Therefore, it is necessary for a sorbent to afford a
high selectivity toward the here considered hazardous ion. Fig.
7 shows the chromate adsorption in the presence of different
competing anions from solutions at pH 7.5. This figure
illustrates that chloride ions do not affect strongly the Cr(VI)
adsorption, but NO5", C1O,” and H,PO, ions can slightly reduce
the uptake of chromate oxyanions by the occupation of the
cationic sites of the bionanocomposite. The main competing
anion was sulfate, leading to a reduction of the chromate
adsorption amount around 35.5%. This effect can be due to the
similar charge and hydration radius of sulfate and CrO,>, which
is the predominant species at pH 7.5. Table 3 collects the
hydrated radius of CrO,* and the studied competing anions.
The degree of interference follows the sequence SO >>
H,PO, > ClO, > CI" > NOgy, that is in agreement with the
hydrated radii and charges of the different anions except for the
phosphate species. In that case, the coexistence of the two
species H,PO, and HPO,” at pH 7.5 (Fig. S5) can be
responsible for the considerable effect of this anion on the
adsorption of chromate.

Table 3 Hydrated radius of CrO,* and coexisting anions

Anions Hydrated radius (A)
CI, NOy 3
ClO4 3.5
S0.~, CrO4~ 4
H,PO4 4-45
100 4
£ b T
3 80
1S
@ -
E 60 - -
5]
12}
kel
&“: 40 4
Q
(@]
‘S 204
B
0 : T T T e T
HO  HPO; NO, (elle} SO, cl

2 2 4
Competing anions

Fig. 7 Effect of competing anions on the chromate adsorption.

3.5. Regeneration tests and reuse experiments

In order to regenerate the adsorbent for its repeated use and for
recovery of the adsorbed contaminants, two different
extractants were studied: 0.1 M NaCl at pH 10 and 0.28 M
Na,COj; at pH 12. In both cases the regeneration mechanism is
based on the anion exchange of adsorbed Cr(VI) species by
chloride or carbonate anions. Fig. 8a shows that the most
successful extraction was achieved in the first regeneration
cycle, with both extractants giving similar extraction efficiency
values around 95 and 92% for NaCl and Na,COj; solutions,

J. Name., 2012, 00, 1-3 | 7
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respectively. In all cases, the extraction efficiency decreased
after consecutive adsorption/regeneration cycles. In a second
regeneration test, around 90% of the adsorbed chromate was
extracted, and after a third use the extracted amounts were
reduced to only 72 and 78% for NaCl and Na,CO; solutions,
respectively.

Fig. 8b shows the amount of adsorbed Cr(VI) after each
regeneration test in consecutive adsorption/regeneration cycles.
From this result, it was found that the regeneration with
carbonate anions allows to adsorb the highest amount of Cr(VI)
in the second and the third adsorption runs than the
regeneration with chloride anions. These results can be
explained by the increased affinity of the adsorbent towards
CO;7 anions, due to its higher anionic charge, which can be
more efficient for replacing the adsorbed CrO,> anions by
anion exchange. It is also noteworthy to mention that we can
reuse this adsorbent several times by simple and low cost
regeneration.

[ Na,CO, a
[INaCl
80 -
S
& v
(o)
=
o
el
L
O 404
£
>
L
0+
2
Regeneration cycle
15
EENaCO,
[_INaCl
10+
jo2
o
o
3
£
£
=
a
04

2 3
Adsorption run

Fig. 8 Percentage of chromate extracted by different extractants from CST1/CL
bionanocomposite (a) and the re-use of the regenerated adsorbent in
consecutive adsorption runs (b).

Conclusions

Cationic starch (CST)/clay bionanocomposites were prepared
by assembling the modified biopolymer to two layered silicates:
a commercial Cloisite® and a purified bentonite. Starch was
previously functionalized with quaternary ammonium groups in
order to introduce anion-exchange properties and to facilitate its

8 | J. Name., 2012, 00, 1-3
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assembly to the silicate layers. The bionanocomposites based
on CST with small degree of substitution (DS = 0.55) show a
large amount of assembled biopolymer, as well as high
interlayer spacing values, compared with those based on CST
with a higher DS (0.85). However, the latter materials show the
highest zeta potential values, pointing out to an increased
anion-exchange capacity of these CST/clay bionanocomposites.
In fact, the material involving Cloisite® and CST with DS 0.85
exhibits the best efficiency in the removal of hexavalent
chromium ions, reaching adsorption values around 20.6 mg
Cr(VI)/g adsorbent. The adsorption process was well described
by the Langmuir isotherm model, and the kinetic data were
fitted by the pseudo-second-order model. The efficiency of the
adsorption process was also successfully proved in the presence
of competing anions, such as NOj3’, Cl10,, S0,% and CI, as well
as the possibility of regenerating the adsorbents for reusing
them in several adsorption cycles. The presence of the silicate
layers within the bionanocomposite material was crucial to
increase the stability in water of the cationic starch and to allow
its easy recovery from aqueous solution after the adsorption
process. These results show the potential interest of this type of
low-cost biosorbents based on layered silicates of different
origin in the removal of pollutants with potential interest in
countries with tannery industry.
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Bionanocomposites based on layered silicates and cationic starch as
eco-friendly adsorbents for hexavalent chromium removal

Yamina Koriche,“>® Margarita Darder,” Pilar Aranda,® Saida Semsari,® and Eduardo Ruiz-Hitzky**

Graphical Abstract:

Functional bionanocomposites with ability to adsorb Cr(VI) anions were prepared by
intercalation of cationic starch bearing quaternary ammonium groups in two layered
silicates, a commercial Cloisite” and an Algerian bentonite.
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