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Microwave-assisted synthesis of the cellulose-carbonated hydroxyapatite nanocomposites (CCHA) with
CHA nanostructures dispersed in the cellulose matrix was carried out by using cellulose solution, CaCl,,
and NaH;,POy,. The cellulose solution was previously prepared by the dissolution of microcrystalline cel-
lulose in NaOH-urea aqueous solution. Study was carried out to evaluate the feasibility of synthetic CCHA
for As(V) removal from aqueous solution. Batch experiments were performed to investigate effects of var-
ious experimental parameters such as contact time (5 min - 8 h), initial As(V) concentration (1-50 mg/L),

ifj};‘;v:rgzn temperature (25, 35 and 45°C), pH (2-10) and the presence of competing anions on As(V) adsorption
Arsenapte on the synthetic CCHA. Kinetic data reveal that the uptake rate of As(V) was rapid at the beginning and

equilibrium was achieved within 1 h. The adsorption process was well described by pseudo-first-order
kinetics model. The adsorption data better fitted Langmuir isotherm. The maximum adsorption capac-
ity calculated from Langmuir isotherm model was up to 12.72 mg/g. Thermodynamic study indicates an
endothermic nature of adsorption and a spontaneous and favorable process. The optimum pH for As(V)
removal was broad, ranging from 4 to 8. The As(V) adsorption was impeded by the presence of SiO3%~,
followed by PO43~ and NOs~. The adsorption process appeared to be controlled by the chemical process.

© 2011 Elsevier B.V. All rights reserved.

Hydroxyapatite
Kinetic study
Thermodynamic parameters

1. Introduction drinking water from 10 to 50 p.g/Lin 2001 and required compliance
with this level since January 2006 [9]. Recently, the state of New

Arsenic contamination in natural water possesses a great threat Jersey proposed that the MCL of arsenic in drinking water should

to millions of people in many regions of the world [1,2]. Ground
water contamination by arsenic has been a major problem in the
northeastern parts of India like West Bengal, Assam and in few
pockets of Orissa [3]. Arsenic occurs naturally in soils and water,
and it also enters the environment due to anthropogenic activi-
ties. Common chemical forms of arsenic in the environment include
arsenate (As(V)), arsenite (As(Ill)), dimethylarsinic acid (DMA), and
monomethylarsenic acid (MMA). Epidemiological studies demon-
strated that there is close link between the chronic exposure to
arsenic in drinking water and some medical disorders and can-
cers [4,5]. Chronic arsenic poisoning can cause a lot of human
health problems through either contaminated drinking water or
agriculture products irrigated by contaminated water. Studies have
demonstrated that chronic exposure to arsenic can lead to liver,
lung, kidney, bladder, and skin cancers [6], cause cardio vascular
system problems [7], and affect the mental development of chil-
dren [8]. Accordingly, the U.S. Environmental Protection Agency
revised the maximum contaminant level (MCL) for arsenic in
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be 5 g/L to ensure the health of people [10].

Arsenic removal from water is an important subject world-
wide, which has recently attracted great attentions. A variety of
treatment processes has been developed for arsenic elimination
from water, including coagulation (precipitation) [11], adsorption
[12-14], ion exchange [15], membrane filtration [16], electrocoag-
ulation [17,18], biological process [19], iron oxide-coated sand [20],
high gradient magnetic separation [21] and natural iron ores [22],
manganese greensand [23], etc. Coagulation and adsorption pro-
cesses are most promising for arsenic removal from high-arsenic
water because of the low cost and high efficiency, and are widely
used in the developing countries. But, they have not been shown
to deeply eliminate arsenic from water and to produce cleaned
water with a very low arsenic concentration, say 10 p.g/L. However,
membrane filtration process could lower arsenic concentration in
water from 48 to 1-2 wg/L [24], and ion exchange process could
remove arsenic to levels lower than 5 ug/L for water with initial
arsenic concentration of 87 g/L [12], which are currently used in
the developed countries. The other processes are still at a laboratory
or pilot scale.

Owing to small size and high specific surface area, cellulose-
carbonated hydroxyapatite nanocomposites [25] can effectively
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interact with arsenate ion, resulting in enhanced removal of arsen-
ate from water. Hydroxyapatite, the most stable calcium phosphate
compound at normal temperatures and the pH between 4 and 12,
has the chemical formula, Ca;9(PO4)s(OH);, with the Ca/P ratio
being 1.67. It is a compound of great interest mostly because
of its chemical similarity to the mineral component of bones
and hard tissues in mammals [26]. Nakahira et al. reported the
removal of arsenic in geothermal water by using hydroxyapatite-
based materials including the industrial waste, such as bovine
bone and hydroxyapatite modified by a solid solution with SiO,
[13]. The cellulose-HA nanocomposites combine the advantages
of cellulose and HA, and are considered to be interesting func-
tional materials with many potential applications in biomedical
field with such striking features as high mechanical properties and
excellent biocompatibility. In these nanocomposites, HA nanos-
tructures with high specific surface area and unsaturated atoms can
interact with the cellulose, leading to the enhancement of prop-
erties of the nanocomposite. The cellulose-CHA nanocomposites
are considered to be interesting functional materials with many
potential environmental applications with such striking features
as high mechanical properties and excellent adsorption capacity.
Therefore, it is greatly important to develop preparation meth-
ods for cellulose-CHA nanocomposites and to evaluate its arsenate
removal efficiency.

There have been only few reports on the synthesis of
cellulose-CHA nanocomposites [27-30]. For example, Yoshida et al.
[26] synthesized the cellulose-CHA composites in situ through
mechanochemical reaction using a conventional ball-mill. Landi
et al. [27] prepared porous bodies of CHA followed by impreg-
nation of cellulose sponges with proper slurry of the powder
and optimizing the subsequent sintering. Yoshida et al. [28]
reported the preparation of cellulose-CHA composites through
mechanochemical reaction using poly(c-caprolactone) as plasti-
cizer. Wang et al. [29] reported the biomimetic mineralization
synthesis of calcium-deficient carbonate-contained hydroxyap-
atite in the three dimensional network of bacterial cellulose
nanofibers by alkaline treatment.

Microwave synthesis is now used as a promising technol-
ogy for the synthesis of many nanocomposites [31]. Compared
with the hydrothermal method, microwave synthesis has the
advantages of short reaction time, small particle size and high
purity of prepared samples, and preparing highly crystalline prod-
ucts with narrow size distribution. Kumar et al. carried out the
synthesis of hydroxyapatite (HA) nano strips by chemical precipi-
tation method followed by microwave irradiation. The microwave
assisted reactions proceed at fast rates [32]. Several researchers
have attempted the synthesis of various materials via microwave
assistance. Komarneni et al. demonstrated that under otherwise
identical processing conditions, synthesis of crystalline hematite
by a microwave approach was 36 times faster than by conven-
tional hydrothermal methods [33]. Several studies reported the
capability of controlling the particle shape and particle size with
this rapid synthesis approach. Rigneau et al. further shortened
the processing time to 30 min and also increased the ferric con-
centration to 0.05M [34], which could increase the production
rate over 100 times. The even more striking finding from their
results was that the microwave synthesized Fe,05 particles were
nano scale. The significance of this finding is that it could not
only remarkably simplify the synthesis procedure, but also get
rid of the difficulties involved with the calcination of nano pow-
ders. The morphology and crystal form of the products can also
be controlled by adjusting the reaction conditions [35]. There-
fore, we carried out microwave assisted synthesis of cellulose-CHA
nanocomposites using cellulose solution, CaCl,, and NaH,;PO4 in
aqueous medium by a hydrothermal method at 180°C for 24h
[30].

The present research investigates the feasibility of the cellulose-
carbonated hydroxyapatite nanocomposites (CCHA) for As(V)
removal from aqueous solution. The main objectives were (i) to
understand the As(V)adsorption kinetics, (ii) to evaluate the impact
of temperature, pH and coexisting anions on the As(V) removal
kinetics and/or capacities; and (iii) to describe and explain some
important thermodynamic parameters.

2. Experimental
2.1. Reagents and chemicals

All chemicals were of analytical grade and used as received
without further purification. Stock As(V) solution (1000 mg/L)
was prepared from sodium hydrogen arsenate (Na,HAsO4-7H,0,
Merck) using distilled water. Solutions of required concentrations
were obtained by serial dilution of the stock solution. All glasswares
and sample bottles were soaked in 10% HNOs3 for 24 h, and finally
washed with distilled water.

2.2. Sample preparation

Cellulose solution was prepared as per the method described by
Jiaetal.[31].Inatypical synthesis, 7 gof NaOH and 12 g of urea were
added to 80 mL of distilled water under vigorous stirring to form
NaOH-urea aqueous solution. Then, 3.240¢g of microcrystalline
cellulose (molecular weight of 34,843-38,894, degree of polymer-
ization (DP), DP=215-240) was added to the above solution under
vigorous stirring. The above solution was cooled to 0°C for 12 h.
The obtained cellulose solution was used for the preparation of
cellulose-carbonated hydroxyapatite nanocomposites (CCHA).

For the synthesis of CCHA nanocomposites, 0.110 g of CaCl, and
0.094 g of NaH,PO4 were added to the mixture of cellulose solu-
tion (5 mL) and distilled water (40 mL) under vigorous stirring. The
above solution was heated to 90 °C for a certain time by microwave.
CCHA nanocomposite synthesized was cream colored, porous, flake
like structure. The product was separated from the solution by cen-
trifugation, washed by water and ethanol and dried at 60°C for
further study.

2.3. Characterization of cellulose-carbonated hydroxyapatite

Powder XRD of the material was obtained by using PHILLIPS
X'PERT X-Ray diffractometer with Cu Ka radiation (35kV and
30mA) at a scan rate of 1°/min and was analyzed using standard
software provided with the instrument. FTIR of the sample was
obtained using Perkin Elmer FTIR spectrophotometer (SPECTRUM
RX-I). FTIR spectrum of the sample was obtained by KBr pellet
method. The ratio of the sample to KBr was 1:50 and the pellet was
prepared at a pressure of 5Ton. Thermogravimetric analysis and
differential scanning calorimetry (TGA/DSC) analysis was carried
out using NETZSCH STA 409C. 30 mg of the sample was used and
alumina was used as reference. TGA and DSC curve was obtained
from 20°C to 800°C at a heating rate of 10°C/min. Scanning elec-
tron micrograph of the sample was obtained by JEOL J[SM-6480LV
scanning electron microscope. The sample was coated with plat-
inum for 30s at a current of 50 mA and the SEM micrograph was
obtained. The Ca/P molar ratio was determined by inductively
connected plasma with optical emission spectroscopy (ICPOES). A
Perkin Elmer Optimal 4300DV instrument was used. 0.1g of the
sample was digested in an acid sample made up of 2.5 mL of HNO3,
1.5mL of H,0, and 0.3 mL of HCl in a 100 mL Erlenmeyer flask.
The measurements of the concentration were made by triplicate
on three different days.
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Fig. 1. XRD pattern of CCHA nanocomposite.

2.4. Arsenic measurement

An atomic absorption spectrometer (AAS) (Thermo Electron
Corporation) equipped with an arsenic hollow cathode lamp was
employed to measure arsenic concentration. An automatic inter-
mittent hydride generation device was used to convert arsenic in
water samples to arsenic hydride. The hydrides were then purged
continuously by argon gas into the atomizer of an atomic absorption
spectrometer for concentration measurements.

2.5. Batch experiments

The batch experiments to study the removal of As from solu-
tion were carried out by treating 50 mL of As solution in 100 mL
polyethylene bottles with 0.1 g of the adsorbent. The bottles were
immersed in a shaking water bath at predetermined temperature
(25, 35, 45°C). The shaker speed was controlled at 300 rpm. After
a predetermined contact time, the aqueous samples in each bot-
tle were decanted and centrifuged at 4500 rpm for 5 min, and then
filtered through a 0.45 pm cellulose acetate filter. The supernatant
liquid was analyzed for dissolved total As. The concentration of the
As species was expressed as the element (As).

The effect of contact time (5min - 8 h) was examined at 25
and 45 °C with initial As(V) concentrations of 10 mg/L. Adsorption
isotherm studies were conducted by varying initial As(V) concen-
trations (1-50mg/L) at different temperatures (i.e., 25, 35, and
45°C). The effect of pH of the solution was investigated by adjust-
ing the solution at different pH (2-10) using 0.05 M HCI and 0.05 M
NaOH solutions with an initial As(V) concentration of 10 mg/L. To
determine the effect of other competitive anions on As adsorp-
tion, batch experiments were performed using solutions of 10 mg/L
As(V) containing 0.5, 1, 2, 5,10 and 20 mg/L of P (as PO43~), N (as
NO;3™), S (as SO427) or Si (as SiO327), separately. After a 1h con-
tact time, the suspension was filtered through a 0.45 pm cellulose
acetate filter and analyzed for total As, as described above.

3. Results and discussion

3.1. Characterization of cellulose-carbonated hydroxyapatite
nanocomposite

Fig. 1 shows the X-ray powder diffraction patterns of the mate-
rial. The diffraction peaks observed at around 19.9° and 21.6° in
20 were attributed to cellulose. All the other diffraction peaks in

60

55+

883 Cm\

501 601 cm™

1040 cm™'

-1
45+ 458CM 4416 om”!

T%

404 2]
2902 cm

35

3467 cm™!

30

T T T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
cm’

Fig. 2. FTIR spectrum of CCHA nanocomposite.

XRD patterns can be indexed to a phase of well crystalline HA with
a hexagonal structure (JCPDS 84-1998). Fourier transform infrared
spectrum (Fig. 2) of the obtained material showed the typical bands
at 1040 cm~! (the C-Oin cellulose and v3 PO43~),and 601 cm~! (vy4
P0,43), together with those at 1458 cm~! (v3_3 CO32~)/1416cm™!
(U3-4 CO327) and 883 cm~! (v, CO32~). Apparently, CO32~ ions
were in the B-site, which implied [PO4] was partly replaced by
[CO3][36]. The band at 2902 cm~! was assigned to asymmetrically
stretching vibration of C-H in pyranoid ring. Bands or shoulders
at 3467 cm™! is due to O-H stretching of water of crystallization.
Thus, in view of the XRD and FT-IR results, the product was the
cellulose-CHA nanocomposites.

The thermal stability of the cellulose-CHA nanocomposites in
air was investigated using thermogravimetric analysis (TGA) and
differential thermal analysis (DTA), as shown in Fig. 3. The TGA
curve showed a small weight loss around 100°C corresponding
to desorption of water. The 5.5% weight loss (from TGA) around
100°C may be attributed to the water content. The weight loss
around 260 °C can be assigned to the thermal degradation and com-
plete decomposition of cellulose in the composites [37]. The strong
exothermic peaks around 350°C were observed in the DTA curve
due to decomposition of cellulose. The temperature ranges of the
exothermic peaks in the DTA curve fit well with those of weight
loss in the TGA curve.
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Fig. 3. Thermogravimetric analysis and differential scanning calorimetry of CCHA
nanocomposite.
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Fig. 4. SEM micrograph of CCHA nanocomposite (magnification—80,000x ).
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Fig.5. Effectofcontacttime onAs(V)adsorption onthe CCHA nanocomposite (initial
As(V) concentration = 10 mg/L, adsorbent dosage =2 g/L).

The morphology of the sample was investigated with scanning
electron microscopy. As shown in Fig. 4, one can see cellulose with
particles and the CHA nanostructures being dispersed in the cellu-
lose matrix. The cellulose flake with minor CHA nanostructures was
also observed. Most of the CHA structures dispersed in the cellulose
matrix were within the range of 20-30 nm. The cellulose and CHA
have most of hydroxyl groups, which can form hydrogen bonding,
making the cellulose and CHA to combine. Chemical analysis was
carried out and Ca/P was found to be 2.10.

3.2. Batch experiments

3.2.1. Effect of contact time

The As(V) adsorption kinetic study was carried out with adsor-
bent dosage of 2 g/Land initial As concentration of 10 mg/Lat 25 and
45°C, respectively. Results are shown in Fig. 5. It demonstrates that
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Fig. 6. Plot of Lagergren’s pseudo-first-order rate for As(V) adsorption on the CCHA
nanocomposite at 25 and 45°C.

adsorbed As(V) significantly increased with an increase in contact
time. The adsorption rate was rapid at the initial stage (5-30 min)
and gradually slowed down afterwards. The slower adsorption was
likely due to the decrease in adsorption sites on the surface of
the adsorbents [38,39]. About 62% As was removed in 10 min at
45 °C, while only 43% at 25 °C. Arsenic concentration was relatively
constant at contact times >60 min. The kinetic data show that As
removal mainly occurred within 60 min and there was no signif-
icant change in residual As concentrations after this time up to
480 min. It means that an equilibrium of As adsorption was roughly
attained within 60 min. Adsorption experiments in other batches
were conducted with the contact time of 60 min.

Results also reveal that the uptake rates of As(V) increased
slightly with increasing temperature (Table 1). Tyrovola et al.
observed a similar trend when they used zero-valent iron for
the removal of As(V) and As(Ill) [40]. Other investigators also
reported that the As removal rate and the capacity of the adsor-
bents increased with increasing temperature (e.g., Mn-substituted
Fe oxyhydroxide, granular ferric hydroxide, red mud [41], activated
alumina [42]).

3.2.2. Adsorption kinetics

An appropriate kinetic model is often used for quantifying the
changes in adsorption with time. Pseudo-first-order equation was
employed to analyze the kinetic data since it allows evaluating
effective adsorption capacity and the rate constant of the kinetic
model without any parameters beforehand [43-47]. The pseudo-
first-order Lagergren equation is shown as Eq. (1).

t
Log(qe — q) = Logge — Ky (m) (1)

where q is the amount of As(V) adsorbed at time t (mg/g), ge is the
amount of As(V) adsorbed at equilibrium (mg/g), K; is the equilib-
rium rate constant of pseudo-first-order adsorption.

The plot of Log (ge — q) versus t (contact time) is shown in Fig. 6.
The straight line plots of Log (g — q) against t had also been tested
to obtain pseudo-first-order rate parameters. The Ki, g and cor-
relation coefficients, R2, values under different conditions were
calculated from these plots and are given in Table 1. High cor-

Table 1

Rate constants (K7 ) obtained from the graph for CCHA nanocomposite at different temperatures.
Temperature (°C) Slope Intercept Rate constant in min~" (K;) R?
25 —-0.02856 0.415207 0.065779 0.982
45 —0.02988 0.501526 0.068808 0.993
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Fig. 7. Plot of Webber and Morris diffusion rate for As(V) adsorption on synthetic
CCHA nanocomposite at 25 and 45°C.

relation coefficients (R? >0.98) were observed for all fits, which
indicates that the adsorption reaction could be approximated with
a pseudo-first-order kinetic model. It suggests that the overall rate
of the As(V) adsorption process should be controlled by the chem-
ical process in accordance with the pseudo-first-order reaction
mechanism.

3.2.3. Webber and Morris model

The use of the intraparticle diffusion model has been greatly
explored to analyze nature of the ‘rate-controlling step’, which is
represented by Eq. (2) [45,47].

q=Kypt'/? (2)

where Kj, is intraparticle diffusion rate constant. According to this
model, if adsorption of a solute is controlled by the intraparticle
diffusion process, a plot of solute adsorbed against square root of
contact time should yield a straight line passing through origin. The
Weber and Morris plots of As(V) adsorption on the synthetic CCHA
are shown in Fig. 7. Fig. 7 indicates that the intraparticle diffusion
was not the only rate-limiting step for the whole reaction. Straight
lines with a great correlation coefficient (R2 >0.98) were obtained
in very beginning period (within 60 mins), indicating that initial
phase may be controlled by the intraparticle diffusion. The greater
diffusion rate in the early stage attributed to surface adsorption and
gradual adsorption. Afterwards, the intraparticle diffusion began to
slow due to the low As concentration in solution [48]. The As was
initially adsorbed by the exterior surface of the adsorbent. After
the adsorption at the exterior surface reached the saturation, As
entered the pores within the particles and was adsorbed by the inte-
rior surfaces. The diffusion resistance increased with the increase
in the interior adsorption, which led to a decrease in diffusion rate
[49]. With the increase in diffusion resistance and the decrease in As
concentration in solution, the diffusion processes reached equilib-
rium. The intraparticle diffusion rate was obtained from the slope
of the steep-sloped portion (initial 60 mins) (Table 2). The diffusion
rate for As(V) at 45°C is about 1.5 times faster than that at 25°C,
indicating that As was more easily diffused and transported into
adsorbent pores at higher temperature.
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Fig. 8. Langmuir adsorption isotherm for As(V) adsorption on synthetic CCHA
nanocomposite.

3.2.4. Effect of initial As concentration and adsorption isotherms

Effect of initial As concentration on As adsorption were inves-
tigated at initial As(V) concentrations between 1 and 50 mg/L at
25, 35, and 45°C. The As loadings on the adsorbents (q.) were
calculated from the equilibrium As concentrations (Ce ). The adsorp-
tion loadings varied in the ranges of 0.41-15.5, 0.42-16.7 and
0.43-18.3mg/g at 25, 35, and 45 °C, respectively. It indicates that
As adsorption increased with the increase in temperature. The
adsorption isotherm data (ge versus Ce) were fitted to Langmuir
and Freundlich isotherm models [Egs. (3) and (4), respectively].
Langmuir isotherm model assumes a monolayer surface cover-
age limiting the adsorption due to the surface saturation, while
Freundlich isotherm model is an empirical model allowing for mul-
tilayer adsorption [47].

1 1 1

= + —
e qobCe  qo

(3)

log ge = log K +n log Ce (4)

where C; is the equilibrium concentration in the solution (mg/L), ge
is the amount adsorbed on the adsorbent at equilibrium (mg/g), qo
is the maximum adsorption capacity (mg/g), b is a constant related
to the adsorption energy (L/mg), Kf is the Freundlich constant
denoting the adsorption capacity of the adsorbent [(mg/g)(L/mg)"],
and n is the adsorption intensity parameter. Values of 0.1<n<1
show favorable adsorption of As onto adsorbents. All the adsorption
data obtained were fitted to both models as shown in Figs. 8 and 9.
It was observed that the correlation coefficients for Langmuir
isotherm model (R? =0.99) were a little higher compared to those
for Freundlich (R% =0.98) (Table 3). Therefore, Langmuir isotherm
yielded better fit to the experimental data with regard to As adsorp-
tion on CCHA at temperatures of 25, 35 and 45°C. These facts
suggest that As(V) was adsorbed in the form of monolayer cov-
erage on the surface of the adsorbent. Langmuir isotherm model
was also used to well describe As(V) adsorption on natural siderite
[2], Fe oxide-coated sand [50], granular titanium dioxide adsorbent
[51], synthetic goethite [52], and iron-coated sand and manganese-
coated sand [53], at 25°C.

Table 2

Intraparticle diffusion rate constants obtained from Weber-Morris equation at different temperatures.
Temperature (°C) Slope Intercept Rate of pore diffusion (k;) R?
25 0.39883 0.968651 0.39883 0.989
45 0.51822 1.426051 0.59822 0.992
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Langmuir and Freundlich constants for As(V) adsorption on synthetic CCHA nanocomposite at different temperatures.

Temperature (°C) Langmuir constants

Freundlich constants

do (mg/g) b (L/mg) R? n Kf (mg/g) (L/mg)" R?
25 10.02712 0.34685 0.994 0.42104 4.05x 1072 0.985
35 10.61389 0.27655 0.995 0.37916 6.02 x 102 0.987
45 12.72448 0.18406 0.997 0.31555 7.75 x 102 0.988
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Fig. 9. Freundlich adsorption isotherm for As(V) adsorption on synthetic CCHA
nanocomposite.

The values of maximum adsorption capacity (qo) and Langmuir
constant (b) were evaluated from the intercept and slope of the
Langmuir plots and given in Table 3. Results show the greatest
amount of As was removed at 45°C, followed by that at 35 and
25°C. It demonstrates that adsorption capacity increased with an
increase in reaction temperature. The arsenic adsorption capaci-
ties and the conditions at which the arsenic adsorption capacities
were determined have been reported in Table 4. Arsenic adsorp-
tion capacities of various other adsorbents were compared to those
reported in the literatures and were found to be more than most of
them (Table 4). The values of Krand n were obtained from the slope
and intercept of the linear Freundlich plots and listed in Table 3.
The Krindicating the adsorption capacity of the adsorbent increased
with an increase in reaction temperature, which is consistent with
the results of Langmuir model. The calculated n lies in the range
between 0.3 and 0.5, denoting favorable adsorption of As(V) onto
the synthetic CCHA.

It is known that the Langmuir and Freundlich adsorption
isotherm constant do not give any idea about the adsorption mech-
anism. In order to understand the adsorption type, equilibrium data
were tested with Dubinin-Radushkevich isotherm. The linearized
D.R. equation can be written as [47];

In ge = In g — K&? (5)

Table 4
Adsorption capacities of different adsorbents reported in the literatures.

0 100000 200000 300000 400000

€2

500000 600000 700000

Fig. 10. DR adsorption isotherm for As(V) adsorption on synthetic CCHA nanocom-
posite.

where ¢ is polanyi potential, and is equal to RTIn(1+1/Ce), qe
is the amount of arsenate adsorbed per unit mass of adsorbent,
gm is the theoretical adsorption capacity, C. is the equilibrium
concentration of arsenate, K is the constant related to adsorp-
tion energy, R is universal gas constant and T is the temperature
in Kelvin. Fig. 10 shows the plot of Ing. against &2, which was
almost linear with correlation coefficients, R? >0.97. D.R. isotherm
constants K and g, were calculated from the slope and inter-
cept of the plot, respectively. The values of K were found to be
0.00278, 0.00245 and 0.00243 mol2k]~2 and those of g, were
7.3952, 7.4563, 7.5575 mg/g at 25, 35 and 45 °C respectively. The
mean free energy of adsorption (E) was calculated from the con-
stant K using Eq. (6) [46,47].

E=(2K)'/? (6)

E is defined as the free energy change when 1 mol of ion is trans-
ferred to the surface of the solid from infinity in solution. The values
of E were found to be 13.411, 14.285 and 14.244 kmol-! at 25, 35
and 45 °Crespectively. The value of E is very useful in predicting the
type of adsorption. If the value of E is <8 k] mol~1, then the adsorp-
tion is physical in nature and if it is in between 8 and 16 k] mol~!,

Adsorbents reported in the literatures

and CCHA nanocomposite adsorption (in mg/g)

Adsorption capacity of As(V)/As (III) pH

CCHA nanocomposite 12.72 As (V)
Activated alumina 0.18 As (II1)
Waste Fe(IlI)/Cr(III) hydroxides 11.02 As (V)
Activated bauxsol 7.64 As (V)
Bauxsol 1.08 As (V)
Mixed rare earth oxide 2.95 As (V)
Titanium dioxide Amberlite XAD-7 4.72 As (V)
Goethite 4.00 As (V)
Calcined LDH 5.61 As (V)

Concentration References
7.0 1-50 mg/L Present research
7.6 0.5-1.5mg/L [42]
4.0 20-100 mg/L [54]
4.5 7.03-220.9 pmol/L [41]
4.5 0.80-32.0 wmol/L [55]
6.5 50 mg/L [56]
4.0 0-5mmol/L [57]
9.0 0-60 mg/L [58]
4.2 20-200 mg/L [59]
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Table 5
Thermodynamic parameters for As(V) adsorption on synthetic CCHA nanocomposite
at different temperatures.

Temperature (°C) AG® (kJ/mol) AH° (k]/mol) AS° (J/(mol K))
25 -2.626 92.387
35 -3.295 24.905 91.559
45 —4.480 92.405

then the adsorption is due to exchange of ions [46,47]. The values
found in the present study were in between 8 and 16 k] mol~!. So,
the adsorption can be best explained as ion exchange. The proba-
ble arsenate adsorption is due to the exchange of phosphate ions
present in CCHA nanocomposite by the arsenate ions present in the
synthetic arsenate solution. In addition to ion-exchange there is a
possibility of physical adsorption on the surface of CCHA nanocom-
posite.

3.2.5. Thermodynamic study

To evaluate the thermodynamic feasibility and to confirm the
nature of the adsorption process, three basic thermodynamic
parameters, standard free energy (AG°), standard enthalpy (AH®)
and standard entropy (AS°) were calculated using the following
equations [Eqgs. (7)-(9)].

AG® = —RT In (%) 7
AH®

1nb:1nbo_ﬁ (8)

AG® = AH® — TAS® 9)

where b is Langmuir constant which is related to the energy
of adsorption, by is a constant, R is the universal gas constant
(8.314]/(molK)), and T is the temperature in Kelvin (K). Calculated
values of the thermodynamic parameters AG°, AH° and AS° are
given Table 5. The negative AG° values indicate the adsorption
process was spontaneous. The value of AH° for As(V) adsorption
is 24.905 kJ/mol, suggesting that interaction between As(V) and
the synthetic CCHA was endothermic in nature. Hence, it can be
concluded that the nature of As(V) adsorption was chemical (ion-
exchange), which is consistent with the results of kinetic study. The
decrease in AG° with the rise in temperature shows an increase in
feasibility of adsorption at higher temperatures. The positive AS°
values indicate some structural changes in adsorbate and adsorbent
during adsorption reaction.

3.2.6. Effect of solution pH

The solution pH is an important parameter, which influences
most of the solid/liquid adsorption processes. The adsorption of
As(V) on the synthetic CCHA was examined at different pH ranging
from 2 to 10 with an initial As(V) concentration of 10 mg/L and a
contact time of 1 h. Results are presented in Fig. 11. The pH of water
may affect the degree of ionization of the sorbate and the surface
charge of the sorbent. The percentage removal of arsenate by CCHA
increased from 65% to 70%, for increase in pH from 2 to 4 and then
the percentage removal decreased from 70% to 45% with increase
in pH from 8 to 10. It is evident from the above data that there was
increase in percentage removal for increase in pH from 2 to 4. It may
be due to the fact that CCHA is not stable under acidic condition and
hence exhibited poor removal efficiency. But for further increase in
pH beyond 8, there was decrease in percentage removal.

The electrophoretic studies are important in view of determi-
nation of behavior of adsorbent materials in different electrolytic
medium. The point of zero charge (pHpzc) was determined using
electrophoretic mobility in a solution of ionic strength 0.01 M NacCl
and 0.001 M NaCl (Fig. 12). The point at which the zeta potential was

80 -

70 4

60 4

50 4

40
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Percentage removal

20 +

10
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Fig. 11. Effect of solution pH on As(V) adsorption onto synthetic CCHA nanocom-
posite (initial As(V) concentration =10 mg/L, temperature =25 °C, contact time=1h,
adsorbent dosage =2 g/L).

found to be zero is termed as point of zero charge. From the elec-
trophoretic study shown graphically as a plot of pH versus the zeta
potential (in mV), the point of zero charge values of CCHA nanocom-
posite was found to be 8 at both 0.01 M and 0.001 M Nacl solution.
Above this pH (pHp,c), the surface is negative (repels anions) while
below this point the surface charge is positive. This may be the prob-
able reason for the decrease in adsorption capacity of the negative
arsenate anion at pH> 8.

3.2.7. Effect of competing anions on As removal

Arsenic(V) adsorption in the presence of competing anions
(including NO3~, SO42-, PO43~, or Si032~) was investigated with
0.5, 1, 2, 5,10 and 20mg/L of P (as PO43~), N (as NO3~), S (as
S0427), or Si (as SiO32~) with an initial As(V) concentration of
10mg/L at 25°C. Results are shown in Fig. 13. The adverse effect
of the anion on As(V) removal decreased in the following order:
Si032~ >P043~ >NO3~ >S042~. The removal of As(V) decreased sig-
nificantly as PO43~ and SiO32~ concentrations increased in the
separate solutions. Sulphate (SO42~) does not significantly affect
the As(V) adsorption (Fig. 13). The SO42~ had no obvious effect
on adsorption of As(V) because it did not compete with arsen-

100 -
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40 -
20

—— CCHA (0.01 M NaCL)
—&— CCHA (0.001 M NaCL)

04 5 6 12 13

40 -

Zeta potential (mV)

-60 4
-80 -
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Fig. 12. Zeta of CCHA nanocomposite as a function of pH using 0.01 M NaCl and
0.001 M NacCl as supporting electrolyte.
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Percentage removal of arsenate

—e— Sulphate
20 1 —a— Nitrate
—x—Phosphate
10 1 —a— Silicate
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Initial anion concentration in mg/L

Fig. 13. Effect of presence of anions on As(V) adsorption (initial As(V) concentra-
tion =10 mg/L, temperature = 25 °C, contact time =1 h, adsorbent dosage =2 g/L).

ate. With the presence of 0.5 mg/LN (as NO3 ™), removal efficiency
reduced from 70% to 61% in comparison with the absence of NO3 ™.
Above 2mg/LN (as NO3~), the effect leveled off. As can be seen
from Fig. 13, an increase in Si from 0.5 to 10 mg/L resulted in a
decrease in removal efficiency from 70% to 40%, which amounts to
a 30% decrease in As(V) adsorption. Above 10 mg/L Si, the adverse
effect was even stronger. At 20 mg/L Si, the removal efficiency
reduced to 30%. The probable reason for decrease in percentage
removal with increase in the concentration of competing anions
can be explained, by considering ionic radii of the competing
anions. The ionic radii of the anions follow the order of arsen-
ate > silicate > phosphate > sulphate > nitrate. It has been observed
that the anions with large ionic radii decreased the percentage
arsenate removal to a large extent. So, silicates and phosphates
have large effect on arsenate removal whereas nitrates and sul-
phates have less effect on the arsenate removal. Meng et al. also
found that As removal by Fe hydroxides was reduced from greater
than 99% to approximately 85% when silicate concentration was
increased from 0.6 mM to approximately 0.7mM [60]. In con-
trast, Zhang et al. observed a 30% decrease in As(V) adsorption
when Si (as silicate) concentration increased from 1.4 to 5mg/L
[22]. Below 2mg/L P as PO43-, the change of As removal effi-
ciency with PO43~ concentration is almost same as SiO32~. With
an increase in P concentration from 0.5 to 20mg/L, the As(V)
removal efficiency steadily reduced from 70% to 38%. The evident
decrease in As(V) removal in the presence of PO43~ and SiO32~
was believed to result from the competitive adsorption between
As(V) and those anions. Guo et al. [2] also found that the pres-
ence of phosphate (10 mg/L in terms of P) reduced the uptake of
As(V) by natural siderite from 54% to 28%. In Inner Mongolia, most
high As groundwater had P concentrations ranging from <0.1 mg/L
to 3.54mg/L and Si concentrations from 3.5mg/L to 16.9 mg/L
[61,62]. It was speculated that the component adversely affect-
ing As removal efficiency should be SiO32~ rather than PO43- in
case that the adsorbent is applied to remove As from high As
groundwater in Inner Mongolia. There are several other studies
which report the arsenic contamination in drinking water and
the effect of competing ions on arsenic removal [63-65]. Effect
of background electrolyte (NaCl) concentration was investigated
with 0.001-0.1 mol/L NaCl as background electrolyte with an ini-
tial As(V) concentration of 10 mg/L at 25 °C. It was found that As(V)
removal was not affected by the concentration of background elec-
trolyte.

4. Conclusion

Microwave assisted synthesis of CCHA nanocomposite was car-
ried out using cellulose solution, CaCl,, and NaH,POg4. Synthesis
was ascertained by adopting various characterizing methods like
SEM, XRD, FTIR and TGA-DSC. Arsenate removal efficiency was
evaluated by studying the effect of various parameters on the effec-
tiveness of treating synthetic arsenate solution. As(V) adsorption on
the synthetic CCHA was complete within 60 min. The adsorption
rate was fast at the initial stage, followed by a slower rate, which
well fitted the Lagergren first order kinetic model. Equilibrium
was established within 60 min. Temperature played an important
role in the As(V) adsorption capacity. At higher temperature, As(V)
exhibited greater removal degrees. The adsorption closely followed
Langmuir isotherm at different temperatures. pH of a solution
affects both the surface charge of the material and the speciation of
As(V). The point of zero charge values of CCHA nanocomposite was
found to be 8 at both 0.01 M and 0.001 M Nac(l solution. This may
be the probable reason for the decrease in adsorption capacity of
arsenate anion at pH> 8. Thermodynamic study shows that As(V)
adsorption onto the synthetic CCHA was an endothermic process,
indicating As(V) adsorption capacity increased with an increase in
reaction temperature. The adsorption was spontaneous and favor-
able at the temperature investigated. As(V) removal varied between
65 and 71% between pH 4 and 8. The presence of SO42~ and NO3~
had no significant effect on the uptake of As(V) by CCHA, while
PO,43~ and SiO32~ impeded As(V) adsorption.
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