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Arsenic adsorption on goethite nanoparticles produced through
hydrazine sulfate assisted synthesis method
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Abstract—Goethite nanoparticles synthesized using hydrazine sulfate as a modifying agent were evaluated for As(V)
adsorption capacity. The nanoparticles were characterized for their morphological and structural features. The precipi-
tated goethite particles were spherical with particle size of less than 10 nm. Batch adsorption study was carried out sys-
tematically varying parameters such as pH, contact time, initial As(V) concentration and adsorbent doses. The Langmuir
isotherm represented the equilibrium data well and the estimated monolayer adsorption capacity at ambient temperature
was 76 mg/g, which is significantly higher than most of the adsorbents reported in the literature. Adsorption kinetic
data were better represented by the pseudo-second order kinetic model. Intra-particle diffusion played a significant
role in the rate controlling process in the initial hour. Desorption study showed that the loaded adsorbent could be re-
generated when treated with dilute sodium hydroxide solution of pH 13.
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INTRODUCTION

Arsenic is a highly toxic and carcinogenic element. Contamina-
tion of ground water with this element from both natural and anthro-
pogenic sources has become a great global concern. Arsenic is a
constituent of more than 245 minerals and mainly associated with
sulfide minerals - smelting of which emits more than 60,000 tons
annually [1]. WHO [2] recommends a maximum arsenic concen-
tration level of 0.01 mg/L in drinking water, although many coun-
tries still follow the previous concentration limit of 0.05 mg/L. To
bring the contamination level down to an acceptable limit, several
techniques have been followed which are broadly based on oxida-
tion-precipitation, coagulation-precipitation, adsorption-ion exchange,
membrane processes etc. [3]. However, the most sought-after tech-
nique has been adsorption due to its simple operational procedure
and cost.

Phenomenal development in the field of nanotechnology towards
the end of 20" century has widened the scope of nanoadsorbents
for toxic metal ions and anions. Different types of nanomaterials
have been used for the removal of arsenic from contaminated water,
such as titanium dioxide [4], iron oxides [5,6], zero valent iron [7]
and modified zero valent iron particles [8]. Iron oxide nanoparticles
are able to bind arsenic 5 to 10 times more effectively than micron-
sized particles [9].

Nanophase iron oxide/hydroxide compounds are important con-
stituents of soils and sediments and possess high sorption capacities
for metal ions and anions such as those of arsenic, chromium, lead,
mercury and selenium. Waychunas et al. [10] discussed the struc-
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tures and reactivity of goethite, akaganeite, hematite, ferrihydrite
and schwertmannite nanoparticles in natural systems.

Goethite (a~FeOOH) is the most widespread crystalline iron oxide
in soils and sediments. Several studies have been carried out on arsenic
sorption onto goethite, especially related to the As(V) sorption [11-
13]. Matis et al. [13] used a novel process where arsenic was re-
moved from dilute aqueous solutions by sorption onto synthetic
goethite then subsequent flotation as an effective solid/liquid sepa-
ration method. The investigation by Bowell [14] showed that the
sorption of As(Ill) as well as As(V) was higher on natural goethite
than that on natural magnetite and the adsorption was higher for
As(V) than for As(IlT). The maximum sorption occurred at neutral
pH.

To understand the molecular structure of ions retained on the min-
eral surface, Fendorf et al. [15] studied the local coordination state
of arsenate and chromate on the surface of goethite using extended
X-ray absorption fine structure (EXAFS) spectroscopy. It was re-
ported that three different surface complexes existed on goethite
surface: a monodentate complex, a bidentate-binuclear complex
and bidentate-mononuclear complex. At low surface coverage mon-
odentate complex was favored while at higher surface coverage bi-
dentate was favored.

The objective of the present study was to precipitate nanogoet-
hite assisted by hydrazine sulfate additive and to study its potential
application for the removal of arsenic from aqueous solution. The
strong reducing power, monodented ligand property, ability to scav-
enge oxygen, and formation of moisture and nitrogen as decompo-
sition by-products are the key advantages to consider hydrazine as
a potential additive, in comparison to other alternates such as urea
and glycine. The detailed characterization of goethite nanoparticles
was carried out using different instrumental techniques, and the equi-
librium and kinetic data from the batch adsorption studies were ana-
lyzed through different models to understand the adsorption mech-
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anism of As(V) on the goethite sample.
MATERIALS AND METHODS

1. Synthesis of Adsorbent

The goethite nanoparticles were prepared adding 7.5 gof hydra-
zine sulfate (N,H,SO,) to 100 mL ferric nitrate solution (1 M) with
continuous stirring until a clear solution of yellowish brown was
obtained. The solution was heated at 90 °C for one hour in a closed
reactor and then allowed to cool inside. The solution pH was then
adjusted to about 3.0 by adding 1.0 M NaOH solution under con-
stant stirring, The precipitate was filtered and washed with doubly-
distilled water thoroughly till free of sulfate and nitrate and then
dried in an air oven at 100 °C for 24 hours.
2. Characterization of Adsorbent

The X-ray diffraction (XRD) pattern of the prepared goethite sam-
ple was taken in a Philips Analytical PW-1830 powder diffracto-
meter using Co K radiation source at a scan speed of 1.2°/min.

For transmission electron microscopy (TEM) a small amount of
the goethite sample was sonicated in ethyl alcohol under low power
for dispersion. The suspension was then deposited onto a carbon
coated copper grid and dried for about 24 h. TEM study was carried
out at 80 kV with PHILIPS CM-100 Electron Microscope.

To carry out Fourier transform infrared spectroscopic (FTIR) study,
a small amount of representative sample was mixed with spectro-
scopic grade KBr and then pelletized. Spectrum was recorded with a
DTGS-KBr detector in Thermo Scientific Nicolet 6700 FTIR (USA)
model from 400 cm ' to 4,000 cm ' with a resolution of 4.0 cm .

The morphological features of the goethite sample were studied
with a high resolution field emission scanning electron microscope
(Zeiss 1555 VP-FESEM) at 3 kV with 30 um aperture under 1x
10 " Torr pressure.
3. Adsorption Studies

First, a standard stock solution of 1,000 mg/L. As(V) was pre-
pared by dissolving 8.26 g of sodium arsenate in 2 L of MilliQ®
ultra-pure water. An aliquot of the standard As (1,000 mg/L) solu-
tion was taken and diluted to required concentration and pH. Solu-
tion pH was adjusted with dilute HNO; and/or NaOH solution. From
this solution 100 mL was taken in a dried 250 mL Schott® bottle to
which 0.1 g adsorbent was added (except where adsorbent dose was
varied). Bottles were tightly closed and placed in the Perth Scien-
tific® shaker water bath set at 75 rppm shaking speed and 298 K tem-
perature. Adsorption experiments continued for a predetermined time
after which about 50 mL supernatant liquor was filtered twice using
0.22 um Millipore syringe filter unit. Arsenic analysis was carried
out using Varian ICP-AES (Model: Vista AX CCD Simultaneous
ICP-AES) located in Murdoch University’s Marine and Freshwa-
ter Research Laboratory which is NATA (National Association of
Testing Authorities, Australia) accredited.
4. Desorption Studies

For desorption experiments, first As(V) was adsorbed on the goet-
hite adsorbent under the following conditions: 50 mg/L. As(V) solu-
tion, pH 3.0, 1 g/L adsorbent dose and agitation time 4 h. After ad-
sorption, suspensions were filtered, washed and air dried. Then 50
mL solution of different pH was added to the 0.05 g loaded adsor-
bent. The samples were then shaken for 4 h and filtered. As(V) con-
centration in the filtrate was analyzed, and desorption efficiency
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was calculated.
RESULTS AND DISCUSSION

1. Characterization of the Synthesized Goethite

The surface area of the synthesized sample was measured using
Quantasorb 1750 after degassing, and the specific surface area was
found to be 167.8 m*/g.

The XRD pattern of the synthesized goethite sample is shown
in Fig, 1. The spectrum of the goethite sample contains all the major
peaks referring to JCPDS card No. 17-0536, thus indicating the for-
mation of a-FeOOH. The main (hkl) indices of goethite like (020),
(110), (120), (130), (021), (111), (121), (140), (131), (041), (211)
and (221) are clearly indicated in the pattern. The peaks are slightly
broad, indicating a smaller crystal size.

FESEM image shown in Fig, 2 reveals spherical clusters but mostly
agglomerated. The TEM micrograph shows clearer view about the
morphology and size of individual particles because of sonication
carried out before preparing sample for TEM. Fig, 3 shows that the
particles are extremely small (<10 nm) and mostly uniform in size.
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Fig. 1. XRD pattern of goethite sample.
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Fig. 2. FESEM micrograph of the synthesized nano-goethite.
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Fig. 3. TEM image of the synthesized nano-goethite.
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Fig. 4. FTIR spectra of goethite sample.

FTIR spectrum of the nanogoethite sample is shown in Fig. 4.
The very broad IR band at 3,312 cm ' can be attributed to the stretch-
ing vibration of surface H,0O molecules or the hydrogen bonded sur-
face OH groups. The sharp and intense band at 1 638 cm ' is typical
for the bending vibration of OH group. The band at 1,129 cm ! can
be assigned to specifically adsorbed SO, groups [16]. The charac-
teristic sharp bands at 797 cm ' and 890 ¢cm ' can be assigned to
the Fe-O-OH bending vibration in a-FeOOH. The 674 cm ' and
431 cm ' bands are ascribed to Fe-O stretching vibrations of goet-
hite lattice [17]. These bands are affected by the shape of the goethite
particles [17,18]. Strong bands at 2,356 cm ' and 1,361 ¢cm ' can
be assigned to the presence of CO;* due to the contamination by
atmospheric CO, [19].

2. Adsorption Studies
2-1. Effect of pH

Fig. 5 shows the effect of pH (in the range 2-10) on adsorption
efficiency of goethite. It is observed that with increase in pH beyond
3 As(V) adsorption percentage decreases significantly. As(V) pre-
dominantly exists as H,AsO, and HAsO; in the pH range of 2.7
to 11.5 [20]. Acidic solution provides sufficient protonated sites to
the adsorbent. This results in a net positive surface charged substrate
which will attract negatively charged oxyanions.
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Fig. 5. Effect of pH on extent of adsorption [Conditions: Initial [As
(V)] 50 mg/L, adsorbent dose 1 g/L, 298 K, Time 2.5 h].
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Fig. 6. Effect of time on percent adsorption [Conditions: pH 3.0,
initial [As(V)] 50 mg/L, 298 K, adsorbent dose 1 g/L].

The protonation/deprotonation of surface hydroxyl groups can
be represented by the following reactions:

=SOH+H"<>=SOH,"
=SOH<SO +H"

Where =SOH, =SOH, and =SO are uncharged, positively charged
and negatively charged surface groups, respectively.

With increase in pH the number of negatively charged sites in-
creases and the number of positively charged sites decreases. A neg-
atively charged site does not favor adsorption due to electrostatic
repulsion. Below pH 2.7 As(V) predominantly exists in the form
H,AsO, which cannot be adsorbed under electrostatic attraction due
to charge neutrality.

2-2. Adsorption Kinetics

Fig. 6 shows the adsorption efficiency as a function of time. Uptake
of arsenic by goethite takes place in two distinct stages - an initial
fast adsorption stage (up to 60 min) followed by a slow step. Ad-
sorption efficiency of 77% is achieved within contact time of 1 hour
and finally 94% after 5.5 hours. It is also observed that equilibrium
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is achieved in 4 h, hence all further experiments were carried out
keeping contact time 4 h.

To investigate the mechanism of adsorption and determine the
rate constants, three widely used kinetic models were tested - pseudo-
first order, pseudo-second order and intra-particle diffusion (IPD).

The Lagergren pseudo-first order rate law [21] can be expressed
in the linear form as:

k
log(q.—q,) =logq.- mt )

And pseudo-second order rate equation [22] in the linear form is

0 30 60 90 120 150 180 210 240 270
Time (min)

Fig. 7. Lagergren pseudo-first order plot [Conditions: pH 3.0, ini-
tial [As(V)] 50 mg/L, 298 K, adsorbent dose 1 g/L].
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Fig. 8. Pseudo-second order plot [Conditions: pH 3.0, initial [As
(V)] 50 mg/L, 298 K, adsorbent dose 1 g/L].
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Where, q, (mg/g) and q, (mg/g) are adsorbate concentration at equi-
librium and at time t respectively and k, (/min) and k, (g/min‘mg)
are the pseudo-first order and pseudo-second order adsorption rate
constants, respectively. Time variant adsorption data were plotted
as per Egs. (1) and (2) and are shown in Figs. 7 and 8, respectively.

Different rate constants and R? values determined from the linear
plots are given in Table 1. Although both the kinetic equations result
in linear plots with R* values of more than 0.99, the pseudo-second
order plot represents the kinetic data better because the calculated
equilibrium adsorption value matches more closely with the exper-
imentally obtained value.

In a sorption system when there is a possibility of intra-particle
diffusion being the rate limiting step, the intra-particle diffusion (IPD)
model developed by Weber and Morriss [23] is applied. The IPD
model is expressed as:

q=kt"*+C 3

where k, is the IPD rate constant (mg/g-min"*-g), and C is the in-
tercept which is related to boundary layer thickness. According to
this model, if intra-particle diffusion is involved in the adsorption
system, then the g, versus the t'* plot should be linear; and if the
line passes through the origin, then intra-particle diffusion is the
only rate-controlling step.

However, if the data exhibit multilinear plots, then two or more
steps may influence the adsorption process. The IPD model fitted to
kinetic data results in a multilinear plot (Fig. 9). The first stage (line
not shown for clarity) is mass transfer of adsorbate ions from the bulk
phase to the adsorbent surface. The second stage shown by the dotted
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Fig. 9. Intra-particle diffusion plot [Conditions: pH 3.0, initial [As
(V)] 50 mg/L, 298 K, adsorbent dose 1 g/L].

Table 1. Rate constants and correlation coefficients for the studied models

Pseudo-first order Pseudo-second order Intra-particle diffusion
qL’. exp
(mg/]g) e, cal 1(l 2 e, cal l(2 2 kP o C R2
(mg/g) (/min) (mg/g) (g/mg-min) (mg/g-min"?) (mg/g)
46.44 26.68 0.016 0.992 49.02 1.12x10° 0.999 3.72 9.047 0.99
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line is the intra-particle diffusion on the goethite for which the cal-
culated rate constants and intercept values are given in Table 1.
2-3. Adsorption Isotherms

The adsorption isotherms express the relationship between the
equilibrium concentrations of adsorbate in the aqueous phase and
on the solid surface at constant temperature. Equilibrium data were
obtained varying initial concentration from 5 to 100 mg/L at pH
3.0, adsorbent dose 1 g/L and 4 h contact time. Maximum adsorp-
tion achieved under the above conditions was 72.4 mg As(V)/g of
goethite at initial As(V) concentration of 100 mg/L Two widely used
isotherms, Freundlich and Langmuir, were tested with equilibrium
data. The Langmuir model is based on the assumption of mono-
layer coverage and that structure of adsorbent is homogeneous where
all sorption sites are identical and energetically equivalent while the
basis of Freundlich model is physicochemical adsorption on heter-
ogeneous surfaces. The linear forms of the two models are:

C, 1

. C,
Langmuir —= + 4)
Te Inax Qe I<L

Freundlich: Inq,=InKz+ IlllnC‘, )

Where, q, (mg/g) and C, (mg/L) are equilibrium As(V) concentra-
tion on the adsorbent and in solution, respectively, q,,,. (mg/g) is
the monolayer adsorption capacity, K, (L/mg)is Langmuir adsorp-
tion constant related to the free energy of adsorption. K, (mg/g)(mg/
L) " and n (dimensionless) are Freundlich adsorption isotherm con-
stants being indicative of extent of adsorption and intensity of adsorp-
tion, respectively.

A linear plot (Fig. 10) of the experimental data as per Langmuir
isotherm equation has R* value of 0.999, indicating a well fit model.
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Fig. 10. Langmuir isotherm plot of adsorption data [Conditions:
pH 3.0, contact time 4 h, 298 K, adsorbent dose 1 g/L].

Table 2. Adsorption isotherm parameters

Langmuir isotherm Freundlich isotherm

qnm (mg/g) 76'34 Kf(mg/g)‘ (mg/L) v 2203
K, (L/mg) 0.6 n 2.13

R 0.999 R? 0.891

But when adsorption data are plotted as per Freundlich isotherm, it
results in a poor fit with an R value of 0.89. Similar observations
with other adsorbents are well reported in the literature [24,25]. Dif-
ferent constants calculated from the slopes and intercepts for both
the models are given in Table 2.

The isotherm shape of the Langmuir plot is used to predict the
favorability of an adsorption system. The favorability of adsorption
can be expressed in terms of a dimensionless constant separation
factor or equilibrium parameter R, [26] expressed by Eq.(6).

1
T1+K,C,

R, ©)
Where, K, is the Langmuir constant (L/mg) and C; is the initial As(V)
concentration (mg/L). The value of R, indicates the shape of the
isotherm, such as,

R,>1 unfavorable
R,=1 linear

R,<1 & >0 favorable
R,=0 irreversible

The R, values estimated at different concentrations vary from 0.25
(at Smg/L) to 0.01 (at 100 mg/L), which indicates that adsorption
is favorable in the studied concentration range. The favorability is
higher at higher initial concentration.

2-4. Effect of Adsorbent Dose

To study the effect of adsorbent dose on percent arsenic adsorp-
tion the dose was varied from 1 to 8 g/L. keeping other parameters
constant: pH 3.0, initial arsenic concentration 50 mg/L, contact time
4 h and temperature 298 K. Fig. 11 shows the effect of adsorbent
dose on the percent arsenic adsorption.

It can be observed in Fig. 11 that with the increase in adsorbent
dose, the percent adsorption of arsenic initially increases rapidly
followed by a slow increase. This might be related to an increase
in active sites with increase in the amount of adsorbent. At adsor-
bent dose of >4 g/L. there is not much increase in the adsorption
efficiency. Beyond 6 g/L of adsorbent dose the arsenic removal ef-
ficiency reached a plateau.
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Fig. 11. As(V) adsorption at different adsorbent doses [Conditions:
PH 3.0, contact time 4 h, 298 K, initial [As(V)] 50 mg/L].
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According to surface sites heterogeneity model, with increase in
adsorbent dose, binding ability of the surface for an ion increases
due to increase in surface hydroxyl group [27]. This can be illus-
trated by a separation factor K, which can be expressed as:

Ko ™
Where, C, and C, are equilibrium concentrations of As (V) at solid
surface (mg/g) and in solution (mg/L), respectively. From Fig. 12 it
can be observed that the K, value increases with the increase in ad-
sorbent dose, which implies that surface of goethite is heteroge-
neous. At higher adsorbent concentration of >6 g/L. K,, value does
not change, suggesting that the available sites for adsorbing 50 mg/
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Fig. 12. Log K, value as a function of adsorbent dose [Conditions:
pH 3.0, contact time 4 h, 298 K, initial [As(V)] 50 mg/L].

L As(V) are well in excess, hence no change is obvious.
3. Desorption Study

The potential application of an adsorbent depends not only on
its adsorption capacity but also on its regeneration ability. Desorp-
tion studies help to indicate regeneration ability of the adsorbent.
Several studies have indicated that once adsorbed on goethite sur-
face, arsenate is not easily desorbed or removed, unless pH condi-
tions severely change. From the experimental studies on arsenate
adsorption/desorption kinetics in goethite, O’Reilly et al. [28] showed
that the surface complex is very stable at pH 4 and 6 for extended
time. Results obtained in the present investigation (Fig. 13) show

Desorption efficiency (%)

2 3 4 5 6 7 8 9 10 11 12 13 14
pH

Fig. 13. Percent desorption of As(V) from loaded adsorbent at dif-
ferent pH [Conditions: Contact time 4 h, 298 K, adsorbent

dose 1 g/L].

Table 3. Monolayer As(V) adsorption capacity of different materials reported in the literature

Adsorption capacity

Experimental conditions

Adsorbent Reference
(mg/g) pH Concentration (mg/L)
Goethite 76.3 3 5-100 This work
Maghemite
CM 16.7
SM 25 3 1-11° [6]
MM 50
Activated alumina 16.1 4 1-25 [20]
20.6 7 1-25
Fe-Ti oxide 14.6 7 n.a. [29]
Akaganite (fFeOOH) 120 7.5 5-20 [30]
Basic yttrium carbonate 352.5-427° 7.5-9 750-4500° [31]
Maghemite 4.64 7 1-4 [32]
Calcined bauxite ore 1.78 7 n.a. [33]
Synthetic zeolite
H24 35.8 6.5 10-150 [34]
H90 34.8 3.2 10-150
Carbon black
CB-C 50.14 5 5-200 [35]
CB-S 62.52 4 5-200

‘Converted from other unit
n.a. Not available
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that desorption efficiency of As-loaded goethite is very low up to
solution pH 9, beyond which it enhances rapidly. At pH 13 nearly
98% desorption occurs. Similar observations were reported by Trip-
athy and Raichur [20].

4. Comparative Evaluation of Different Adsorbents for As(V)
Removal

Monolayer adsorption capacity of an adsorbent can be estimated
from the Langmuir isotherm, which indicates the possible maximum
adsorption capacity in a range of arsenic concentration. It is worth-
while to compare the monolayer adsorption capacity obtained in
the present investigation vis-a-vis values reported for other adsor-
bents in the literature (Table 3). It is evident from Table 3 that the
monolayer adsorption capacity of goethite synthesized in the present
investigation has comparatively much higher value than obtained
with most of the other adsorbents.

Another important aspect is the possible secondary pollution dur-
ing the use of an adsorbent for remediation. In the present investi-
gation although goethite has been found to have active surface for
adsorption, but dissolution of iron from the adsorbent during sorp-
tion process was negligibly small. Iron contamination after adsorp-
tion was found to be less than 0.1 mg/L in the pH range (3 to 10),
which is below the WHO limit of 0.3 mg/L. However, at pH 2.0
about 2 mg/L. iron contamination was observed.

CONCLUSIONS

The present study clearly demonstrated that nanoparticulate goet-
hite obtained thorough hydrazine sulfate assisted wet-chemical syn-
thesis method is an effective adsorbent for the removal of As(V)
from aqueous solution. The adopted synthesis method generated
mostly spherical particles of uniform size with surface area of 168
m?/g. Maximum adsorption occurred at pH 3.0. The adsorption data
fitted well to the Langmuir isotherm equation supporting that adsorp-
tion was monolayer. The maximum adsorption capacity (72.4 mg/
g) obtained experimentally (at 100 mg/L initial arsenic concentra-
tion) matched closely with the monolayer adsorption capacity (76.3
mg/g) calculated from Langmuir isotherm. An adsorbent dose of
6 g/L. is adequate for removing more than 99% As(V) from a solution
containing 50 mg/L. As(V). The experimental kinetic data were bet-
ter represented by the pseudo-second order model. The rate con-
trolling mechanism during the first one hour might be a combination
of adsorption followed by intra-particle diffusion. It is also evident
that As-loaded adsorbent can be easily regenerated by treating with
dilute alkaline solution of pH 13.0.
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NOMENCLATURE

C  :intercept in the Intra-particle diffusion model [mg/g]

C, :initial adsorbate concentration [mg/ L]
C. :equilibrium adsorbate concentration in solution [mg/L]
C, :equilibrium adsorbate concentration on the adsorbent sur-

face [mg/g]

k,  :pseudo-first order rate constant [/min]

k,  :pseudo-second order rate constant [g/mg-min|

K, :separation factor [dimensionless]

K, :Freundlich isotherm parameter [mg/g] [mg/L] "

K, :Langmuir isotherm constant related to free energy of adsorp-
tion [L/mg]

k, :intra-particle diffusion rate constant [mg/g-min'?]

n : dimensionless exponent of Freundlich equation

q. :adsorption capacity at equilibrium [mg/g]
Qe.car : calculated equilibrium adsorption capacity [mg/g]
Qo.op - €xperimentally obtained equilibrium adsorption capacity [mg/

gl

Qe maximum monolayer adsorption capacity [mg/g]

g, :amount of adsorbate per unit mass of adsorbent at any time
t [mg/g]

R, :dimensionless constant separation factor
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