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Asimple shrinking core model is applied to predict the adsorption kinetics of arsenite and arsenate species
onto natural laterite (NL) in a stirred tank adsorber. The proposed model is a two-resistance model, in
which two unknown parameters, external mass transfer coefficient (Ky) and pore diffusion coefficient
(D, ) are estimated by comparing the simulation concentration profile with the experimental data using
a nonlinear optimization technique. The model is applied under various operating conditions, e.g., initial
arsenic concentration, NL dose, NL particle size, temperature, stirring speed, etc. Estimated values of D,
and K are found to be in the range of 2.2-2.6 x 10~ m?/s and 1.0-1.4 x 10~ m/s at 305K for different
operating conditions, respectively. D, and K; values are found to be increasing with temperature and
stirrer speed, respectively. Calculated values of Biot numbers indicate that both external mass transfer
and pore diffusion are important during the adsorption. The model is also applied satisfactorily to predict
the arsenic adsorption kinetics of arsenic contaminated groundwater-NL system and can be used to scale
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1. Introduction

Arsenic is a toxic pollutant and poses a serious health risk in
many countries of the world. India [1], Bangladesh [1,2], USA [3],
Chile [4], Mexico [5] and Taiwan [6], have been affected by arsenic
contamination, well above the WHO guideline value of 10 g/l or
the prevailing national standards set by respective countries.

Different technologies have been developed to remove arsenic
from both water and wastewater. Technologies include the con-
ventional process of oxidation [7] adsorption onto coagulated
flocs [8,9], ion exchange [10], membrane techniques [11,12], etc.
Various technologies for arsenic removal are described in recent
review literature [13,14]. It has been widely recognized that
adsorption on adsorbent media removes arsenic effectively from
water and wastewater. Different adsorbents like alumina [15-17],
hydrous ferric oxide loaded activated carbon [18], iron oxide min-
erals [19], zero valent iron corrosion [20], synthetic birnessite
[21], goethite [22], laterite [23-26], polymer-supported hydrated
iron (III) oxide [27], ferrate [28], fly ashes [29], ferrihydrite [30],
synthetic zeolites [31], nano-activated alumina [32], iron-doped
activated carbon [33], rice polish [34], have been widely studied
by various researchers successfully. Although equilibrium capac-
ity and column breakthrough behavior of arsenate and arsenite in
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various adsorbents are explored thoroughly, the kinetic modeling
of arsenite and arsenate within adsorbent particles is scant in lit-
erature. The kinetic data obtained from stirred tank adsorber in
the laboratory can be used to generate important process parame-
ters like, mass transfer coefficient (Kj), pore diffusivity (De), etc. for
various adsorbent/arsenic species systems.

These parameters are further useful for fixed bed modeling and
scaling up of the batch adsorber. In order to estimate the param-
eters for wider operating conditions, mathematical modeling of
process Kinetics is required. To develop a mathematical model
that describes the adsorption dynamics, following informations are
required:

(i) The maximum level of adsorption attained in a sorbent/sorbate
system as a function of the sorbate liquid phase concentration,
i.e., the equilibrium data.

(ii) A mathematical representation of associated rate of adsorp-
tion, which is controlled by the two resistances mainly, external
mass transfer from bulk solution to adsorbent surface across the
boundary layer surrounding the adsorbent particle and intra-
particle diffusion within the pore of the adsorbent particles.

The pore diffusion model outlined in this paper is based on
the unreacted shrinking core model [35] with pseudo-steady-state
approximation. The assumptions made in this model are as follows:
(a) pore diffusion is independent of adsorbate concentration; (b)
pseudo-steady-state approximation is valid; (c¢) the driving force
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Nomenclature

Bi Biot number (dimensionless)

Ct liquid phase concentration at time t (mg/1)

Cet equilibrium liquid phase concentration at time t
(mg/l)

Co initial liquid phase concentration (mg/1)

Ciexp ~ experimental value of non-dimensional bulk con-
centration at time t

C; cal calculated value of non-dimensional bulk concen-
tration at time ¢t

De effective diffusion coefficient in the adsorbent
(m?/s)

Ky liquid phase mass transfer coefficient (m/s)

ko Langmuir isotherm constant (I/mg)

N(t) adsorption rate at time t (mg/s)

PHini initial pH of solution

R adsorbent particle radius (m)

Ry radius of concentration front (m)

r non-dimensional radius of adsorption front

t time (s or min)

% volume of batch reactor (1)

w mass of adsorbent (g)

Ye solid phase concentration at equilibrium (mg/g)

Yer solid phase concentration at time t (mg/g)
Ys Langmuir isotherm constant (1/g)
Y: average solid phase concentration at time t (mg/g)

Greek symbols

P adsorbent density (kg/m?3)
Subscripts

f liquid phase

0 initial

t at time ¢

Superscript

*

non-dimensional

of the mass transfer in the film is linear; (d) adsorbent particles are
spherical and adsorption sites are uniformly distributed.

The above model is used to describe the kinetics of arsenite and
arsenate adsorption on natural laterite (NL). Values of effective pore
diffusivity (D.) and mass transfer coefficient (K) are evaluated for
arsenic-NL system using an optimization technique.

2. Theory

Itis found in the earlier works that adsorption isotherm of arsen-
ite and arsenate on NL is best described by a Langmuir equation
[23,24]. The Langmuir isotherm is described as

YsCe

=T keG W

The mass transfer rate from external liquid phase to the adsor-
bent surface can be written as

N(t) = 47R?K¢(C; — Cet) (2)

The diffusion rate of solute through the pore as per Fick’s law
can be expressed as

471D Cot

NO =GR - (1/R)

(3)

where D, is the effective diffusivity in the porous adsorbent [36].
The mass balance on a spherical element of adsorbate particle can
be written as

dR
N(t) = ~47R}Yerp— (4)

The mean concentration of adsorbate on adsorbent particle at any
time can be written as

3
Ve Yar [1 . (’f{) ] (5)

The differential mass balance over the system is obtained by
equating the decrease in adsorbate concentration in the solution
with the accumulation of adsorbate in the adsorbent

dc dy;

Nit)=-V—=W— 6
(t) a a (6)
The dimensionless terms used for simplification are as follows:
Ct Rf . KfR w Cet
= = — = — = — * = —
G = G’ r R Bi Dy Ch Ve, G G and
Det
TR

By combining Eqs. (1)-(6), two first order differential equations
(Egs. (7) and (8)) are obtained. The detailed mathematics involved
to obtain the governing differential equations are described else-
where [35].

dr .
= =h(C.) ™)
dac;  Ni(GE ) (G ) “
dr =~ W = fo(CE, 1) (8)
where
—Bi (Co/pYet) (CF — C*
fl _ ( O/IO :;)( t et) (9)
M =1+ Ch(1-r?) Bl-r) (10)
(1 +k5Co )" [r + (1 —1)Bi]
(1 _ 3\(C*
Ny = 3ChYqr? + — - Yes BI1 = 170G (11)

(1+k5C)[r + (1 = r)Bi]

Yes =YsCo and  kj = koCo

The initial conditions for these equations are C; = 1.0andr=1.0
at 7=0.0. Egs. (7) and (8) can be solved simultaneously to find the
bulk concentration-time curve if all the process parameters (K and
De) are known. These two parameters are estimated by comparing
the calculated concentration profile with the experimental data as
outlined in the next section.

3. Numerical method

Egs. (7) and (8) are solved using fourth order Runge-kutta
method with a step size (dt) of the order 10~ with a guess values
of the parameters (D, and Kf), to compute the bulk concentration
profile of arsenic species. At every time point of measurements, the
calculated and experimental values of the concentration are com-
pared and sum of square errors (SSE) function is calculated using
Eq. (12):

n
SSEzz{c;eXp -Gy (12)
i=1
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The final sets of the parameters are obtained by minimizing SSE
function. For this purpose, optimization subroutine UNLSF/DUNLSF
from IMSL math library has been used that employs a direct search
algorithm.

4. Experimental materials and methods
4.1. Preparation of As(V) and As(III) stock solutions

As(V) and As(III) stock solutions (1000 mg/l) were prepared by
dissolving sodium arsenate (NaH,AsO4-7H,0, Merck, Germany)
and sodium arsenite (NaAsO,, Merck, Germany) in double distilled
water, respectively. Working solution for experiments was freshly
prepared from the stock solution. All reagents were of analytical
grade and used without further purification.

4.2. Adsorbent

NL was collected from Midnapore district of West Bengal,
India. NL was crushed by jaw crusher, washed several times by
tap water until loosely bound particles were removed. After air-
drying, the particles were screened to obtained within desired size
range.

4.3. Kinetic study

Kinetic study was carried out in an agitated baffled vessel
(internal diameter, 0.095 m; height, 0.17 m; number of baffles, 4;
baffle clearance, 0.05m; capacity, 0.71) made of stainless steel
(SS-316). The vessel was kept in a constant temperature bath
and equipped with a three-blade impeller (diameter, 0.04 m). The
data, simulated in this study are obtained from the kinetic study
performed in the earlier studies using above said experimental
setup [23,24]. In this study, the kinetic data obtained for various
operating parameters analyzed by the model were stirrer rpm:
1200-2600, initial As(V) concentration: 1-5 mg/l; initial As(III) con-
centration: 1-3 mg/l; varying particle size: 0.25-0.65 mm mean
diameter; adsorbent dose: 10-40 g/I; temperature: 283-315 K. Two
arsenic contaminated groundwater samples were collected from
Dhabdhobi, Malikpur, 24 Parganas (South), West Bengal, India.
Collected contaminated groundwater samples were used to per-
form arsenic adsorption isotherm and kinetic studies on NL at
305K. The corresponding kinetic data were fitted to the applied
model. In the later parts of the discussion, two arsenic con-
taminated samples were assigned as sample 1 and sample 2,
respectively.

4.4. Analysis

The pH dependent surface charge of NL was deter-
mined by potentiometric acid-base titration method. N, gas
adsorption-desorption isotherms of NL were obtained at liquid
nitrogen temperature using a Quantachrom equipment (Autosorb-
I). Multipoint BET surface area was obtained from the first part of
isotherm (P/Py<0.3). The chemical composition as metal oxides
was measured by X-ray energy dispersive spectrometer (SEM-EDX,
model: ESM-5800, GEOL, Japan). Arsenic concentration was ana-
lyzed using furnace mode of atomic absorption spectrophotometer
(model: Aanalyst 700, PerkinElmer, USA) according to the method
of U.S. Environmental Protection Agency (Method No.: 200.9) at
a wavelength of 193.7nm using electrodeless discharge lamp.
Detection limit of this method by this instrument was 2.0 ug/1. The
pH measurements were done by a pH meter (model: ZPH1-9100,
ZICO, India).

Table 1
Characteristics of natural laterite (NL).

Properties Natural laterite
Particle size (spherical) (mm) 0.3-0.5
Surface area (m?/g) 17.5-18.3
Pore volume (ml/g) 0.020-0.022
Bulk density (g/ml) 1.29-1.36
True density (g/ml) 2.34-2.46

PHzpc 7.4-7.5

Conductivity (1:5, laterite:water mixture) (S/cm) 17.6-22.4
pH (1:5, laterite:water mixture) 6.65-6.86
Inorganic composition (as metal oxide: wt%)

Fe-oxide 43.9-47.3
SiO, 26.5-28.5
Al-oxide 19.3-21.5
MnO, ~0.7

Na,0 ~0.8

5. Results and discussion
5.1. Characterization of NL

The used NL as arsenic adsorbent for this study as the same
material (single collection of NL sample) as it was used in our
earlier studies [23,24]. The detailed chemical and physical char-
acterization of NL is already discussed in the above said citations.
Here, brief characterizations of NL with its chemical composition
are presented in Table 1.

(2) .
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Fig. 1. Adsorption isotherm of (a) synthetic arsenite and arsenate solution onto NL
and (b) real arsenic contaminated groundwater onto NL.
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5.2. Langmuir isotherm parameters

The equilibrium (equilibrium time: 12 h) arsenic concentrations
in the stirred tank adsorber for different initial concentrations of
arsenate and arsenite at constant temperature are used to gener-
ate adsorption isotherm. The isotherm data of arsenite and arsenate
on NL at 305K are reported in Fig. 1. Fig. 1 shows that experimen-
tal isotherm data satisfactorily follow Langmuir isotherm model.
Arsenate adsorption on NL surface is pH dependent [24]. Therefore,
isotherm at 305 K temperature of arsenate is generated at different
initial pHs of 4.5, 6.0 and 8.5. On the other hand, arsenite adsorption
on NL is almost unaffected over the entire pH range of 4.5-9.0 [23].
Hence, Langmuir isotherm constants for arsenite are evaluated only
at pH 7.0. The isotherm constants of arsenic species are presented
in Fig. 1a. The isotherm for groundwater-NL system is presented in
Fig. 1b. The corresponding constant values of the isotherm are also
presented in that figure.

5.3. Estimated values of D, and K¢

It is observed that the effective pore diffusivity turns out
to be almost same for both arsenite and arsenate species. This
value varies in a narrow range from 2.2 to 2.6 x 10~ m?/s at

(a) 5 T . T X T T T v T T T
T:305K Ini. As(v) conc.
I W:8g (mg/l) SSE
4 A V041 A 50 0.043 i
i R: 0.125 mm o 30 0.040
| a\ Stirrer speed: 2200 * 20 0.058
% 3 o 1.0 0.021 ]
& Simulated
Q
g D 2.6x 10" m"s
2 2 K 1.2x10 “m/s ]
R f
«
=
=
@

150

Time (min)
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305K and for various particle sizes (0.25-0.65mm). The pore
diffusivity increases with temperature. For example, its value is
1.2 x 10~ m?/s at 283K and 5.9 x 10~ m?2/s at 315 K. It is inter-
esting to note that the value of pore diffusivity obtained in this
study is two order of magnitude less than that in the bulk lig-
uid (1 x 1072 m?/s) [17], due to tortuous pathway of diffusion and
pore constriction. Lin and Wu [17] obtained D, values for arsen-
ite and arsenate species onto activated alumina (AA) particles in
the range 1x 1011 to 5 x 10-12m?/s. In the present study, it is
observed that the optimized D, values are independent of initial
arsenic concentration, stirrer speed and dose of adsorbent.

The estimated values of external mass transfer coefficient (Kj)
are found to be a function of stirrer speed only. It increases from
0.13 x 1076 to 1.4 x 10~ m/s with increase in stirrer speed from
1200 to 2600 rpm. The sum of square errors (SSE) between the
calculated and experimental concentration data is evaluated for
each set of kinetic run and values are reported in the corresponding
figures.

5.4. Parametric study

Various parameters that affect the adsorption kinetics are—the
initial adsorbate concentration in liquid, the ratio of the mass of

(b) T T . T T T ¥ T v T T T
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T: 305 K (mg/ll 5B
25| % W:8g m 1.0 0023 ]
V- 041 e 20 0007
L A 30 0012
St d: 2200
20 RUEEESS —— Simulated 7]

Dc: 26 x 10" m’fs
KIA: 1.2 x10 “m/s

Bulk arsenic conc. (mg/l)

100 150

Time(min)

O] ——

o

0.9

0.8

Non-dimensional radius of adsorption front
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V:041
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w oo =

=
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o7, 1.0 (mg/1) i
2. 20 5 1.0 7
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Fig. 2. (a) Bulk concentration-time curve in the stirrer tank adsorber for different initial As(V) concentrations. (b) Bulk concentration-time curve in the stirrer tank adsorber
for different initial As(IIl) concentrations. (¢) Simulated non-dimensional radius of adsorption front for different initial As(V) and As(III) concentrations.
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adsorbent to the solution volume, stirrer speed, the particle size of
adsorbent, temperature, others ions present in the solution, etc.

5.4.1. Effect of initial adsorbate concentration

The effects of the initial adsorbate concentration on the bulk
concentration decay profiles of both arsenite and arsenate ions are
presented in Fig. 2a and b, respectively. From these figures, it is
clear that, the simulated bulk concentration-time curves of both
adsorbate ions initially (~150 min) follow the experimental decay
curve closely. In the later part of adsorption, some deviations are
observed. The trend of deviation for each experimental set of data
with simulated profile is similar, i.e., the simulated value of bulk
concentration is always found to be more than the experimental
data in the later part of the experiments (beyond 150 min). This
observation may be explained as follows. In prolonged operation,
some NL particles break under high stirring speed (2200 rpm), lead-
ing to generation of more active surface area. On the other hand,
in this model, the particle diameter is taken as constant to its ini-
tial average value. Thus, model calculations show lower extent of
adsorption compared to the experimental observation.

The simulated dimensionless radius (r) of adsorption front as
a function of time for various arsenate and arsenite concentra-
tions is presented in Fig. 2c. The unadsorbed core is decreasing
at a faster rate for higher initial adsorbate concentration due to
higher availability of adsorbate ions. For example, in Fig. 2c, the
slope of the curves 1, 2 and 3 decreases in that order. With increase
in initial adsorbate ion concentration, the reaction front shrinks
at a higher rate. The adsorption capacity of NL towards arsenate
species is higher compared to arsenite species. Thus, unadsorbed
core decreases faster for arsenite at the same initial concentration
and under identical experimental conditions. For example, with
3.0mg/l initial arsenite (curve 7 in Fig. 2c¢) and arsenate (curve 3
in Fig. 2¢) concentration, the adsorption front travels almost 30%
and 15%, respectively, over a period of about 300 min.

5.4.2. Effect of temperature

The decay of bulk concentration of both arsenite and arsenate
is faster at higher temperature (figure not shown here). This is due
to increase in mobility of adsorbate species, which leads to higher
rate of adsorption of arsenic species onto NL at higher tempera-
ture. The values of D, increase from 1.2 x 10~ m2/s at 283K to
5.9 x 1011 m2/s at 315 K temperature for ~5.0 mg/l initial arsenate
concentration.

5.4.3. Effect of particle size

The effect of particle size on decay of bulk concentration of
arsenate ion is presented in Fig. 3. The rate of decay of bulk con-
centration is faster for lower particle diameters, which is due to
availability of higher surface area in the smaller sized particles.

5.4.4. Effect of Biot number

The Biot number (Bi) of the system is defined as Bi=KR/De. Biot
number is an important parameter to quantify the film diffusion
contribution in the total mass transfer mechanism. Biot number
represents the ratio of the rate of transport across the liquid layer
to the rate of diffusion into the pore of the particle. For Bi« 1,
the adsorption rate is external mass transfer resistance controlled.
While for Bi > 100, pore diffusion is the predominant mass transfer
controlling mechanism [37]. From computed values of Kf corre-
sponding to various stirrer speeds, it is observed that Biot numberin
this study varies from 0.75 to 9.0 (please see Fig. 4). Therefore, both
external mass transfer resistance and pore diffusion are important
in this adsorption process. The effect of Biot number on the profile of
bulk concentration is presented in Fig. 4. It is clearly observed from
Fig. 4 that the decay rate increases with increase in Biot number.

5 : Particle size  Dx10" Kx10° |
W:8¢g ) <
V041 (dia, mm) m/s m/s SSE
o m 025 2.6 1.2 0.043
4 ® 038 24 1.2 0.067 A
%ﬁ I A 065 2.6 1.2 0.042
g —— Simulated
g 3| -
=
8
e T ]
22t _
=4
= F 4
/m
1 E .
Stirrer speed: 2200
0 . 1 N 1 s I N 1 L 1 " 1
0 50 100 150 200 250 300

Time (min)

Fig. 3. Adsorbent particle size effect on bulk concentration-time curve for fixed
As(V) ions concentration.
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Fig. 4. Bulk concentration-time curve for different stirrer rpms at a fixed arsenic
concentration.
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Fig. 5. Effect of adsorbent dose on bulk concentration-time curve for fixed initial
As(V) ions concentration.
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Fig. 6. Arsenic adsorption kinetics of arsenic contaminated groundwater on NL.

At higher Biot number (i.e., at higher K;) the thickness of exter-
nal mass transfer film is less due to higher turbulence. This tends to
higher transport of adsorbate species to the active sites of adsorbent
resulting into higher rate of adsorption.

5.4.5. Effect of the mass of adsorbent to the solution volume

The adsorbent mass is varied with a constant reaction volume.
Fig. 5 shows the effect of NL dose on bulk concentration decay
of arsenate species for fixed volume of solution (0.4 1). With the
increase in mass of adsorbent at constant reaction volume, the
concentration decay of adsorbate species is sharper. This is due
to fact that with an increase in adsorbent amount, the adsorption
sites increase, so rapid decrease in liquid phase concentration is
observed.

5.4.6. Arsenic adsorption kinetics of arsenic contaminated
groundwater on NL

The experimental results in Fig. 2a and b indicate that arsen-
ite removal is slower from solution compared to arsenate. As per
finding of this model, it is observed that parameters D, and Ky are
found to be independent of the nature of the arsenic species, the
difference in the rates of uptake is due to the differences in the
adsorption isotherm constants only. Therefore, the present model
is easily applied to any arsenic contaminated water and NL system.
Two different samples of contaminated water have been collected
from two tube well in the affected area. Adsorption study of real
contaminated water samples has been undertaken using NL. Char-
acterizations of these water samples are presented in Fig. 6. To
apply the present model to this real system, first Langmuir isotherm
constants are evaluated. These are presented in Fig. 1b. D and Ky
values corresponding to synthetic solution have been used to pre-
dict the concentration decay curve of arsenic using this model. The
sum of square errors (SSE) between predicted and experimental
data is calculated and the low values (0.005-0.012) of SSE indicate
satisfactory performance of applied model to real arsenic contam-
inated groundwater-NL system.

6. Conclusion
(i) The effective pore diffusivity (D.) obtained is almost in the

same range for both arsenite and arsenate species on natu-
ral laterite. This value varies in the narrow range from 2.2

to 2.6 x 10~ m?2/s at 305K and for various particle sizes
(0.2-0.65 mm).

(ii) It is observed that the optimized D, values are independent of
initial concentration of arsenic, pH of solution, stirrer speed and
dose of adsorbent, but dependent on temperature and particle
size of adsorbent.

(iii) The external mass transfer coefficient (Kf) is independent of
arsenic species, concentration of arsenic, pH of solution, par-
ticle size and dose of adsorbent. But it varies strongly with
stirrer speed. It increases from 1.0 x 1076 to 1.4 x 10-6 m/s with
increase in stirrer speed from 1200 to 2600 rpm.

(iv) The arsenate and arsenite adsorption on NL is controlled by
both external film resistance and pore diffusion mass transfer
phenomenon.

(v) The present model results satisfactory prediction for concen-
tration decay of total arsenic in real contaminated groundwater
and NL system during batch adsorption.
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