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Improvement of aqueous solution coexisting with
arsenite and arsenate using iron mixed porous clay pellets

in batch and fixed-bed column studies
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ABSTRACT

Arsenic-polluted water is a global concern and puts millions of people at risk of developing cancer.
The improvement of aqueous solution coexisting with arsenite and arsenate using iron mixed porous
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clay pellets was investigated in batch and fixed-bed column systems. Batch studies showed that Vietnam

the removal rate occurred in two main phases with an equilibrium time of 52 h. The pseudo-
second-order model well described the experimental data. Isotherm data were well fitted by the
Langmuir-Freundlich model. The removal efficiency was significantly reduced in alkaline solution and
the presence of phosphate ions. The column study revealed that the breakthrough time and
saturation time increased with lower feeding flow rate, higher bed height, and lower initial adsorbate
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concentration. The Thomas model provided good performance for predicting the column Thailand

experimental data.
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INTRODUCTION

Access to safe and clean drinking water is a prerequisite for
a healthy life. Recently, many water sources around the
globe have deteriorated due to the presence of excessive
toxins and pathogens. One of the highly toxic and carcino-
genic pollutants is arsenic. Concentrations greater than the
World Health Organization guideline of 10 ug/L for arsenic
in drinking water have been reported in 105 countries
and expose a population of over 200 million (Chakraborti
et al. 2017). Health problems associated with an excessive
and long-term exposure to arsenic are skin problems,
skin cancers, internal cancers (bladder, kidney, and lung),
leg and foot blood-vessel diseases, reproductive disorders,
adverse pregnancy outcomes, and intellectual malfunction
in children (Sharma et al. 2014). In natural water, arsenic
mainly presents in the forms of arsenite [As(III)] and
arsenate [As(V)]. Therefore, it is necessary to treat
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As(III)- and As(V)-contaminated water via an affordable
purification technique.

Adsorption is an advantageous technique in terms of sim-
plicity, economy, removal efficiency, ease of operation and
maintenance, flexibility to be scaled up (from the point of
use to a community-based treatment plant), and avoidance
of liquid waste generation on site (Sabbatini ef al. 2010).
Clay has gained much attention for use in removing pollu-
tants such as metal ions, organic pollutants and bacteria
due to its large specific surface area, chemical and mechan-
ical stability, layer structure, and high cation exchange
capacity (Sdiri ef al. 20m). However, clay is difficult to apply
in column adsorption due to its fine particle size, which cre-
ates a permeability problem (Mohapatra ef al. 2007). To
improve the adsorption capacity and permeability, clay can
be modified or used as a binder to iron oxides, iron particles,
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or other metal oxides. Dousova et al. (2006) modified some
clay minerals with iron salts to adsorb arsenic from aqueous
solution and found that the sorption capacity increased
from about 0.5 mg/g to around 20 mg/g. Bhowmick et al.
(2o14) indicated that montmorillonite-supported nanoscale
zero-valent iron expressed an arsenic adsorption capacity of
more than 45 mg/g, much higher than the 0.64 mg/g of mon-
tmorillonite found by Mohapatra et al. (2007).

Most previous studies, however, focused only on using a
specific pure clay mineral such as kaolinite, montmorillo-
nite, illite and smectite as a direct adsorbent or iron-
modified clay mineral adsorbent for treating either As(III)
or As(V) from water, and which was mostly performed in
a batch mode. Research that completely addresses the use
of natural clay for hosting iron species to simultaneously
remove As(III) and As(V) from water in both batch and
column systems is still limited. Therefore, this research
aims to utilize iron mixed porous clay pellets (IMCP) to
enhance the quality of water coexisting with As(III) and
As(V) in batch and continuous column experiments.

MATERIALS AND METHODS

Materials and reagents

Natural clay (NC) was manually collected, dried, crushed,
and sieved to be less than 75um in particle size. Iron
oxide powder (Fe,Os) and iron powder (IP) were of analyti-
cal grade and industrial grade, respectively. Rice bran
powder (RB) was obtained from a local grinding mill. To
have the 100 mg/L of [50% As(III) + 50% As(V)] stock sol-
ution, the appropriate amounts of Na,HAsO4-7H,O and
NaAsO, (Sigma Aldrich) were dissolved together into de-
ionized (DI) water. NaNOs, Nay,SO,4, and NasHPO, were
for the effect of the coexisting anions.

Adsorbent preparation

The detailed procedure for preparing IMCP was mentioned
in our previous study (Te ef al. 2017). Briefly, IMCP adsorbent
was developed by mixing NC (52.15%), Fe,O5 (19.22%), IP
(28.63%) and RB (15%). The prepared constituents were uni-
formly mixed along with the addition of DI water to produce
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a paste form. The paste was strongly stirred by hand for about
5-10 min and dried at 104 + 1 °C for 24 h, and further heated
at 600 °C for 2-3 h in a muffle furnace. After cooling down,
the product was sieved for the desired particle size of
0.6-1.18 mm. The final product was kept in a dry and clean
container for further experiments.

Batch experiments

A series of reactions between 10 g/L of IMCP and 0.5 mg/L
of the adsorbate solution (pH =7 + 0.1) was prepared and
shaken by a horizontal mechanical shaker with 150 rpm
at room temperature (25 + 1°C) to observe the effect of
contact time. The effect of initial concentration was per-
formed by varying the adsorbate concentration from 0.1 to
100 mg/L. The effect of initial solution pH was conducted
by varying pH from 3 to 11. The effect of coexisting
anions was investigated by introducing 0.1, 1 and 10 mM
of NaNOs5, Na,SO,4 and NazsHPO, into the 0.5 mg/L arsenic
stock solution. Each sample was filtered through 0.22 um
syringe filters, acidified, kept at 4°C and analyzed for
arsenic concentration within 24 h. The adsorption capacity,
Q. (mg/g), and efficiency, R (%), were determined by
Equations (1) and (2), respectively:

(Co —Ce)

Q. = M xV (1)

(G —Ce)

R(%) = =%
o]

x 100 )

where C, (mg/L) and C, (mg/L) are the initial and equilibrium
adsorbate concentrations, respectively. V (L) is the volume of
adsorbate solution, and M (g) is the mass of adsorbent.

Fixed-bed column experiments

The column experiments were conducted in polyethylene
columns of 4.1 cm inner diameter and 31 cm height. The
influent solution was introduced upward by peristaltic
pumps (Watson-Marlow 505S, USA). The experimental con-
ditions included the influent feed flow rates (12.5, 17,
20.5 mL/min), adsorbent bed heights (5, 10, 15 cm), and
initial adsorbate concentrations (0.5, 1, 2mg/L). The
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adsorption capacity of IMCP at the breakthrough and satur-
ation points could be calculated using Equation (3):

-5 ()

where Q (mL/min) is the volumetric flow rate, M (g) is the
C
Co
is the numerical integration of the area above the break-

mass of adsorbent packed in the column, and fé (1-—=)dt

through curve.

Analytical methods

Arsenic concentration was measured by inductively coupled
plasma-optical emission spectrometry (ICP-OES) (Optima
8000DV, PerkinElmer) using a wavelength of 193.7 nm.
The surface area, total pore volume, and average pore diam-
eter were obtained from the Brunauer-Emmett-Teller (BET)
method using a BET analyzer (BELSORP Mini II, BEL Inc.,
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Figure 2 | The SEM analysis of IMCP (a) before and (b) after adsorption.
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Japan). X-ray diffraction (XRD) was performed using the
Bruker XRD (D2 PHASER). The morphological features
of IMCP were examined by a scanning electron microscope
(SEM, JSM-6010LV, JEOL, Japan). The point of zero charge
(pHpzc) was evaluated by the equilibrium method (Su et al.
201I).

RESULTS AND DISCUSSION
Characterization of IMCP

The surface area, total pore volume, and average pore size
of the adsorbent were 19.393 m?/g, 0.0978 cm®/g, and
20.169 nm, respectively. IMCP was mostly comprised of
pore sizes within the range of 2-50 nm, implying that it
was a mesoporous material according to the International
Union of Pure and Applied Chemistry (IUPAC) classifi-
cation (Kuila & Prasad 2013). The XRD patterns of
IMCP and its constituent materials are illustrated in
Figure 1. NC consists of quartz, kaolinite, and illite-
montmorillonite. A single mineralogical phase was
found for IP and Fe,Os, implying that these materials
had a high purity. As expected, IMCP is comprised of
mineralogical phases contributed by its constituent
materials, indicating that NC successfully bound Fe,Os3
and IP onto its surface. The adsorbent before adsorption
appears to have a rough surface with flat non-unified
shapes scattered around (Figure 2(a)). After adsorption,
the surface feature has changed and created a concave
morphology with spherical particles attached of various
sizes (Figure 2(b)).
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Batch experiments
Kinetic study

The interaction between the adsorbate and IMCP occurred
at a fast pace for the first 12 h, and then gradually slowed
down in the following 42h (Figure 3). No significant
improvement of the adsorption capacity was observed at
52 h, later considered to be the equilibrium contact
time. The initial rapid uptake rate is due to the widely avail-
able active binding sites, particularly the external surface.
Continuous filling of the active sites by the metal ions
resulted in the slow reaction rate, diffusion phenomenon
into the interior parts, and equilibrium. The kinetic exper-
imental data were modelled by Equations (4) and (5),
respectively:

Qi = Qe(1 — €M) )

ko Q%t
1+ szet

Pseudo-first order:

Pseudo-second order: Q; =

©)

where ¢ (h) is the amount of contact time, Q; (ug/g) is
the adsorption capacity at a certain time, and k; (1/h) and
ks (g/ug/h) are the rate constants of the pseudo-first-order
and pseudo-second-order models, respectively. The value of
the correlation coefficient (R?) and the closeness between
the calculated equilibrium uptake (Qcca) and experimental
equilibrium uptake (Qecxp) Were used for selecting the most
suitable model. Table 1 indicates that the pseudo-second-
order model better fitted the kinetic experimental data.
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Figure 3 | The influence of contact time and fitting of the kinetic models.
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Table 1 | Kinetic parameters with experimental equilibrium capacity, Qe exp = 497.01 ug/g

Models Parameters values

Pseudo-first order Qe.cai(g/g) 467.2
k1 (1/h) 0.2684
R? 0.9481

Pseudo-second order Qc,cal (Ug/8) 513.48
ka(g/ug/h) x 1074 7.585
R? 0.9818

Isotherm study

Increase in the initial adsorbate concentration led to an
increase in the uptake capacity of IMCP (Figure 4). High
concentration of the metal ions provides a low proportion
of binding sites for the amount of the adsorbate, resulting
in enhancing the interaction between the ions and adsor-
bent (Kango & Kumar 2016). To predict the equilibrium
adsorption data, the Langmuir-Freundlich isotherm model
was applied and it can be expressed by Equation (6):

1/n
Langmuir— Freundlich model: Q. = M (6)
1+ KL,FCe/n

where C. (mg/L) is the adsorbate concentration at
equilibrium, Q. (mg/g) is the adsorption capacity at
equilibrium, Q,,(mg/g) is the maximum adsorption capacity,
Ki_p (L/mg) is the model constant, and 1/# is the heterogen-
eity factor. The obtained value of R? of the applied model
was 0.9919, and this implied that the isotherm data were
well described by the model. This suggests that the ions

7 ] 0.0
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Figure 4 | The effect of initial adsorbate concentration and fitting of the isotherm model.
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adsorbed onto the surface of IMCP involved both a homo-
geneous monolayer and heterogeneous complex surface
feature (Chen ef al. 2012). The maximum arsenic removal
capacity, the model constant, and the heterogeneity factor
were found to be 12.19 mg/g, 0.1585 L/mg, and 0.5596,
respectively. This uptake capacity was higher than that of
some porous adsorbents: 4.0 mg-As(III)/g and 4.50 mg-
As(V)/g for iron-ceramic pellets (Shafiquzzam et al. 2013),
5.32 mg-As(V)/g for porous ceramic sorbent (Chen et al.
2012), 8.449 mg-As(V)/g for iron impregnation porous cer-
amic sorbent (Chen ef al. 2012), and 11.52 mg-As(I1I)/g for
zeolite-supported nanoscale zero-valent iron (Li et al
2018). To evaluate the adsorption capacity at the lower
arsenic concentration that is important for the application
of treating arsenic-polluted water for a drinking purpose,
the experimental isotherm data at lower equilibrium concen-
trations (<0.05 mg/L) was investigated (Figure 4), and the
obtained mathematical expression of the model is as follows:

~0.5197 x 1,370.05C} %

7
1+1,370.05CL3% @)

Qe

Using the obtained equation, the adsorption capacity of
IMCP at the 0.01 mg/L equilibrium concentration was
found to be 0.393 mg/g, relatively lower than the experimen-
tal equilibrium capacity (0.497 mg/g) from the Kkinetic
experiment (Table 1). This is likely true because the
obtained value of R was found to be 0.9250, indicating a
fairly good performance of the fitting model.

Effect of initial solution pH

Figure 5 presents the influence of initial solution pH on the
adsorption efficiency of IMCP with the initial adsorbate con-
centration of 0.5 mg/L. Higher adsorption efficiency of
IMCP was observed in the acidic pH range. The efficiency
decreased noticeably when the solution reached a pH
greater than 8. In the alkaline condition (pH > 10), the
adsorbent exhibited a dramatic reduction in removing the
solutes from the solution. The solution pH affects the specia-
tion of the metal ions, as well as the surface characteristics
of the adsorbent. In natural water, As(III) species occur
as: H3AsO3 (pH <9.2), H,AsO5 (9 < pH < 12), HAsO%~
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Figure 5 | The effect of initial solution pH and the point of zero charge of IMCP.

(12 < pH < 13), and AsO3~ (pH > 13), and As(V) mainly
exists in water as H;AsO, at pH less than 2.2, H,AsOy at
pH between 2.2 and 6.98, HAsO;~ at pH between 6.98
and 11.5, and AsOj~ at pH above 11.5 (Mohan & Pittman
2007). The surface of the adsorbent is more positively
charged for pH lower than pHp,. and predominates with
the negative charge for pH > pH,,. (Chang ef al. 2010).
The proposed active surface sites of IMCP can be expressed
as follows:

M-Fe — OHy +H' < M- Fe — OHjy (pH < pHps)

M-Fe — OHy < M-Fe — Oy +H{, (PH > pHp)

The final pH from the equilibrium method provided a
plateau line at 7.54, corresponding to the value of pH,,.
(Figure 5), and obviously, the unfavorable electrostatic inter-
action or the electrical repulsion between the adsorbent and
the adsorbate resulted in less adsorption efficiency at the
basic pH range.

Effect of coexisting anions

Figure 6 shows the results of the adsorption efficiency onto
IMCP in the presence of anions such as nitrate (NOj3), sul-
fate (SO3 "), and phosphate (PO3"), representing univalent,
bivalent, and trivalent anions that commonly exist in
water. Increase in the amount of NOs led to a slight
reduction of the adsorbate adsorption efficiency, whereas
an increase of SO3~ anions exhibited a quite noticeable
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Figure 6 | The effect of coexisting anions on the adsorption efficiency of IMCP.

decrease in removing the metal ions from the solution. An
extremely adverse effect was observed in the case of PO3 ™.
At a phosphate concentration of 10 mM, the metal ions
were almost completely unable to be adsorbed. The
reduction of the removal efficiency in the presence of
anions could be explained by the occurrence of competition
for the active sites. Phosphate and arsenic are in the same
elemental group, providing similarities in chemical proper-
ties (Maliyekkal et al. 2009). Plus, phosphate easily forms

an inner-sphere complex and more strongly attaches to
iron(oxy)hydroxides than arsenic (Hsu ef al. 2008).

Fixed-bed column experiments

The adsorbate removal performance in the fixed-bed column
was analyzed by breakthrough curves expressed in terms of
Cy/C, ratio (C; is the effluent concentration at a certain
period and C, is the influent concentration) against time
(f). The breakthrough time (#,) and saturation time (f;)
were selected when the instantaneous effluent concen-
tration reached 0.01 mg/L and 95% of the influent
concentration, respectively. The breakthrough curves
obtained from the experiments are presented in Figure 7.
The breakthrough time and saturation time were shorter
at higher feeding rate and extended at lower flow rate
(Figure 7(a)). With an increase of the flow rate from 12.5
to 20.5 mL/min, the breakthrough time decreased from
36.52 to 4.08h and the saturation time reduced from
141.29 to 56.53 h, and consequently, the saturated adsorp-
tion capacity of IMCP decreased from 312.59 to

139.59 ug/g (Table 2). Lower influent flow rate provided
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Figure 7 | Breakthrough profiles at a variation of (a) influent feeding flow rates, (b) adsorbent bed heights, and (c) initial concentrations.

Downloaded from http://iwa.silverchair.com/ws/article-pdf/19/7/1929/661838/ws019071929.pdf



1935 N. C. Thanh et al.

Batch and column for arsenic removal from water using clay pellets

water Supply | 19.7 | 2019

Table 2 | Design parameters and the parameters of the Thomas model in the fixed-bed column

Thomas model

c, Qmy H v(em/  EBCT Krn 9%

(mg/L)  min) (cm) pH M(g) min) (min) ty(h)  ts(h) qy (18/8) qs (ng/8) Vu(L) BV (L/h/mg)  (n8/8) R?

0.5 12.5 10 7 9594 095 10.53 36.52 14129 134.18 312,59 27.39 208.09 0.1608 337.14 0.9968
0.5 17 10 7 9594 1.29 7.75 1559 97.63 77.94 284.62 1590 120.70 0.1499 311.46 0.9984
0.5 20.5 10 7 9594 155 6.45 4.08 56.53 24.67 139.59 5.02 3795 02688 130.11 0.9718
0.5 17 5 7 4797 129 3.88 599 57.64 60.07 25395 6.11 92.63 0.2484 283.00 0.9912
0.5 17 10 7 9594 129 7.75 1559 97.63 77.94 284.62 1590 120.70 0.1499 311.46 0.9984
0.5 17 15 7 14391 1.29 11.63 2530 134.75 84.54 303.97 2581 130.52 0.1514 298.66 0.9984
0.5 17 10 7 9594 129 7.75 1559 97.63 77.94 284.62 1590 120.70 0.1499 311.46 0.9984
1 17 10 7 9594 129 7.75 7.44 7098 74.70 384.67 7.59 57.60 0.1063 420.47 0.9973
2 17 10 7 9594 1.29 7.75 224 454 67.96 31435 228 1734 0.0760 315.73 0.9530

Note: empty bed contact time (EBCT) = H/linear flow rate (v); bed volume (BV) = volume water treated (V,)/adsorbent bed volume in L.

the system with longer contact time (EBCT = 10.53 min)
that allowed the metal ions access to more available binding
sites of the adsorbent (Cruz-Olivares et al. 2013), resulting in
a gradual occupancy of the solute towards the saturation
point and higher adsorption capacity. At higher flow rate,
the metal ions had insufficient residence time (EBCT =
6.45 min) for effectively interacting with active sites and/or
diffusing into the pores (Jain ef al. 2013), leading to the
steeply inclined breakthrough profiles, as well as lower
adsorption capacity.

The breakthrough profiles were observed to have a lower
slope for a higher bed height, implying that a slow attainment
of both breakthrough time and saturation time was achieved
(Figure 7(b)). With an increase of the bed height from 5 to
15 cm, the breakthrough time and saturation time increased
from 5.99 to 25.3h and 57.64 to 134.75h, respectively
(Table 2). This could be attributed to the increased amount
of the adsorbent and the long residence time for arsenic
ions to stay in the system. Generally, at higher bed height,
the sufficient interaction time (EBCT = 11.63 min) between
the adsorbate and adsorbent leads to an increase in the
adsorption capacity (Jang & Lee 2016). Increasing the bed
height from 5 to 15 cm resulted in an increase of the saturated
adsorption capacity of IMCP from 253.95 to 303.97 ug/g.

With a variation of initial arsenic concentrations, the
breakthrough curve with a relatively flat S shape appeared
far more to the right, and the curve shifted towards the left
by changing to a steeply inclined S shape with increasing
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initial arsenic concentration (Figure 7(c)). With an increase
of the initial concentration from 0.5 to 2 mg/L, the break-
through time and saturation time decreased from 15.59 to
2.24h and 97.63 to 45.4 h, respectively; however, within
that variation of initial concentration from 0.5 to 2 mg/L,
the saturated adsorption capacity increased from 284.62 to
384.67 ug/g (Table 2). The result can be explained by the
fact that a higher initial concentration led to an increase
in diffusion coefficient that consequently caused the metal
ions to transport faster from the bulk solution to the IMCP
surface, whereas a low initial concentration caused slower
transport of the solutes to the binding sites and decreased
the diffusion coefficient (Afroze et al. 2015).

In this study, the experimental data of the fixed-bed
column were fitted with the Thomas model with the assump-
tion that the adsorption follows the Langmuir isotherm and
second-order Kinetics. Its non-linear form can be expressed
by Equation (8):

Cy 1
Co 1+ exp(KmngoM/Q — KrmCot)

®)

where Kry, is the Thomas rate constant in L/h/mg, and g, is
the adsorption capacity in mg/g. Fitting the model to the
breakthrough curves is shown in Figure 7. The correlation
coefficient (R? of the Thomas model was found to be
greater than 0.95; additionally, the calculated adsorption
capacity of IMCP ranged from 139.59 to 384.67 ug/g,
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comparable enough to the adsorption capacity (130.11-
420.47 ug/g) obtained from the experiment (Table 2). This
indicated that the Thomas model was really suitable for
describing the column data. From Table 2, it also showed
that 95.94 g of the adsorbent could produce the highest
volume of water treated to below the permissible level of
10 ug/L at around 27 L, implying a better performance com-
pared with some other adsorbents such as iron-oxide-coated
natural rock (14.88 L) (Maji et al. 2012), porous table ceramic
adsorbent and its iron-impregnated form (5.12-7.44 L)
(Chen et al. 2012), and magnetic binary oxide particle adsor-
bent (7.85-8.64 L) (Dhoble et al. 2017).

CONCLUSIONS

The iron mixed clay porous pellet was developed for improv-
ing the quality of the aqueous solution coexisting with arsenite
and arsenate in both static and dynamic systems. In the batch
mode, the metal ion uptake rate onto the adsorbent surface
occurred in multiple steps. The adsorbent was significantly
influenced by varying initial solution pH and the presence
of coexisting anions, especially a high initial pH value and
phosphate anions. In the continuous fixed-bed mode, the
adsorption had similar breakthrough curve patterns for the
studied ranges of influent feeding flow rates, adsorbent bed
heights, and initial adsorbate concentrations. The higher
flow rate, lower initial concentration, and lower bed height
would decrease the adsorption of arsenic onto the adsorbent
in the fixed-bed column. IMCP is easily and economically
produced and can be an effective low-cost composite adsor-
bent to improve the quality of arsenic-contaminated water.
However, a pilotscale experiment for treating natural
arsenic-bearing water should be carried out.
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