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ABSTRACT

This work focused on the removal of As(V) using chitosan-coated bentonite (CCB) from
groundwater in a fixed-bed system. Thomas and Yoon-Nelson models were applied to the
experimental data in order to predict breakthrough curves and assess model parameters.
Response surface methodology based on Box-Behnken design was utilized to optimize
parameters such as adsorbent mass (6.0-8.0 g), flow rate (0.6-1.0 mL/min), and initial con-
centration (100-500 pg/g) and to evaluate the interactive effects of the variables on the As
(V) adsorption capacity at breakthrough point. Results showed that the optimum As(V)
uptake capacity at breakthrough point of 10.57 pg/g could be attained at initial concentra-
tion of 418.12 pg/g, CCB mass of 6.6 g, and flow rate of 0.65 mL/min. Based on the analysis
of variance, the high value of coefficient of determination (R?>0.9712) indicates that the
quadratic model best describes the experimental data, and the initial concentration is a
significant factor on the As(V) adsorption capacity at breakthrough point.
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1. Introduction

Arsenic is a colorless and odorless metalloid that
ranks 20th in natural abundance [1,2]. The presence of
arsenic in natural waters is due to the leaching of
rocks and minerals such as arsenates, sulfides, sulfos-
alts, arsenites, silicates, and oxides [3,4]. In surface

*Corresponding author.

water and groundwater, arsenic exists in two forms:
arsenite, As(IIl) that predominantly exists as H3AsO;
in moderately reducing conditions and arsenate, As(V)
that exists mainly as H;AsO; under oxidizing
environment [5-7]. Due to the prevalent contamination
of arsenic in surface waters and groundwater and its
high toxicity to humans and other organisms, the
drinking water standard for arsenic was set at
10 ug/L by the World Health Organization and United
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States Environmental Protection Agency [8,9]. Several
studies revealed that countries such as Australia,
Bangladesh, China, India, Philippines, Taiwan, and
Vietnam have high arsenic concentration in their
groundwater supplies [8,10]. Long-term ingestion of
arsenic-enriched water has been associated with nerve
tissue damage, high risk of cancer (bladder, kidney,
liver, lung), hyperkeratosis, neuropathy, and black
foot disease [9-11]. There are several technologies such
as reverse osmosis, oxidation/precipitation, nanofiltra-
tion, bioremediation, solvent extraction, and adsorp-
tion that are utilized in removing arsenic, specifically
As(V), from groundwater [11].

In removing As(IIl) and As(V) from water,
low-cost adsorbents such as alumina nanoparticles in
chitosan-grafted polyacrylamide [9], iron oxide-coated
cement [12,13], manganese dioxide-coated sand [14],
coconut husk carbon [15], activated alumina [16],
surfactant-modified chitosan bead [17] have been
investigated. Chitosan is one of the most promising
adsorbents that have been extensively studied due
to its economic viability, safe disposal of spent
adsorbent and high metal chelating capacity
[17,18]. Recently, several reports focused in utilizing
chitosan-coated  bentonite (CCB) and chitosan
immobilized on bentonite for the removal of Cu(Il)
[19-22], NidD) [21], PbdD) [21], IndI) [23], and
oxidized sulfur compounds [24] from aqueous solu-
tion under static conditions. Very few studies deter-
mined the use of CCB under fixed-bed conditions,
which is commonly utilized in industrial applications.
Moreover, results derived from fixed-bed studies
could be utilized for the direct application in the
remediation of contaminated groundwater using a
permeable reactive barrier system [22]. There are no
reports available in literature that deals with the opti-
mization of As(V) removal using CCB from actual
groundwater under fixed-bed systems. The applica-
tion of experimental design is essential in order to
assess the effect of parameters and their interactions
on the adsorption capacity [8].

The main objective of this study is to investigate
the removal of As(V) from groundwater using CCB
in a fixed-bed system. Specifically it aims to evaluate
the effects of initial concentration, adsorbent mass,
and flow rate on the fixed-bed adsorption of As(V).
Moreover, the optimum operating conditions of the
adsorption parameters with respect to adsorption
capacity at breakthrough would be determined using
response surface methodology (RSM) based on
Box-Behnken design (BBD). The dynamics of the
optimum fixed-bed adsorption of As(V) on CCB was
examined using Thomas and Yoon-Nelson column
models.
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2. Material and methods
2.1. Reagents and instruments

Low-molecular weight chitosan (75-85% degree of
deacetylation) and bentonite (H,Al,O4S) were obtained
from Sigma-Aldrich. NaOH pellets, concentrated HCI
(37% fuming), HNO; (65% w/w), arsenic standard
(H,AsO, in HNO; 2-3% 1,000 mg/L As CertiPUR®™)
and Vitamin C were acquired from Merck (Germany).
Sodium arsenate hydrate (Na,HAsO,-7H,0) and glass
wool were procured from Panreac while potassium
iodide (weight %: >95) was purchased from Fisher
Scientific. Inductively coupled plasma optical emission
spectrometry (Perkin Elmer DV2000) was utilized in
the quantitative analysis of As(V) residual at a wave-
length of 228.812 nm. A peristaltic pump (Masterflex
L/S 7518-00) was used in column studies.

Actual groundwater was obtained from a monitor-
ing well located in Chia Nan University of Pharmacy
and Science (Tainan, Taiwan). Table 1 illustrates the
background values and composition of groundwater
utilized in this study.

2.2. Preparation of chitosan-coated bentonite

The procedure utilized in the preparation of CCB
was similar to the method by Wan et al. [25]. Chitosan
(5.0 g) was dissolved in 300 mL 5% (v/v) HCl and
stirred for 2 h at 300 rpm. Then, 100 g bentonite was
added into the solution and mixture was stirred for

Peristaltic pump
A
Glassbeads
Sand
CCB
Sand
Glass wool
As(V)spiked
groundwater
reservoir
Sampling bottle

Fig. 1. Fixed-bed setup.
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3 h. The addition of 1 N NaOH in a drop wise fashion
was carried out until neutralization was achieved. The
adsorbent was washed with deionized water and
dried in a channel precision oven (DV452 220 V) at
105°C for 24 h. The dried adsorbent was ground and
sieved to a particle size of 0.21-0.50 mm.

2.3. Column setup

Continuous adsorption studies were carried out
using a borosilicate glass column IWAKI 7740 (inter-
nal diameter = 1.9 cm; length =55 cm) (Fig. 1). The
fixed-bed of CCB was underlain with layers of glass
wool and sand that serve as support. Moreover, sand
and glass beads were added on top of the fixed-bed to
regulate and maintain the flow of the influent into
adsorbent. The groundwater with known amount of
As(V) was pumped into the column in a down flow
manner using a peristaltic pump at predetermined
flow rate. Throughout the experiment, the inlet solu-
tion was maintained at pH 7 since the groundwater
pH ranges from 6 to 8. All experiments were carried
out under room temperature and atmospheric pres-
sure. The effluent was collected at the bottom of the
column at specified time intervals. The effect of
parameters such as adsorbent mass, flow rate, and ini-
tial concentration were studied to determine the
adsorption capacity at breakthrough point of CCB in
the removal of As(V).

2.4. Analysis of column data

The column performance is evaluated based on the
shape of the breakthrough curve. The breakthrough
curve is derived by plotting the normalized concentra-
tion (C;/Cpy) against time. Several parameters were
computed based on the breakthrough curve. The
adsorption capacity at breakthrough (g1,) is describe as
when the solute in the effluent reaches 10% of the
influent concentration. It is given by Eq. (1) [26]:

Vi _
qb:/ W (1)
0

where V}, is the volume of effluent at breakthrough
point (mL), Cy and C,; are the influent concentration
and effluent concentration at time ¢ (mg/L), M is the
mass of the adsorbent in the column (g).

The adsorption capacity at exhaustion (g.) corre-
sponds to the total amount of As(V) contained in the
adsorbent bed when the effluent concentration reaches
90% of the influent concentration. It is computed using
the equation [26]:
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Ve (Co — Cr)dV
Je = /0 M 2
where g, is the uptake capacity at exhaustion point
(mg/g) and V. is the treated effluent volume at
exhaustion (mL).

The total amount of solute or M, (g) sent to the
column can be calculated as follows [27]:

COQte

1000 ®

Miotal =

The total solute removal percentage is computed as
follows:

Mad

Y (% removal) = x 100 4)

Miotal

where m,q is the amount of metal retained in the
fixed-bed (g). It is derived using numerical integration
on the area above the breakthrough curve [27].

2.5. Optimization

The BBD was utilized in evaluating the effect of
the operating variables and their combination that will
provide the highest adsorption capacity at break-
through. The method is classified as rotatable or
nearly rotatable second-order designs, which uses the
three-level incomplete factorial design as its basis [28].
Moreover, BBD requires only 12 runs plus replicates
at the center point for a three-factor design. About
three levels would be assigned for each factor, which
is an essential feature in some experimental situations
[28]. In the adsorption of As(V), operating parameters
such as initial concentration (100-500 pg/g), flow rate
(0.6-1.0 mL/min), and adsorbent mass (6.0-8.0 g) are
assigned as independent variables and designated as
A, B, and C, respectively. The optimum values were
determined by RSM using Design Expert (Version 7.1,
Stat-Ease Inc., Minneapolis, USA).

3. Results and discussions

3.1. Effect of adsorbent mass, flow rate, and initial
concentration

The breakthrough curves at varying initial concen-
tration, flow rate, and adsorbent mass are shown in
Fig. 2. Moreover, Table 2 illustrates the calculated
fixed-bed parameters such as breakthrough time (),
exhaustion time (), v, e, and removal efficiency (Y)
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Fig. 2. Effect of (a) initial concentration, (b) flow rate, and (c) adsorbent mass on the breakthrough curve of As(V) adsorp-

tion using CCB.

Table 1

Characterization of groundwater from Tainan, Taiwan
Parameters Unit Value Standard
pH - 8.21 6.0-9.0
Conductivity uS/cm 88.65 -

Eh mV 146 -
Dissolved oxygen mg/L 2.5 -

TOC mg/L 5.54 -
Turbidity NTU 16.4 -

Total dissolved solids mg/L 56.27 1,000
As(V) pg/L 50.99 50.00
K* mg/L 34.39 -

Ca** mg/L 24.36 -

Na™ mg/L 624.9 -

Fe* mg/L 0.51 -
Mg** mg/L 0.15 -

clr mg/L 246 250
SO;~ mg/L 34.1 -

PO;~ mg/L 1.59 -

under varying experimental conditions. In Fig. 2(a), it
is observed that the fixed-bed is quickly saturated and
shorter t, and ¢, are attained due to high initial As(V)-
concentration. On the other hand, an increase in initial
concentration caused a corresponding increase in the
values of q, and 4., which subsequently causes a
decline in Y. This is caused by better concentration
gradient at high As(V) concentration, which indicates
that there is increased mass transfer coefficient or
diffusion coefficient [29]. Similarly, Ghosh et al.
reported a decrease in the adsorption capacity at
breakthrough of arsenic using Mn-incorporated iron
(I oxides when the initial concentration was
decreased from 1.00 to 1.72 mg/L [30].

In Fig. 2(b), it was observed that increasing flow rate
causes breakthrough curves to become steeper with ear-
lier occurrence of breakthrough and exhaustion times.
Moreover, high flow rate values result to lower removal
efficiency, g, and ge. A high flow rate causes low diffu-
sivity and reduced contact time between As(V) and
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Table 2
Influence of varying experimental conditions on the different fixed-bed parameters of As(V) adsorption using CCB
Parameter t, (min) t. (min) 9o (ng/g) ge (ng/g) Y (%)
Inijtial concentration® (ug/L) 100 258.57 580.70 3.08 5.06 65.98

500 221.79 492.01 10.64 16.47 62.85
Flow rate® (mL/min) 0.6 198.84 466.79 8.2 2.14 62.81

1.0 121.32 303.55 7.51 2.09 61.07
Adsorbent mass® (g) 6 161.96 337.79 2.99 4.59 66.25

8 235.36 542.77 3.43 5.33 60.57

Q=06mL/min; M=7g.
PCy =300 ug/L; M=6g.
“Co =100 pg/L; Q = 0.8 mL/min.

CCB, which indicates that there is weak distribution of
the solution within the fixed-bed [12,27]. A study on the
arsenic removal using natural pozzolan by Kofa et al.
showed the same decreasing trend when flow rate was
increased from 0.39 to 0.79 cm/min [31].

Fig. 2(c) shows that the breakthrough time and
exhaustion time increased with adsorbent mass due
to more contact time and better intra-particulate phe-
nomena [12,32]. Moreover, the calculated parameters,
such as gy, e, and removal efficiency increased with
higher adsorbent mass. This is caused by greater
surface area of CCB, which implies that there are
more available binding sites for As(V) adsorption
[33,34].

3.2. BBD and statistical analysis

The BBD analysis involves a total of 17 runs that
were carried out based on a three-factor three-level
design. The main objective of the RSM was to deter-
mine the regression model to be utilized in describing
the adsorption of As(V) using CCB under fixed-bed
conditions. A quadratic model was used in determin-
ing the relationship between the response and vari-
ables. Based on the experimental data, an empirical
relationship was obtained that relates the adsorption
capacity at breakthrough point to the independent
variables and is presented as Eq. (5):

X = 8.74 + 4.52A + 0.31B — 0.086C + 0.40AB — 0.26AC
+0.44BC — 0.51A% — 0.86B% — 0.15C>

5)
where X is the predicted response (adsorption capac-
ity at breakthrough), and A, B, and C are the coded
values for three independent variables such as initial
concentration, flow rate, and adsorbent mass,
respectively.

In order to check whether the quadratic model
employed is adequate and significant, the F-value,
p-value, and coefficient of determination (R®) were
obtained. At 95% confidence, the p-value should be
less than 0.05 to imply significance. Results show that
the low p-value (<0.0001) and high F-value (61.01)
indicates that the model is significant in describing the
adsorption of As(V) using CCB. The “adequate preci-
sion,” which measures the signal to noise ratio and a
value of greater than 4.0 is desirable, was determined
[8]. The value of 23.81 for adequate precision indicates
the presence of adequate signal of the model. The
coefficient of determination refers to the portion of
total variability that can be explained by the model
[35]. The closer the value of R* to 1.0 and at least 0.80
indicates the goodness of fit of the model. The high
value of the derived determination coefficient
(R? = 0.9712) implies that the quadratic model utilized
is best suited in predicting the performance of the
adsorption of As(V) with CCB. In Table 3, a good
agreement between the predicted and experimental
values of g, is observed, which further validates that
the model utilized is significant and adequate.

In Table 4, the summary and results of the analysis
of variance (ANOVA) of the experimental design
matrix are illustrated. The initial concentration and
square effect of the flow rate have significant effect on
the As(V) adsorption using CCB. Among the signifi-
cant factors, initial concentration is highly significant
with very low p-value (<0.0001) and high F-value
(526.407). This implies that the value of g, is highly
affected by initial concentration. This is attributed to
the concentration gradient, which refers to the differ-
ence in concentration of the As(V) on the CCB and As
(V) present in the solution. It is also the main driving
force of adsorption [36].

In Fig. 3(a), the relationship between actual val-
ues and predicted values generated by the model is
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Experimental and predicted values of adsorption capacity at breakthrough of As(V) onto CCB

Adsorption capacity at
breakthrough, g, (ug/g)

Run Co (ug/L) Q (mL/min) M (g) Experimental Predicted
1 100 0.6 7 3.08 2.94

2 500 0.6 7 10.64 11.18

3 100 1.0 7 3.31 2.76

4 500 1.0 7 12.46 12.59

5 100 0.8 6 2.99 3.38

6 500 0.8 6 13.23 12.94

7 100 0.8 8 3.43 3.73

8 500 0.8 8 12.64 12.25

9 300 0.6 6 8.20 7.95

10 300 1.0 6 7.52 7.67

11 300 0.6 8 7.05 6.89

12 300 1.0 8 8.14 8.39

13 300 0.8 7 8.55 8.74

14 300 0.8 7 9.04 8.74

15 300 0.8 7 8.01 8.74

16 300 0.8 7 8.89 8.74

17 300 0.8 7 9.18 8.74
Table 4

The ANOVA results of the surface quadratic model

Source Sum of squares df Mean square F-value Prob. > F Remark
Model 170.4964 9 18.94404 61.03315 <0.0001 Significant
A 163.3911 1 163.3911 526.407 <0.0001 Significant
B 0.755869 1 0.755869 28.45228 0.1626

C 0.058773 1 0.058773 0.189352 0.6766

AB 0.629579 1 0.629579 2.028354 0.1974

AC 0.264969 1 0.264969 0.853666 0.3863

BC 0.786599 1 0.786599 2.534232 0.1554

A? 1.08988 1 1.08988 3.511333 0.1031

B? 3.091772 1 3.091772 9.960949 0.0160 Significant
c? 0.098932 1 0.098932 0.318736 0.5900

illustrated. It is shown that there is a good agree-
ment between the actual and predicted values,
which confirms that the response surface quadratic
model utilized in this study is satisfactory in pre-
dicting the adsorption capacity at breakthrough time
of As(V) using CCB. Meanwhile, Fig. 3(b) shows the
3D surface plot of the interactive effect of flow rate
and initial concentration on the adsorption capacity
at breakthrough point. As shown, increasing the
flow rate from 0.6 to 1.0 mL/min has no significant
effect on the adsorption capacity at breakthrough.
On the other hand, maximum adsorption capacity at
breakthrough point was attained when initial con-
centration was increased from 100 to 500 pg/g. This

shows that the initial concentration has a pro-
nounced effect on the As(V) adsorption that agrees
with the ANOVA results in Table 4.

Based from the results, the optimum arsenate
adsorption capacity at breakthrough is 10.57 pg/g that
is attained under the following conditions: initial As
(V) concentration of 448.12pg/g, flow rate of
0.65 mL/min, and adsorbent mass of 6.6 g. In order to
test the validity of the model, four confirmatory runs
were performed using the optimum conditions. An
average of 10.66 pug/g for As(V) adsorption capacity at
breakthrough was obtained, which is similar to the
predicted value and falls within the predicted 95%
confidence interval of 10.26 ug/g <qy, <11.87 pg/g.
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Fig. 3. (a) Correlation between predicted and actual values
for the adsorption capacity at breakthrough point of As(V)
and (b) response surface plot of uptake capacity at break-
through point as a function of initial concentration and
flow rate.

Overall, this proves that RSM is consistent in the
optimization and prediction of the adsorption capacity
at breakthrough of As(V) using CCB under fixed-bed
system.

3.3. Breakthrough curve modeling

Simple mathematical models are wutilized to
develop and analyze laboratory-scale fixed-bed studies
for the application in the industrial scale [37]. Kinetic
column models such as Thomas and Yoon-Nelson are
applied to identify the model that would best describe
the dynamic behavior of column at optimum
condition.

The Thomas model determines the adsorption rate
constant of the column and maximum solid-phase
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concentration of the solute on the adsorbent [12]. The
model has the following assumptions: (a) assumes
plug flow behavior in the fixed-bed; (b) follows
Langmiur kinetics of adsorption-desorption with no
axial dispersion; and (c) rate of driving force obeys
2nd order reversible reaction kinetics [38]. The
linearized equation of the model is given as Eq. (6):

(6)

In (& _ 1) _ krhgoM _ ktnCoVe
Ct Q Q

where kyy, is the Thomas rate constant (mL/min mg)
and qo refers to the equilibrium As(V) uptake per
gram of adsorbent (mg/g) [12].

The Yoon-Nelson model was originally developed
to investigate the adsorption and breakthrough behav-
ior of gases on activated charcoal [32]. This model
assumes that the rate of decrease in the probability of
adsorption for each adsorbate molecule is proportional
to the probability of adsorbate adsorption and the
probability of adsorbate breakthrough on the adsor-
bent [34,39]. This model is expressed as Eq. (7):

G\
In <C0 — Ct> = kYNt — ‘L'kYN (7)

where kyn is the rate constant (1/min) and 7 is the
time required for 50% adsorbate breakthrough (min).

Based on the values of the correlation coefficient,
both Thomas (R*=0.9510) and Yoon-Nelson
(R? = 0.9691) provide to be excellent fit in describing
the experimental data. The Thomas model constants
krn and qo are obtained with values of 0.03 mL/
mg min and 22.64 mg/g, respectively. On the other
hand, computed values of the Yoon—-Nelson constants
are kyn = 0.02 min and 7z = 291.72 min.

4. Conclusion

In this work, the removal of As(V) from
groundwater using CCB under dynamic conditions was
investigated. Results showed that high adsorbent mass,
low flow rate and low initial concentration would yield
longer time for breakthrough and exhaustion and high
removal efficiency. Optimization studies were carried
out using BBD to determine the conditions for
independent variables such as adsorbent mass, flow
rate and initial concentration that would yield the
best adsorption capacity at breakthrough point. The
maximum adsorption capacity at breakthrough of
10.57 ug/g was attained under the following optimal
parameters: initial As(V) concentration of 448.12 ug/g,
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flow rate of 0.65 mL/min and adsorbent mass of 6.6 g.
Results from ANOVA show that only initial concentra-
tion is significant, with low p-value (<0.0001) and high
F-value (526.407), which implies that it has a strong
effect on the adsorption of As(V) onto CCB. Experimen-
tal breakthrough curves were examined using two
mathematical models, Thomas and Yoon-Nelson
equations. Under the optimum operating conditions,
Yoon-Nelson model (R*=0.9691) was found to
described best the breakthrough curve obtained.
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