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Abstract

Arsenite (As(I1I)) has threatened human life for ages. It is necessary to remove As(III) from the contaminated
water before general use. With the improvement of adsorption, higher As(IlI) removal can be achieved. This
study aimed to develop zeolite/cerium oxide coat-on activated alumina ball adsorbent (CeZ-ball) with the aid of
PVA binder and apply it to a fixed-bed continuous flow column for As(III) adsorption. The coating percentage
of CeZ-ball was studied. Cerium ions leaching from CeZ-ball were monitored throughout the 2,880-min-column
run to confirm the stability of CeZ attached to an activated alumina ball. Surface area, pH point of zero charge,
and structural property of CeZ-ball were characterized. An average CeZ coating of 83.3% and rare leaching of
cerium proved the coating method. The models proposed by Yoon-Nelson provided the most satisfactory fit with
the breakthrough curve (77 = 0.985, MPSD =2.547, and ¢, = 3.481 mg-g ") under experimental conditions of the
flow rate of S mL-min™', As(III) influent concentration of 1 mg-L™", and CeZ-ball weight of 40 g. The half-time
of breakthrough (7) was 1,228.739 min. The effects of the key parameters, including initial adsorbent weight,
initial flow rate, and initial As(IIT) concentration, were investigated for the performance of As(III) adsorption.
Simulated from the Yoon-Nelson model, the 7 increased and the adsorbent weight but decreased as the flow
rate increased, thus impacting the As(Il) concentration. With the optimal condition, the fixed-bed continuous
column with CeZ-ball could be used in As(III) removal from contaminated water.
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1 Introduction is a serious environmental issue [1], [2]. The two

main oxidation states ubiquitous in the nature of
Arsenic is one of the most important environmental  arsenic are arsenite [As(III)] and arsenate [As(V)] [3].
problems, and its current widespread contamination = Long-term exposure to arsenic causes cancer and skin
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lesions. Ultimately, arsenic can accumulate in the skin
tissues, lungs, liver, and kidneys through ingestion
from contaminated water. Accordingly, both the toxicity
and solubility of As(II) in the environment are higher
than As(V) [4]-[6].

To eliminate As(III) in water, the development of
an efficient method is highly necessary. The adsorption
process has high effectiveness, ease of operation,
and low-consumption requirements [7], although the
efficiency of As(I1I) removal is currently lower than As(V)
[8]. Thus, a pre-oxidation process before the adsorption
process appears to be a more effective method than
conventional As(Ill) treatment [9]. However, As(III)
detox usually requires oxidizing agents, which leads to
the increase of operational costs as well as secondary
pollution problems [10]. Thus, it would be productive
to develop an adsorbent for high-efficiency in As(III)
removal without the requirements of the pre-oxidation
process.

In recent years, potential adsorbents, such
as Iron (Fe) nanoparticle, Iron oxide nanoparticle
(IONP), Zero-valent iron (ZVI), Nano zero-valent iron
(N-ZVI), and Fe(IlI)-modified-MMT have been widely
investigated for their effectiveness in arsenic species
removal [11]-[13].

Specifically, cerium oxide (CeO,) has been
successful in removing both arsenic species [14].
Earlier, we used CeO, for As(Ill) removal in natural
pH, concluding that the adsorption capacity of
Langmuir isotherm was 21.27 mg-g™' [15]. However,
CeO, nanoparticle adsorbents can easily form large
aggregate particles [16] and have low ability and
adsorption capacity. Preventing this problem involves
taking advantage of the smaller particle size, maximizing
the active site area, and dispersing the particles to
increase adsorption capacity.

Consequently, Na-P Zeolite is considered a good
adsorbent for As(V) removal (= 60%), and it can be
a good material to use as a supporter for adsorbent
materials [17] and to help eliminate arsenic residue
in solutions [18], [19]. Therefore, Na-P zeolite will
be utilized for protection against CeO, nanomaterial
aggregation during the oxidation process and help
eliminate As(V) from this process. From real field
adsorption processes, the powder form of materials
due to the separation difficulty fails the blockage and
gets clogged in the column [20]. Thus, it is necessary
to pelletize the sorbents to prevent possible problems.

An activated alumina ball is also a popular material
to support and prevent a clogged column. Therefore,
it is important to pelletize and examine the actual
adsorbent performance in terms of optimal adsorption
capacity and the half time of the breakthrough curve.

To address the gap, the objectives of this study
are 1) to pelletize the zeolite/cerium oxide (CeZ) with
activated alumina ball by polyvinyl alcohol (PVA)
binders for a fixed-bed column experiment, 2) to
analyze the column behavior of As(IIl) adsorption
in a continuous fixed-bed column, and 3) to estimate
the parameters controlling the breakthrough behavior
(initial adsorbent weight, initial flow rate, and initial
As(I1I) concentration). The Adams-Bohart, Thomas,
and Yoon-Nelson models were applied to predict the
breakthrough behavior and used the best model to
simulate the parameters controlling the operational
conditions.

2 Experimental
2.1 Materials and preparation of CeZ-ball

All chemicals were analytical grade reagents and were
used as received, without further purification. The
stock solution of arsenite containing 1,000 mg-L™
was prepared using NaAsO, (90%, Merck, Germany),
ready for preparing As(II) influent concentration.
All solutions were prepared with RO water (1.178
uS-cm™). An activated alumina ball (AL,O,-nH,0)
with a diameter size of 3-5 mm (HYAA300, E.D.S.
International, Thailand) was employed to support the
coating process.

The CeZ was prepared by mixing 1 g Na-P zeolite
[19] in 50 mL of 1 M NaOH (97%, Merck, Germany)
and 3.1 g of Ce(NO,),.6H,0 (99%, Merck, Germany)
in 10 mL of RO water. The mixing solution was stirred
for 30 min in an ambient environment. The resulting
precipitate product was centrifuged and washed with
the excess remnants of RO water. After that, the
residues were dried at 105 °C for 24 h and calcined in
an electric furnace at 250 °C for 12 h.

The CeZ-ball was prepared by coating the CeZ
powder on activated alumina balls using a mechanical
orbital shaker (Shaking Water Bath WNB 22, Memmert,
Germany) with a binder. The weight ratio of CeZ
powder and activated alumina balls were 0.5: 20 g.
Firstly, the activated alumina balls were introduced
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to a 250 mL flask, dropping a 5 mL of 10 w/v%
polyvinyl alcohol (PVA) (98.99%, Loba Chemie, India)
in RO water into them. The mixtures in the flask were
gently shaken by hand to let the PVA binder cover the
balls. Then, the CeZ powder was added to the flask.
They were transferred to an orbital shaker at 160 rpm
for 6 h under 27-28 °C. After that, the CeZ-ball was
dried at 105 °C for 24 h. Finally, the CeZ-ball was
ready for packing into continuous fixed-bed

2.2 Characterization of CeZ-ball adsorbent

The pH,,,. was determined by the salt addition method.
Initially, 40 mL of NaCl (0.01 M) was placed in several
closed flasks. The pH within each flask was adjusted to
a value between 3 to 12 using 0.01 M NaOH and 0.01
HCI. Then, 0.1 g of materials were added to each flask
and agitated for 48 h. The final pH was measured [21].

The specific surface area in the CeZ and CeZ-ball
was measured by the Brunauer-Emmett-Teller (BET)
method (TriStar II 3020, Micromeritics, USA) using
nitrogen as the adsorbate.

The crystal structure of the CeZ and CeZ-ball
was characterized by an XRD (D8 Discover, Bruker
AXS, Germany). The XRD patterns were collected
with a scan range of 20-80° using Cu Ka radiation (4
=0.1514 nm) at 40 kV and 40 mA.

2.3 Fixed-bed continuous flow adsorption experiment

A fixed-bed continuous flow experiment was
conducted to evaluate the behavior of As(III) removal
from solutions and the cerium leaching test.
Experiments in these studies were done with a glass
tube having an internal diameter of 2.0 cm and 20 cm
height. 40 g (15-cm-long bed) of CeZ-ball was packed
into the glass tube between the bottom and up of thick
glass beads and cotton wool to avoid any out-off
(Figure 1).

The experiments duplicate performed using the
important parameters such as 5 mL-min™" of flow
rate, 1 mg-L™" of As(IIl) influent concentration, and
40 g (15-cm-long bed) of CeZ-ball were closely
investigated. The As(III) solution was pumped using a
peristaltic pump (up-flow mode through the column).
The arsenic concentrations were examined by ICP-
OES (PerkinElmer Optima 8000).

The effects of the important parameters were

1. As(III) storage
2. Delivery line

3. Peristatic pump
4. Inlet end

5. Glass beads

6. CeZ-ball bed

7. Effluent outlet
8. Sample collector

2

3 =

e
F b
e

Figure 1: Experimental setup for fixed-bed continuous
flow study.

realized with flow rate into the column (3, 5, 7.5 and
10 mL-min"), the weight of adsorbent (0.5, 1, 1.5 and
2 g), and initial As(IIT) concentrations (1, 1.5, 2 and
3 mg-L") were calculated by the predictive model.

The experimental data can be used to calculate
kinetic constants from a suitable model. The breakthrough
curve showed the performance of the adsorption
efficiency of the column. Breakthrough time and
shape are important parameter data for fixed-bed
column operation [22]. The plot of the breakthrough curve
used effluent concentration to the inlet concentration
(C/C,) as a function of time (#) or bed volume (BV).
In this study, the breakthrough behavior, capacity,
and breakthrough time were analyzed using the three
models.

2.4 Mathematical modeling of fixed-bed column
experiment

The models were developed to analyze, predict behaviors,
and calculate the kinetic parameters, and utilized to
determine the performance of the fixed-bed column.
The three mentioned models are detailed as follows:
The Thomas model was applied to achieve the
experimental data of the fixed-bed continuous column
studied. This model assumes that the adsorption behavior
follows Langmuir isotherm without axial dispersion
and second-order reaction kinetic [23], [24]. The
Thomas equation is presented as Equation (1):
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The linear form is expressed as Equation (2) [18]:
C k. q,m
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where k, is the Thomas rate constant (mL-min™'-mg™"),
Q is the flow rate (mL-min™"), m is the amount of
adsorbent in the column (g), ¢, is the equilibrium
adsorption capacity (mg-g™), C, and C, are the As(11I)
concentration in the influent and at the time, respectively
(mg-L™). The linear plot of In[(C,/C,) —1] versus ¢
gives the value of ky,, ¢,, and R* are shown in Table 2.

Yoon-Nelson developed a relatively simple model
that requires no detailed characteristics of the adsorbate,
type of adsorbent, and properties of adsorption bed data
in the column. This model assumes that the absorbate
molecule is proportional to the probability of the
adsorbate adsorption and the probability of adsorbate
breakthrough on the adsorbent [24]. This equation is
presented as Equation (3):

£_ exp[KYN(t—z')]
C, l+exp[K,y(1-7)] 3)

The linear form can be summarized as Equation (4)
[25], [26]:

C
ln(co_’cj:kmt—rkm 4)

The equilibrium adsorption capacity (g,) can be
estimated using Equation (5) as follows:

g =% )

where k,, is the Yoon-Nelson rate constant (min '),
is the time required for 50% of the adsorbate (min), Q
is the flow rate (mL-min™), C, and C, are the As(1II)
concentrations in the influent and at time ¢, respectively
(mg-L™), and g, is the equilibrium adsorption capacity
(mg-g™). The linear plot of (C/(C,— C,)) versus ¢ gives
the value of ky,y, 7, and R* are shown in Table 2.

The Adams-Bohart model assumes that the
adsorption rate is proportional to the concentration
of the adsorbing individual and to the residual capacity
of the adsorbent. The model is applied to analyze
10-50% of the saturation point [27]. The equation is

expressed as Equations (6) and (7) [28] as follows:
£ exp(k ,Cyt)

C
' exp (kABUNOL]—I—i-exp(kABCOt) (6)

The linear form is:

C Z
ln[aj:kABCOt_kABNO (;j (7)

where k,; is the mass transfer coefficient (L-mg™
min™), Z is the bed depth (cm), v is the superficial
velocity (cm-min™), N, is the saturation adsorption
capacity per column volume (mg-L™). C, and C, are
the As(III) concentrations in the influent and effluent
at time ¢, respectively (mg-L™). The linear plot of
In(C/C,) versus ¢ gives the k,;, v, and R* shown in
Table 2. The value of k ,; decreases, yet the concentration
and flow rate is increased, corresponding to the increase
of bed depth.

3 Results and Discussion
3.1 Characterization of CeZ-ball adsorbent

As shown in Figure 2, the pellets were collected as
fresh activated alumina ball (a), and the CeZ-ball
was dried at 105 °C for 24 h (b). Table 1 shows the
percentage coating of CeZ on the activated alumina
ball surface. The surface of the activated alumina ball
detected CeZ material up to approximately 83.3%
(average 0.416 g CeZ coating on Al,O; ball the surface).
However, some PVA and CeZ were stuck on the flask
surface. It could be presumed that the loss of material
was around 16.7%.

Table 1: Percentage of CeZ on the surface of activated

alumina (ALO,) ball
Batch no. VAVléth]t;?gl; ‘S:é::ig) %Coating
1 20.168 20.610 88.4
2 20.112 20.502 78.0
3 20.032 20.450 83.6
Average 83.3

Figure 3 shows the leaching test in a fixed-bed
continuous adsorption column compared to the Ce
ion concentration at different times. There was the
rare dissolving of Ce ions in the solution throughout
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Figure 2: (a) Activated alumina ball, and (b) CeZ-ball.
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Figure 3: Cerium leaching test in a fixed-bed continuous
adsorption column (experimental conditions: CeZ-ball
10 g, pH 7.5 £ 0.2, and 28 °C).

10 to 2,880 min. Thus, the PVA was considered
a perfect compound as it could preserve CeZ on
the surface of the activated alumina ball. CeZ-ball
stabilization could be maintained along the run.

The point of zero charges (pH,,,.) can be evaluated
by the pH value, which is the net charge of the total
particle surface equal to zero [21]. Figure 4 shows the
plot of the final pH of CeZ and CeZ-ball as a function
of initial pH in the solution. The pH,,. values of CeZ
showed a more positive surface than CeZ-ball, which
were found to be approximately 9.5 and 7.2, respectively.
These results indicate that the CeZ-ball is positively
charged, while the surface of the CeZ-ball has a
positive charge beyond a pH 7.2; at pH greater than
7.2, while that is negative the surface. The species of
As(III) existed predominantly as H;AsO, and H,AsO;-
below 9.2, whereas the surfaces are negatively charged
at pH > pH,,. and As anions adsorption is suppressed
due to electrostatic repulsion [10].

The surface area of the material was obtained
using the Brunauer-Emmett-Teller (BET) method.
BET analysis indicated that the surface area decreased
after coating from 224.6 to 202.3 m?-g"'. Because the
PVA may cover the surface of CeZ, it leads to surface
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Figure 4: pH point of zero charge (pH,
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Figure 5: XRD patterns of AL,O, ball, CeZ, and CeZ-ball.

Intensity (a.u.)

area decreases.

X-ray diffraction (XRD) is used to study the
structural properties and detect elemental factors on
the surface of a material. The pattern of CeZ and
CeZ-ball is shown in Figure 5. All the XRD profiles
material exhibit the main peak at 26 = 28.5 and 33.0,
corresponding to (111) and (200) crystal plane for
CeQ,. This peak indicates the crystalline nature of
CeZ and signifies the structure of CeZ dispersion on
the surface of the activated alumina ball.

3.2 Modeling of the breakthrough curve

The breakthrough curve at the C/C,, vertical position
was compared with the time point. The results are
used according to 40 g of adsorbent weight (0.833 g
of CeZ), 1.0 mg-L™" of As(III) influent concentration,
and 5 mL-min"' of flow rate. The constant effluent
flow rate indicated that clogging did not occur in the
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Figure 6: Application of models for As(III) removal
(experimental conditions: flow rate 5 mL-min", As(III)
influent concentration 1 mg-L™', CeZ-ball 40 g, and
pH 6.5+0.2).

column. In addition, there was likely to be no adsorption
of As(II) on the activated alumina ball. Therefore, it
was revealed that the As(IIl) adsorption achieved a
full removal process due to CeZ. The breakthrough
curve of As(IIT) on CeZ-ball adsorption is presented
in Figure 6. The breakthrough point of the CeZ-ball
column was about 800 min, while the exhaustion point
was about 2,000 min.

3.3 Error analysis

From Figure 6 and linear regression coefficient (+°),
both models between the Thomas and Yoon-Nelson
provided a better application for data collection [29].
However, Marquardt’s standard deviation (MPSD) was
employed to find the best-fitted model. It is the most
suitable optimization method for evaluating the best
models between the Thomas and Yoon-Nelson models
[30]. The equation is given below as Equation (8)
[31]:

_ 1 2 (QExp _qPre) ’
PSD—\/p_n;[ i J ®)

where 7 is the number of parameters in the model, p
is the amount of experimental data, and ¢,,, and g,
refer to the experimental and predicted values from
the model, respectively.

The obtained parameters of the three models are
also listed in Table 2. This was further supported by a
high value of 7* and MPSD, indicating that the column
adsorption data best aligned with the Yoon-Nelson

model (MPSD = 2.547) and was well applicable in
analyzing the column adsorption data [32]. The results
indicate that the molecule of As(Ill) is proportional
to the probability of the As(Ill) adsorption and the
probability of As(IIl) breakthrough on the CeZ-ball
[31]. The half time of the breakthrough curve (7) of
As(I1I) on the CeZ-ball adsorption column was shown
as 1,228.739 min. The Thomas model predicted a
maximum adsorption capacity of CeZ-ball (g,) = 3.482

mg-g.

Table 2: Parameters and results of column adsorption
from fitting data with a comparison of the three models

Model Parameters MPSD
ks L-mg ™ -min”! 0.003
Adam-Bohart | N,, mg-L"! 369.127 6.700
7 0.855
Jeyn, min! 0.005
7, min 1,228.739
Yoon-Nelson = 2.547
o, ME' g 3.481
7 0.985
kpy, L-min ' -mg™! 0.005
Thomas Go, Mg g 3.482 496.319
r 0.985

3.4 Effect of adsorbent weights

The breakthrough curves of As(III) ions adsorption by
CeZ-ball at the different packing weights is presented
in Figure 7. The flow rate and As(III) concentration
were fixed at 5 mL-min™ and 1 mg-L™', respectively.
Moreover, the weight of CeZ in the CeZ-ball in the
bed varied according to the experimental data (based
on 40 g of CeZ-ball or 0.833 g of CeZ) and the fitting
equation from Yoon-Nelson models at 0.5, 1.0, 1.5, and
2.0 g of CeZ. Figure 7 indicates the breakthrough and
exhaustion time of As(IIl) adsorption were delayed
with the increase in the weight of CeZ-ball. The half
time of breakthrough of adsorption increased from
409.580 to 1,638.319 min with the increased weight
of CeZ from 0.5 to 2.0 g (Table 3). It is illustrated that
increasing the weight of the CeZ-ball is very important
for the column process. The performance of the column
was improved with the weight of the CeZ-ball because
more CeZ-ball was packed in the fixed-bed column,
which provided greater adsorption sites for As(III)
ions. Thus, the longer residence time of As(III) ions
in the column caused better intra-particle phenomena.
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Figure 7: Effect of adsorbent weight on the breakthrough
curve of As(III) adsorption.

3.5 Effect of flow rates

The flow rate is a necessary parameter of the continuous
process, especially in wastewater operation, because
the flow rate controls the equilibrium of adsorption
or is always affected by the contact time, which is
determined by the flow rate. In this experiment, the
CeZ-ball packing weight and As(III) concentration
in the column were fixed at 40 g and 1.0 mg-L™,
respectively. The initial flow rates were varied to 3.0,
5.0, 7.5, and 10 mL-min "

The breakthrough curve of the varied flow rate
simulated from the Yoon-Nelson model is depicted in
Figure 8. As aresult, the deterioration time was reduced
for As(IIl) adsorption with the increased flow rate.
The half time of breakthrough of adsorption decreased
from 2,047.899 to 614.373 min, with the increase of the
flow rate from 3.0 to 10.0 mL-min™' (Table 3). Also,
when increasing the flow rates were observed that the
breakthrough curve will be steeper. This was due to the
effect of solute diffusion on the surface of the CeZ-ball
caused by the increased flow rate. Since As(I1I) has less
contact time of diffusion at the surface of the CeZ-ball,
at the lower flow rate, the As(IIT) needed more time at

L.o4
0.9
0.8 -
0.7
o _
) 0.6
<
O 054
0.4 y
¥
0.3 ¥ —=— 3.0 mL-min”
0.2 —e— 5.0 mL-min”
—4—7.5mL-min’
0.1 —v—10.0 mL-min”

0 500 1000 1500 2000 2500 3000 3500
Time (min)
Figure 8: Effect of initial flow rate on the breakthrough

curve of As(III) adsorption.

contact with CeZ, resulting from the higher removal
of As(IIT) from the solution.

This result indicates that a low flow rate provides
sufficient contact time of adsorbate to reach equilibrium.
Thus, the As(III) ions have more contact time with
CeZ-ball in the column. Also, this allows enough time
for As(I1I) ions to diffuse into the pores of CeZ through
intraparticle diffusion.

3.6 Effect of As(Ill) influent concentrations

The results from the effects of As(III) influent
concentration on the breakthrough curve calculated by
using the obtained Yoon-Nelson model equation are
shown in Figure 9. The flow rate and packing weights
of the adsorbent are defined at 5 mL-min™' and 40 g,
respectively. The initial As(IIl) concentrations were
determined at 1.0, 1.5, 2.0, and 3.0 mg-L ', respectively.

From Figure 9, the half time of breakthrough
was decreased as the increase of the initial As(III)
concentration occurred. The breakthrough curves were
steeped with increased initial As(III) concentration,
and the breakthrough occurred faster. The half time
of breakthrough for As(III) adsorption decreased

Table 3: Comparison of predicted key parameters from the Yoon-Nelson model

CeZ (g) 7 (min) Flow rate (mL-min™) 7 (min) [As(IIT)] (mg-L™) 7 (min)
0.5 409.580 3.0 2,047.899 1.0 1,044.428
1.0 819.159 5.0 1,228.739 1.5 696.286
1.5 1,228.739 7.5 819.159 2.0 522214
2.0 1,638.319 10.0 614.370 3.0 348.143
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Table 4: Comparison of the dynamic adsorption parameters for arsenic removal with various adsorbents

Z Q C Temp T q
Adsorbent em | @Lmint) | mgLh [ P | co) | min | mggn [ R
. 13.0 2 120 8 21 446.5 46.5 [29]
Chitosan
13.2 2 60 8 21 832.8 43.3 [29]
. 10 8.5 0.5 - 27+2 1411.7 0.247 [33]
I de-coated t (I0CC
ron oxide-coated cement (10CC) == 43 135 ; 27+2 | 11312 0279 [33]
Bismuth-impregnated aluminum
oxide (BiAl) . 20 1 - 25 . 15.65 [34]
Magnetic honeycomb briquette
cinders composite (MHBC) ) 340 0.3 71 ) . 2424 1331
Multi walled carbon nanotube
(CNTs), powder 25 30 40 6 25 - 0.0135 [36]
CeZ ball 15 5 6.5+2 28 +£2 1228.7 3.481 This study
1.0 The CeZ-ball was performed in a fixed-bed column.
0.9 R The Yoon-Nelson model is considered the most precise
0.8 v,v' ‘A‘ ," . model to describe the breakthrough curves (MPSD =
h y | ] . .
0.7 g £ o ’ 2.547 and g, = 3.481 mg-g™"). This model illustrated
o 06 $ L G = the half-time of breakthrough (7) at 1,228.739 min.
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O 05 A " The application of the Yoon-Nelson model showed
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Figure 9: Effect of As(IIl) influent concentration on
the breakthrough curve of As(III) adsorption.

from 1,044.428 to 348.143 min as the initial As(III)
concentration increased from 1.0 to 3.0 mg-L ™ (Table 3).
A comparison of the dynamic adsorption parameters
with various adsorbents is shown in Table 4.

Also, a higher As(IIl) influent concentration
accelerated the exhaustion of the column. It can be
assumed that the higher the As(III) concentration grew,
the stronger the driving force occurred in adsorption.
This pointed to the higher concentration increasing the
diffusion coefficient, leading to faster transportation.
Hence, the adsorbent (CeZ) in the column achieved
quicker saturation.

4 Conclusions
CeZ was pelletized with an activated alumina ball by

PVA binder, which found that the CeZ on the surface
of the activated alumina ball increased up to 83.3%.

This study was supported by Research and Graduate
Studies, Khon Kaen University, Khon Kaen, Thailand.
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