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ABSTRACT

In this study, arsenic removal from water by a solar-powered capacitive deionization (CDI)
unit was investigated. The Box—Behnken statistical experiment design (BBD) as an example
of response surface methodology was used to investigate the effects of major process
parameters. Initial arsenic concentration, pH, and background sodium chloride concentra-
tion were selected as independent variables in BBD, while arsenic removal was considered
as the response function. The predicted values of arsenic removal obtained using the
response functions were in good agreement with the experimental data. The current CDI
technology was found to be an effective and reliable alternative for arsenic removal from
water with higher than 80% removal achieved in all designated experiments. In general,
CDI removal of arsenate ions favors higher pH and lower salinity conditions. This study
showed that BBD methodology was an efficient and feasible approach in predicting the

effects of different experimental conditions during an arsenate removal process by CDI.
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1. Introduction

Inorganic arsenic is naturally present at high levels
in the groundwater of a number of countries and con-
sidered to be one of the greatest threats to public health.
Due to its bio-accumulative nature, arsenic exposure
through potable water can cause various degree of
health issues from skin diseases such as pigmentation
(i.e. dark and light stains on the skin) and keratosis (i.e.
skin hardening in feet and hands) to lung, kidney, and
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bladder cancer [1]. World Health Organization (WHO)
and the United States Environmental Protection Agency
(US EPA) have classified arsenic as a carcinogen and
established a maximum guide value of 10 ug/L [2-4].
Groundwater with arsenic problems can be found in
reducing environment (e.g. West Bengal, Bangladesh,
Taiwan, Northern China, and Vietnam), oxidizing
arid environments (e.g. Argentina, Chile, México, Peru,
and Bolivia), and mixed oxidizing and reducing
environments (e.g. South-western USA) [5]. In Western
Australia, groundwater of the Gwelup area, Perth has
been found to contain high level of arsenic (sometimes
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up to 7,000 pg/L) probably due to the exposure of
pyritic sediments caused by reduced rainfall, increased
groundwater abstraction for irrigation and water sup-
ply, and prolonged dewatering carried out during
urban construction activities [6].

There are a number of available technologies in the
literature for arsenic removal from water; however,
many of them are usually associated with technical or
economical limitations. For example, removal perfor-
mance of ion exchange resins or adsorbents such as
iron hydroxides and active alumina is strongly pH
dependent and suffers from many interfering ions
(e.g. sulfate, silicate, phosphate, fluoride, and organic
compound) [7,8]; coagulation using alum or ferric salts
has interfering ions (e.g. phosphate and silicate) and
can also cause high level of undesirable residual ions
(e.g. sulfate) in the treated water [9,10]; RO or nano-fil-
tration has tendency of scaling and fouling and is pH
sensitive [11]. Capacitive deionization (CDI), some-
times referred to as electro-sorption, is a water desali-
nation technology using a small applied potential
(1-1.5V) to drive charged species (e.g. ions) in saline
water to the porous surface of the electrodes. The ions
removed from aqueous solution are temporally stored
in the internal surface areas inside the porous elec-
trodes and can be released by removing or reversing
the applied voltage. CDI technology has demonstrated
abilities in effective removal of ionic species from
water with advantages such as low energy cost, low
scaling tendency, less prone to interference ions, and
no secondary regeneration wastes [12,13]. In most pH
conditions, aqueous arsenic species usually carry a
certain degree of charge, which makes CDI technology
a viable candidate for its removal from water.

In this study, a CDI prototype unit coupled with
solar power was used for first time as an alternative tech-
nology to remove the excessive arsenic from synthetic
water sources. Response surface methodology (RSM) is
an effective statistic technique for studying different
complex chemical or physical processes [14]. Effects of
CDI process parameters in this study such as arsenic
concentration, background sodium chloride concentra-
tion, and pH value were studied using RSM, in order to
understand the experimental conditions for arsenic
removal using the current CDI unit. The results obtained
will be helpful for the practical utilization of CDI tech-
nology in arsenic removal from different water sources.

2. Experimental
2.1. Description of solar-powered CDI prototype unit

The prototype of solar-powered CDI unit used in
this work is shown in Fig. 1(a) and (b), where power
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of CDI unit is supplied by 4 x1,000kW solar panels
mounted on the top and side of the unit. The solar
power generated through the panel is stored in 8 lead
acid batteries, which can provide CDI for its full
power need. The excess power generated can also be
accessed through power points installed in the trailer
for auxiliary lighting and water pumping. Fig. 1(c) is a
schematic diagram of the working process of the CDI
unit. The influent flows into four assembled carbon
electrode cells within the unit, arranged in two groups
of double cells connected side by side in series. The
electrodes within the cell are charged by an applied
DC potential of 1.5VDC. A complete CDI operation
cycle takes 2.5 min and consists of a regeneration step
and a purification step. The cycle begins with the
regeneration step, which lasts 60s. First, the effluent
solenoid valve (SV2) and the influent solenoid valve
(SV1) are closed and the power supply is turned off
for 30s. Then, the effluent waste solenoid valve and
SV1 are opened and the power is turned on with the
opposite polarity of 1.5 VDC for 30s. Immediately fol-
lowing this, the purification step begins with the open-
ing of the SV1 and SV2 and continue for 90s.

The CDI cell primarily consists of graphite current
collectors and porous activated carbon electrodes
derived from coconut shell with a specific area of 800
m?/g. Each activated carbon electrode pair was sepa-
rated by a non-conductive polymeric membrane to
prevent short circuiting. The electrodes were con-
nected to the two sides of the DC power supply using
connecting leads. Each cell assembly contained 200
sheets of activated carbon (100 cathodes and 100
anodes) measuring 158 x 174 x 0.3 mm>, which was
similar to those used in our previous study [15,16].
The total mass of activated carbon within a cell was
estimated to be 1,354 g.

2.2. Experimental procedure and analytical methods

All the chemicals in this work were of reagent
grade or better and were used without further purifi-
cation. For the CDI experiments, all solutions were
prepared with deionized (Millipore®) water and all
glassware was previously acid-washed. Synthetic con-
taminated water samples with arsenic were prepared
by adding sodium arsenate (Na,HAsO,7H,0O) as As
(V) source and sodium chloride (NaCl) as background
ions. Hydrochloric acid (HCl, 37%) and sodium
hydroxide (NaOH) were used to adjust pH of water
samples. Total dissolved solids (TDS) were measured
by a conductivity monitoring meter (Hach HQ 40d).
Before the sample extraction for analysis, the CDI unit
will be run for at least one hour or 24 working cycles
to ensure that the content (i.e. arsenic and TDS level)
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Fig. 1. Photographs (a) and (b) of solar-powered CDI prototype unit; (c) schematic diagram of the CDI unit.

in the treated water stream is stabilized. The concen-
tration of total arsenic was measured by the induc-
tively coupled plasma-optical emission spectrometry
using EPA method 200.8.

2.3. Experimental design and statistical analysis

The Box-Behnken statistical experiment design
(BBD) as an example of RSM was used to determine
the effects of major CDI process parameters on
arsenic removal efficiency [17,18]. For the CDI process
in this work, process parameters of sodium chloride
concentration (X;), pH (X5), and initial arsenic concen-
tration (X3) were chosen as independent variables.
Sodium chloride concentration was varied between
0.2 and 1g/L, while pH was ranged from 3 to 7, and
initial arsenic concentration was ranged from 0.02 to
0.1mg/L. The variables were coded according to the
following equation:

x = (X; — Xo)/AX 1

where x is the coded value, X; is the corresponding
actual value, X is the actual value in the center of the
domain, and AX is the increment of X; corresponding
to a variation of 1 unit of x. Therefore, the low, mid-
dle, and high levels of each parameter were desig-
nated as -1, 0, and +1. The range and center point
values of the three independent variables are pre-
sented in Table 1. The experimental design consists of
12 factorial experiments and three replicates of the
central point for estimation of errors. Arsenic removal
efficiency (%) was selected as the responses for the
combination of the independent variables given. Each
designated experimental run was randomized to mini-
mize the effects of unexpected variability in the
observed responses. The mathematical model corre-
sponding to the Box-Behnken design is:
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Table 1
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The BBD with coded and actual levels of three independent variables and the observed arsenic removal efficiency

Coded and actual levels

Test set Sodium chloride concentration (X;) pH (X;) Initial arsenic concentration (X3) Arsenic removal efficiency (%)
1 -1(0.2) -13) 0 (0.06) 94.2
2 -1(0.2) 1(11) 0 (0.06) 95.08
3 -1(0.2) 0 (@) -1 (0.02) 94.45
4 -1(0.2) 0@ 1(0.1) 98.65
5 0 (0.6) -1 (3) -1 (0.02) 88.3
6 0 (0.6) 1(11) -1 (0.02) 91.6
7 0 (0.6) -1 (3) 1(0.1) 93.66
8 0 (0.6) 1(11) 1(0.1) 97.34
9 11 0@ 1(0.1) 97.14
10 1(1) -1 (3) 0 (0.06) 86.8
11 1(1) 0@ —1(0.02) 84.95
12 11 1711 0 (0.06) 91.58
13 0 (0.6) 0@ 0 (0.06) 86.5
14 0 (0.6) 0 (?7) 0 (0.06) 86
15 0 (0.6) 0 (?) 0 (0.06) 86.3

3 3 3 3
Y =ap+ Zﬂixi + ZﬂiiXiZ + Z Z bim Xi X (2)
i=1 i=1

i=1 m=i+1

where Y is the dependent variable (removal effi-
ciency), ap is the model constant, a;, a;;, and a;y, are the
model coefficients. They represent the linear, qua-
dratic, and interaction effects of the variables. Analysis
of the experimental design data, calculation of the pre-
dicted responses and coefficients, and graph plotting
were carried out using MATLAB (Version 7, Math-
Works®, Inc). The validity of the model and reliability
of the statistical experimental strategies were deter-
mined by comparing the experimental and predicted
values.

3. Results and discussion

The removal of arsenic from synthetic water source
was investigated using solar-powered CDI unit with a
fixed feed flow rate (3L/min). The coded and actual
levels of the three CDI process parameters in Table 1
were selected to investigate the importance of their
effects on the arsenic removal efficiency of CDI unit.
Table 1 also shows the observed arsenic removal effi-
ciency of 15 designated experiments using BBD statis-
tical approach with coded levels, where it can be seen
that more than 80% removal was achieved in all cases.
By applying multiple regression analysis on the exper-
imental data, the relationship between response vari-
able (i.e. arsenic removal) and three CDI process

variables are fitted by the following second-order
polynomial equation:

Y = 1.137 — 0.438X; — 0.02X, — 3.059X;3 + 0.006X; X,
+ 1.248X1 X3 + 0.006X, X3 + 0.21X? 4 0.0015X3
+26.065X3

3)

The predicted values of arsenic removal efficiency
were determined by the response function of the qua-
dratic model with the obtained coefficients. The exper-
imental results and the predicted values of arsenic
removal efficiency using CDI are plotted in Fig. 2. The
high value of regression coefficient (R*=0.9726) indi-
cates that the model predictions fit satisfactorily with
the experimental observations with high dependence
and correlation. The value of adjusted R* (0.9651) sug-
gested that the total variation of about 96% for arsenic
removal was attributed to the independent variables
and only less than 4% of the total variation cannot be
explained by the quadratic model. Fig. 3 shows the
residuals of the quadratic model plotted against the
predicted values of arsenic removal efficiency, where
the residual points on the plot appear to be randomly
scattered around zero. Therefore, it is reasonable to
assume that the error terms have a mean of zero and
the fitted quadratic model is valid.

The statistical significance of the response function
was checked by F-test, and some of the analysis of
variance (ANOVA) results for the response surface
quadratic model and model terms are summarized in
Table 2. The p values are usually used to estimate
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Fig. 2. Observed values of arsenic removal efficiency vs.
predicted values of the fitted quadratic model.
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Fig. 3. Fitted quadratic model residuals vs. the predicted
values of arsenic removal efficiency.

whether F value is large enough to indicate statistical
significance and used to check the significance of each
coefficient. The p values of model and model terms
lower than 0.05 indicate that they are statistically sig-
nificant. In this work, the model is statistically signifi-
cant due to F value and very low probability value
(0.00031) and thus, model equation can adequately be
used to describe the arsenic removal under a wide
range of operating conditions. Similarly, coefficients of
most model terms are significant except for two cross-
product coefficients (X;X; and X,X3).

The quadratic three-dimensional response plots are
presented in Fig. 4 to study certain interactions
between the pH, initial arsenic, and sodium chloride
concentration as well as their individual effects on
arsenic removal efficiency. During the CDI process,
arsenate ions are removed through the mechanism of
electro-sorption. When using a small applied potential
(1-1.5 V), all charged species (e.g. ions) in saline water

W. Zhang et al. | Desalination and Water Treatment 57 (2016) 3254-3260

Table 2
Some of the ANOVA results of the second-order polyno-
mial equation for arsenic removal efficiency using CDI

Source Term coefficient F value p-Value
Intercept 1.137 41.9955 <0.0001
Xi —0.438 10.1316 0.00016
X5 —0.02 4.2865 0.00781
X3 —3.059 7.0758 0.00087
X1 X5 0.006 2.2239 0.07674
X1 X3 1.248 4.5563 0.00607
X5X3 0.006 0.2167 0.83701
X2 0.21 7.3643 0.00072
X3 0.0015 5.0139 0.00405
X3 26.065 9.1395 0.00026
Model - 43.96 0.00031

are driven to and adsorbed on the porous surface of
the electrodes. As a result, background ions (i.e. chlo-
ride) would compete with target ions (i.e. arsenate) for
effective electro-adsorption and thus reduce its
removal rate, especially when the concentration of
background anions is several orders higher than their
counterparts. Fig. 4 shows that response gradient of
arsenic removal efficiency tends to decrease toward
the end of highest sodium chloride concentration
tested in this study. On the other hand, it is notewor-
thy that the initial arsenic concentration seems to have
much less significant effect on the arsenic removal effi-
ciency within its boundary conditions (0.02-0.1 mg/L)
in this study. Fig. 4 shows that responses of high
arsenic removal efficiency are spread across the whole
range of arsenic concentration.

The species of aqueous arsenate ions is critically
dependent on solution conditions. A pH diagram can
show the dominant arsenate species under different
conditions and also gives a guide to adjustment of pH
for the formation of desired ones. Depending on pH,
Fig. 5 shows that arsenate will be present as H3AsO,
or its derived anionic species, such as AsOj,
HAsO?", and H,AsO; . Based on our previous studies
[16], the preferential electro-adsorption of a specific
ion during a CDI process was controlled by the prop-
erties of the ion, such as charge and hydrate radius.
Generally, ions with higher charge and smaller
hydrate radius are preferably adsorbed onto porous
electrodes. As the pH value of solution shift to more
alkaline region, the formation of arsenate species with
higher charge (such as HAsO; and AsOj ) increases
and this would give rise to higher arsenic removal
efficiency. This is confirmed in Fig. 4, where responses
of higher arsenic removal efficiency mostly fall into
the higher pH range. It is also interesting to note that
the aforementioned effect of competing chloride ions
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Fig. 4. Quadratic response surface plots showing effects of pH, arsenic, and NaCl concentration and their combination on
the arsenic removal efficiency, which is represented in the color bar. Black dots represent the designated experimental
conditions and their predicted responses within the design space.

Fig. 5. A pH diagram of aqueous arsenate species abun-
dance.

was more pronounced in lower pH range. This was
most likely because arsenate species carries less charge
in the acidic environment and thus are less preferable
for electro-sorption against monovalent chloride ions
of significantly higher concentration. In comparison
with more popular arsenic removal method, such as

coagulation, it appears that CDI removal of arsenate
does not have a typical optimal pH range.

With the boundary conditions of experimental
design in this work, the maximum arsenic removal
efficiency was calculated to be 100% by solving the
regression equation under the experimental conditions
of X;=09, X,=11, and X3=0.1. The minimum
arsenic removal efficiency was calculated to be 84.22%
under the experimental conditions of X; = 0.86, X, =5,
and X3 =0.04. In order to determine the accuracy of
the predicted model, two experiments different from
BBD points were also carried out. The two aforemen-
tioned conditions, where the highest and the lowest
arsenic removal efficiency were calculated based on
Eq. (3), were used. The experimental and predicted
values were compared in Table 3. Validation experi-
ments confirmed the suitability and the accuracy of the
model. The predicted values were in close agreement
with the experimental values. Therefore, BBD was a
reliable and effective method in predicting the effects
of different experimental conditions during an arsenate
removal process by CDI. The analysis showed that the
form of the model chosen to explain the relationship
between the process parameters and the response is
correct and can be used to navigate the design space.
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Table 3
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Comparison of the experimental and predicted values for different Box-Behnken experimental design points

Arsenate Sodium chloride Arsenic removal efficiency (%)
concentration concentration

(mg/L) (g/L) pH Observed Predicted
0.04 0.86 5 82.6 84.2

0.1 0.9 11 98.15 100

4. Conclusion [4] US Environmental Protection Agency, Panel 14:

Arsenic removal from water by a solar-powered
CDI unit was investigated. The BBD as an example of
RSM was used to investigate the effects of major pro-
cess parameters. Initial arsenic concentration, pH, and
background sodium chloride concentration were
selected as independent variables in BBD, while
arsenic removal was considered as the response func-
tion. The current CDI technology was found to be an
effective and reliable alternative for arsenic removal
from water. WHO arsenic guidance value compliance
(<0.01 mg/L) was achieved with higher than 80%
removal in all designated experiments. The predicted
values of arsenic removal obtained using the response
functions of the quadratic model were in good agree-
ment with the experimental data. By increasing the
solution pH, formation of more desired arsenic species
could be obtained and so is the higher arsenic removal
efficiency. In general, CDI removal of arsenate ions
favors higher pH and lower salinity conditions. This
was observed consistently between the experimental
boundary conditions of current experimental design
space. This study showed that BBD methodology was
an efficient and feasible approach in predicting the
effects of different experimental conditions during an
arsenate removal process by CDL
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