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Abstract: This study focused on As(V) removal by electrosorption in a self-made three-dimensional electrode reactor,
in which granular activated carbon (GAC) was used as the particle electrode. Under the optimal conditions, the removal
efficiency of As(V) was 84%, and its residual concentration in solution was 0.08 mg/L. From kinetic investigation, the
rate determining steps of the entire process may involve more than two processes: membrane diffusion, material
diffusion and physical/chemical adsorption processes. During the desorption process, As(V) can be desorbed from
GAC, and the GAC was able to electro-adsorb As(V) again after desorption, which means that the electrode has good

cycling performance.
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1 Introduction

Nowadays, arsenic contamination in water has
received widespread attention due to numerous
health problems caused by lifetime exposure to
arsenic in many regions of the world [1-3]. In order
to increase public awareness of the toxicity of
arsenic and minimize the risk of arsenic in water,
the International Agency for Research on Cancer
(IARC) has recognized both arsenic and arsenic
compounds as Class I carcinogens. The World
Health Organization (WHO) recommends that the
maximum contaminant level of arsenic in drinking
water is 0.01 mg/L [4,5].

With the rapid development of society,
mining, smelting and chemical industries have got
vigorously developed. Meanwhile, excessive
metallurgy poses a serious threat to the environment,

like the discharge of arsenic-containing wastewater.
Although it has been treated properly to satisfy
the emission standards (0.5 mg/L), the arsenic
concentration in the effluent is still very high,
resulting in a large amount of arsenic entering the
environment. In addition, the threshold for arsenic
in surface water is only 0.1 mg/L according to
relevant standards. Therefore, methods to further
reduce the emissions of arsenic are essential.

A number of technologies have been
developed to remove arsenic from solutions with
low concentration, for instance, precipitation [6],
adsorption [7], reverse osmosis [8], ion exchange [9],
and bio-remediation [10]. Traditional physical-
chemical processes are relatively expensive or
ineffective, while conventional bio-treatments are
not effective. Among them, adsorption has been
recognized as an effective method to remove
arsenic from solution. Due to its high surface area
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(>300 m%*/g), wide range of pore volume, great
conductivity and chemical stability, granular
activated carbon (GAC) has been widely utilized as
a common carrier for adsorbent [11]. However, the
limited adsorption capacity of GAC and the
inability of full regeneration restrict its application
for wastewater treatment [12]. Hence, it is
necessary to find a method that can improve
the adsorption capacity of GAC while achieving
efficient and economic regeneration for practical
applications.

Capacitive deionization (CDI) is an emerging
technology that enhances the adsorption capacity
and adsorption efficiency of electrode materials by
applying an external electric field [13]. What’s
more, it has the characteristics of low operating cost
and low potential secondary pollution [14]. Some
reports [15,16] have confirmed that GAC as the
electrode can remove arsenic effectively. However,
all the above studies were based on a groundwater
concentration (lower than 0.1 mg/L), and the
treatment capacity was small (less than 200 mL).
Thus, on behalf of effectively solving the
limitations of CDI, the concept of three-
dimensional (3D) electrodes was proposed [17].
The 3D electrochemical process was established
and developed from the traditional two-dimensional
(2D) electrochemical process. In comparison with
2D electrochemical process, the introduction of
particle electrodes brought about higher specific
surface shorter
transfer [18]. At present, 3D electrode process is
mainly used in the field of -electro-catalytic
oxidation [19], although it has many functions, like
electrosorption and electrocoagulation [20,21],
which make it more promising for environmental
application.

In this study, an electrochemical method of
As(V) removal and regeneration of GAC in a 3D
electrode reactor was developed. It aimed at
achieving deep treatment of As(V) in solution, and
finally reduced As(V) pollution to the environment.
During the experiments,
parameters on As(V) removal efficiency was
investigated. Afterwards, kinetic models of pseudo-
first-order, pseudo-second-order, and intra-particle
diffusion were used to analyze the electrosorption
process. Ultimately, a novel combined process of
electrosorption—desorption was developed for As(V)
removal and recycling.

area and distance of mass

the effect of some

2 Experimental

2.1 Materials

The GAC made from coconut shell was
obtained from Ningbo Youshi Carbon Factory Co.,
Ltd., China. Titanium mesh with purity of 99% was
purchased from Cangzhou Kangwei Metal Products
Co., Ltd., China. Sodium arsenate tribasic
dodecahydrate (Na3AsOs 12H,0) used to prepare
As(V) solution was analytically pure.

2.2 Preparation of electrodes

The GAC with particle size larger than 0.6 mm
was selected. The GAC was put into deionized
water and stirred. 0.5 mol/L concentrated nitric acid
was added dropwise for acidification until the pH
was stabilized at 3 for 0.5h. Eventually, the
acidified GAC was washed with deionized water
until pH was close to be neutral, and dried in an
oven at 105 °C.

2.3 Experimental equipment

The sketch of the self-made 3D electrode
reactor was shown in Fig. 1. The reactor was made
of PVC plastic, and the dimensions of the reactor
were 10 cm x 4 cm X 5 cm. The anode and cathode
were both made from titanium mesh with
dimensions of 5 cm x 3 c¢cm. The distance between
the anode and the cathode can be adjusted. The
cathode electrode and the particle electrode were
separated by gauze. The reactor was powered by
a DC source. The peristaltic pump was used to draw

Fig. 1 Sketch of 3D electrode reactor: 1—DC power;
2 —Inlet; 3—Reaction tank; 4 —Particle electrodes;
5—Titanium mesh anode; 6—Gauze; 7—Titanium mesh
cathode; 8—Outlet
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the solution into the reactor, and the solution was
eventually circulated at a flow rate of no more than
125 mL/min (the speed of pump was 50 r/min).

2.4 Adsorption experiment

The experiment was carried out by placing
15 g of pre-treated GAC in solution to adsorb
As(V) at room temperature. The As(V) initial
concentration was 0.5 mg/L. The experimental
parameters, such as pH, applied voltage,
and flow rate, were optimized through single-
factor experiments. After a period, GAC reached
equilibrium,

2.5 Electrosorption experiment

The GAC pretreated by adsorption was placed
in the 3D electrode reactor, and 800 mL of 0.5 mg/L
As(V) solution was subjected to electrosorption
under a certain voltage until the pH of the solution
no longer changed. The changes of solution pH
were monitored by a pH meter (PHS—2F).

2.6 Measurements

The surface morphology and pore-size
distribution of GAC were characterized by scanning
electron microscopy (SEM, JSM—6360LV) and
Brunauer—Emmett—Teller (BET, ASPS 2460),
respectively. The As(V) concentrations were
determined by inductively coupled plasma-optical
emission spectrometer (ICP-OES, ICAP7400
Radial).

3 Results and discussion

3.1 Characterization of particle electrode

SEM images of the GAC were presented in
Fig. 2. It was found that the GAC was in an
irregular granular form. Macro-pores, meso-pores
and micro-pores on the surface were interlaced,
and the average pore diameter was 0.8237 nm. This
indicated that the GAC had high porosity. The
specific surface area of GAC was detected by the
BET test to be 403.3833 m?/g. The N, adsorption—
desorption isotherm in Fig.3 revealed that the
selected GAC had a great pore structure. To sum up,
the GAC could be used as a good adsorption
material.

3.2 Adsorption of As(V) by GAC
In this experiment, an Erlenmeyer flask
containing 15 g of GAC and 200 mL of As(V)

Fig. 2 SEM images of GAC
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Fig. 3 N, adsorption—desorption isotherms of GAC

solution (pH 3) was placed in an oscillator
(TS—100B) to perform vibrational adsorption, at a
volatile rate of 25 r/min. As shown in Fig. 4, the
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adsorption experiment reached equilibrium at 12 h,
and the concentration of As(V) was 0.46 mg/L. The
result indicated that GAC had a limited ability to
remove As(V) at this concentration by adsorption.
This phenomenon might be ascribed to the
following aspects: (1) the carbon materials are not
effective against arsenic adsorption [22]; (2) the
concentration of As(V) in the solution is too low to
fully contact with the GAC, and then results in poor
adsorption effect [23].
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Fig. 4 Residual concentration of As(V) in adsorption

experiment by GAC

3.3 Electrosorption of As(V) by GAC
3.3.1 Effect of electrosorption time

To determine the effect of the electrosorption
time, the experiment was conducted under the
conditions that the pH of As(V) solution was 3, the
flow rate was 38 mL/min, and the voltage was 1.2 V.
The thickness of packed bed of the pretreated GAC
was 1 cm (GAC dosage was 15 g). The residual
As(V) concentration in the effluent was shown in
Fig. 5. The curve of the residual As(V) concentration
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Fig. 5 Effect of time on electrosorption of As(V)

showed a rapid decline to a slow one, and finally
reached an equilibrium state at 12 h, where the
residual As(V) equilibrium concentration of the
solution is 0.28 mg/L.

According to some reports [24,25], hydraulic
retention time was the corresponding important
parameter for the continuous flow electrochemical
reactor. Too short treatment time will reduce the
removal efficiency, while prolonging the treatment
time will increase the operating cost. Thus, the
optimal adsorption time was 12 h.

3.3.2 Effect of thickness of packed bed

The experiments were performed at different
thicknesses (1, 2, 3, and 4 cm) of the packed bed,
where the initial pH of solutions was 3 and the
applied voltage was 1.2 V. The effect of thickness
of packed bed on the removal efficiency of As(V)
was presented in Fig. 6. As the thickness increased,
the removal efficiency became better gradually. The
electrosorption capacity was not significantly
improved while the residual As(V) concentration
was 0.27mg/l. (3cm) and 0.25 mg/L (4 cm),
respectively. As a result, the thickness of GAC
packed bed of 3 cm was sufficient for As(V)
removal. This can be concluded that the large filling
thickness hindered the mass transfer of arsenic in
the solution, resulting in insufficient contact
between GAC and As(V), and then affects its
electrosorption performance. From the perspective
of cost saving, the thickness of 3 cm was preferable.
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3.3.3 Effect of pH

It is known that pH has a strong influence on
the arsenic species, and the arsenic species makes a
great impact of the electrosorption efficiency, so pH
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is the key factor affecting the efficiency of arsenic
removal. To get a deep insight into the electro-
sorption process under different pH conditions, the
experiment was conducted under the conditions of a
packed bed thickness of 3 cm and a voltage of 1.2 V.
The results were shown in Fig. 7.
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Fig. 7 Effect of pH on electrosorption of As(V):
(a) Residual concentration of As(V); (b) Equilibrium
concentration of As(V)

The residual As(V) concentrations at the
selected pH (2—12) were shown in Fig. 7(a). It can
be found that As(V) concentrations decreased
gradually over time, but they did not change
regularly with pH increasing or decreasing. Since
adsorption relies on the strength of binding between
sorbents’ surface sites to the certain species and the
predominant species when multiple species coexist
in the polluted water, strong binding species
dominate the surface binding sites and considerably
decrease the adsorption of weak binding
species [23]. According to Fig. 7(b), the As(V)
removal efficiencies were low when pH was
between 6 and 10. A better removal effect was
obtained when pH was 2, 3, 4, 5, 11, and 12, and
correspondingly, the residual concentrations were

0.27, 0.27, 0.21, 0.25, 0.27, and 0.23 mg/L,
respectively. The best removal efficiency was
obtained when the pH was 4. At the same time, the
residual concentration at pH of 12 was very close to
that at 4, but was still slightly higher. Additionally,
this might be attributed to the dramatically
increased amount of OH™ in the solution, which
rendered it more competitive than any other ions in
an alkaline environment, although arsenic was
more negatively charged in the solution at pH of
12 (HAsOj, AsOj) than at pH of 4 (H.AsOj)
according to ¢—pH diagram of arsenite and
arsenate [26].
3.3.4 Effect of applied voltage

The applied voltage is one of the most
significant variable parameters in electrochemical
processes since it promotes electrosorption via the
polarization of particle electrode to form micro-
electrodes. The results were given in Fig. 8. In the
voltage range of 0-2.4V, the residual As(V)
concentration gradually decreased with an increase
of the applied voltage. The equilibrium As(V)
concentration was 0.12 mg/L. while the applied
voltage was 2.4 V.
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Fig. 8 Effect of applied voltage on electrosorption of
As(V)

This result could be explicated that the
electric field strength/current density increased with
increasing voltage, which in turn facilitated the
migration and accumulation of arsenic to the anode,
and finally increased the removal performance [27].
Although the treatment performance was enhanced
with the increase of the applied voltage, the energy
consumption was accordingly increased. Generally,
the optimal applied voltage was 2.4 V.

3.3.5 Effect of flow rate
The results of the effect of flow rate on the
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electrosorption of As(V) were shown in Fig. 9. The
faster the flow rate is, the lower the residual As(V)
concentration at each sampling time is. It can be
interpreted that the contact between GAC and
As(V) was enhanced while the mass transfer
increased, and then the removal efficiency was
improved [28]. When the adsorption process
attained equilibrium state, residual concentrations
of As(V) at flow rates of 88 and 125 mL/min were
0.19 and 0.18 mg/L, respectively, and the removal
efficiencies were much higher. This phenomenon
might be ascribed to the fact that the excessive flow
rate produced less retention time, resulting in the
inadequate contact with GAC, which weakened the
removal performance. So, there was no significant
difference in their removal efficiency when the flow
rates were 88 and 125 mL/min, respectively. Above
all, the optimal flow rate in this system was
88 mL/min.
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Fig. 9 Effect of flow rate on electrosorption of As(V)

3.3.6 Results under optimal experimental conditions

As evidenced, the electro-enhanced adsorption
in the 3D electrode reactor showed a great
performance. The optimal experimental parameters
were systematically summarized as follows: the
time was 12 h, the thickness of packed bed was
3 cm, the voltage was 2.4 V, the pH was 4, and the
flow rate was 88 mL/min. Accordingly, the removal
efficiency was shown in Fig. 10. The residual As(V)
concentration was 0.08 mg/L, which was lower than
the threshold (0.1 mg/L) in surface water in China
(GB3838—2002). The deep treatment of arsenic
was achieved. This meant that As(V) removal could
be improved by utilizing a 3D electrode reactor,
that is, the electric field can increase the adsorption
capacity of the GAC.

In Fig. 11, SEM and EDS images of electrode
revealed that there was As(V) on the surface of
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Fig. 11 SEM image (a) and element distribution (b—e) of GAC electrode after As(V) electrosorption
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GAC. Therefore, it can be speculated that As(V)
migrated to the anode under the action of electric
field, and was finally adsorbed in the pores of the
electrode. The electric-double layer was formed on
the electrode surface, which was presented in
Fig. 12. From Fig. 12, it can be seen that there were
electrosorption and physical adsorption during the
whole process.
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Fig. 12 Mechanism of As(V) removal by electrosorption

3.3.7 Effect of influent concentration fluctuation

Arsenic concentration in wastewater may
fluctuate in the actual production processes.
Therefore, it is necessary to determine the influence
of arsenic concentration fluctuation on the quality
of treated effluent by electrosorption. In order to
investigate this factor, the experiments were carried
out under optimal conditions, but the initial
As(V) concentrations were 0.1, 0.5, 0.6, 0.7, 0.8,
0.9, and 1.0 mg/L, respectively. The results were
presented in Fig. 13.
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Fig. 13 Effect of influent concentration fluctuation on

electrosorption of As(V)

The results showed that the outlet As(V)
concentration could reach the limits specified in the
environmental quality standards for surface water
(GB3838—2002) in China when the initial As(V)
concentration of the inlet water was lower than
0.8 mg/L. And, the outlet As(V) concentration was
0.1 mg/L when the initial As(V) concentration was
0.8 mg/L. This meant that this technique is resistant
to fluctuations in concentrations. In general, the
initial As(V) concentration had a great influence
on the removal efficiency by electrosorption in
the 3D electrode reactor, and it was still necessary
to optimize the 3D electrode -electrosorption
technology.

3.4 Adsorption kinetics

Adsorption kinetics can provide information
about the adsorption mechanism and describe the
interaction according to appropriate mathematical
models (Egs. (1)—(3)) [29-31]:

1n(Qe_qt)=1n qe_klt (1)
t 1 t

—=—at— )
CIt kzqez qe

q,= k3t0'5 +c 3)

where ki, k» and ks represent rate constants of the
pseudo-first-order adsorption (min™'), the pseudo-
second-order adsorption (g'mg '-min™"), and intra-
particle diffusion (mg-g ''min %), respectively;
ge(mg-g") and ¢,(mg-g") are the capacities of
adsorbed arsenic ions at equilibrium and time ¢,
respectively; ¢ stands for the intercept depicting the
boundary layer effect. The data of adsorption
kinetic models were shown in Fig. 14 and Table 1.

It can be concluded that the pseudo-second-
order kinetic coefficient (R*=0.9923) was superior
to the pseudo-first-order kinetic coefficient (R*=
0.9708). So, electrosorption kinetics on the GAC
was regarded as pseudo-second-order rather than
pseudo-first-order kinetic model, which verified
that the electrosorption process obeyed the
pseudo-second-order kinetic model when the initial
concentration of solution was not too high. It also
validated that the electrodes (adsorption materials)
were easy to reach adsorption saturation state,
which accorded with the general rule of carbon
materials [32].

The main factors limiting adsorption rate were
the liquid film diffusion process and the internal
diffusion process during the adsorption process [33].
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Table 1 Electrosorption parameters of pseudo-first-order,
pseudo-second-order kinetics and intra-particle diffusion

Kinetic model Parameter R?
Pseudo-first-order k1=0.0304 min! 0.9708
Pseudo- _ T
second-order k»=0.0352 g'mg ' -min 0.9923
Intra-particle ~ K31=0.0026 mg-g™"'min"** 0.9313

diffusion K3,=0.0010 mg-g "'min*° 0.9146

Therefore, we adopted the intra-particle diffusion
model to fit the adsorption process in order to better
analyze the adsorption process. According to
Fig. 14(c), the intra-particle diffusion model was
divided into two sections representing the
membrane diffusion process of arsenic from the
solution to the surface of electrode materials, and
the diffusion process of arsenic from the surface of
electrode materials to internal pores, respectively.
These two diffusion stages were illustrated in
Fig. 15. The plot of ¢, versus ¢"* should be a straight
line passing through the origin of coordinates, and
¢=0 in Eq. (3), if the intra-particle diffusion was the
rate determining step of the entire adsorption
process. In fact, the straight line with the slope of
0.0010 in the second stage implied that the
intra-particle diffusion process was not the only rate
determining step. Therefore, in the process of
removing arsenic by electrosorption, the rate
determining step may involve more than two
membrane  diffusion, intra-particle
physical/chemical  adsorption

processes:
diffusion  and
processes [34].

3.5 Recycling of electrode

To examine the regeneration of the GAC
electrodes, electrosorption—desorption experiments
were conducted with 0.5 mg/L As(V) solution by
repeating the charge—discharge process three times
in the 3D reactor. The results were shown in Fig. 16.

Liquid membrane
]

[
Electric-double layer

Fig. 15 Two diffusion stages of intra-particle diffusion model in As(V) adsorption process
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regeneration of electrode

For each charge—discharge cycle, the reactor was
charged at 2.4V for 5h and then discharged at
—2.4 'V for 4 h, except for the first cycle which was
charged for 12 h.

Figure 16 illustrated that the desorption of
arsenic was feasible, and the GAC can
electro-adsorb As(V) again after desorption. This
phenomenon can be explained by the fact that
arsenic transfer was driven by the electric field
forces, and arsenic was stored at electrode
interfaces during the electrosorption stage.
Subsequently, arsenic was released from electrode
with the electric field disappearing. After three
cycles, the electrodes can still effectively
electro-adsorb/desorb As(V), which indicated that
the electrodes had good cycle performance and
regeneration.

4 Conclusions

(1) Under the optimized conditions, the As(V)
removal efficiency reached 84%, that is, the As(V)
concentration in effluent was reduced from 0.5
to 0.08 mg/L, which met environmental quality
standards for surface water (GB3838—2002) in
China.

(2) It was verified that the applied electric field
can effectively improve the adsorption capacity of
GAC after adsorption pretreatment, and the deep
treatment of As(V) by GAC in a 3D electrode
reactor was achieved.

(3) It was found from the kinetic investigation
of the electrosorption process that the process
conforms to the pseudo-second-order kinetic model,

and it was concluded that the rate determining steps
of the entire process may involve more than two
processes: membrane diffusion, material diffusion
and physical/chemical adsorption processes.

(4) More importantly, the electrode can be
regenerated effectively and had good cycling

performance. So, it has a great development
prospect.
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