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ABSTRACT

A continuous electrocoagulation system with two aluminum electrodes was established to
remove silica. The mechanism of voltage rise and the effect of anions on electrode behavior
were explored in a long-time operation. The ratios of equivalent resistance variation
(Drc=Dra) were 1.76, 5.41, and 8.48% at pH 6.0, 7.0, and 9.0, respectively, which indicated
that the voltage rise was mainly controlled by anodic overpotential. The study on anions
effect showed that Cl− could effectively prevent the voltage rise, but it could form disinfec-
tion by-products. [NO�

3 ]/[SO
2�
4 ] = 0.1 was the best ratio for delaying the voltage rise, which

means it can be used as the most favorable supporting electrolyte in silica removal by elec-
trocoagulation. Furthermore, cations type had no effect on the voltage rise. Central compos-
ite design under response surface methodology was used to optimize the continuous
process. The optimal conditions are current density 144.06 A/m2, retention time 25.95 s,
and pH value 7.29, resulting in silica concentrations in the treated effluent below 5 mg/L.

Keywords: Electrocoagulation; Aluminum electrode; Voltage; Resistance; Response surface
methodology

1. Introduction

Recently, a large amount of fresh water, about 70%
of water for industrial use, is used as cooling water for
its high heat capacity and cost-effectiveness [1], which
aggravates the shortage of water. However, cooling
water recycling can lead to ions concentrating to a crit-
ical point for the evaporation of water, which usually
result in scaling [2]. Silica scale is a big technical chal-
lenge and a big financial burden for industrial opera-
tors. It has the smallest thermal conductivity of all
scales, about 1/240–1/124 of that of steel. American
Electric Power Research Institute reported that 70% of

water in power plants was limited by the concentration
of silica. This kind of scale can reduce boiler power
output by 10–20% and thermal efficiency by 10% [3],
plug the pipeline [4], and make more shutdowns [2].
Thus, the potential hazard of silica must come into
notice, and more studies should be made to remove
silica to recycle cooling water.

Comparing with chemical flocculation, electrocoag-
ulation needs no large amounts of chemicals, has a
small precipitate production, is eco-friendly, and easy
to operate [5,6]. And some studies have reported that
it could be used to remove silica from cooling water.
Gelover-Santiago et al. [7] tested three electrochemical
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systems for treatment of cooling water, and the most
advantageous system was the one with both alumi-
num electrodes working with direct current. Liao
et al. [8] investigated the effectiveness of electrocoagu-
lation using iron and aluminum electrodes for treating
cooling tower blowdown waters containing dissolved
silica, Ca2+, and Mg2+, which concluded that alumi-
num electrode was more effective for silica removal
than iron electrode. Schulz et al. [9] pointed out that
the pilot electrocoagulation process with aluminum
electrodes underperformed the bench unit due to foul-
ing on aluminum surfaces after few hours of operation
when treating cooling water by electrocoagulation pro-
cess. In addition, electrocoagulation process was also
reported to remove silica from brackish water [10] and
polishing wastewater [11–13]. Overall, the existing
studies show that aluminum electrode is more favor-
able for silica removal, but it is likely to be passivated
in a long-time operation.

Some researchers have reported the effect of anions
on the performance of electrocoagulation process with
aluminum electrodes [14–18]. Consistent conclusion is
that Cl− can effectively break the passivation layer on
aluminum surface and SO2�

4 aggravates the passiv-
ation of aluminum electrodes. Nevertheless, the inter-
action of anions is controversial [19]. Up to now, most
of the experimental results were obtained in a batch
reactor for a short-time operation. However, the effect
of anions in a long-time operation is more significant
for industrial application.

In the present work, a continuous electrocoagula-
tion process was established to study the effect of co-
existing ions on the behavior of aluminum electrodes.
Response surface methodology (RSM) [20], which is
time saving and reduces workloads, was used to opti-
mize the operating conditions. The following works
are discussed: (1) determining the main reason of
electrodes passivation by analyzing the equivalent
resistances; (2) investigating the effect of different co-
existing ions; (3) establishing the prediction model of
the continuous process to remove silica.

2. Materials and methods

2.1. Equipment

The experimental setup made of plexiglass is
shown in Fig. 1. The artificial wastewater containing
silica was pumped from feed water tank, circulated
through the electrochemical cell, and flowed into the
effluent water tank. Aluminum electrodes were used
in the electrochemical cell and the operating parame-
ters are shown in Table 1.

2.2. Methods

The artificial wastewater of cooling water with a
silica concentration of 60 mg/L was prepared by dis-
solving Na2SiO3·9H2O in running water. Reagents
used in the experiments were all analytical grade.

Table 2 shows the various experimental runs car-
ried out in this work. The objective of run 1 is to
investigate the electrode passivation which is repre-
sented by the rise of the applied voltage under differ-
ent current densities, after a long-time operation for
silica removal. Run 2 aims to investigate the effect of
different anions on the behavior of aluminum elec-
trodes. And the co-effect of the anions is studied as
shown in run 3. The type of cations affecting the
electrode surface is explored in run 4.

DC power supply (DH1718E-6, Beijing) runs for 1 h
to ensure the stability of instrument. Each experimental
run was conducted with new electrodes. Electrodes

Fig. 1. Schematic diagram of experimental setup 1 digital
DC power supply, 2 electrochemical cell, 3 pump, 4 feed
water tank, and 5 effluent water tank.

Table 1
Operating parameters of electrochemical cell

Parameter Unit Setting value

Electrode spacing mm 4
Number of electrode Piece 2
Effective area cm2 50 (L) × 2 (W)
Volume of cell L 0.04
Feed water flow L/min 0.24, 0.12, 0.10, 0.08
Residence time of water s 10, 20, 25, 30
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replacement was adopted in some experimental runs
to ensure that one of the electrodes was studied while
other conditions were kept constant.

3. Results and discussion

3.1. The behavior of electrode under different current
densities

In a continuous electrocoagulation process of silica
removal, electrode inactivation can result in the rise of
voltage when current density is constant. This paper
focuses on the rise of voltage under constant current
density, as shown in Fig. 2. When the current densities
are given, the applied voltage has a slight decrease in
the first 5 h, followed by a stable stage, then a sudden
rise at a certain point.

When aluminum electrode is used, aluminum oxi-
dation results in the formation of Al3+, which hydro-
lyzes to form hydroxides depending on the pH [21].

At the anode:

AlðsÞ ! Al3þ þ 3e� (1)

Al3þ þ nH2O ! Al(OH)3�n
n þ nHþ (2)

Side reaction:

4OH� � 4e� ! 2H2OþO2 " (3)

At the cathode:

6H2Oþ 6e� ! 3H2 þ 6OH� (4)

Freshly formed amorphous “sweep flocs” can remove
various pollutants for its large surface areas. Then, Al
(OH)n

3−n [22] reacts with dissolved silica forming

Table 2
Experimental runs for investigation

Run Fixed parameters Setting conditions

1 pH 8.0 SiO2 (60 mg/L) + J = 50 A/m2

SiO2 (60 mg/L) + J = 100 A/m2

SiO2 (60 mg/L) + J = 200 A/m2Q = 0.24 L/min

2 pH 8.0 SiO2 (60 mg/L) + NaCl + HCl
J = 100 A/m2 SiO2 (60 mg/L) + NaNO3 + HNO3

Q = 0.12 L/min SiO2 (60 mg/L) + Na2SO4 + H2SO4

3 pH 8.0 SiO2 (60 mg/L) + [Cl−]/[SO2�
4 ]

J = 100 A/m2 SiO2 (60 mg/L) + [Cl−]/[NO�
3 ]

Q = 0.12 L/min SiO2 (60 mg/L) + [NO�
3 ]/[SO

2�
4 ]

4 No pH adjustment SiO2 (60 mg/L) + NaCl (1.64 mmol/L)
SiO2 (60 mg/L) + HCl (1.64 mmol/L)
SiO2 (60 mg/L) + NaCl (2.58 mmol/L)J = 100 A/m2

SiO2 (60 mg/L) + HCl (2.58 mmol/L)Q = 0.24 L/min
SiO2 (60 mg/L) + NaCl (4.22 mmol/L)
SiO2 (60 mg/L) + HCl (4.22 mmol/L)

Fig. 2. Change of applied voltage under different current densities.
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(AlO)nðSiOÞn=2ðOHÞ2n [10] to purify silica-containing
wastewater.

The rise of voltage may be explained by cathodic
and anodic passivation reported as follows:

In the microenvironment of cathode, the aluminum
ions are very likely to form deposits on the electrode
surface causing passivation, physical obstruction on
the surface, and increased the power consumption
[23]. It is generally accepted that a chemisorbed
hydroxide film is formed initially as follows:

AlþH2O ! AlOHþHþ þ e� (5)

AlOH either reacts with a water molecule as follows,
causing the passivation of the metal:

AlOHþH2O ! AlOOHþH2 (6)

or undergoes dissolution reactions as follows:

AlOHþOH� ! AlO�
2 þH2 (7)

The passive oxide film on aluminum anode may exist
due to oxygen generated [24], which is not electron
conducting and results in high anodic dissolution
overpotential [25] and some chemisorbed hydroxide
film also can be adsorbed on the anode.

In our experiment, although film growth and
chemical or electrochemical dissolution took place
simultaneously during the electrode polarization of
aluminum, the applied voltage went up after a long-
time operation (as shown in Fig. 2), which resulted in
the high power consumption. The electrodes continu-
ally clogged up, long before the metal had been ade-
quately sacrificed into solution, which meant that the
metal electrodes must be replaced at a high cost, mak-
ing the process uneconomic.

In the first 5 h, aluminum oxidation reaction made
the surface of anode plate rough from flat surface,
which increased the effective area of electrode result-
ing in a slight drop of voltage.

Moreover, in Fig. 2, there are turning points in the
curves of the applied voltage with time, after which the

voltage increases more drastically. When current densi-
ties are 50, 100, and 200 A/m2, the turning points are
(39, 18.5), (24, 14.2), and (12, 19.5), respectively; where,
the charges that have passed through the electric circuit
are 70,200, 86,400, and 86,400 C, respectively. It is an
interesting conclusion that the electric quantities are
accumulated to a similar level under different condi-
tions, when the voltage begins to rise suddenly. This
means that electrocoagulation process can use a prede-
termined amount of charge as an indication of the
degree to which the electrodes are replaced, and allows
for greater flexibility in application.

3.2. Electrical resistance during electrocoagulation process

In order to determine the main reason for the rise
of applied voltage, the potentials and equivalent resis-
tances of the electrocoagulation cell were analyzed.

Eq. (8) expresses the applied voltage in the electro-
coagulation cell:

EAP ¼ Es þ Ea þ Ec þ ga þ gc (8)

The term Ea is the potential of evolution reaction on
the surface of the anode, determined by the kinetics of
the electrochemical reaction. ηa is the overpotential
due to passivation of the anode, Ec is the potential of
evolution reaction on the surface of the cathode, ηc is
the overpotential due to passivation of the cathode,
and Es is the potential drop of solution determined by
Ohm’s law:

Es ¼ Id=Ak (9)

The current (I), the distance between each electrode
(d), and the active electrode area (A) were maintained
constant in all experiment runs. Table 3 presents the
initial and final conductivity in different solutions;
they were almost the same. Accordingly, Es in each
solution can be regarded as constant. Thus, the over-
potential can be determined by Eq. (10):

g ¼ EAP � Ea � Ec � Es (10)

Table 3
Comparison of conductivities of different solutions

Parameter Influent conductivity (μs/cm) Effluent conductivity (μs/cm)

No additive 909.6 ± 5.4 872.2 ± 5.1
NaCl 1,077.8 ± 18.7 1,042.6 ± 16.0
NaNO3 1,039.8 ± 15.3 998.8 ± 10.6
Na2SO4 1,142.1 ± 9.2 1,103.7 ± 8.4
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Fig. 3 shows the change of the applied voltage with
time. When the reaction time was 40 h, one of the two
used electrodes was replaced by a new one. It can be
seen that when the used cathode was replaced by a
new one, the voltage reduced to 16.5 V from 23.0 V,
and then increased to 23.0 V in 4 h. While the used
anode was replaced by a new one, the voltage imme-
diately dropped to 7.0 V, and then reached 23.0 V in
20 h. Hence, it seems that the change of the anode
overpotential controls the whole applied voltage.

When the current is constant, the change of
applied voltage is controlled by the resistance accord-
ing to the Ohm’s law. To determine the oxide film
resistance on the surface of electrodes, the electric
equivalent circuit is given in Fig. 4.

In the circuit, the overall resistance can be
expressed by Eq. (11):

Roverall ¼ Ra þ ra þ Rs þ rc þ Rc (11)

where Ra and Rc are the equivalent resistances for Ea

and Ec, respectively. ra and rc are the equivalent resis-
tances due to the passivation of anode and cathode
surface (for ηa and ηc), respectively. Rs is the
equivalent resistance of electrolyte (for Es). In this

given electrocoagulation system, Ra, Rc, and Rs are not
variational in each experiment run when current
density, electrode materials, and electrolyte are fixed.
Therefore, ra and rc are mainly considered as below.

Evaluation of ra and rc is based on the comparison
of the equivalent resistances under different
conditions.

Fig. 5 shows the changes of voltage with current
under different pH values. Here, ra0 and rc0 are
respectively, the initial partial coverage resistance (the
initial oxide film on the surface of new electrodes) of a
couple of new electrodes, and they can be assumed to
be zero. Then,

Dra ¼ ra � ra0 (12)

Drc ¼ rc � rc0 (13)

where Dra and Drc stand for the resistance changes
due to the passivation of anode and cathode surface,
respectively, during electrocoagulation.

When one of the two used electrodes was replaced,
for example the used cathode, the total resistance
change of the whole electrochemical cell represented
the anodic resistance change. Therefore, the following
equations are proposed:

Dra ¼ rBa � rAa ¼ RB
overall � RA

overall (14)

Drc ¼ rBc � rAc ¼ RB
overall � RA

overall (15)

where the superscript A and B represent “After the
replacement” and “Before the replacement.”

From the diagrams of U-I (Fig. 5), we can conclude
the value of (RB

overall�RA
overall) according to the slope of

lines under different pH values. Then, Dra and Drc are
obtained, and Drc=Dra ratios obtained are 1.76, 5.41,

Fig. 3. Change of voltage with time under constant current density.

Fig. 4. Electric equivalent circuit of electrochemical cell.
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and 8.48%, respectively, at pH 6.0, 7.0, and 9.0, which
clearly illustrated that the increase of resistance in the
circuit is mainly caused by the anode resistance due
to passivation. Besides, the ratio of Drc=Dra increases
with the increase of initial pH values, which reveals
that the passivation on cathode surface is more serious
in alkaline conditions. This can be explained by Eqs.
(5) and (6) as mentioned above.

3.3. Effect of anions

3.3.1. Separate effect of anions

Since the anode passivation has a more significant
impact on the voltage rise, the effects of different
anions (Cl−, NO�

3 , and SO2�
4 ) on the voltage rise were

considered to investigate the behavior of aluminum
electrode. In order to study the separate effect of Cl−,
NO�

3 , and SO2�
4 , different concentrations of anions and

their corresponding acids were added in electrolyte
(run 2 in Table 2). The results are shown in Fig. 6.
Fig. 6 shows the variation of voltage with electrolytic
time under different Cl− concentrations. It is con-
cluded that the higher concentration of Cl− contributes
more to prevent the rise of applied voltage. When Cl−

concentrations are 1.8, 3, and 4 mmol/L, the turning
points in the curves of the applied voltage are (24,
14.2), (29, 15.7), and (33, 15.6), respectively. However,
the availability of Cl− in the water can cause formation
of disinfection by-products (DBPs) which are sus-
pected carcinogenic compounds [26]; so, adding Cl− to
water must be avoided.

It is generally accepted that chloride ion is much
smaller one and has a stronger penetrating ability.
Many authors [27–29] have reported that Cl− could
change the composition of oxide film on the alumi-
num surface due to Cl− incorporation into the film in
the pre-pitting stage below the pitting potential.

Lee and Pyun [30] analyzed the aggressive chlorine
ion, which corrodes Al electrode by pitting corrosion
as follows:

Al(OH)3 þ Cl� ¼ Al(OH)2ClþOH� (16)

Al(OH)2Clþ Cl� ¼ Al(OH)Cl2 þOH� (17)

Al(OH)Cl2 þ Cl� ¼ AlCl3 þOH� (18)

AlCl3 þ Cl� ¼ AlCl�4 (19)

Such transitory compounds like Al(OH)2Cl, AlOHCl2,
and AlCl3, which can be dissolved chemically as AlCl�4
above the pitting potential, thereby resulting in pit igni-
tion, can maintain the dissolution of aluminum. This is
why Cl− can effectively prevent the rise of voltage.

Fig. 7 shows the variation of voltage with electrolytic
time under different NO�

3 concentrations. Though higher
concentration of NO�

3 leads to later rise of voltage, the
effect of NO�

3 is not obvious. About nitrate as supporting
electrolyte, different conclusions were reported. Gener-
ally, NO�

3 present in water nearly has no effect on
electrocoagulation process [19]. Amani-Ghadim et al.
[18] commented that electrocoagulation performance

Fig. 5. Change of voltages with current under different pH
values: □ new cathode and used anode; Δ new anode and
used cathode; + used anode and used cathode.
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declined greatly when nitrate was added, but dissolved
the amount of aluminum which was almost as same as
that of solution with Cl−. According to Hu et al. [24],
NO�

3 is an anion which prevented the inhibition of SO2�
4 .

In our experiment, the effect of NO�
3 on the voltage rise

depended on its concentration and the relations with
other anions, which will be analyzed in the following
part of this paper.

Fig. 8 shows the variation of voltage with electro-
lytic time under different SO2�

4 concentrations. Obvi-
ously, SO2�

4 accelerates the voltage rise and this
acceleration is enhanced by the increase in SO2�

4 con-
centration. Just as reported, SO2�

4 has a negative effect
on electrocoagulation process [24]. Some studies
pointed out that Cl− and NO�

3 incorporate into the
oxide on pure Al, whereas sulfate ions (SO2�

4 ) just
adsorbs on the oxide film [30] and delays pit initiation
on the outer oxide-covered surface of pure Al, owing
to their competitive adsorption with Cl−. Foley and
Nguyen [31] measured the energy levels of the transi-
tory compounds, and showed that the intermediate
specie Al(OH)SO4 has a lower energy than Al(OH)3.
This is why SO2�

4 ion accelerated the rise of voltage.

Through comparing the turning points in the
curves of different anions, it can be concluded that the
point-in-time for sudden rise of voltage are 29 h, 18 h,
and 14 h for Cl−, NO�

3 , and SO2�
4 (3 mmol/L), respec-

tively. It illustrates that Cl− is the most effective one to
prevent voltage rise, but its availability has potential
risk. NO�

3 has no remarkable effect and SO2�
4 has neg-

ative effect. Therefore, it is necessary to find a favor-
able supporting electrolyte which has excellent effect
on the behavior of aluminum electrode.

3.3.2. Co-effect of anions

Considering the complexity of water, the relations
of different anions were studied. Fig. 9 shows the
effect of [Cl−]/[SO2�

4 ] ratio on the rise of voltage. It
can be seen that with the increasing [Cl−]/[SO2�

4 ] ratio,
the rise of voltage occurs much later. It was reported
that the corrosive power of Cl− was predominant
when [Cl−]/[SO2�

4 ] ratio was around or >0.1 [16].
Although SO2�

4 can deteriorate the electrode passiv-
ation, it can be overcome by adding little amount of
Cl−. In our study, when [Cl−]/[SO2�

4 ] ratio was smaller

Fig. 6. The variation of voltage with electrolytic time under different Cl− concentrations.

Fig. 7. The variation of voltage with electrolytic time under different NO�
3 concentrations.
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than 0.1, the electrode reaction could still proceed
which was mainly due to the complexity of water.

Fig. 10 shows the effect of [Cl−]/[NO�
3 ] ratio on

the rise of voltage. When the ratio increases to 0.1
from 0, the rise of voltage is prevented considerably
much by 4.5 h. When the ratio increases to 1 from 0.1,
the rise of voltage is prevented only by 1.5 h. This
shows that increasing [Cl−]/[NO�

3 ] ratio >0.1 has no
matching contribution.

Fig. 11 shows the effect of [NO�
3 ]/[SO

2�
4 ] ratio on

the rise of voltage. We can see that the latest rise of
voltage occurs at [NO�

3 ]/[SO
2�
4 ] = 0.1. However, when

adding more NO�
3 ([NO�

3 ]/[SO
2�
4 ] = 1), the rise of

voltage is accelerated. This may be because the large
amount of NO�

3 and SO2�
4 results in severe oxidation

of aluminum electrode. Therefore, [NO�
3 ]/[SO

2�
4 ] = 0.1

is the best ratio for silica removal by electrocoagula-
tion.

Since adding Cl− results in the formation of DBPs,
the electrolyte with [NO�

3 ]/[SO
2�
4 ] = 0.1 can be used

as a supporting electrolyte for electrocoagulation
process to remove silica.

3.4. Effect of cations

Solutions with same amount but different type of
cations were prepared to explore how the type of uni-
valent cations affects the applied voltage. Fig. 12
shows the variations of applied voltage of solutions
with HCl and NaCl. When the amount of Cl− is fixed,
the voltage evolution plot is similar whether the Cl−

provided by HCl or NaCl. Table 4 presents pH values
of different solutions. The solutions with same amount
of Cl− but different type of cations have very different
pH values. It seems that the pH value has little effect
on the rise of applied voltage, when the concentrations
of Cl− are same.

The pH value is one of the important factors
affecting the performance of electrochemical process
[32]. It controls the dissolution reaction of aluminum
and its hydroxides, thereby affecting the removal pro-
cess. Fig. 13 shows the evolution of pH values for
treated solution of different initial pH values. Obvi-
ously, electrocoagulation system can work as pH neu-
tralization, just as reported in other works [33]. A pH

Fig. 8. The variation of voltage with electrolytic time under different SO2�
4 concentrations.

Fig. 9. The effect of [Cl−]/[SO2�
4 ] ratio on the rise of voltage.
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increase occurs when the initial pH is acidic, and a
pH drop occurs when the initial pH is alkaline. How-
ever, in highly alkaline electrolyte (pHi 10), the system
is not sufficient to decrease the pH of the solution to
neutral. This was because the residence time of
electrolyte (10 s) was too short to adjust the pH of
effluent.

Fig. 10. The effect of [Cl−]/[NO�
3 ] ratio on the rise of voltage.

Fig. 11. The effect of [NO�
3 ]/[SO

2�
4 ] ratio on the rise of voltage.

Fig. 12. Effect of NaCl and HCl on the rise of applied voltage.

Table 4
Initial pH values of different solutions

CCl�

1.64 mmol/L 2.58 mmol/L 4.22 mmol/L

+HCl +NaCl +HCl +NaCl +HCl +NaCl

pH 8.62 9.98 6.66 9.94 4.95 9.90
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3.5. Features of electrode surface

For illuminating that the anode overpotential con-
trols the whole voltage, the photograph of electrodes
is shown in Fig. 14. We can see that the amount of
sediment on the electrodes is considerably macro-
scopic after a long-time operation. The sediment on
anode surface is much more than that on cathode sur-
face. It is widely proved that aluminum cathode is
attacked by OH− produced on cathode surface for
water reaction (4). Then, sediment of aluminum
hydroxide will form on the cathode surface. However,
Al3+ produces from anode surface when electric cur-
rent is applied. And it immediately hydrolyzes to
yield flocculants in the boundary layer near the anode
surface. Moreover, silicate which is usually negatively
charged migrates to the anode surface. Therefore, the
products of aluminum hydroxide and silicate forms
near the anode surface. The floc of aluminum hydrox-
ide and silicate is negatively charged according to our
results (data not shown), which indicates that the floc
may adsorb to the anode surface. This is the reason
for abundant sediment on the anode surface.

3.6. Optimization of silica removing

RSM is a collection of mathematical and statistical
techniques that is useful for analyzing the effects of
several independent variables on the response. Cen-
tral composite design (CCD) is most frequently
applied under RSM design [34]. In this study, CCD
was used to optimize the silica removal by studying
the effect of three independent variables including
current density, retention time, and pH value on
the response of effluent silica concentration with
the coded values at three levels (−1, 0, and +1).
Therefore, the ranges of the independent variables
are current density (x1: 50–100 A/m2), retention time
(x2: 20–30 s), and pH value (x3: 5–10).

Table 5 shows regression coefficients, and corre-
sponding F and p values for effluent silica concentra-
tion. Values of “Prob > F” less than 0.0500 indicate
model terms are significant. In the case, x1, x2, x3, and
x21 are significant model terms. By applying regression
analysis, the empirical relationship between effluent
silica concentration Y (mg/L) and the three variables
in coded units was given by:

Y ¼ 10:58� 8:78x1 � 1:96x2 � 10:66x3 � 1:17x1x2
þ 1:75x1x3 � 1:95x2x3 þ 2:47x21 þ 0:32x22 þ 1:17x23

(20)

Table 6 shows the ANOVA results of the model for
effluent silica concentration. The model F value is
108.51 and Prob > F is less than 0.0001, which implies
the model is significant. The fit of the model was
checked by the adjusted determination coefficient
(adjR2). In the study, adjR2 = 0.9857 indicates that the
model predicts the response better. The coefficient of
variance (CV) as the ratio of the standard error of esti-
mate to the mean value of the observed response is a
measure of reproducibility of the model. As shown in
Table 6, the value of CV is 8.45%. “Adeq Precision”
(AP) measures the signal to noise ratio. A ratio >4 is
desirable. The ratio of 39.901 indicates an adequate
signal. This model can be used to navigate the design
space.

For the graphical interpretation of the interactions,
the contour plots describing the tendency of effluent
silica concentration with respect to current density,
retention time, and pH value are shown in Fig. 15. As
it can be seen, the effluent silica concentration
decreased with increasing current density, retention
time, and pH value. The higher current density would
result in more dissolved Al3+ from anode surface,
which could combine more silica in definite time. The

Fig. 13. Change of effluent pH values of different solutions under different initial pH values.
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longer retention time means more contacting time to
ensure more alum floc removing the certain silica
content. Higher pH value of solution provides more
OH− to incorporate into Al(OH)3(s), which is the domi-
nating monomer to remove silica. It can be seen from

Fig. 14. The features of electrode surface: (a) anode surface; (b) cathode surface.

Table 5
Regression coefficients, and corresponding F and p values
for effluent silica concentration

Factor
Coefficient
estimate

Sum of
squares df

Mean
square

F
value

p-value
Prob > F

Intercept 10.58 – 1 – – –
x1 −8.78 154.22 1 154.22 146.07 <0.0001
x2 −1.96 7.69 1 7.69 7.28 0.0428
x3 −10.66 227.14 1 227.14 215.13 <0.0001
x1 x2 −1.17 1.82 1 1.82 1.72 0.2464
x1 x3 1.75 4.07 1 4.07 3.86 0.1067
x2 x3 −1.95 5.08 1 5.08 4.81 0.0797
x21 2.47 15.96 1 15.96 15.12 0.0115
x22 0.32 0.27 1 0.27 0.26 0.6337
x23 1.17 3.61 1 3.61 3.42 0.1237

Table 6
ANOVA results of the model for effluent silica concentration

Source
Sum of
squares df

Mean
square

F
value

p-value
Prob > F

Model 1,031.12 9 114.57 108.51 <0.0001
Residual 5.28 5 1.06
Lack of fit 5.28 1 5.28
Pure error 0.000 4 0.000

Notes: R2 = 0.9949, adjR2 = 0.9857, CV = 8.45%, AP = 39.901.

3064 S. Zhi and S. Zhang / Desalination and Water Treatment 56 (2015) 3054–3066



Fig. 15(a), a region below 5 mg/L can be obtained
when current density is higher than 125 A/m2 and
the retention time longer than 24 s. A region below
2 mg/L can be obtained when current density is
higher than 145 A/m2 and the retention time longer
than 29 s. A region below 5 mg/L can be obtained
when current density is higher than 75 A/m2 and the
pH value higher than 7.4, from Fig. 15(b). And the
same region was gained when the retention time was
longer than 20.5 s and the pH value was higher than
8.65, from Fig. 15(c).

The Design-Expert software can be used to opti-
mize the experimental results, on the basis of the oper-
ator’s requirements to achieve different project
purposes [35]. Here, effluent silica concentration is tar-
geted at 5 mg/L. The optimum condition was current
density 144.06 A/m2, retention time 25.95 s, and pH
value 7.29, which gave an effluent silica concentration
below 5 mg/L.

4. Conclusions

The paper aims at studying the effects of various
ions on the behavior of aluminum electrode in a con-
tinuous electrocoagulation system for silica removal. It
was found that the anodic overpotential runs the
whole applied voltage due to the passivation on the
anode surface. These types of anions have different
effects on the voltage rise. After comparing the inter-
action of different anions on the electrode behavior,
the solution with [NO�

3 ]/[SO
2�
4 ] = 0.1 is the most

favorable supporting electrolyte in electrocoagulation
process for silica removal. A second-order polynomial
equation is obtained to predict the silica removal. The
optimization of silica removal process was investi-
gated using RSM. This work provides guiding
significance for the practical application of electrocoag-
ulation process.
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