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ABSTRACT

This study investigated the optimization and mechanism of arsenic (As) removal by
electrocoagulation (EC) using hybrid Fe—Al electrodes. Response surface methodology (RSM)
was employed to evaluate the effects of different operating conditions on As removal and
voltage. Central composite design was established for the optimization of the EC process and
to evaluate the effects and interactions of process variables: current density, pH, aeration
intensity, and operating time. Analysis of variance showed a high coefficient of determination
value (R*=0.9269), ensuring a satisfactory adjustment of the second-order regression model
with the experimental data. Under the optimum conditions of current density 0.47 A/dm?,
pH 7.0, aeration intensity 0.32 L/min, and operating time 20 min, 99.94% As were removed
and the minimum energy consumption was obtained. Results confirmed the validity of the
optimization and the adequacy of the model. Besides, scanning electron miscroscopy/energy
dispersive spectroscopy, X-ray diffraction, and Fourier transform infrared analysis
demonstrated that adsorption onto iron and aluminum hydroxides/oxyhydroxides was the
predominant mechanism of As removal by EC using hybrid Fe—Al electrodes.
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1. Introduction

processes and anthropogenic

activities,

Arsenic (As), a toxic, mutagenic and carcinogenic
trace element, poses a great threat to human beings
[1]. As can be released into waters by both natural

*Corresponding author.

weathering of As containing minerals, uncontrolled
industrial discharge from mining and metallurgical
industries, and abuse of As containing pesticides [2].
As and its compounds negatively affect human health
including various skin lesions such as hypopigmenta-
tion (white spots), hyperpigmentation (dark spots),
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and keratosis of hands and feet. They also damage the
cardiovascular, gastrointestinal tract, reproductive,
and central nervous system even at a low concentra-
tion. Long-term exposure to As can also cause cancer
of the bladder, lungs, skin, liver, and prostate [3,4]. US
Environmental Protection Agency (EPA) and World
Health Organization (WHO) have lowered the maxi-
mum permissible concentration for As in drinking
water from 50 to 10 pg/L [5,6].

There are many techniques of As removal from
wastewater such as adsorption, biological process, and
chemical coagulation [7-13]. However, these treatment
technologies require several pH adjustments as well as
addition of acid and coagulants [14,15]. In addition,
some processes generate a considerable quantity of
secondary pollutants which causes serious environ-
mental problems. Electrocoagulation (EC), an emerg-
ing water treatment technology, has been applied
successfully to treat various wastewaters, especially,
heavy metal contaminated water [16-19].

As removal by EC can be affected by many factors
including electrode material, current density, concen-
tration, pH, time, and so on [20-23]. Previous studies
indicated that Fe-Al plates as sacrificial electrodes in
EC process was very promising for As removal
[20,23]. Thus, in this study, As was removed by EC
using hybrid Fe-Al electrodes. Our previous study
investigated the effects of experiment parameters
including current density, aeration intensity, pH, and
operating time on As removal. However, it is vitally
important to find an adequate experimental design to
explore the relationship among influencing factors and
the combined effects on As removal and energy con-
sumption. Response surface methodology (RSM), a
collection of mathematical and statistical technique,
has been found to be a useful method for studying the
mutual interaction between the variables and optimiz-
ing the variables [24,25].

In this study, we employed RSM to investigate the
interactive effects of experimental factors including
current density, pH, aeration intensity, and operating
time, and to optimize the EC process. Besides, EC
products were characterized by scanning electron
microscopy/energy dispersive spectroscopy (SEM/
EDS), X-ray diffraction (XRD), and Fourier transform
infrared (FTIR) to explore the mechanism of As
removal by EC using hybrid Fe-Al electrodes.

2. Materials and methods
2.1. Materials

All of the chemicals used in this study were of
guaranteed reagent (GR) grade. A stock synthetic
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solution of 1,000 mg/L As was prepared according to
the EPA standard method by dissolving As,O; in a
solution containing 20% (w/v) KOH, neutralizing with
20% (v/v) HySO4 to a phenolphthalein end point, and
then diluting to 1,000 mL with 1% (v/v) H,SO,. Simu-
lated wastewaters containing 500 pg/L As were pre-
pared by diluting the above stock solution. All the
solutions were prepared with ultrapure water and
desired volumes of stock solutions. The sample solu-
tion was adjusted to the desired pH with 5% (v/v)
HCl and 1 mol/L NaOH. Experiments were carried
out in a 4L reactor. Four plates were vertically posi-
tioned in monopolar mode. The submerged surface
area of each electrode was 120 cm®.

2.2. RSM experimental design

The central composite design (CCD), a standard
RSM, was selected for optimization of the factors
which had great effects on As removal. In this design,
four factors (current density, pH, aeration intensity,
and time) were investigated. Experimental runs were
carried out in triplicates. The independent variables
range and levels were set by Design-expertV8.0.6
(Stat-Ease Inc., USA; Table 1). Results of the central
points were used to check the reproducibility of
results as per CCD. Analysis of variance (ANOVA)
was used for graphical analyses of the data to obtain
the interaction between the process variables and the
responses. The quality of the fit polynomial model
was checked by the determination of coefficient (R?),
and its statistical significance was checked by the
Fisher F-test in the same program. Model terms were
evaluated by the p value (probability) with 95% confi-
dence level. The response variable that represented
removal efficiency was fitted by a second-order model
in the form of quadratic polynomial equation:

y=Po+ Z Bivi + Z Bijxixi + Z Bk M
i=1 i=1

i<j

where y is the response variable to be modeled, y; and
x; are the independent variables which determine y,
Po, Bi, and pi; are the offset term, i and j are the linear
coefficient and the quadratic coefficient, respectively.
fij is the term that reflects the interaction between y;
and y; [24,25].

2.3. Analysis

EC products were characterized by SEM (Quanta
200 FEG, FEI, Hillsboro, OR). The elemental composi-
tion of EC products was performed by EDS. XRD
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Table 1

Coded levels for four variables framed by CCD

Factors Name Units Low High Minimum Maximum
A Current density A/dm? 0.47 0.82 0.30 1

B pH 5 9 3.00 11.00

C Aeration intensity L/min 0.16 0.48 0.00 0.64

D Time min 10 20 5.00 25.00

analysis of the EC products was carried out with a
Bruker D8 diffractometer operating with a Cu Ko radi-
ation source filtered with a graphite monochromator
(A=1.54058 A). The samples were ground to a fine
powder and loaded into a sample holder. Powder
specimens were filtered with 400-mesh sieves preced-
ing the XRD analysis. The XRD scans were recorded
from 10° to 80° 20 with 0.020° step-width and 6s
counting time for every step-width. FTIR analysis was
carried out by FTIR 8400S IR prestige-21 spectrometer
using potassium bromide pellets. The spectra were
recorded in the range of 4,000-400 cm ™! with 2 em™
resolution, and 32 scans were collected for each speci-
men. As concentrations were measured by the atomic
fluorescence spectrophotometry (AFS) (Haiguang
AFS-9760, Beijing) [26].

3. Results and discussion
3.1. Experiments results

Experiments were carried out according to the
experimental conditions designed by RSM (Table 2)
and the results are presented in both surface and con-
tour plots. Fig. 1 showed the combined effects of four
variables on As removal efficiency. It can be ascer-
tained from Fig. 1(a)-(c) that As-removal efficiency
increased with the increase in current density. It could
be attributed to that at higher current density, the
increased anodic metals dissolution (Faraday’s law,
Eq. (2)) caused an accumulation of hydroxide cationic
complexes, leading to higher As-removal efficiency
[16].

ItgeM

Ctheo = 7EV

)

where Cineo (g/ m?) is the theoretical amount of ion pro-
duced by current I (A) passed for a period of time (s), Z
is the number of electrons involved in the oxidation/
reduction reaction. M is the atomic weight of anode
material, F is the Faraday’s constant (96,485 C/mol) and
V is the volume (m~>) of the treated water. With the

increase in current density, coagulant dosage rate
increased. Besides, current density determines growth
of flocs which can influence As-removal efficiency [7].
Hence, As-removal efficiency increased with the
increase in current density.

It has been well established that pH is an impor-
tant parameter and has significant influence on EC
process. pH was reported to effect the species distri-
bution and the surface charge of As or metal oxides
generated in EC process [20,23,27]. Fig. 1(a) and (e)
indicated that As-removal efficiency increased from
pH 3 to 5 and decreased when pH was above 7. The
optimum pH was observed at 5.0-7.0. According to
Wan et al. [27], at pH 5.0-7.0, the surfaces of the parti-
cles generated in EC process were positively charged
and electrostatic contributions as well as chemical
contributions contributed to As removal [27]. At pH
3.0-5.0, Fe**, Fe®*, AI’, and OH™ ions generated by
electrodes reacted to form various monomeric and
polymeric species that finally transformed into insolu-
ble iron and aluminum hydroxides/oxyhydroxides
through complex polymerization. Above pH 7.0, the
highly soluble monomeric anion Fe(OH), and
Al(OH), concentration increased at the expense of Fe
(OH); and AI(OH); (s) [23].

With the increase in aeration intensity, more and
more As(Ill) were converted into As(V). From
Fig. 1(b), (d) and (f), higher As-removal efficiency was
obtained at higher aeration intensity. As demonstrated
by the previous studies [22,27,28], the predominant
specie of As(Ill) existed as a neutral molecule of
H3AsO;, while As(V) was mainly in the form of
H;AsO, and H,AsOj. Due to electrostatic attraction
and chemical contributions, As(V) removal was usu-
ally faster than As(III). Moreover, under aeration con-
ditions, Fe>* was oxidized into Fe®* whose capacity to
form hydrate was stronger than Fe®*. Furthermore,
aeration provided the necessary turbulent current con-
ditions for the flocs to contact and collide, ultimately
resulting in higher As-removal efficiency.

RSM was aimed to evaluate the relationship
between four independent variables and responses. It
was established well with the quadratic regression
model as follows:
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Table 2
A full factorial design for four variables along with responses
Factor 1 Factor 2 Factor 3 Factor 4 Response 1 Response 2
A: Current C: Aeration As removal
density (A/dm?) B: pH intensity (L/min) D: Time (min) efficiency (%) U (V)
0.65 11 0.32 15 97.02 4.28
0.47 5 0.16 10 69.66 3.20
0.47 9 0.48 20 99.57 3.53
0.47 5 0.16 20 97.44 3.08
0.65 7 0.32 15 99.47 4.26
0.82 9 0.16 20 99.98 5.14
0.47 9 0.16 20 94.21 3.23
0.65 7 0.32 15 98.47 4.18
0.47 9 0.16 10 78.55 3.34
0.82 5 0.16 10 75.79 5.04
0.82 5 0.16 20 97.56 491
0.30 7 0.32 15 99.25 2.25
0.82 5 0.48 20 99.47 5.32
0.47 5 0.48 20 94.57 3.15
0.82 9 0.16 10 79.76 5.20
0.65 7 0 15 68.32 4.05
0.47 9 0.48 10 82.34 3.72
0.82 9 0.48 20 99.83 5.13
0.65 7 0.64 15 99.24 4.27
1.00 7 0.32 15 99.98 6.26
0.65 7 0.32 25 99.58 4.18
0.65 7 0.32 15 99.81 4.72
0.65 7 0.32 15 99.75 4.28
0.65 3 0.32 15 98.79 5.04
0.47 5 0.48 10 97.27 3.26
0.65 7 0.32 5 81.08 4.29
0.82 9 0.48 10 99.29 5.29
0.65 7 0.32 15 99.69 4.29
0.65 7 0.32 15 99.72 4.36
0.82 5 0.48 10 99.47 5.38

Y; =100.00 +1.13 x A — 0.38 x B+ 6.00 x C + 6.24
XxD+060xAxB+043xAxC—-135%xA
xD—-310xBxC+050xBxD—-470xCxD
—0.11 x A2 — 0.48 x B2 —4.07 x C*> —2.47 x D?

3)

Y, =4.2940.95 x A —0.011 x B 4 0.084

4@
x C—0.052 xD
where Y is the predicted response (Yi: As-removal
efficiency (%); Y»: voltage (V)), and A, B, C, D are the
coded values of current density, pH, aeration inten-
sity, and operating time, respectively.

In order to ensure the adequacy of employed
model, an adequate fit of the model should be given
to avoid poor or ambiguous results. The significance
of quadratic regression model was tested by the

value of F, p, and correlation coefficient. The corre-
sponding results of ANOVA are displayed in Table 3.
F-value of 13.59 and p value < 0.0001 implied that the
model was significant. Values of “Prob > F” less than
0.0500 indicated model terms were significant. In this
case C, D, BC, CD, C? and D? were significant
model terms. “Adeq Precision” measured the signal-
to-noise ratio. There was only a 0.01% chance that a
“Model F-Value” this large could occur due to noise.
The ratio of this model was 11.314, an adequate sig-
nal. Besides, R?> was 0.9269, which indicated that this
model could be used to navigate the design space. A
significant lack of fit implied that there may be some
systematic variation unaccounted for in the hypothe-
sized model. The lack of fit was good for the model.
Based on these results, the response surface model
constructed in this study was considered reasonable
[24,25,28].
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Fig. 1. 3D response surface graphs for combined effects on As removal efficiency. (a) Effects of pH and current density,

(b) Effects of current density and aeration intensity, (c) Effects of current density and time, (d) Effects of pH and aeration
intensity, (e) Effects of pH and time, and (f) Effects of aeration intensity and time.



P. Song et al. | Desalination and Water Treatment 57 (2016) 4548—4556

Table 3
ANOVA for response surface quadratic model
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Source Sum of Squares Mean square F-value p-value, Prob > F
Model 2865.97 204.71 13.59 <0.0001
A—Current density (A/dm?) 30.45 30.45 2.02 0.1756
B—pH 3.45 3.45 0.23 0.6394
C—Aeration intensity (L/min) 862.75 862.75 57.27 <0.0001
D—Time (min) 934.23 934.23 62.02 <0.0001
AB 5.84 5.84 0.39 0.5429
AC 3 3 0.2 0.6615
AD 29.19 29.19 1.94 0.1842
BC 70.73 70.73 4.7 0.0468
BD 3.94 3.94 0.26 0.6164
CD 352.73 352.73 23.42 0.0002
A? 0.31 0.31 0.02 0.8881
B 6.28 6.28 0.42 0.5283
C? 453.31 453.31 30.09 <0.0001
D? 167.46 167.46 11.12 0.0045
Residual 225.96 15.06

Lack of fit 225.96 22.6

Pure error 0 0

3.2. Optimization of the EC process for As remouval

The main objective of the optimization was to
determine the optimum values of variables from the
model obtained using experimental data. In optimiza-
tion, the response of As-removal efficiency was chosen
to the maximum value, the response of voltage was
chosen to the minimum value and the variables of
current density, pH, aeration intensity and time were
selected to be within range. The optimization results
were current density: 047 A/dm?; pH 7.0; aeration
intensity: 0.32L/min; and time: 20 min. To confirm
the model adequacy and the validity of the optimiza-
tion procedure, additional experiments were per-
formed under the predicted optimal conditions. As a
result, 99.94% As were removed and the voltage of
3.23 V was obtained. As concentration remaining in
treated waters were far lower than the permissible
level of WHO. Compared with other works, EC using
hybrid Fe-Al electrodes under the optimum condi-
tions in this study exhibited great potential for As
removal as shown in Table 4 [20,29,30]. Validation
experiments conducted under the optimal parameters
were in agreement with the predicted value. It is evi-
dent that the model of RSM is adequate for prediction
of As removal by EC using hybrid Fe-Al electrodes.
Based on typical electricity cost and material price in
China, the operating cost was estimated to be 0.4793
CNY perm® of treated water ($0.0782/m> with a cur-
rency conversion of 6.129 CNY per USD).

3.3. Mechanism involved in As removal

SEM image (Fig. 2(a)) displayed the presence of
ultrafine particular structure at pm size. EDS proved
the existence of Fe, Al, and As in EC products, which
confirmed that As was removed from the solution.

The possible mechanism of As removal includes
precipitation, co-precipitation, and adsorption [31]. In
this study, precipitation is used in a general way to
describe any process resulting in the production of
solids [32]. Coprecipitation is defined as an incorpora-
tion of soluble As species into a growing hydroxide
phase via inclusion, occlusion, or adsorption [31,32]:
(1) Inclusion includes two forms: isomorphic inclusion
and nonisomorphic inclusion. In isomorphic inclusion,
the impurity is substituted into the crystal lattice for a
lattice ion of similar size and chemical characteristics.
In nonisomorphic inclusion, the impurity appears to
be dissolved in the precipitate. (2) In occlusion, an
impurity differing in size or chemical characteristics
from the lattice sites as the crystals are growing, pro-
ducing crystal imperfections. (3) In adsorption, the
impurity is not incorporated into the internal crystal
structure, but rather the formation of surface com-
plexes between soluble species and solid (hydroxide,
in this case) surface sites occurs.

If the precipitate mechanism occurs in As removal,
As-Fe(Ill)/Al precipitates should be discovered.
However, XRD and FTIR analysis (Fig. 2(c), (d) and
Table 5) indicated that no As-Fe(Ill)/Al precipitates,
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Comparison of the operational conditions of As removal by EC

Operational conditions

Aeration
Electrode Initial con. Current density intensity (L/min) Time (min) As removal efficiency (%) Reference
Ti 2mg/L 2.19 mA/cm? 0 60 58 [26]
Al 13.4 ppm 30 mA/cm® 0 60 97.8 [18]
Fe 90 pg/L 1.1 mA/cm? 0 60 97.93 [29]
Fe-Al 1.42-1,230 ppm 30 mA/cm? 0 60 78.9-99.6 [18]
Fe-Al 500 pg/L 0.47 A/dm? 0.32 20 >99.94 This study
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Fig. 2. SEM (a), EDS (b), XRD, (c) and FTIR (d) analysis of EC products.

but amorphous or poorly crystalline phases such as
lepidocrocite (FeO(OH)), diaspora (AIO(OH)) and crys-
talline phases typically magnetite (Fe;O,) were formed
in EC products, which was in agreement with other
reports [27,32]. To investigate whether inclusion or
occlusion is a functional mechanism responsible for As

removal by EC, the degree of As removal by EC using
hybrid Fe-Al electrodes was compared to adsorptive
removal of As with preformed EC products which were
collected by treating distilled water instead of As solu-
tions by EC under the same conditions. Results showed
that 99.58% of As were removed by EC, while with
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Table 5
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FT-IR vibrations, corresponding wavenumbers and ranges for the bands observed [20,33]

Type of vibrations

Vibration wavenumbers (cm ™)

Vibration range (cm™)

OH stretching for basic hydroxyl groups from
aluminum hydroxide/oxyhydroxides

3,737, 3,563

3,530-3,644

OH stretchings for hydroxyl groups from iron 3,487 3,000-3,550
oxyhydroxides
Hydroxyl bending 1,638 1,572-1,813
y” (OH) water bending 1,638 1,572-1,813
Overtones of hydroxyl bending 1,638 1,572-1,813
1,576 1,572-1,813
Lepidocrocite 1,131 1,090-1,245
737 730-790
Magnetite 577, 528 526-840
Fe-O 474, 423 416-510
Al-O-H bending 975 880-1,000

performed EC product, 85.63% of As were removed,
which was consistent with the results reported by Song
[34]. Therefore, inclusion or occlusion seemed not to be
a predominant mechanism, but adsorption onto iron
and aluminum hydroxides/oxyhydroxides could be an
operative removal mechanism.

4. Conclusions

In this study, experiments results revealed that
RSM was a suitable method to optimize the operating
conditions of EC for As removal. The response surface
models developed in this study for predicting
As-removal efficiency were considered to be ade-
quately applicable. The optimum results of 99.94%
As-removal efficiency and the minimum value of volt-
age were obtained at current density 0.47 A/dm?, pH
7.0, aeration intensity 0.32 L/min, and operating time
20 min. Besides, SEM/EDS, XRD, and FTIR analysis of
EC products revealed that adsorption onto iron and
aluminum hydroxides/oxyhydroxides was the main
mechanism of As removal.
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