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Abstract

The aim of this research was to remove arsenate (As(V)) from groundwater using an air-injected electrocoagula-
tion (EC) reactor with aluminum (Al) ball anodes. The effects of seven operating variables – initial pH, applied
current (i), operating time (tEC), initial As(V) concentration (Co), Al ball anode diameter (dp), reactor column
height (h), and airflow rate (Qair) were investigated with a Box-Behnken statistical experimental design. ANOVA
results from the quadratic model equations indicated that the model fitted very well with the experimental
data for the responses, which were removal efficiency, operating cost (OC), As(V) adsorption capacity, and efflu-
ent concentration (R2� 0.87). The most effective parameters were applied current, operating time, and anode
height for As(V) removal efficiency in the EC reactor, while initial pH, Al anode diameter, and air flow rate had
limited effect on removal. The model predicted a residual As(V) concentration below 10 μg/L under the optimum
operating conditions (pH 7.03, 0.29 A, 10.5 min, dp 7.5 mm, 613.4 μg/L, h 5.1 cm, and Qair 6.4 L/min). The maxi-
mum As(V) removal efficiency and minimum OC in the EC process were almost 99% and 0.442 $/m3, respectively.
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INTRODUCTION

Arsenic contamination is a global problem because many people suffer from excessive arsenic content
in drinking water sources (Murcott 2009; Nordstrom 2015). People in countries such as Argentina,
Bangladesh, Cambodia, Chile, China, Finland, Hungary, India, Japan, Mexico, Nepal, Turkey,
United States, and Vietnam can be exposed to arsenic concentrations exceeding the 10 μg/L maxi-
mum recommended by WHO (2011) (Ng et al. 2003; Murcott 2009; Ravenscroft et al. 2009). It is
estimated that between 35 and 77 million of Bangladesh’s 125 million inhabitants are at risk from
drinking water contaminated with natural inorganic arsenic (Smith et al. 2000).
It is known that there is arsenic pollution in drinking water in some parts of western Turkey par-

ticularly; natural waters contain much higher levels of arsenic than the maximum level
recommended by WHO. Balikesir-Bigadiç, Kütahya-Emet, and Hisarcik in Turkey are affected by
natural arsenic dissolved from minerals like realgar and orpiment in a borate-bearing clay zone
and colemanite boron mineral nodules (Colak et al. 2003).
Arsenic contamination of water arises from the dissolution and/or oxidation of minerals like real-

gar, orpiment, and arsenopyrite, from desorption in oxidizing environments, and reductive desorption
and dissolution (Smedley & Kinniburgh 2002; Ravenscroft et al. 2009). Drinking water containing
arsenic in the long term may cause skin cancer and lesions such as lung, bladder, and kidney cancers,
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hyperkeratosis, hyperpigmentation (melanosis), hypopigmentation, black foot and Bowen’s diseases,
neurological effects, hypertension and cardiovascular disease, and diabetes mellitus (Çöl et al. 1999;
Smith et al. 2000; Tseng et al. 2007). WHO and the US Environmental Protection Agency (USEPA)
reduced the maximum recommended arsenic concentration in drinking water from 50 to 10 μg/L
(USEPA 2001; WHO 2011).
Electrocoagulation (EC) has been the focus of increasing interest recently for arsenic removal, com-

pared to conventional methods, owing to its high removal efficiency, reduced sludge volumes, process
compactness, cost-effective removal to trace levels, and lack of need for chemical reagents for pre-oxi-
dation of arsenite (As(III) to As(V)) (Chen et al. 2000; Kobya et al. 2006; Ulu-Kac et al. 2017). The
literature shows that rod and plate Al and/or Fe electrodes are generally used for arsenic removal
in EC reactors (Kumar et al. 2004; Gomes et al. 2007; Amrose et al. 2009; Gunduz et al. 2010; Laksh-
manan et al. 2010; Ucar et al. 2013). However, rod and plate type anodes offer some disadvantages
because of potential difficulties in operation and low surface areas. For this reason, an air-fed EC reac-
tor using Fe-ball anodes was designed and optimized recently, to study the operating parameters and
eliminate problems (Sık et al. 2015). They showed that ball-shaped iron anodes in the reactor per-
formed as effectively as the plate- and rod-shaped anodes (Kobya et al. 2015; Sık et al. 2017a, 2017b).
In this study, a fixed-bed EC reactor using aluminum ball anodes with air injection was evaluated

for arsenic (As(V)) removal from groundwater. The effects of parameters such as operating time,
applied current, initial pH, initial arsenate concentration, air flow rate, ball anode size, and anode
height in the EC reactor were investigated using the three-level Box-Behnken Design (BBD) exper-
imental method.
ARSENIC REMOVAL BY EC USING AL ANODES

Electrocoagulation involves both dissolution of metal from the sacrificial anodes and hydroxyl ion
and hydrogen gas formation at the cathode (Chen et al. 2000; Holt et al. 2002; Garcia-Lara &
Montero-Ocampo 2010). Hydrogen gas evolution enhances solution mixing and hence coagulant
flocculation in EC reactors. Aluminum and iron, the sacrificial electrode materials, are most com-
monly preferred in EC, because they are inexpensive and readily available, and allow the formation
of mainly amorphous hydroxides, metal oxides, and oxyhydroxides that have remarkable features
for the adsorption and co-precipitation of soluble species (Holt et al. 2002). Aluminum, for instance,
when released electrochemically, reacts with the hydroxyl ions from the cathode to form aluminum
hydroxide (Al(OH)3; i.e. bayerite and gibbsite). The main anode and cathode reactions (Chen et al.
2000; Kobya et al. 2011) are:

Anode: Al(s) ! Al3þ þ 3e� (1)

Cathode: 3H2Oþ 3e� ! 3/2H2(g) þ 3OH� (2)

During EC the electrochemically dissolved aluminum anode produces Al3þ ions. According to Fara-
day’s law, the charge loading (the product of the current applied and the EC duration) determines
both the Al3þ (coagulant) dosage and the H2(g) gas bubble production rates (Chen et al. 2000). As
the Al3þ concentration increases, monomeric species like Al2(OH)4þ2 , Al(OH)2þ, Al(OH)þ2 , and
Al(OH)�4 , and polymeric species such as Al13O4(OH)7þ24 , Al13(OH)5þ34 , Al7(OH)4þ17 , Al8(OH)4þ20 , and
Al6(OH)3þ15 are formed, and aluminum hydroxide precipitates (Holt et al. 2002; Kobya et al. 2011):

xAl3þ þ yH2O ! Alx(OH)3x�y
y þ yHþ (3)

Monomeric and polymeric Alx(OH)3x�y
y species ! Al(OH)3 (4)
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As the Al hydroxide species precipitate, their amorphous nature increases the surface area available
for arsenate species adsorption and thus arsenic removal efficiency. On the other hand, the negatively
charged As(V) species that dominate in relation to pH are AsO3�

4 at pH. 12.4;H2AsO
�
4 at 3.6, pH

7.2, and HAsO2�
4 at 7.2, pH, 12.4. (Vaclavikova et al. 2008).

Al(OH)3(s) is an amphoteric compound whose point of zero charge (pzc) is about pH 7.7 to 9.4
(Blangenois et al. 2004). It can be negatively or positively charged in solution, depending on whether
pH, pzc or. pzc. H2AsO

�
4 and HAsO2�

4 are the predominant species at pH 6 to 9, and Al(OH)3(s) is
positive, which enhances As(V) adsorption. Therefore, Al(OH)3(s) and Al2O3(s) flocs are believed to
adsorb H2AsO

�
4 and HAsO2�

4 ions at pH 6 to 9 in EC (Vasudevan et al. 2010; Kobya et al. 2011;
Alcacio et al. 2014). At pH below ∼9 in EC, Al(OH)�4 , which is soluble, is dominant and useless
for arsenate removal.

Al3þ þ 4OH� ! Al(OH)�4 (5)

The soluble arsenic species arising from co-precipitation reactions during EC are incorporated into a
growing aluminum hydroxide phase by adsorption, occlusion, or inclusion. Monomeric and
polymeric Al3þ species (i.e., Al2O3(s) and Al(OH)3(s)) also form arsenate complexes. Finally, soluble
arsenic adheres electrostatically to the external surfaces of insoluble aluminum hydroxide precipitates
(Bilici-Baskan & Pala 2010; Vasudevan et al. 2010).
Adsorption reactions:

Al(OH)3(s) þH2AsO
�
4 or HAsO2�

4 ! [Al(OH)3�H2AsO
�
4 or HAsO2�

4 ](s) (6)

Al2O3 þH2AsO
�
4 or HAsO2�

4 ! [Al2O3�H2AsO
�
4 or HAsO2�

4 ](s) (7)

Co-precipitation reactions:

xAl3þ þ (3x� y)OH� þ yHAsO2�
4 ! Alx(OH)(3x�y) � (HAsO4)y(s) (8)

Al(OH)3 þH2AsO
�
4 þHþ ! [Al(OH)2 �H2AsO4](s) þH2O (9)

Al(OH)3 þHAsO2�
4 þ 2Hþ ! [Al(OH)�HAsO4](s) þ 2H2O (10)

; Al�OH(s) þH2AsO�
4 or HAsO2�

4 !; Al�OAs(O)2(OH)�(s) þOH� (11)

where the symbol ; describes the bonds of cations with the surfaces of solids.
MATERIALS AND METHODS

Groundwater characterization

Groundwater was collected from deep wells in Kocaeli, Turkey, and kept in a 5 m3, high
density polyethylene (HDPE) container throughout the experiments. The groundwater
chemistry was determined using American Public Health Association (APHA) standard methods
(APHA 2005). The groundwater characterization results revealed – pH 7.6, electrical
conductivity 1,055 μS/cm, total hardness 418 mg-CaCO3/L, TOC 5 mg/L, turbidity 1 NTU, and
0.006 mg-Mn/L, 22 mg-Na/L, 152 mg-Ca/L, 15 mg-Mg/L, 127 mg-Cl/L, 94.2 mg-SO4/L,
24 mg-NO3/L and 10.2 mg-SiO4/L. Fe, Al, P, F and As were not detected. The arsenic solution
was prepared daily by dissolving sodium arsenate (Na2HAsO4.7H2O) at various concentrations
(100, 550, and 1,000 μg/L).
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Specifications – air-injection fixed-bed EC reactor

Figure 1 includes a schematic diagram of the EC reactor. This consists of a round base unit and cylind-
rical Plexiglas tube, containing both a cylindrical titanium cathode and another Plexiglas tube holding
the Al-ball anodes. The base (45 mm thick) is of 150 mm diameter and has equidistant 2 mm holes
drilled in it. The cylindrical Plexiglas tube/cell (254� 100� 5 mm) and an air feed diffuser stand
on the base. The cylindrical titanium cathode (250� 70� 1 mm), with 5 mm diameter holes, and
second Plexiglas cylinder (250� 60� 5 mm), with equidistant, 2 mm holes, stand inside the base
unit. The 2 to 8 mm diameter Al-ball anodes and a stainless steel rod are placed in the center of
the 60 mm diameter Plexiglas column. The titanium cathode and Al-ball anodes, which are in contact
with the stainless steel rod, are connected to a DC power supply (Agilent 6675A, 0-120 V/0-18A). This
EC configuration provides a significant increase in the surface area of the anode materials.
Figure 1 | Schematic diagram of the fixed-bed EC reactor: (a) air diffuser unit; and (b) 1. Air compressor, 2. Air flowmeter, 3. Air
diffuser line, 4. DC power supply, 5. Cylindrical Ti cathode, 6. Supporting rod for anode material, 7. Inner Plexiglas cylinder,
8. Al-ball anodes, 9. Air diffuser unit, 10. EC reactor.
Experimental procedure

The operating variables in the experiments were determined according to BBD statistical experiment
design. The reactor was fed with 0.8 L of groundwater at the start of each run. It was operated for
different periods and all experiments were conducted in batch mode. During the experiments, voltage
input from the DC power supply was recorded to determine energy consumption. Samples were col-
lected at specified intervals and filtered through 0.45 μm Millipore membranes prior to analysis. The
weight of the Al-ball anodes was measured before and after the experiment. The experiments were
repeated three times and averaged data used.

Experimental design

BBD involves, essentially, three main steps – checking the adequacy of the model and predicting the
response, estimating the coefficients in a mathematical model, and performing the minimum number
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of well-chosen, statistically designed experimental runs. The statistical design and data analysis pro-
gram ‘Design Expert trial version 8.0.4.1’ (Stat-Ease, Inc., Minneapolis, MN, USA) was used. In
this study, seven factors with three levels of BBD surface experimental response were chosen to opti-
mize process variable influence. The independent operating variables were – initial pH (pHi: x1),
applied current (i: x2), EC time (tEC: x3), Al-anode ball size at the start of the experiment (dp: x4),
As(V) concentration (C0: x5), anode height in the reactor (h: x6) and air flow rate (Qair: x7). The vari-
ables’ ranges and levels in the study are shown in Table 1.
Table 1 | Independent variables and levels

Independent variables

Ranges and levels

Low
(�1)

Middle
(0)

High
(þ1)

x1: initial pH (pHi) 5.5 7.0 8.5

x2: applied current (i, A) 0.1 0.30 0.50

x3: EC time (tEC, min) 2 10 18

x4: size of Al anode ball (dp, mm) 5.0 7.5 10.0

x5: As(V) concentration (C0, μg/L) 100 550 1,000

x6: anode height in reactor (h, cm) 2 5 8

x7: air flow rate (Qair, L/min) 2 6 10
The design program produced 62 experiments. As shown in Table 1, the independent variables
were studied at three levels: coded (�1), (0), and (þ1) for low, middle, and high, respectively.
Six dependent parameters were analyzed and experimental results for arsenate removal efficiency
(Re, %), effluent arsenate concentration (Cf, μg-As/L), energy consumption (ENC, kWh/m3), electrode
consumption (ELC, kg/m3), arsenate adsorption capacity (qe, μg-As/mg-Al), and operating cost
(OC, $/m3) were recorded. ENC was calculated using Equation (12):

ENC(kWh=m3) ¼ U � i� tEC
v

(12)

where U is the cell potential, i the applied current, v the reactor volume, and tEC the treatment period.
When 96,500 Coulomb of electricity passes through reactor, one gram-equivalent of material is
released or disappears from the electrodes. In this case, the concentration of Al in solution is calcu-
lated using Equation (13):

ELC(kg=m3) ¼ i� tEC �Mw

z� F � v
(13)

where Mw is the atomic weight of Al (Mw,Al¼ 26.98 g/mol) and z the number of electrons transferred
in the reaction (zAl¼ 3). In the EC process, the main operating costs arise from the electricity and elec-
trode materials (Daneshvar et al. 2006). Therefore, the operating cost (OC) was calculated on the basis
of energy and electrode consumption:

OC($=m3) ¼ a� ENC þ b� ELC (14)

where α is the unit energy price (0.19 $/kWh) and β (15 $/kg) the unit electrode price, both based on
price indexes dated March 2018.
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RESULTS AND DISCUSSION

Response surface methodology

Response surface methodology (RSM) is a statistical technique used to optimize multi-variable exper-
iments. One of the most common RSMs is BBD, which is a collection of mathematical and statistical
techniques. BBD is used to determine the optimum conditions for a limited number of experiments.
Analysis of variance (ANOVA) was applied to evaluate the adequacy of the mathematical model

statistically. The accuracy of the quadratic regression model was tested by using the values of R2

and F-value. The ANOVA results – Table 2 – were used to verify the significant effects of process vari-
ables on the effluent As(V) concentration (Cf), As(V) removal efficiency, electrode consumption,
energy consumption, and OC for Al-ball anodes. The coefficient of variance (CV) is the ratio of the
standard error of estimate to the mean value of the observed response (as a percentage), and is con-
sidered reproducible when it is below 10%. Adequate precision (AP) compares the range of the
predicted values at the design points to the average prediction error, and a value above 4.0 is desir-
able. The predicted residual error sum of squares (PRESS) is used in regression analysis to provide
a summary measure of the fit of a model to sample observations. The F-value, the noise to response
ratio, implies that the model is significant. F-values were 5.06 for Re and 21.36 for OC for Al-ball
anodes, respectively. Prob. F values below 0.0001 indicate that the model terms are statistically sig-
nificant. In addition, the suitability of the model was evaluated using the coefficient and adjusted
coefficient of determination, R2, and Adj-R2, respectively (Swamy et al. 2014). They were between
0.872 and 0.996, and 0.710 and 0.978, respectively – R2 values were 0.91 for the effluent As(V) con-
centration and 0.96 for OC. These values, which were close to 1, justified the accuracy of the model by
suggesting that it was highly significant. The Adj-R2 values also indicate that the final prediction
agreed well with the experimental results.
Table 2 | ANOVA results for the quadratic model

Responses R2 Adj-R2 SD CV PRESS F-value Prob. F AP

Cf (μg/L) 0.912 0.794 17.620 58.49 56,602.16 7.70 ,0.0001 11.3

Re (%) 0.872 0.710 3.260 3.44 1,933.24 5.06 ,0.0001 9.5

ENC (kWh/m3) 0.991 0.978 0.310 13.79 17.30 78.94 ,0.0001 39.5

ELC (kg/m3) 0.996 0.991 0.001 6.35 0.0002 201.46 ,0.0001 60.9

OC ($/m3) 0.966 0.921 0.130 24.11 3.15 21.36 ,0.0001 22.1
The results from the quadratic regression models are expressed in a pair of complex equations. The
tested variables are given code values – x1 to x7 – and synergistic and antigonistic effects are rep-
resented simply by positive and negative signs. The first of the two equations showed Re (%) was
37.76 and was independent of any other factors, while the linear- (x1, x2, x5, etc.), interaction-
(x1x3, x1x4, x1x6, etc.), and second-order terms (x2, x3, x4, etc: [except x1]) affected the response
negatively. Thus As(V) removal efficiency decreased as these terms increased. However, the terms
x6, x7, x4, x3, x1x2, x2x3, x1x5, x2x5, x2x7, x3x5, x5x6, x21 had positive influences, denoting an increase
in As(V) removal efficiency.
The second equation showed OC ($/m3) and its independent constant was �0.218. The linear- x2, x4,

x6, x7, interaction- x1x2, x1x5, x1x6, x6x4, x2x5, x3x4, x3x5, x3x6, x4x7, x5x6, x6x7 and second-order terms
x5, x7 had a negative relationship with the response. However, the linear- x1, x3, x5, interaction- x1x3,
x1x4, x1x7, x3x2, x2x6, x2x7, x3x7, x4x5, x4x6, x5x7 and second-order terms x1, x2, x3, x4, x6 affected the
response negatively. As represented in the mathmetical equations, there were significant interaction
effects between responses and independent variables. For instance, arsenate removal efficiencies
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increased with increases in current density, operating time, and air-flow rate. As the initial As concen-
tration increased, however, removal efficiency decreased.
The current density and operating time were the most important parameters affecting arsenate

removal, as Faraday’s law controls the dissolution rate of the anodes. Current density is very signifi-
cant for arsenic removal in EC as it determines the rate of coagulant dosage, size and growth of flocs,
and bubble production (Lokendra & Prasenjit 2017). Equation (13) shows that the greater the coagu-
lant concentration, the more current passes through the reactor. Thus, increasing the current density
could enhance the concentrations of dissolved Al3þ and OH� ions, improving arsenate removal effi-
ciency. This was tested by running a number of experiments at varying current densities (0.1 to 0.5A) –
see Table 1 and Figure 2(a) and 2(c)–2(f). The values at 0.1 A for OC, arsenic removal efficiency, and
Al/As molar ratio were 0.07 $/m3, 95.0% and 155 mol-Al/mol-As, respectively. OC, arsenic removal
efficiency, and Al/As molar ratio at 0.5 A were 1.1 $/m3, 98.0% and 777 mol-Al/mol-As. OC, arsenic
removal efficiency, and Al/As mol ratio increased with increasing current density.
Figure 2 | Two-dimensional contour plots for As(V) removal efficiency vs (a) pHi-i, (b) tEC – pHi, (c) i-tEC, (d) i-dp, (e) i-h, and (f) i-Co

variables.
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Figure 2(a) shows the removal efficiency of arsenic at different current densities (0.1 to 0.5 A).
Clearly there was no critical change in removal efficiencies at 0.3 or 0.5 A. However, operating
costs and sludge formation also increased with increasing current density. Therefore, taking these
into account, EC might best be performed at 0.3 A. The amount of sludge, and the electrode and
energy consumptions at 0.1 and 0.5 A, respectively, were 0.05 kg/m3, �0.0009 kg/m3, and
�0.5 kWh/m3, and 0.3 kg/m3, �0.1 kg/m3, and �9 kWh/m3. Operating costs at 0.1 and 0.5 A were
calculated as 0.1 and 2.2 $/m3, at 18 minutes, pHi 7.0, initial arsenic concentration 550 μg/L,
column height 8.0 cm, ball size 7.5 mm and air flow rate 6 L/min. Comparisons showed that this
study achieved better results than were reported from others. (Parga et al. 2005) studied removal of
arsenic from groundwater by EC using Al plate electrodes. Their predicted arsenic removal efficiency
was 85% at 62.8 minutes operating time, and energy consumption at optimized conditions (pH: 5,
A/V: 0.284 cm2/cm3, j: 5.78 mA/cm2, Qw: 4.3 L/h) was 1.7 kWh/m3. In a separate study (Alcacio
et al. 2014), conducted using Al plate electrodes, arsenic removal efficiecny rate was 92.6%. Energy
consumption under optimum operating conditions (j: 6 mA/cm2, As: 134 μg/L, Qw¼ 0–1 L/min,
u¼ 0.91 cm/s) was calculated as 1.19 kWh/m3.
Operating time was another parameter affecting arsenic removal in EC. Removal efficiency

increased from 93.0% at 2 mins to 99.5% at 18 mins. Similar results were observed in other runs –

e.g., 80.2% at 2 mins and 99.0% at 18 mins. Energy and electrode consumptions varied with operating
time. At 2 mins they were 0.35 kWh/m3 and 0.002 kg/m3, and at 18 mins 3.5 kWh/m3 and
0.04 kg/m3. Operating costs were calculated at 0.08 and 0.9 $/m3, respectively. As described in
Equation (14), increased operating times increased the process operating costs.
As can be seen in Figures 2(b) and 2(c), the arsenic removal efficiency at different current den-

sities and pHi increased with increasing operating time (0 to 16 min). 85% of arsenic was
removed in the first six minutes of operation and this rose further to almost 95% at 16 minutes
for 0.1 A. 92% arsenic removal efficiency was achieved at pHi 7.5 in the first six minutes of oper-
ation and this increased to 98% at 10 minutes, after which no further change was observed. This
indicates that removal efficiency enhancement with increasing operating time arose because of
increasing aluminum dissolution. Arsenate ions were available in larger quantities at the beginning
of the experiments and formed complexes with aluminum hydroxide easily, leading to rapid
arsenate removal early on.
pH is one of the most significant variables affecting arsenate removal. Maximum removal efficiency

was just over 99% at pH 5.5 but was below 97% at pH 8.5. Under neutral conditions, Al3þ and OH�

react to form various polymeric and monomeric aluminum hydroxide species, which have abundant
surface adsorbent areas for arsenic (Kobya et al. 2006; Mechelhoff et al. 2013). In these conditions,
arsenic removal is dominated by precipitation and adsorption, while under basic pH conditions pre-
cipitation alone was dominant. The pH values after the experiments were almost 7.5. The insignificant
increase in pH associated with the formation of OH� ions and hydrogen gas at the cathode, stabilised
the acid buffer and formed an alkaline solution (Kobya et al. 2011).
The interaction of pH and applied current was investigated using the mathematical model. No sig-

nificant change was observed in the removal of arsenic above pH 7.5 with increase in the applied
current (Figure 2(a)). Arsenic removal efficiency also increased with increasing Qair at lower pH
values, but decreased with increases in both pH and Qair. For instance, removal efficiency at constant
pH 5.5 increased from 87% at 2 L-air/min to 98% at 10 L/min, while removal efficiency at pH 7.0
decreased from 97% at 2 L/min to 86% at 10. Increased air flow rates also reduced electrode con-
sumption and operating costs, while enhancing removal efficiency. Electrode consumption and
operating costs were 0.05 kg/m3 and 1.3 $/m3 at 2 L-air/min, and 0.03 kg/m3 and 1.1 $/m3 at
10 L/min.
The other parameter that affected arsenate removal was the initial arsenic concentration. The

effect of this on removal was studied the concentration range 100 to 1,000 μg-As/L. Removal
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efficiency fell from 94% at 100 μg/L to 86% at 1,000. The contour plot in Figure 2(d) shows that
removal efficiency decreases with increasing initial concentration but increases as the applied cur-
rent is increased.
Removal efficiency also decreased with increasing aluminum anode ball diameter (Figure 2(d)),

varying from 92% at 10 mm to 98% at 5 mm. The 10-minute removal efficiencies for similar operating
conditions (pHi 7.0, ball size 10 mm, current density 0.3 A, initial arsenate concentration 1,000 μg/L
and air flow rate 6 L/min) were just under 90% with a column height of 2 cm and just over 92% with a
column height of 8 cm. The results from other runs suggest that the total anode surface area decreased
with increasing ball size at constant column height, and increased with reactor height at constant ball
size. The maximum removal efficiency observed was with an air flow of 6 L/min and 7.5 mm anode
ball size. The initial arsenate concentration also affected removal efficiency – e.g., it fell from 99% at
100 μg-As/L to 93% at 1,000 μg/L.
Lower pH values lead to faster and better As(V) removal efficiency. The dissolved aluminum con-

centration depends on the pH. Thus, at pH 5 to 6, the solubility of aluminum is low and the dominant
soluble species are Al (OH)4

� and Al3þ. The As(V) removal efficiency decreases due to the formation
of neutrally charged arsenate species and aluminum speciation at high pHs. The As(V) adsorption
capacity in the EC process was 5.3 μg-As/mg-Al.
Operating condition optimization

One of the main goals of this work was to determine the optimum values of variables – i.e., to validate
the optimum conditions to maximize As(V) removal and minimize operating costs. Design Expert
software was operated by setting removal efficiency and operating costs as the goals. In this case,
the optimum values of the variables were; pHi: 6.03, i: 0.11, tEC: 12.5 min, dp: 10 mm, Co: 397.4 μg-
As/L, h: 5.96 cm and Qair: 5.08 L/min. Under these conditions, the responses were 1.26 μg-As/L efflu-
ent arsenic concentration, 99.99% arsenic removal efficiency, 0.25 kWh/m3 energy consumption,
0.01 kg/m3 sludge formation, 0.04 $/m3 OC and 46.6 mg-As/mg-Al for As (V) adsorption capacity.
The final arsenate discharge concentration met the WHO recommendation.
CONCLUSIONS

In this study, BBD was used to optimize As(V) removal from groundwater in a fixed-bed EC reactor
using Al-ball anodes. Some 62 experiments were run to develop a quadratic model. The latter pro-
vided valid assessments, showing a high regression coefficient between the independent variables
and the responses. Of the factors selected, current, operating time, and column height in the EC reac-
tor all have positive effects on As(V) removal. Equally, removal efficiency at low pH values was better
than at higher levels, probably because of the increase in Al-floc formation arising from Al speciation
at different pHs. At the optimized conditions, the new reactor yielded operating costs of 0.758 $/m3

and an arsenate removal efficiency of 99.8%, for an initial concentration of 100 μg-As/L. Thus, the
results indicate that the reactor is effective in the removal of both low and high concentrations of
As(V) from groundwater.
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