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a b s t r a c t

Arsenic contamination of drinking water is a serious problem in many parts of the world. The precip-
itation/coprecipitation method was used for arsenic removal from drinking water by ferric chloride,
ferric sulfate and ferrous sulfate as coagulant. A Box–Behnken statistical experiment design method
was used to investigate the effects of major operating variables such as initial arsenate concentration
(10–1000 �g L−1), coagulant dose (0.5–60 mg L−1) and pH (4–9) were investigated. Experimental data
were used for determination of the response functions coefficients. Predicted values of arsenate removal
ron salts
oagulation
ox–Behnken design

obtained using the response functions were in good agreement with the experimental data. Fe(III) ions
were more effective and economic than Fe(II) ion due to required lower coagulant dose and pH. In the low
initial arsenate concentrations, the highest arsenate removal efficiency was required high ferric chloride
and ferric sulfate dose of 50 and 40 mg L−1, while in the high initial arsenate concentrations, the highest
arsenate removal efficiency was provided at low ferric chloride and ferric sulfate dose of 37 and 32 mg L−1,
respectively. This study showed that Box–Behnken design and response surface methodology was reliable
and effective in determining the optimum conditions for arsenic removal by coagulation and flocculation.
. Introduction

Inorganic arsenic (trivalent arsenic [As(III)] and pentavalent
rsenic [As(V)]) is mostly found in natural waters of many parts
f the world and has been serious problem for its toxicity [1,2].
igh arsenic drinking water areas are reported all over the world

ncluding Bengal Delta Plain (West Bengal, India and Bangladesh)
3–6], United States [7–10], China [11], and New Zealand [12].
ndia and Bangladesh especially, population over 450 million are
t risk of arsenic poisoning [13]. Effects of arsenic exposure via
rinking water include various type of skin lesions, neurological
ffects, peripheral vascular disease, cardiovascular disease, respi-
atory disease, skin and other cancers (bladder, lung, liver), and
mmune system [14–27]. The Environmental Protection Agency
EPA) reduced the maximum contaminant level (MCL) for arsenic
n drinking water from 50 to 10 �g L−1 due to the international cri-
is about arsenic contamination and associated health effects on

umans [28]. According to the last edition of the World Health
rganization (WHO) Guidelines for Drinking-Water Quality (1993),
0 �g L−1 was established as a provisional guideline value for
rsenic [29].
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Natural water sources contained much higher levels of arsenic
(20–3000 �g L−1) than maximum contaminated level set in Turkey
national drinking water standards (10 �g L−1) were determined in
western Turkey. High levels of arsenic in the natural waters were
considered to be associated with the dissolution of some minerals
in the colemanite boron formations [30–32]. Because of the boron
deposits and volcanic formation in the Aegean Region, it is fore-
casted that drinking water sources in this region may have high
concentration of arsenic.

A variety of treatment processes has been developed for arsenic
removal from water. The USEPA has identified seven best available
technologies (BATs), which are given in Table 1. EPA determined
these technologies to be the BATs for the removal of arsenic in
drinking water based on a demonstration of efficacy under field
conditions taking cost into consideration. All of these BATs are for
arsenate (As(V)). Arsenate is relatively easy to remove from water,
since it bears a negative charge in natural waters above pH 2.2, and
is electrostatically attracted to the positive charge on metal hydrox-
ide surfaces [33]. Under reducing conditions at pH less than about
pH 9.2, the uncharged arsenite (As(III)) species will predominate
[1]. Therefore As(III) is less efficiently removed than As(V), so pre-

oxidation is necessary for better removal [34]. This work presents
an evaluation of coagulation with ferric ions for arsenate removal
at different initial arsenate concentrations.

It has been indicated that coagulation is not only effective for
the removal of turbidity and color but also effective for the removal

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Table 1
Best available technologies and their arsenic removal efficiencies [33].

Treatment technology Maximum removal (%)

Activated alumina 95
Coagulation/filtration 95
Ion exchange 95
Lime softening 90
R
E
O

o
fi
f
p
c
t
u
o
t
i
d
B
o
c

c
w
A
i
i
r
i

2

2

T
u
v
s
2
t
t
c
w
(
F
w
a
p

T
C

C

p
T
C
N
I
M
S
C
S

everse osmosis >95
lectrodialysis 85
xidation/filtration 80

f soluble contaminants such as arsenic [35,36]. In this process,
ne particles in water first aggregate into coagulate because added

erric or aluminum ions strongly reduce the absolute values of zeta
otentials of particles. Then, arsenic ions (arsenate or arsenite) pre-
ipitate with the ferric or aluminum ions on the coagulates, and
hus concentrate in the coagulates [36]. Maximization of the coag-
lation process efficiency, thus, arsenic removal by optimization
f the other operating conditions, such as chemical concentra-
ions, operational pH, and initial arsenic concentration, therefore,
s very important. For this aim, the Box–Behnken experimental
esign method was used to find optimum removal conditions.
ox–Behnken experimental design is a response surface method-
logy used for analysis the experimental design data in order to be
orrelated to the independent variables [37].

The major objective of this study is to investigate removal effi-
iencies of arsenate from tap water by precipitation/coprecipitation
ith ferric chloride, ferric sulfate, and ferrous sulfate as coagulant.
Box–Behnken statistical experiment design method was used to

nvestigate the effects of important operating parameters such as
nitial arsenic concentrations, pH, and coagulant doses on percent
emoval of arsenate and to find the combination of variables result-
ng in maximum arsenic removal efficiency.

. Materials and methods

.1. Reagents

Characterization of tap water used in the study is listed in
able 2. All the chemicals were of reagent grade or better and were
sed without further purification. Water samples has been pro-
ided with adding of sodium arsenate (Na2HAsO4·7H2O) as As(V)
ource (purchased from Sigma). Synthetic contaminated water of
mg L−1 concentration was spiked with As(V) was prepared from

ap water. In the experimental studies, this stock arsenic solu-
ion was used after diluted until desire concentration. For the
oagulation experiments all solutions were prepared with distilled
ater and all glassware was previously acid-washed. Ferric chloride

FeCl ·6H O) and ferric sulfate (Fe (SO ) ·5H O) used as source of
3 2 2 4 3 2
e(III) and ferrous sulfate (FeSO4·7H2O) used as source of Fe(II),
ere analytical grade and purchased from Merck or Carlo Erba. An

mount of 500–5000 mg L−1 Fe(III) and Fe(II) stock solutions were
repared for further dilution to obtain a solution of desired con-

able 2
haracterization of tap water used for experiment.

omponents Concentrations

H 8.2
urbidity (NTU) 0.1
hloride (mg L−1) 46
itrate (mg L−1) 3

ron (mg L−1) 0.0343
anganese (mg L−1) 0.0141

odium (mg L−1) 23
onductivity (�S/cm) 463
ulfate (mg L−1) 36
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centrations. Hydrochloric acid (HCl, 37%) and sodium hydroxide
(NaOH) were used to adjust pH.

2.2. Experimental procedure

Coagulation experiments were conducted using the standard
jar test apparatus. A series of jar tests was performed using the
tap water has various As(V) concentrations. Coagulation was car-
ried out with ferric chloride, ferric sulfate, and ferrous sulfate. The
coagulant was added to each 1 L jar containing the sample water
with rapid mixing at 120 ± 2 rpm. After 3 min of rapid mix, 30 min
of slow mixing at 45 ± 2 rpm was provided, followed by at 30 min
of settling. Prior to addition of coagulant, the sample water pH
was adjusted by adding HCl or NaOH. At the end of the settling
period, water samples were taken from the supernatants, filtered
by 0.45-�m pore size membrane filter, and stored for analysis.

2.3. Analytical methods

The determination of arsenic in the influent and effluent
aqueous solutions was performed by the hydride generation pro-
cedure coupled with inductively coupled plasma-atomic emission
spectrometry (HG-ICP-AES), also known as inductively coupled
plasma-optical emission spectrometry (HG-ICP-OES) (Optima 2100
DV). The sodium borohydride reduction procedure instantaneously
converts As+3 to arsine gas; however, at room temperature, the
reduction of As+5 to arsine occurs relatively slow. Therefore, a total
arsenic determination requires a prereductant such as KI to convert
all arsenic to the +3 oxidation state prior to the arsine formation
step [38,39]. Water (20 ml) was first mixed with 2 ml mixture of KI
(5%) and ascorbic acid (5%) and 6 ml HCl (10%) for 30 min at dark
place to reduce As(V) to As(III). Then, 10 ml solution was taken for
the analysis of As(III) concentrations.

2.4. Experimental design and statistical analysis

The Box–Behnken experimental design method was used to
determine the effects of major operating variables on arsenic
removal and to find the combination of variables resulting in max-
imum arsenic removal efficiency. The Box–Behnken design is a
response surface methodology, which is a collection of mathemat-
ical and statistical techniques that are useful for the modelling and
analysis of problems in which a response of interest is influenced
by several variables and the objective is to optimize this response
[40]. This optimization process involves a series of steps: identify
the problem to be solved, determine the factors and levels that
affect the response variable, performing the statistically designed
experiments, and data analysis [41].

For precipitation/coprecipitation process, three important oper-
ating parameters such as initial arsenic concentration, coagulant
dose, and pH were chosen as the independent variables and des-
ignated as X1, X2, and X3, respectively. Initial arsenic concentration

(X1) was changed between 10 and 1000 �g L−1, coagulant dose was
(X2) varied between 0.5 and 60 mg L−1, and pH (X3) was ranged from
4 to 9. As presented in Table 3, the experimental design involved
three parameters (X1, X2 and X3), each at three levels, coded −1,
0, and +1 for low, middle and high concentrations, respectively.

Table 3
Levels of each factor for Box–Behnken.

Independent factors Units Symbol Coded levels

−1 0 +1

Initial As concentration �g L−1 X1 10 505 1000
Coagulant Dose mg L−1 X2 0.5 30.25 60
pH – X3 4 6.5 9
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Table 4
Experimental data points used in Box–Behnken experimental design.

Run Initial As concentration (�g L−1) Coagulant dose (mg L−1) pH

1 1000 30.25 4
2 10 60 6.5
3 505 30.25 6.5
4 1000 30.25 9
5 505 30.25 6.5
6 505 30.25 6.5
7 505 30.25 6.5
8 1000 0.5 6.5
9 505 0.5 9

10 10 30.25 9
11 505 30.25 6.5
12 10 0.5 6.5
13 505 0.5 4
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Table 5
Coefficients for the quadratic model.

Coefficients Values

FeCl3 Fe2(SO4)3 FeSO4

b0 −234.484 −205.18388 103.364
b1 0.032565 0.075553 0.034332
b2 1.107735 1.07981 −0.73751
b3 76.82133 63.37558 −34.6963
b12 0.000138 0.00100331 −0.00007639
b13 0.007051 0.002600606 0.004949
b23 0.320807 0.29687 0.221647
b11 −0.00007098 −0.0000939231 −0.00003590
b22 −0.03398 −0.043741 −0.00445
b33 −6.14048 −4.73016 2.618

Table 6
Observed and predicted As(V) removal efficiency.

No. As(V) removal efficiency (%)

FeCl3 Fe2(SO4)3 FeSO4

Observed Predicted Observed Predicted Observed Predicted

1 10.00 9.73 10.4 23.60 20.70 22.82
2 90.00 75.52 30.00 31.53 0.00 15.24
3 94.85 94.50 94.46 96.00 30.69 28.91
4 84.90 78.48 93.30 90.95 85.20 77.78
5 95.64 94.50 96.44 96.00 30.89 28.91
6 95.25 94.50 95.84 96.00 26.34 28.91
7 92.28 94.50 96.04 96.00 28.71 28.91
8 0.00 14.49 9.00 7.47 24.60 19.36
9 0.00 0.00 6.34 10.22 21.78 34.44

10 50.00 50.28 70.00 56.80 30.00 37.88
11 94.46 94.50 97.23 96.00 27.92 28.91
12 0.00 7.79 0.00 9.32 0.00 0.00
13 2.57 0.00 5.15 0 21.58 24.70
14 10.00 16.43 0.00 2.35 0.00 7.42

T
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P

p

14 10 30.25 4
15 505 60 9
16 505 60 4
17 1000 60 6.5

xperimental points for Box–Behnken statistical design are shown
n Table 4. The centre point in the design was repeated five times
or estimation of errors. In the correlating of the arsenic removal
fficiency (Y) with other independent variables (X1–X3), following
esponse surface function was utilized

= b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3

+ b11X2
1 + b22X2

2 + b33X2
3 (1)

here Y is the predicted response surface function (percent As(V)
emoval), b0 is the model constant, b1–b3 linear coefficients, b12,
13, and b23 the cross product coefficients, and b11, b22, and b33
re the quadratic coefficients. The software Design Expert (Version
.0.0, Stat-Ease Inc., Minneapolis, USA) and Statistica 5.0 were used
or experimental design, determination of the coefficients and data
nalysis.

. Results and discussion

Removal of arsenate (As(V)) from drinking water was investi-
ated by precipitation/coprecipitation using different coagulants.
he effects of important operating variables on percent As(V)
emoval was investigated by using Box–Behnken statistical exper-
ment design. The coefficients of the response function (Eq. (1))
or arsenate removal efficiencies were obtained using experimen-
al data and presented in Table 5. Predicted values of percent
s(V) removal were determined by the response functions with

he obtained coefficients. Table 6 presents a comparison of experi-
ental and predicted values using different coagulants for percent

emoval of As(V). As(V) removal efficiencies were varied between
and 98.10 for ferric chloride and ferric sulfate, 0 and 94.06 for fer-
ous sulfate. The correlation coefficients (R2) between the observed
nd predicted values were obtained as 0.96, 0.97, and 0.92 for ferric
hloride, ferric sulfate, and ferrous sulfate, respectively. Predicted
nd experimental values of As(V) removal were in good agreement
s shown in Table 6.

able 7
nalysis of variance (ANOVA) of response surface quadratic model for used coagulants.

ource FeCl3 Fe2(SO4)3

Mean squares F value p-Value Mean squares

odel 3427.97 20.61 0.0003 3416.07
esidual 166.32 120.67
ack of fit 385.78 223.17 <0.0001 280.19

ure error 1.73 1.03
R2 = 0.9636; adjusted R2 = 0.9169 R2 = 0.9733

-Value less than 0.0500 indicate model terms are significant.
15 97.23 100.00 94.46 100 94.06 90.94
16 4.36 12.42 4.95 1.07 27.92 15.26
17 98.10 90.32 98.10 88.78 30.10 40.64

Table 7 shows the analysis of variance results of the response
surface quadratic model for ferric chloride, ferric sulfate, and cop-
peras. It is evident from Table 7 that the predicted responses fit the
well with those of the experimentally obtained responses. The coef-
ficients of determination (R2) values are 0.9636, 0.9733 and 0.9228
which show that the equations are highly reliable. The p values less
than 0.05 indicate that the model is statistically significant. The
models for three types of coagulant were found to be adequate for
prediction within the range of variable chosen.

3.1. Effect of pH

In order to determine the effect of pH on arsenate removal

efficiency at an initial arsenate concentration of 500 �g L−1, some
experiments were executed. Fig. 1(a–c) depicts the variation of per-
cent arsenate removal with the ferric chloride, ferric sulfate and
ferrous sulfate dose at different pH and a constant initial arsenate
concentration of 500 �g L−1.

FeSO4

F value p-Value Mean squares F value p-Value

28.31 0.0001 996.94 9.29 0.0038
107.28

273.1 <0.0001 245.41 66.71 0.0007

3.68
; adjusted R2 = 0.9389 R2 = 0.9228; adjusted R2 = 0.8235
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Fig. 2. Three dimensional graph of variations of percent arsenate removals with
ig. 1. Response surface plots showing effect of pH on arsenate removal efficiency
ith (a) ferric chloride and a constant initial arsenate concentration of 500 �g L−1;

b) ferric sulfate and a constant initial arsenate concentration of 500 �g L−1; (c)
errous sulfate and a constant initial arsenate concentration of 500 �g L−1.

Percent arsenate removal increased with increasing pH content
p to nearly 7.5, 8, and 9 for ferric chloride, ferric sulfate and ferrous
ulfate, respectively. As it can be seen, in the high acidic and high
lkaline pH for Fe(III) caused lower efficiencies. However, ferrous
ulfate was effective in pH of 9 and form ferrous hydroxide in the
lkaline range. The arsenate removal efficiency decreased at neutral
nd acidic pH values.

.2. Effects of coagulants and initial As(V) concentrations

According to results of Box–Behnken experimental design
ethod for ferrous sulfate (as a source of Fe(II)), ferric chloride and
erric sulfate (as a source of Fe(III)), optimum pH values for maxi-
um arsenate removal were found as 7.5, 8 and 9. Fig. 2(a–c) shows

he variations of percent arsenate removals with initial arsenate
oncentrations at different FeCl3, Fe2(SO4)3 and FeSO4 concentra-
ions and constant pH of 7.5, 8 and 9, respectively.
initial arsenate concentrations at (a) different FeCl3 concentrations and constant
pH of 7.5; (b) different Fe2(SO4)3 concentrations and constant pH of 8; (c) different
FeSO4 concentrations and constant pH of 9.

Pentavalent arsenic exists in anionic form of H2AsO4
−, HAsO4

2−

or AsO4
3− above the pH of 2. Thus, addition of iron coagulants

to water could facilitate the conversion of soluble arsenic species
to insoluble reaction products [43]. These products might form
through three major steps: (i) precipitation in forms of Fe(AsO4)
solid; (ii) coprecipitation where soluble arsenic species were incor-
porated into a growing hydroxide phase via inclusion, occlusion, or
adsorption; and (iii) adsorption involving the formation of surface
complexes between soluble arsenic and the solid hydroxide sur-
face site. In terms of arsenic removal from drinking water, however,
precipitation may not contribute significantly toward the overall
performance. This is because thermodynamics analysis on Fe and As
has suggested that Fe(AsO4) solid could be easily formed in arsenic

contaminated drinking water source [42,43].

It was found in this study that the addition of coagulant caused a
substantial increase in the arsenate removal because the addition of
coagulants facilitate the removal arsenate from the aqueous stream,
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Table 8
Obtained highest arsenate removal efficiencies in the optimum pH and the optimum coagulant dose.

Coagulant type Optimum pH Initial As(V) concentrations

10 �g L−1 500 �g L−1 1000 �g L−1

Dose (mg L−1) Efficiency (%) Dose (mg L−1) Efficiency (%) Dose (mg L−1) Efficiency (%)

FeCl3 7.5 50 88 31 100 37 100
Fe2(SO4)3 8 40 70 28 100 32 100
FeSO4 9 60 63 60 91 58 100

Table 9
Comparison of the experimental and predicted percent arsenate removal for different experimental points.

Coagulant type As(V) concentration (�g L−1) Coagulant dose (mg L−1) pH Efficiency (%)

Observed Predicted
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eCl3 50 30
e2(SO4)3 50 40
eSO4 50 60

y converting the soluble As(V) species into insoluble products. But
bove a certain ferric chloride and ferric sulfate dosage, the increase
n arsenate removal was not significant. FeCl3 dose above 40 mg L−1

nd Fe2(SO4)3 dose above 30 mg L−1 slightly increased percent
rsenate removal. For ferrous sulfate, maximum arsenate removal
fficiency was obtained at maximum coagulant dose. Percent arse-
ate removal increased with increasing coagulant concentration as
result of increasing amount of coagulant with increasing rate or
inetics of particle aggregation and floc formation. Obtained results
t optimum pH values of coagulants are in good agreement with the
alues given in literatures [5,10,11,37].

For the initial arsenate concentration of 10, 500 and 1000 �g L−1,
btained highest arsenate removal efficiencies in the optimum pH
nd the optimum coagulant dose are shown in Table 8. As it can be
een Fe(III) ions are more effective and economic than Fe(II) ion due
o required lower coagulant dose and pH.

In the low initial arsenate concentrations, the highest arsenate
emoval efficiency was required high coagulant dose because of the
ifficulty in inducing collision between the colloids. However in the
igh initial arsenate concentrations, the highest arsenate removal
fficiency was provided at low coagulant dose. The coagulant
equired was relatively small due to higher collision probabilities
f the colloids in the high arsenate concentrations.

Three experiments different from Box–Behnken experimental
esign points were carried out in order to test reliability of the
esponse functions predictions. The results of experiments and
ox–Behnken response functions predictions were compared in
able 9. The three experiments were within the range of indepen-
ent variables but different from design points of Box–Behnken.
s it can be seen, response functions predictions were in good
greement with the experimental results. Therefore, Box–Behnken
tatistical design method was reliable and effective in determining
he optimum conditions.

. Conclusions

Precipitation/coprecipitation method was used for arsenate
As(V)) removal from tap water. Ferric chloride and ferric sul-
ate were used as source of Fe(III) and ferrous sulfate was used
s source of Fe(II). A Box–Behnken statistical experiment design
as used to determine the effects of initial arsenate concentration,

oagulant dose and pH on arsenate removal efficiency. Arsenate

oncentration, coagulant dose and pH were chosen as independent
ariables. The objective functions were the arsenate removal effi-
iencies for three types of coagulants. A Box–Behnken statistical
xperiment design and response surface methodology were effec-
ive in determining the optimum conditions for arsenate removal by
7.5 80 75
8 72 74
9 72 66

coagulation–flocculation method using ferric chloride, ferric sulfate
and ferrous sulfate. Therefore it could be employed to determine
the optimum conditions for arsenate removal while minimising the
number of experiments required.

Experimental results demonstrated that the Fe(III) ions are more
effective for arsenate removal. Optimum pH values for maximum
arsenate removal for ferric chloride, ferric sulfate and ferrous sul-
fate were found as 7.5, 8 and 9. At the constant pH of 7.5, 8 and
9, percent arsenate removal was increased with addition of coagu-
lant as a result of floc formation and surface area. Decreasing initial
arsenate concentration caused increases in required coagulant dose
due to collision between the colloids. At the initial arsenate con-
centration of 10 �g L−1, percent arsenate removal was reached a
maximum level at FeCl3, Fe2(SO4)3 and FeSO4 concentrations of 50,
40 and 60 mg L−1, respectively. For the initial arsenate concentra-
tion of 500 and 1000 �g L−1, percent arsenate removal efficiencies
were obtained 100% at the FeCl3 concentrations of 31 and 37 mg L−1,
Fe2(SO4)3 concentrations of 28 and 32 mg L−1 and FeSO4 concen-
trations of 60 and 58 mg L−1. It was found that in almost all cases,
the arsenic concentration can be reducing down to 10 �g L−1 from
initial concentrations of 1000 �g L−1.
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