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ABSTRACT

Response surface methodology (RSM) with central composite design was used to determine
the significant effects of pH, ferric ion, and initial arsenic concentrations on the removal
efficiency of arsenic by a co-precipitation method. The regression function, with coefficients
calculated by multiple linear regression, was calibrated and validated using external
experimental runs. The correlation coefficients (R2) of the actual vs. predicted arsenic
removal percentages were 0.9871 and 0.9478 for As(III) and As(V), respectively. All major
factors were determined to be significant by analysis of variance, with p-values < 0.01 and
had a district effort on the removal process. Multi-layer response surfaces were developed
to determine the highest removal efficiency. The maximum removal efficiencies for arsenic
species were approximately 100%, achieved by model prediction with a Fe/As mole fraction
of 3.34 at pH 7. These optimized conditions were then applied to remove arsenic from two
industrial wastewater samples, giving efficiencies of 93.98 and 91.48%. The results reveal
that the chosen conditions from the RSM approach are applicable for arsenic removal from
real water samples, without any pretreatment process.

Keywords: Simultaneous removal; Arsenic; Central composite design; Response surface
methodology; Wastewater

1. Introduction

Arsenic is a toxic element that shows detrimental
effects on the environment, and exposure in human
beings is linked to ailments such as skin and lung can-
cer, and other diseases [1]. Many millions of people
have suffered from the effects of toxic arsenic contami-
nants in natural ground water [2,3] in countries such
as Thailand [2], Bangladesh [4–6], USA [4], China [7],

Australia [8], and Colombia [9]. The World Health
Organization and the United States Environmental
Protection Agency have set a 10 µg/L maximum
threshold level for arsenic in drinking water.
Additional forms and higher levels of arsenic contami-
nants can be released into water sources through
human activities such as mining, use of agricultural
pesticides, and refinery operations in the petroleum
industry [10].

Several methods have been studied for removal of
arsenic from water samples, such as co-precipitation
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or coagulation [11–14], adsorption [15–18], membrane
filtration [19], and ion exchange [20–22]. Co-precipita-
tion allows for decreases in turbidity and color
elimination from wastewater and also effective
removal of high degrees of arsenic contaminants, with
an added benefit of being applicable to large-scale
industrial processes. Ferric chloride has been shown
as an effective coagulant for arsenic removal from
water through co-precipitation due to a high removal
efficiency and a wide pH range [12,23]. Removal
efficiencies of almost 99% have been reported for As
(V) [11–13]. However, removal efficiencies of As(III)
are lower than that of As(V) at neutral pH range [11].
Thus, a pre-oxidation process is necessary to oxidize
As(III) to As(V) prior to co-precipitation [24–26].

Obtaining maximum removal efficiencies for
arsenic has been a main propose of several studies,
and these involves systematic evaluation/variation of
conditions affecting removal such as increasing
coagulant dose, adding coagulant aids, and pH
solution adjustment [11]. However, if the selected
factors are shown to be correlated, the conditions
chosen from the experimental work might not be
satisfactory, and therefore misleading [27]. Therefore,
combining careful experimental design with response
surface methodology (RSM) is an effective strategy
for deriving optimized conditions for arsenic removal
using minimal experimentation. Demin et al. [28,29]
demonstrated the application of central composite
design (CCD) combined with RSM analysis to
investigate the significant factors that influenced the
heavy metal removal (Cd2+, Cr6+, Cu2+, Zn2+, and
Ni2+) from aqueous solution using bioremoval
process. Baskan and Pala reported the use of
Box–Behnken statistical experiment design (BBD) to
evaluate optimal conditions for As(V) removal by fer-
ric ions [12], and aluminum sulfate [13]. Jaafarzadeh
et al. were able to utilize volcanic ash adsorbent
modified with Fenton reagent (Fe2+/H2O2) for deter-
mining the removal of As(III) and As(V) ions by
means of factorial experiment design [30]. Khan et al.
studied arsenic removal efficiency using various
adsorbents with the aid of statistical analysis and
factorial design [31]. Such experimental design
approaches for arsenic removal focused only on
As(V) as removal of As(III), especially by co-
precipitation, require pre-oxidation as indicated ear-
lier [25,26]. Oxidizing agents such as hypochlorite or
potassium permanganate should be avoided to mini-
mize treatment costs and prevent additions to the
effluent waste stream. For these reasons, simultane-
ous removal of both arsenic species using an efficient
coagulant (such as ferric ions) should be an attrac-
tive, industrially relevant, treatment process.

The objective of this work is to evaluate the
removal efficiencies of As(III) and As(V) from water
by ferric ions using CCD and study the main effects
including ferric ion concentration, pH, and arsenic
concentration, on the removal process. Besides, the
system might have a serious problem when variables
interact with each other. An experimental design
approach whereby all factors are varied simultane-
ously is an important issue to be considered. The
key advantages of our study are the discovery of an
optimized condition for simultaneous removal of As
(III) and As(V) with the high removal efficiencies
without any pre-oxidation requirement. The regres-
sion function of the removal efficiency relating to the
factors mentioned above was obtained using multiple
linear regression (MLR), with calibration and
validation steps demonstrated using external experi-
mental runs to prevent problems of overfitting.
Additionally, an alternative way to visualize the
several response surfaces was developed using a
superimposition approach for better viewing and
interpretation. Using this, the optimized condition
was determined as the condition having the
highest removal efficiency as presented in the over-
lapped response surfaces for As(III) and As(V). The
chosen condition was then applied to the removal of
arsenic from setup mixtures, and real wastewater
samples.

2. Experimental

2.1. Materials, reagents, and apparatus

Anhydrous iron(III) chloride was supplied by
Merck. Stock solutions of 1,000 mg As(V)/L, and
1,000 mg As(III)/L were purchased from Sigma-
Aldrich. Arsenic concentrations were measured using
an inductively coupled plasma optical emission
spectrometer (ICP-OES, iCAP 6500 DUO, Thermo
Scientific).

2.2. Co-precipitation procedure

Ferric chloride was added, in separate experi-
ments, to 10 mL of arsenic solution (each containing
different concentrations of arsenic) followed by pH
adjustment (HCl and/or NaOH). After that, the mixed
solution was stirred rapidly for few minutes, followed
by slow agitation for 30 min, and then followed by a
precipitation time of 30 min. After co-precipitation, the
solution was centrifuged at 3,200 rpm for 10 min, and
the supernatant was stored for arsenic determination
using ICP-OES.
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2.3. Experimental design

The purpose of using experimental designs is to
deliver as much information as possible with a mini-
mum amount of experimentation and to develop a
mathematical model to represent direct and interactive
effects of the process factors [32]. In this study, the
CCD was chosen for modeling and optimizing the
simultaneous removal of As(III) and As(V) using a
co-precipitant (ferric ions, Fe3+). The setup experi-
ments based on CCD were developed using three
main factors: solution pH (X1), concentration of ferric
ions as co-precipitant (X2), and initial arsenic concen-
tration (X3). All experiments were re-performed in
triplicate to investigate the reproducibility of the data
and to obtain a sound mathematical model. The
domain ranges and the coded levels for the factors
investigated in the study for both As(III) and As(V)
are given in Table 1. In this case, the ranges of the
three factors were chosen based on our preliminary
experiments and previous research [12–15].

2.4. Response surface methodology (RSM)

By convention, the optimization of multifactor
experiments is carried out by varying only a single fac-
tor at a time, while the other factors are fixed at speci-
fic conditions. The optimized conditions could be
achieved in cases where there are no interactions
between factors in experiments; however, individual
factors rarely act independently in relation to the
response. There are several disadvantages of this
approach: it is time consuming, and best optimization
cannot be realized as the interactive effects of all pri-
mary factors are neglected. RSM is an alternative tech-
nique whose main advantage is to represent the
interactive effects of the primary factors correlated to
the response [27]. It is very useful for developing,
improving, and optimizing experimental conditions in
order to obtain the most suitable response. In this
study, the removal efficiency of As(III) and As(V) is

strongly related to the setup factors (pH, concentration
of co-precipitant, and initial arsenic concentration). It
can be considered as a function of y = f(X1, X2, …, Xn)
where y is the response removal efficiency of the sys-
tem and X1, X2, …, Xn are considered in the function
as the individual independent parameters. However,
the interaction and the higher degree of the factors
(e.g. quadratic etc.) can be also included in the function
as model parameters. In our study, the parameters
with individual, interaction, and second-order polyno-
mial terms are constructed in the regression model in
order to find an appropriate approximation of the
function as in the following equation:

y ¼ b0 þ
X

biXi þ
X

biiX
2
i þ

X
bijXiXj (1)

where b0 is the intercept constant coefficient, and bi,
bii, bij are the coefficients for the linear, quadratic, and
interaction effects, respectively.

To obtain the RSM of the process, it involves three
main steps:

Step 1: careful design of the experiments: the sta-
tistically designed experiment using the CCD
described in Section 2.3 is used in this step.

Step 2: evaluating the coefficients of the mathe-
matical regression model: MLR technique [27,33] is
used to calculate the coefficients of each term in the
following regression model equation:

b ¼ ðXTXÞ�1XTy (2)

where T is the transpose operator, X is the experimen-
tal matrix, y is the response vector, and b represents
the vector of the calculated coefficients for all
parameters.

Step 3: calculate the predicted responses using the
obtained regression model to produce the response
surface to extrapolate the optimized condition.

Table 1
Experimental domain for As(III) and As(V)

Factor Symbol

Range and coded level

−1.682 −1 0 1 1.682

pH X1 As(III) 5 6 7.5 9 10
As(V) 4 5 6.5 8 9

[Fe3+] (mg/L) X2 As(III) 23.85 75.00 150.0 225.0 276.0
As(V)

[As] (mg/L) X3 As(III) 14.55 45.45 90.91 136.4 167.3
As(V)
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Moreover, the significance of each parameter and
the adequacy of the model are assessed using the
analysis of variance (ANOVA) approach [34]. Models
and parameters with high F-values and probability
values (Prob. > F) are considered significant. The
correlation coefficient value (R2) is used to evaluate
the quality of the fit of the model [35]. Statistical and
response surface analyses of the removal process
were performed by employing a program developed
in-house using MATLAB (Mathwork, Inc. Version
R2011b).

2.5. Validation of the models

Nine independent experiments, each with three
replications (total = 27 runs) were performed as an
external validation set. The value of each factor in
each experiment was randomly chosen within the
ranges of the experimental domain shown in Table 1.
The predicted response values of the 27 experiments
were obtained using the regression function, and the
correlation coefficient (R2) was used to evaluate the
quality and generality of the model. The optimized
condition was chosen from the generated response
surfaces, and the condition utilized in removal of
arsenic species from prepared mixtures, and wastewa-
ter samples provided by a petroleum company in
Thailand.

3. Results and discussion

3.1. Removal efficiency estimation

The procedure used for arsenic determination in
the test solutions was based on the standard ICP-OES
method [36]. The effect of co-precipitation time was
evaluated over a range of 30 min to 5 h, using 10 mL
of 100 mg As/L, and 1 mL of 1 g FeCl3/L at pH 5.
The removal efficiency defined as a removal percent-
age was calculated from Eq. (3), where Ci represents
the initial concentration of arsenic in solution (mg/L),
and Cr is the residual concentration of arsenic in the
supernatant (mg/L).

Removal percentage ¼ Ci � Cr

Ci
� 100 (3)

The preliminary result (data not shown) revealed the
removal efficiency of both As(III) and As(V) remained
constant over time, and suggested that a precipitation
time of 30 min was suitable for further studies.

3.2. Influence of the major factors in co-precipitation

The removal of arsenic by precipitation and
co-precipitation using ferric ions (Fe3+) has attracted
much attention over many years. This approach has
been recognized as the most effective and practical
method for arsenic removal. Many studies have
focused on the complexation between arsenic species
and ferric ions [37,38], with the mechanism of the pro-
cess being crucially important to the development of
effective co-precipitation processes for arsenic removal.

The first step of the mechanism involves the
dissolution of ferric chloride in the presence of arsenic
species. As in the following equations, arsenic oxyan-
ions can be precipitated in the form of ferric arsenite
(FeAsO3) and ferric arsenate (FeAsO4), while ferric
hydroxide can also be precipitated.

Fe3þðaqÞ þ AsO3�
3 (aq) � FeAsO3(s)

Fe3þðaqÞ þ AsO3�
4 (aq) � FeAsO4(s)

Fe3þðaqÞ þ 3H2O � Fe(OH)3ðsÞ þ 3HþðaqÞ

In addition, ferric hydroxide has a high adsorptive
capacity for As(V) and moderate adsorptive capacity
for As(III) [11]. The arsenic species can associate
with these co-precipitants occurring in solution via
the formation of inner sphere surface complexes
[37,39].

Fe(OH)2(OH)ðsÞ þH3AsO3(aq) � [Fe(OH)2HAsO�
3 ]ðsÞ

þHþðaqÞ þ H2O

Fe(OH)2(OH)ðsÞ þH3AsO4(aq)� [Fe(OH)2AsO2�
4 ]ðsÞ

þ 2HþðaqÞ þ H2O

At certain pH values, the following co-precipitation
processes can take place.

H2AsO�
3 (aq) þ Fe(OH)3ðsÞ� Fe–As complexðsÞ

þOH�ðaqÞ

H2AsO�
4 (aq) þ Fe(OH)3ðsÞ� Fe–As complexðsÞ

þ OH�ðaqÞ

According to the proposed mechanism, the key
parameters for the successful removal of arsenic using
ferric ions are the solution pH, and the concentrations
of ferric ions, and arsenic. The ratio of ferric ions:
arsenic concentration is a crucial factor in the method.
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From the mechanism, it can be noted that the concen-
tration of ferric ions should be higher than the arsenic
species in order to ensure complete co-precipitation.
Furthermore, pH plays an important role in the
co-precipitation process as the distribution and mobil-
ity of solute species, especially As(III) and As(V), are
known to be pH dependent [37]. These parameters
strongly correlate with the co-precipitation mecha-
nism, thus influencing arsenic removal, and therefore
it is critical to determine the optimized conditions for
these major factors for the development of new water
treatment processes.

3.3. Central composite designs

Among the standard experimental design models,
the CCD represents a good option because of its high
efficiency, and being rotatable and orthogonal, which
allows for optimized process conditions to be derived
from a minimum number of required experiments
[34]. CCD construction is simple since they are based
on multilevel factorials, additional axial points and
center points. In our case, the experimental runs were
repeated six times for the center point and three times
for the other points in order to improve the precision
of the experiments, and to ensure good reproducibility
for the removal process and measurement stability.
Therefore, the total number of experimental runs in
our CCD was 48. The experiments were run in a
random manner to minimize background errors gener-
ated by the effects of uncontrolled variables. The
factors and their levels in each experimental run were

constructed based on the experimental domain in
Table 1. From the domain, the working pH ranges for
As(III) and As(V) are slightly different, this being
based on the fact that anionic species such as H2AsO�

3

and H2AsO�
4 could favor co-precipitation. The pre-

dominant aqueous As(III) species is H2AsO�
3 when the

pH is higher than 9.2 (thus the working pH range was
assigned to 5–10), while the predominant aqueous As
(V) species are H2AsO�

4 and HAsO2�
4 when the pH is

between 4 and 10 [2]. The designed matrix and the
average responses (removal efficiency) of each design
point are shown in Table 2. Only small variations in
the detected responses in each run were observed,
suggesting that the measurements were reproducible
with high precision.

A regression model including quadratic parameters
correlating the arsenic removal efficiency with interac-
tive parameters was calculated though MLR. The
proposed constructed function has 10 parameters con-
sisting of one constant effect (intercept), three primary
effects, three curvature effects and three two-factor
interaction effects. After performing MLR to obtain the
parameter coefficients, the following quadratic regres-
sion model shown in Eqs. (4) and (5), calculated using
coded values, can be used to express the removal
efficiency of As(III) and As(V), respectively.

yAsðIIIÞ ¼ 81:65þ 1:53X1 þ 18:51X2 � 10:40X3 � 1:89X2
1

� 8:09X2
2 � 0:97X2

3 þ 0:02X1X2 þ 0:20X1X3

þ 2:97X2X3 (4)

Table 2
The designed matrix and the responses for a CCD for As(III) and As(V) removal

Experimental run

Coded level % Removala

X1 X2 X3 As(III) As(V)

1 −1 −1 −1 63.33 ± 0.71 99.07 ± 0.10
2 1 −1 −1 70.30 ± 0.32 84.76 ± 0.42
3 −1 1 −1 92.92 ± 0.21 99.90 ± 0.00
4 1 1 −1 96.73 ± 0.11 98.60 ± 0.03
5 −1 −1 1 37.73 ± 0.48 49.17 ± 0.97
6 1 −1 1 42.25 ± 0.36 42.58 ± 1.98
7 −1 1 1 75.95 ± 0.30 99.14 ± 0.23
8 1 1 1 83.82 ± 0.17 87.76 ± 0.20
9 0 0 0 81.58 ± 0.42 94.60 ± 2.97
10 0 −1.682 0 24.41 ± 0.60 25.39 ± 0.66
11 0 1.682 0 93.99 ± 0.09 99.38 ± 0.03
12 0 0 1.682 61.94 ± 0.10 66.99 ± 0.49
13 0 0 −1.682 96.75 ± 0.76 99.72 ± 0.10
14 −1.682 0 0 77.43 ± 0.45 99.78 ± 0.05
15 1.682 0 0 76.09 ± 0.74 76.52 ± 1.45

aAn average and variation of removal percentage for As(III) and As(V) (n = 3).
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yAsðVÞ ¼ 94:06� 5:32X1 þ 17:15X2 � 11:62X3 � 0:96X2
1

� 10:07X2
2 � 2:66X2

3 þ 1:03X1X2 � 0:29X1X3

þ 10:06X2X3 (5)

The sign of the coefficient (positive or negative) indi-
cates the direction of the effect. A positive effect
means that the response is enhanced when the
parameter level increases, and a negative effect shows
that the response is reduced when the factor level
increases. The size of the effect is denoted by the
magnitude. Basically, parameters that are demonstra-
bly larger in magnitude will have greater significance
compared with small magnitude parameters. Interest-

ingly, the opposite coefficient signs of X1 factor (solu-
tion pH) which is positive for As(III) and negative for
As(V) were noticed. This suggests that monovalent
anions (H2AsO�

3 and H2AsO�
4 ) are preferred in the co-

precipitation process. For As(III), when the pH is
increased from 7 to 10, the relative fraction of
H2AsO�

3 increases, meanwhile in case of As(V), when
the pH is lowered from 9 to 4, the fraction of H2AsO�

4

increases [2]. This observation was in a good agree-
ment with experimental results reported by Meng
et al. [39]. Thus in this case, a “One-factor at a time”
method is not satisfactory for simultaneous removal of
As(III) and As(V), therefore it is necessary to apply
the RSM approach.

Table 3
ANOVA of the quadratic regression model for As(III) and As(V) to determine the significance of the effects in the system

Parameters Sum of squares DFa Mean square F-value p-value

As(III) removal
Model 20,831.91 9 2,314.66 321.98 <0.0001b

X1 96.22 1 96.22 13.38 0.0008b

X2 14,042.32 1 14,042.32 1,953.33 <0.0001b

X3 4,435.23 1 4,435.23 616.95 <0.0001b

X2
1 132.07 1 132.07 18.37 0.0001b

X2
2 2,427.03 1 2,427.03 337.61 <0.0001b

X2
3 35.16 1 35.16 4.89 0.0331c

X1X2 0.01 1 0.01 0.00 0.9643c

X1X3 0.99 1 0.99 0.14 0.7125c

X2X3 211.92 1 211.92 29.48 <0.0001b

Residual 273.18 38 7.19
Lack of fit 266.87 5 53.37 279.02 <0.0001b

pure error 6.31 33 0.19
Total 21,105.09 47
R2 0.9373

As(V) removal
Model 24,400.34 9 2,711.15 76.73 <0.0001b

X1 1,160.53 1 1,160.53 32.85 <0.0001b

X2 12,054.13 1 12,054.13 341.17 <0.0001b

X3 5,533.66 1 5,533.66 156.62 <0.0001b

X2
1 34.26 1 34.26 0.97 0.3310c

X2
2 3,755.95 1 3,755.95 106.30 <0.0001b

X2
3 261.72 1 261.72 7.41 0.0097b

X1X2 25.35 1 25.35 0.72 0.4023c

X1X3 2.06 1 2.06 0.06 0.8103c

X2X3 2,428.99 1 2,428.99 68.75 <0.0001b

Residual 1,342.61 38 35.33
Lack of fit 1,305.11 5 261.02 229.69 <0.0001b

Pure error 37.50 33 1.14
Total 25,742.95 47
R2 0.9478

aDegree of freedom.
bSignificant at p < 0.01.
cNot significant at p > 0.01.
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To evaluate the significance of the effects (parame-
ters) on the process, ANOVA was performed. The
results of ANOVA calculations through F-statistics
and p-values for the quadratic models of As(III) and
As(V) are shown in Table 3. High F-values and low
pure errors are considered as required fit criteria for
an applicable model. In the study, the model with
F-values of 321.88 and 76.73 for As(III) and As(V),
respectively, implies significance with only <0.01%
chance that the large model F-value could occur due
to noise. The model parameters are predicted to be
significant for p-value less than 0.01, while greater
than 0.01 are not significant. The significant model
parameters for both arsenic species are indicated in
Table 3, highlighted by a superscripted “s” symbol.
From the ANOVA test, it is evident that the linear
parameters of pH (X1), concentration of ferric ion (X2),
and initial concentration of arsenic species (X3) are sig-
nificant with small p-values (<0.0001) for both As(III)
and As(V) removal. This denotes that the chosen fac-
tors have high proportionality in relation to the
removal efficiency, and the domain of the chosen fac-
tors is reasonable to be used for an approximation of
the regression model. In fact, the factor pH plays an
important role in the system as mentioned earlier.
Only the quadratic parameter for ferric ion concentra-
tion is significant for the removal of arsenic species.
The sign and significant effect of the parameter X2

(b2 > 0 and b22 < 0) indicates that there is an optimized
point of X2 in the experimental domain giving the
highest removal efficiency. As seen by the co-precip-
itation mechanism, the higher the molar ratio of ferric
ions to other components, the greater the removal effi-
ciency. Additionally, it should be noted that only
interaction effect (X2X3) was shown to significantly
affect the response, as indicated by the p-value
(<0.0001). The interaction refers that the concentration
of ferric ions (X2) has a different effect on the removal
efficiency, depending on the concentration of arsenic
species (X3). By considering the sign of X2, X3 and this
interaction terms, it indicates that the good response
can be obtained by increasing effect of X2 and decreas-
ing effect of X3. This observation is substantiated by
the fact that a higher molar ratio of Fe/As facilitates
the favorable co-precipitation process [11].

Examination of the correlation coefficients (R2) has
a quality of fit of 0.9871 and 0.9478 for As(III) and As
(V), respectively. A correlation plot of the predicted
vs. actual arsenic removal percentage is shown in
Fig. 1(A). The actual values are the measured response
data for particular runs, and the predicted values were
evaluated using the regression function generated in
Eqs. (4) and (5) to calibrate the model. In this study,
we refer to this step as the model calibration. The

results indicate that the model provides a sufficient
representation of the real relationship among these
variables. The accumulation of the points around the
fitted line indicates a satisfactory correlation between
the experimental data and the predicted values,
demonstrating that the regression model is appropri-
ate for predicting the response.

The regression model was generated and calibrated
using the experimental points in the domain, as listed
in Table 1. However, there is no guarantee that the
model can be used to predict correctly the response of
experiments undertaken using different conditions. A
validation protocol is therefore necessary to describe
the generality of the model, and to prevent errors
from overfitting [40]. This protocol is required prior to
producing the response surface in order to determine
the real-optimized conditions, as it shows the ability
to reproduce the system in either different laboratories
or under different experimental circumstances. In this
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Fig. 1. Correlation of the actual (observed) and the pre-
dicted removal percentages for As(III) and As(V) repre-
sented in blue circle ( ) and red triangle ( ), respectively,
using the calculated regression model for (A) calibration
and (B) validation.
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case, the regression model was validated using nine
extra experiments, with 3 replicates in each experi-
ment generating 27 total runs. The experimental
conditions were randomly chosen within the range of
the experimental domain (Table 1) but not using the
same points in the calibration set. Table 4 highlights
the experimental conditions and the corresponding
responses of the validation set for As(III) and As(V),
with the correlation plot of the predicted and
observed arsenic removal percentages being shown in
Fig. 1(B). From this, the correlation coefficients (R2)
are 0.9326 and 0.9624 for the removal of As(III) and
As(V), respectively, indicating that the R2 is improved
for As(V) and slightly decreased for As(III). However,
the good correlation between predicted and observed
response, especially for the external validation set,
suggests that the obtained regression function (Eqs. (4)
and (5)) does not suffer from overfitting and can be

applied to the derivation of optimized conditions for
the recovery of As(III) and As(V).

3.4. Response surface methodology (RSM)

The main objective of the RSM method is to facili-
tate the optimum condition from the response surface
influenced by various factors, and to quantify the rela-
tionship between the controllable input parameters
and the corresponding response surfaces. To have a
better illustration of the results and to understand the
relationships between the major factors, three-dimen-
sional response surface plots of the As(III) and As(V)
removal percentages are presented in Fig. 2(A) and
(B), respectively. Generally, the axes in the surface plot
can be selected as interaction statements having the
largest absolute coefficients in the model, and
p-values < 0.01. In our case, only the interaction of

Table 4
The designed matrix and the responses of the nine extra experimental set for As(III) and As(V) removal to use for the
model validation. (X1 = pH, X2 = ferric ion concentration, and X3 = initial concentration of arsenic)

As(III) As(V)

Run

Actual value (coded value)

Response Run

Actual value (coded value)

ResponseX1 X2 X3 X1 X2 X3

1 9.4 (1.3) 150 (0) 90 (0) 89.83 1 7 (0.34) 225 (1) 90 (0) 98.30
2 9.4 (1.3) 150 (0) 90 (0) 88.87 2 7 (0.34) 225 (1) 90 (0) 98.51
3 9.4 (1.3) 150 (0) 90 (0) 89.57 3 7 (0.34) 225 (1) 90 (0) 98.12
4 7 (−0.3) 225 (1) 90 (0) 96.05 4 5 (−1) 150 (0) 90 (0) 98.93
5 7 (−0.3) 225 (1) 90 (0) 95.82 5 5 (−1) 150 (0) 90 (0) 99.07
6 7 (−0.3) 225 (1) 90 (0) 95.98 6 5 (−1) 150 (0) 90 (0) 99.16
7 7.7 (0.1) 225 (1) 45 (−1) 98.93 7 5 (−1) 75 (−1) 90 (0) 64.04
8 7.7 (0.1) 225 (1) 45 (−1) 99.02 8 5 (−1) 75 (−1) 90 (0) 66.74
9 7.7 (0.1) 225 (1) 45 (−1) 99.09 9 5 (−1) 75 (−1) 90 (0) 68.17
10 5.2 (−1.5) 150 (0) 90 (0) 82.63 10 7.7 (0.81) 75 (−1) 45 (−1) 84.10
11 5.2 (−1.5) 150 (0) 90 (0) 83.76 11 7.7 (0.81) 75 (−1) 45 (−1) 83.51
12 5.2 (−1.5) 150 (0) 90 (0) 83.79 12 7.7 (0.81) 75 (−1) 45 (−1) 84.85
13 7.7 (0.1) 225 (1) 135 (1) 90.89 13 7.7 (0.81) 225 (1) 45 (−1) 98.86
14 7.7 (0.1) 225 (1) 135 (1) 90.79 14 7.7 (0.81) 225 (1) 45 (−1) 98.81
15 7.7 (0.1) 225 (1) 135 (1) 90.69 15 7.7 (0.81) 225 (1) 45 (−1) 99.02
16 7.7 (0.1) 75 (−1) 135 (1) 47.91 16 5.2 (−0.87) 150 (0) 90 (0) 98.39
17 7.7 (0.1) 75 (−1) 135 (1) 47.43 17 5.2 (−0.87) 150 (0) 90 (0) 98.82
18 7.7 (0.1) 75 (−1) 135 (1) 47.50 18 5.2 (−0.87) 150 (0) 90 (0) 98.73
19 9 (1) 75 (−1) 90 (0) 53.55 19 5.2 (−0.87) 150 (0) 14 (−1.7) 99.76
20 9 (1) 75 (−1) 90 (0) 53.55 20 5.2 (−0.87) 150 (0) 14 (−1.7) 99.89
21 9 (1) 75 (−1) 90 (0) 53.55 21 5.2 (−0.87) 150 (0) 14 (−1.7) 99.91
22 6 (−1) 150 (0) 90 (0) 76.20 22 7.7 (0.81) 225 (1) 135 (1) 91.52
23 6 (−1) 150 (0) 90 (0) 76.20 23 7.7 (0.81) 225 (1) 135 (1) 91.49
24 6 (−1) 150 (0) 90 (0) 76.20 24 7.7 (0.81) 225 (1) 135 (1) 92.32
25 6 (−1) 225 (1) 90 (0) 87.90 25 7.7 (0.81) 75 (−1) 135 (1) 33.26
26 6 (−1) 225 (1) 90 (0) 87.90 26 7.7 (0.81) 75 (−1) 135 (1) 34.27
27 6 (−1) 225 (1) 90 (0) 87.90 27 7.7 (0.81) 75 (−1) 135 (1) 32.42
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X2·X3 is significant from the ANOVA test. Plotting the
surface response using the interaction of factors X2

and X3 might not provide an adequate interpretation
as the individual factor X1 (pH) is also significant and,
interestingly, opposite signs for the parameter coeffi-
cient are observed for As(III) and As(V). Moreover,
the initial arsenic concentrations may vary in different
applications. Therefore, we attempt to present all
interactions in one surface plot by setting the x- and
y-axis to be X1 (pH) and X2 (ferric ion concentration),
respectively, together with the surface layers corre-
sponding to the different initial arsenic concentrations
being superimposed in order to include all interac-

tions of factors X1, X2, and X3. Fig. 2 shows that
the removal efficiency increases on increasing
the co-precipitant concentration, while it remains
unchanged at different pH values. However, the
recovery efficiency varies dramatically with initial
arsenic concentration, especially for the removal pro-
cess of As(V). From the superimposed surface plots, it
can be noted that the removal efficiency decreases as
the initial arsenic concentration is increased. This is in
good agreement with the regression functions (Eqs. (4)
and (5)) where a negative sign for factor X3 was
observed in both removal processes. Consequently,
the highest removal percentage will be found when
the initial arsenic concentration is lowest.

To better visualize how the optimized conditions
were obtained, the superimposed contour plots of the
removal percentages using the lowest initial arsenic
concentration are shown in Fig. 3. The surface contour
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Fig. 2. Estimated response surface of the arsenic removal
percentage by plotting pH vs. ferric ion concentration with
superimposition of surface layers which represent different
initial arsenic concentrations for (A) As(III) and (B) As(V).

Fig. 3. Superimposition of response surfaces of the arsenic
removal percentages by plotting pH vs. ferric ion concen-
trations at the lowest initial arsenic concentration for As
(III): solid line, and As(V): dotted line. X-axis is labeled as
the range of pH with lower bound: pH for As(V), and
higher bound: pH for As(III). The range of the optimal
conditions for arsenic removal is chosen from the over-
lapped area labeled in orange.

Table 5
The prepared mixtures of As(III) and As(V) and wastewater provided from petrochemical industry, the amount of total
arsenic in wastewater is determined by ICP-OES

As species

Mixtures of As(III) and As(V) Wastewater

1 2 3 4 5 6 TK80 TK81

As(III) (mg/L) 90.00 72.00 54.00 36.00 18.00 0.00 – –
As(V) (mg/L) 0.00 18.00 36.00 54.00 72.00 90.00 – –
Total As (mg/L) 90.00 90.00 90.00 90.00 90.00 90.00 66.31 68.16
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plots were obtained by varying simultaneously the
two factors which are pH and ferric ion concentration.
Only the range of preset pH (pH 4–10) and Fe dosage
(24–276 mg/L) was considered and was used to calcu-
late the removal efficiency. Solid and dotted lines in

the contour plot represent the responses of As(III) and
As(V), respectively, and the x-axis is labeled as the
solution pH range in accordance with the different pH
domains in the CCD (lower bound: pH for As(V) and
upper bound: pH for As(III)). A perfect removal
efficiency (100%) was found at the high ferric ion con-
centration, and over a pH range of 6–8 for both
arsenic species. The area of 100% removal efficiency
for As(V) is broader than that for As(III) because As
(V) can more easily attach to the surface of ferric
hydroxides, as reflected by the equilibrium constants
(log K) of surface complexes of −3.1 for As(III), and
0.6 for As(V) [39]. Optimized conditions for simultane-
ous removal of As(III) and As(V) were chosen from
the overlapped contour area (labeled in orange). From
this, pH 7 and a ferric ion concentration of 225 mg/L
(corresponding to 0.4 mg As removed/mg Fe3+ used)
were identified as the optimum conditions for simulta-
neous As(III) and As(V) removal.

3.5. Application in mixtures and wastewater samples

The maximum removal efficiency of As(III) and As
(V) was predicted from the RSM method using the fol-
lowing conditions: pH 7 and a ferric ion concentration
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Fig. 4. Results of arsenic recovery percentages for the mix-
tures (Mix 1–6), and the wastewater provided from petro-
chemical industry (TK80 and TK81) determined using the
optimal conditions obtained from the RMS method (pH 7
and 225 mg/L of ferric ions).

Table 6
Comparison of removal efficiencies of As(III) and As(V) using an experimental design approach

As species Method
Experimental
design Major factors

Removal
efficiency

As(V) [12] Coagulation Box–Behnken pH 91–100%
Flocculation Coagulant dose (Fe2+, Fe3+)

As concentration (10 μg/L−1 mg/L)
As(V) [13] Coagulation Box–Behnken pH 91–100%

Coagulant dose (Al3+)
As concentration (10 μg/L−1 mg/L)

As(III), As(V) [30] Oxidation–
adsorption

Factorial design pH 39 µg AsIII/mg
Time 41 µg AsV/mg
Fe2+/H2O2 dose

Not specified oxidation
state [31]

Adsorption Factorial design Time 85–98%
Temperature
pH
As concentration (0.01–0.1 mg/L)

As(III), As(V) [41] Adsorption Box–Behnken pH 41 µg AsIII/g
As concentration (0.5–1 mg/L) 49 µg AsV/g
Temperature

As(III) [42] Electro-
coagulation

CCD Current density >99.94%
pH [As] = 0.5 mg/L
Aeration intensity
Operating time

As(III), As(V) [This work] Co-precipitation CCD pH 92–100%
Coagulant dose (Fe3+)
As concentration (14–90 mg/L)
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of 225 mg/L. Six mixtures of As(III) and As(V) at
different ratios, and wastewater samples from the pet-
roleum industry were used in order to demonstrate
the efficiency and effectiveness of the removal process.
For the study, the total arsenic concentration in each
mixture was maintained at 90 mg/L and the arsenic
concentration in the wastewater samples (66–68 mg/L)
was determined using ICP-OES. The sample details
are shown in Table 5. Recovery percentages of the
experiments, including the variations performed at the
optimized condition settings, are illustrated in Fig. 4.
For the mixture samples, the recovery percentage of
arsenic species is in range of 88–98% with small stan-
dard variation (error scaled bar) as calculated from
three repeated runs. This indicates that the chosen
conditions are promising, from the high removal effi-
ciency and good reproducibility. Interestingly, a
decrease in removal efficiency in mixtures with higher
ratio of As(III) occurred, due to the low equilibrium
constant for surface complex formation [39]. In case of
the wastewater samples, more than 90% removal was
observed using the optimized conditions. The real
samples contained As(III), As(V), and organic arsenic
(unpublished data) which could possibly affect the
removal efficiency. In addition, the samples might
contain phosphate ions which affected the removal
efficiency [11].

The comparison of our finding with the literature
for the arsenic removal is presented in Table 6. This
indicated the usefulness of the RSM method in the
derivation of such conditions, and outlining the poten-
tial of co-precipitation as a low cost, environmentally
cleaner industrial wastewater treatment process for
arsenic removal.

4. Conclusion

A co-precipitation method using ferric ions for the
effective and simultaneous removal of As(III) and As
(V) species from wastewater was developed. CCD was
set up to investigate the effects of solution pH, ferric
ion, and initial arsenic concentrations on the removal
efficiency. The regression model was calculated and
validated using external experimental runs to address
the concerns regarding the potential for overfitting.
The correlation coefficients (R2) value of the regression
model shows a good fit of the models with experimen-
tal data for As(III) and As(V). The parameters selected
by ANOVA show significant effects on the removal
efficiency. In addition, pH and ferric ion concentration
established to strongly influence the removal process.
The response surface method was performed to
investigate the effects of all interaction and to facilitate

the optimized condition on the removal efficiency. The
optimal conditions (pH 7 and 0.4 mg As removed/mg
Fe3+ used) for simultaneous removal of As(III) and As
(V) were derived from the overlapping contour
regions having perfect removal efficiencies. Applica-
tion of these conditions for arsenic removal from real
samples resulted in more than 90% removal efficiency,
without the necessity for addition of further oxidizing
agent. Such co-precipitation processes therefore have
real potential for integration into large-scale water
management practices, with the added benefit of being
lower cost and more environmentally benign.
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