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ABSTRACT

The present work deals with removal of arsenic from aqueous solutions by ultrafiltration
assisted with polyacrylamide as an environmental friendly complexing polymer. The system
performance was evaluated in relation to quality of permeate in terms of operating variables
as feed concentration of arsenic ions (Co, μg L

−1), ratio of polymer to arsenic (r, w/w), and
pH of feed solution. The effect of the operating variables and maximum arsenic removal
efficiency was determined by adopting design of experiments and response surface method-
ology under different conditions for this polymer. The experimental data were analyzed
with a second order polynomial model validated by statistical analysis. Based on the
response model developed, the maximum removal efficiency, close to 100%, of arsenic ions
has been obtained at optimum operating parameters as Co: 150 μg L−1, r: 2, and pH 10.

Keywords: Arsenic removal; Ultrafiltration; Polyacrylamide; Complexation; Response surface
model

1. Introduction

Arsenic (As) in natural water is a worldwide prob-
lem since long-term exposure to elevated As concen-
trations threaten human health [1,2]. About 70million
people are suffering from an As problem in drinking
water especially in South Asia, including India, Ban-
gladesh, and also China [3]. Because of lethality to
human health, The World Health Organization has set
a provisional guideline value for As, at 10 μg L−1 as
the maximum contaminant level in drinking water [4]

and this standard level has also been implemented by
the European Union and USEPA [5].

Several treatment methods, especially oxidation/
precipitation, coagulation, adsorption, ion-exchange,
nanofiltration, and reverse osmosis have been applied
to comply with this As standard level [6–10]. These
processes have some significant drawbacks, which are
for instance incomplete removal of As, production of
toxic sludges that can be a further potential source for
secondary As pollution, and a high energy require-
ment [1,11–13]. However, integrated systems and
hybrid technologies coupled with membrane filtration
have recently drawn more attention because of success
in reducing As levels to desired standard levels [14].*Corresponding author.
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Complexation and ultrafiltration (UF) is a hybrid
pressure-driven membrane technology based on the
complexation of metal ions with water soluble poly-
mers in combination with UF. This technology has
demonstrated its effectiveness in removing heavy met-
als from aqueous solutions [11,15,16]. This process is
also defined as polymer enhanced ultrafiltration
(PEUF) or polymer assisted UF process. Since the pore
size of UF membranes are not appropriate to separate
heavy metals, a water soluble polymer is used to com-
plex with metallic ions and form a macromolecular
structure, having a higher molecular weight than the
molecular weight cut-off (MWCO) the UF membrane
[15,16]. The advantages of complexation and UF pro-
cess over the other treatment technologies include
high separation selectivity [17,18] and a low energy
requirement [11,18,19].

Although successful applications of heavy metal
removal by complexation and UF have been reported
in the literature [11,16,20], studies on As removal with
complexation and UF are quite limited [16,21,22].
Sánchez and Rivas [23] studied arsenate retention by
P(ClAETA) polymer, and high As removal was
obtained for low feed As concentrations. In another
study, cationic polymer poly (diallyldimethyl ammo-
nium chloride) polyelectrolyte has been used to inves-
tigate the removal of As (V) from dilute aqueous
solutions. It has been reported in the study that 99.5%
removal efficiencies were achieved and the efficiency
increases with increasing polymer concentration [21].
The published literature lacks any report on the per-
formance of complexation and UF on As removal
using polyacrylamide (PAM) as an environmental
friendly complexation agent.

The main parameters that affect the complexation
and UF process are pH, polymer loading ratio, exis-
tence of other metal ions, temperature, membrane
type, trans-membrane pressure, and polymer concen-
tration [24]. The conventional experimental approach
for evaluating the process variables in complexation
and UF experiments requires a large number of trials
that are very time consuming. However, using design
of experiments with response surface methodology
(RSM) approach allows the evaluation of the relative
significance of several variables together with a small
number of experiments. RSM is an effective tool for
the investigation, modeling, and optimization of com-
plexation and UF processes [25]. RSM obtains the sta-
tistical design of experiments in which all factors are
varied simultaneously over a set of experimental runs,
provides estimation of coefficients in the mathematical
model based on experimental design, checks the
adequacy of the developed model, and predicts the

response and optimization of experimental conditions
using the valid model [26].

The present work deals with removal of As from
aqueous solutions by complexation using PAM as a
water soluble polymer and UF process. PAM is usu-
ally used as a flocculation agent in water and waste-
water treatment and offers no systemic toxicity to
aquatic life [27]. The main objective of this study is to
fulfill the need in the literature for As removal with
PEUF using PAM polymer. In this study, PAM was
used to generate the macro-molecular metal complexes
as an environmental friendly alternative polymer. The
effect of operating variables and maximum As
removal efficiency were determined by adopting
design of experiments and RSM to analyze the effec-
tiveness of the system under different conditions for
this polymer. The experimental data were analyzed
with a second order polynomial model validated by
the analysis of variance (ANOVA) statistical analysis.
The system performance was evaluated in relation to
quality of permeate, in terms of operating variables as
feed concentration of As ions (Co, μg L−1), ratio of
polymer (PAM) to As (r, w/w), and pH of feed
solution.

2. Materials and methods

2.1. Materials and membranes

All chemicals used in experiments were of analyti-
cal reagent grade, and all feed solutions were pre-
pared using ultra-pure water. Na2HAsO4·7H2O salt
(Mw: 312.01 g/mol, Sigma–Aldrich) was used to
prepare the synthetic aqueous solutions of As. For the
initial pH arrangement of feed solutions, 0.2M and
0.02M nitric acid and sodium hydroxide solutions
were used. In the experiments, PAM polymer with an
average molecular weight of 10,000 (PAM, 50 wt% in
H2O, Sigma–Aldrich) was used as complexing agent.
The UF membranes used in experiments were made
of regenerated cellulose with a MWCO of 5 kDa. The
diameter of the UF membrane was 63.5 mm with an
effective area of 31.6 cm2 for dead-end filtration.

2.2. Complexation and UF experiments

Complexation and UF experiments were designed
to observe the effects of operating conditions on As
retention. The operating variables were feed concen-
tration of As ions (Co, μg L−1) between the ranges of
150–500 μg L−1, ratio of polymer (PAM) to As (r, w/w)
was between 2 and 5, and pH of feed solution was in
the range 4–10. As levels were selected based on the

B. Varol and N. Uzal / Desalination and Water Treatment 56 (2015) 736–743 737



groundwater As concentrations in Turkey, which are
usually lower than 500 μg L−1 [28]. UF experiments
were performed in a batch-stirred filtration cell
(Amicon 8200, Millipore). The complexing polymer
was added to the feed As solution at the determined
concentration before filtration and then pH was fixed
at the required pH level. The volume of the As solu-
tion used in UF experiments was 250mL. In each
experiment, the solution was stirred gently for about
1 h to achieve complex formation. After complexation,
150mL feed solution was introduced to the dead-end
filtration cell. Dead-end cell was stirred slowly to pre-
vent the formation of concentration polarization.
Dead-end UF experiments were carried out at 300 kPa
pressure and 25 ± 2˚C temperature conditions. After
each experiment, the membrane was thoroughly
washed, in situ, by ultra-pure water. The UF cell was
dismantled thereafter, and the membrane was washed
in ultra-pure water between experiments, and the
membranes were used repeatedly till the flux decline
was over 5%. The experiments ended when the 30mL
volume of permeate was collected. The feed and
permeate samples were then analyzed for their As
content. The removal efficiency (denoted by Y) of As
was determined in experiments as follows:

Yð%Þ ¼ 1� Cp=Co

� �� 100

where Cp: permeate concentration As ions (μg L−1)
Co: feed concentration of As ions (μg L−1)

2.3. Analytical methods

The concentrations of As ions in feed and
permeate solutions were measured by Agilent 7500ce
Inductively Coupled Plasma-mass Spectrophotometer
(ICP-MS) which is an instrument combining a high-
temperature ICP source with a mass spectrometer. A
pH meter (Thermo Scientific, Orion 3 Star) was used
for pH measurements of feed and permeate solutions
throughout the study.

3. Results and discussion

The removal of As with UF process was carried out
using the central composite experimental design
(CCD). In the design of the experiments, Design Expert
(Trial Version 6.0.7, Stat Ease, Inc., USA) was used for
regression and graphical analyses of the data obtained.
The experimental factors taken into account were as
follows; feed concentration of As ions (Co, μg L−1), ratio
of polymer (PAM) to As (r, w/w), and pH of feed
solution. The ranges of operating parameters and the

levels of the independent and controllable variables
examined in this study are given in Table 1.

The data obtained from the experimental runs as
mentioned above were fitted to a historical design for
the application of RSM. A CCD of orthogonal type,
which is widely used in statistical modeling to obtain
response surface models that set the mathematical rela-
tionships between response and design variables, was
also employed in this study for planning the experi-
ments. The experimental plan is shown in Table 2,
where the operating ranges and the levels of the con-
sidered variables are given in actual and coded values.
The CCD experimental design consists of 16 experi-
ments with 8 orthogonal design points, 6 star points
with α = 1.215 and for the replication 2 center points.

Multiple Linear Regression has been used to com-
pute the regression coefficients of the response model.
The estimation of regression coefficients can be calcu-
lated by using the following Eq. (1) [29–31] :

�b ¼ ð��XT ��XÞ�1 ��X
T
�y (1)

where is a (L×1) vector of regression coefficients, is a
(N×L) extended design matrix of the coded levels of
input variables, is a (N×1) column vector of response
determined experimentally according to the arrange-
ment points into CCD, N is the number of experimen-
tal runs, and L is the number of regression coefficients
within the response surface model. Therefore, the qua-
dratic regression model with coded variables has been
constructed and may be written as follows (Eq. (2)):

�Y ¼ 39:11� 2:08 x1 � 0:83 x2 þ 18:98 x3 þ 0:76 x1x2
� 9:31 x1x3 � 1:74 x2x3 þ 18:56 x21 þ 4:20 x22
þ 12:70 x23 (2)

Subject to: −α ≤ xj≤ +α; j = 1, 2, 3;
where x1, x2, and x3 are the coded levels of process vari-
ables and α equals to 1.215, is the “star” point in central
composite design that gives the limits of the valid
region. The empirical model with actual factor values is
as follows (Eq. (3)) where the empirical coefficients
depend on the operating range of each input variable:

�Y ¼ 110:162� 0:292Co � 11:864r� 6:315pHþ 0:003Cor

� 0:018CopH� 0:386rpHþ 0:006Co
2 þ 1:867r2

þ 1:411pH2

(3)

Subject to: 112.4 ≤ Co≤ 537.6 (μg L−1); 1.68 ≤ r ≤ 5.32
(w/w); 3.35 ≤ pH ≤ 10.65.
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In order to test the adequacy of the response
surface model and the results for the As removal coef-
ficients, ANOVA was performed and the results are
summarized in Table 3. According to ANOVA table,
the R2 value for As removal by UF assisted with PAM
is 0.979, close to 1, which is acceptable. Moreover, the
predicted R2 was in agreement with the adjusted coef-
ficient of determination R2

adj, which is 0.941. Also, the
Fvalue is significantly far from unity. In addition to
this, the Pvalue is very low, determined as 0.0012 and
smaller than 0.05 that shows the response surface
model is statistically validated. All these statistical
estimations indicate that response model used for the
As removal is admissible from the statistical point of
view for the prediction of the response in the consid-
ered range of factors (valid region).

In addition to ANOVA tables, the model adequacy
can easily be analyzed by examination of the residu-
als. The experimental data plotted against the
response surface model and the internally studentized

Table 1
Experimental design variables of the As removal process by UF assisted by PAM complexation

Factors Symbol

Actual values of coded levels

−α* −1 0 1 +α

Feed concentration of As ions (Co, μg L−1), x1 112.4 150 325 500 537.6
Ratio of polymer (PAM) to As (r, w/w) x2 1.7 2 3.5 5 5.3
pH of feed solution x3 3.4 4 7 10 10.7

Note: α = 1.215.

Table 2
Central composite orthogonal design applied for UF experiments for the As complexation with PAM.

Run number (N) Typea

Factors (controllable input variables)

Responsec: Y (%)

Feed concentration of
As ions

Ratio of polymer to
metal: PAM/As

pH of feed
solution

Co (μg L−1) Levelb (x1) r (w/w) Levelb (x2) pH Levelb (x3)

1 O1 150 −1 2 −1 4 −1 41.7
2 O2 150 −1 2 −1 10 1 94.4
3 O3 150 −1 5 1 10 1 91.1
4 O4 500 1 5 1 10 1 65.9
5 O5 500 1 2 −1 4 −1 50.7
6 O6 500 1 2 −1 10 1 73
7 O7 150 −1 5 1 4 −1 38.5
8 O8 500 1 5 1 4 −1 57.4
9 C1 325 0 3.5 0 7 0 28.1
10 C2 325 0 3.5 0 7 0 50.6
11 S1 112.4 −α 3.5 0 7 0 78.6
12 S2 325 0 3.5 0 3.4 −α 38.7
13 S3 325 0 3.5 0 10.7 +α 97.8
14 S4 325 0 1.7 −α 7 0 56.6
15 S5 537.6 +α 3.5 0 7 0 75.2
16 S6 325 0 5.3 +α 7 0 54.8

aO: orthogonal design points, C: center points, S: star or axial points.
b−1 = low value, 0 = center value, +1 = high value, +/−α = star point value.
cAs removal coefficient.

Table 3
ANOVA of response surface model

DFa SSb MSc Fvalue Pvalue R2 R2
adj

Model 10 6638.5 809.3 25.68 0.0012 0.979 0.941
Residual 5 141.9 28.4
Total 15 6780.4

aDegree of freedom.
bSum of squares.
cMean square.
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residuals are shown in Fig. 1. As can be seen, response
surface model give good predictions for the experi-
mental and predicted responses (Fig. 1(a)). Internally
studentized residuals measures the number of stan-
dard deviations separating the actual and predicted
values and the residual divided by the estimated stan-
dard deviation of that residual and used to validate
the ANOVA. For the As removal, studentized residu-
als were obtained within the three sigma limits for the
response model and the experimental values, and it is
desirable (Fig. 1(b)).

In the next figures, (Figs. 2–4) the response sur-
faces plots and contour-lines maps are presented to
investigate the effects of three different process vari-
ables, i.e. feed concentration of As ions, pH of feed
solution, and ratio of polymer (PAM) to As ions. The
effects of feed concentration of As ions (Co, μg L−1)
and pH of feed solution, when the third factor (ratio
of polymer (PAM) to As (r, w/w) is held at the central
level r: 3.5, are shown in Fig. 2. As can be seen, at low

pH of feed solution, the increase in the feed concentra-
tion of As ions does not considerably affect the As
removal. However, with the increment in pH of feed
solution, the rejection efficiency increases considerably.
It is known that hydrolysis of the acrylamide pendant
chains (±CONH2), into acrylic acid groups (±COOH)
takes place at basic pH values [31] and the dominant
As species in aquatic systems at higher pH’s (>10) are
AsO3�

4 [13]. In considering the polymer As bonding
under these basic conditions, the most probable situa-
tion is where the electrostatic repulsion between the
hydrolyzed polymer and the negative surface charge
of As species increases As removal efficiency [32,33].
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Fig. 1. Experimental data plotted against response model
for the As removal efficiency (a) and internally studentized
residuals (b).
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cating the effect of Co and pH upon rejection coefficient
for r = 3.5 (w/w).
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In Fig. 3, the effects of feed concentration of As
ions and ratio of polymer (PAM) to As are illustrated
by holding at center level the third factor, i.e. pH 7.
According to the figure, at fixed pH 7, the lowest As
removal efficiency was obtained for r: 3.5 and
325 μg L−1 initial As concentration at around 40%. It
was observed that neither feed concentration of As
ions nor ratio of polymer (PAM) to As have any
significant effects on As removal efficiency. The
maximum removal efficiency, close to 100%, of As
ions was obtained at optimum operating parameters
of Co: 150 μg L−1, r: 2, and pH 10. Lin et al. [34] has
investigated the coupled chitosan/UF process for the

removal of dissolved organic matter and As. For the
feed As concentration of 1,000 μg L−1 and the pH of
7.6, the authors reported 65% As rejection by this
combined process.

Fig. 4 represents the effects of two factors, pH of
feed solution and ratio of polymer (PAM) to As in
combinations when the third factor (feed concentration
of As ions, Co) is held at the center level 325 μg L−1.
As one can see, the influence of pH of feed solution
on the As removal efficiency is much more than the
ratio of polymer (PAM) to As. With increasing pH,
the rejection efficiency increases and the highest rejec-
tion values are attained under high pH conditions.

30

45

60

75

150

238

325

413

500

2

3

4

5

Ý
(%

)

C o (
µgL

-1 )r (w/w)

(a)

(b)

Co (µgL-1)

150 238 325 413 500

r 
(w

/w
)

2

3

4

5

55

55

55

55

50

50

50

50

45

45

45

45

40

40

40

40

45

45

45

45

50

50

50

50

50

55

55

55

55

60

60

60

b)

Fig. 3. (a) Response surface plot and (b) Contour plot indi-
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This fact is also consistent with the literature, and as
the pH of the PAM solution becomes higher, the asso-
ciation of PAM cations with negatively charged As
species can more easily take place [35]. In the As
removal, the effect of the ratio of polymer (PAM) to
As is negligibly small when compared to the effect of
pH of the feed solution. Gecol et al. [36] and Gallo
et al. [19] investigated the removal of As (V) from
water using different polymers and surfactants with
UF. The results of these studies showed that, the
highest As removals are achieved at higher pH (over
pH 8) which is in accordance with our study results.

Thus, the response surfaces illustrated in Figs. 2–4
for As removal efficiency (Y-response) indicates that
the increasing of pH will lead to enhancing of As
removal efficiency. The main effect of initial As con-
centration and polymer/metal ratio factor is negligible
(Figs. 3 and 4) while the pH of the feed solution factor
has the highest and the main effect (Fig. 2). The
quadratic effects are similar for all factors giving
the contribution to the response surface curvature.
The relatively high interaction effect between the feed
concentration of As ions and pH factors can be
detected from Fig. 2 and there are no significant inter-
action effects between the feed concentration of As
ions and r factors (Fig. 3). For instance, the effect of
pH of the feed solution on As removal efficiency
becomes more important at lower values of feed As
ion concentration while the effect of r variable has no
effect at higher pH values (Fig. 4).

4. Conclusions

In the present work As ions were successfully
removed from synthetic aqueous solutions by UF
assisted with PAM, an environmental friendly com-
plexing polymer. The constructed response surface
models were statistically validated by ANOVA and
used for the prediction of removal efficiency over the
valid region. The following conclusions can be drawn
from the experimental and response model results:

� The pH of feed solution was found to have a
prominent and direct effect on the As removal
efficiency.

� As removal efficiency increased with the
increase in pH of feed solution.

� The influence of feed concentration of As ions
(Co, μg L−1) and ratio of polymer (PAM) to As (r,
w/w) is much smaller than the effect of pH of
feed solution.

� Based on the response model developed, the
maximum removal efficiency, close to 100%, of

As ions was obtained at optimum operating
parameters at Co: 150 μg L−1, r: 2, and pH 10.

� It should be noted that there is still a necessity
to validate the optimized operating parameters
using real drinking water samples as a further
study, before potential practical applications.
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