
* Corresponding author.

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2020.25214

182 (2020) 194–207
April

Statistical analysis and optimal design of polymer inclusion membrane for 
water treatment by Co(II) removal

Mohammad Shirzada, Mohsen Karimib,c,*
aSchool of Chemical Engineering, College of Engineering, University of Tehran, P.O. Box 11365-4563, Enghelab, Tehran, Iran,  
Tel. +98 9128026906; email: mdshirzad@gmail.com 
bLaboratory of Separation and Reaction Engineering (LSRE), Associate Laboratory (LSRE/LCM), Department of Chemical Engineering, 
Faculty of Engineering, University of Porto, Rua Dr. Roberto Frias, S/N, 4099-002, Porto, Portugal, Tel. +351 934 070 714;  
Fax: +351 225081674; email: mohsen.karimi@fe.up.pt 
cGrupo de Processos e Produtos Sustentáveis, Centro de Investigação de Montanha (CIMO), 5300-253 Bragança, Portugal

Received 1 April 2019; Accepted 22 November 2019

a b s t r a c t
Recently, there is a huge volume of polluted wastewater released from the industries, which adversely 
affects the environment and human health. As a result, finding a simple, inexpensive, and efficient 
strategy for water purification is one of the major concerns of researchers. In this study, based on 
the scope of heavy metals removal from the polluted water, the polymer inclusion membrane has 
been employed for Co(II) removal. In this way, the main separation parameters in the membrane 
structure and aqueous phases including carrier percentage, percentage of plasticizer, pH of source 
phase, and receiving phase acid concentration have been considered at the room temperature and 
atmospheric pressure, simultaneously, by applying the response surface methodology. The range 
of considered parameters varied between 5 and 35%wt (total weight of the reference membrane), 
40–70%wt (total weight of the reference membrane), 2.5–6.5, and 0.5–2.5 mol L–1 for the carrier per-
centage, percentage of plasticizer, pH of the source phase, and receiving phase acid concentration, 
respectively. The statistical analysis of experimental tests showed an admissible agreement between 
these values and model outputs by developing acceptable results for Adj-R2 (0.9978) and p-value 
(p < 0.0001). Also, the ion removal has been optimized by maximizing the removal factor at a con-
stant time of 24 h (%RFmax = 73.25%) to achieve the optimum quantities of considered parameters. A 
test in the optimal operational conditions with the removal factor of 73.99% verified the reliability 
and accuracy of the proposed model. Finally, the interaction coefficients between the considered 
variables are completely analyzed to have a better grasp about the polymer inclusion membranes.

Keywords:  Polymer inclusion membrane; Cobalt(II) separation; Response surface methodology (RSM); 
Central composite design; Optimization

1. Introduction

Cobalt elements are naturally available in certain ores of 
the Earth’s crust. This heavy metal has several main appli-
cations in the various industries including catalyst synthe-
sis [1], alloys, steels, etc. [2]. While a trace quantity of this 
metal is essential to the human life (i.e., it can be found in 

vitamin B12), the critical dose of Co(II) ion existing in the 
effluents and wastes of many industries such as battery 
recharging, paint and pigment technologies, metal plating, 
and nuclear power plants is a major concern for advocates 
of the environment [3,4]. It should be considered that the 
contaminated water with heavy metals is highly dangerous 
for drinking and also other human usages. For example, a 
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higher quantity of Co(II) in the human body can contribute 
to many diseases including asthma, diarrhea, lung irrita-
tions, pneumonia, vomiting, cancer and gene mutation [5]. 

1.1. Polymer inclusion membrane

There are several techniques to remove the cobalt ions 
from wastewater [6] including adsorption [7–9], solvent 
extraction [10,11], liquid membranes (i.e., SLM) [12] and 
polymer inclusion membranes (PIMs) [6]. PIMs as a simple 
technique for preparation [13,14], possess high stability, selec-
tivity and efficiency, as well as they can be easily designed 
based on the nature of heavy metals [15]. On the other hand, 
a high percentage of extractant is not required in this tech-
nique, which introduces this strategy as an environmentally 
green method [16]. Thus, these features nominate the PIM 
as an interesting separation approach to remove the cobalt 
ion from the contaminated water, efficiently.

Generally, PIMs have been constituted by three main 
components including the polymer [17], the plasticizer 
and the carrier [18]. The PIMs are basically similar to the 
conventional supported liquid membranes (SLMs). There 
is a substance as a carrier in both separation methods that 
reacts with the ions and facilitates the ion transport [19]. The 
membrane is a flexible thin polymeric film, which is plasti-
cized and activated by a plasticizer and the carrier, respec-
tively [19,20]. In this work, CTA (cellulose triacetate) was 
employed as the base polymer, DOA (dioctyl adipate) as the 
plasticizer, and DNNSA (dinonylnaphthalene sulfonic acid) 
as the carrier in the PIM structure. Based on Le Chatelier’s 
principle, the free carrier tends to react with the cobalt 
ions in the less acidic aqueous phase (source/membrane 
interface), and the high acidic aqueous phase (membrane/

receiving interface) leads to the reverse reaction and liber-
ates the free Co(II) ion, according to the following equilib-
rium reaction [21]:

Co  + 2(HA)   CoA  + (2H
aq aq

2
2

+ +( )  →← ( )m m
)  (1)

where ‘aq’ and ‘m’ subscripts display the aqueous and mem-
brane phases, respectively, and (HA) and (CoA2) are DNNSA 
and carrier/ion complex, respectively.

As shown in Fig. 1, cobalt(II) ion in the aqueous source 
phase reacts with the carrier at the membrane/source inter-
face and forms the complex [22]. The complex diffuses 
through the membrane phase to the membrane/receiving 
interface [21], where by reversing the described reaction, 
the Co(II) ion is stripped in the receiving phase and the free 
carrier is released in the membrane phase [23], initiating 
a new separation cycle [24]. This cycle is conducted till all 
the Co(II) ions are extracted, entirely [22].

It is worth mentioning that the excess amount of the 
acidity in the receiving phase compared with the source 
phase is the mass transfer driving force, which has been 
reported in several studies [21,23,25].

1.2. Response surface methodology

The response surface methodology (RSM) is a statis-
tical strategy accompanied with mathematical methods to 
analyze and optimize the dependent variables (responses) 
in the considered range of the independent variables (fac-
tors) [26]. In this way, diverse regression analyses are 
applied to evaluate the effects of the independent param-
eters on the developed response. This technique employs 

 
Fig. 1. Co(II) transport through the PIM.
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the experimental data and fits a mathematical equation 
to predict the response of the desired set of data [27]. The 
investigation of interaction effects, between the independent 
variables of the process is one of the major benefits of this 
approach [26]. Also, reducing the number of experiments, 
high accuracy, and its flexibility are the other advantages 
of this method. This approach is illustrated in Fig. 2, sche-
matically. As observed, the factors can affect the response, 
directly, or by their internal interactions. It is worth mention-
ing that among the different RSM techniques, central com-
posite design (CCD) has been introduced as a user friendly 
method with high accuracy, which is considered as the most 
frequently used strategy for Design of Experiments [28]. 

To the best of our knowledge, there is no study which 
considered the RSM technique to optimize the concentra-
tions of constituents of the PIM or ion extraction parameters, 
while this strategy (RSM) has already been applied in the 
adsorption process for water purification [29,30].

1.3. Objective

In this study, based on the scope of the water purifica-
tion and removal of heavy metals from contaminated water, 
PIM has been considered because of its high stability and 
significant selectivity toward a special solute, as well as 
non-tendency to fouling [31]. Then, for the first time, the 
response surface methodology has been applied on the 
PIM to develop a general approach. In this way, the main 
parameters in the membrane structure and aqueous phases 
have been evaluated, simultaneously. Also, the ion removal 
and water purification have been optimized by maximiz-
ing the removal factor at the specified time to achieve the 
optimum quantities of the considered parameters. In addi-
tion, the interaction coefficients between the variables have 
been completely investigated to have a better grasp about 
the PIMs. 

2. Materials and methods

2.1. Materials

In this work, the polymer CTA was purchased from Fluka 
(Germany). The PIM solvent dichloromethane, receiving 
phase H2SO4 solution, and the plasticizer DOA were obtained 
from Merck (Germany). The considered phosphate/citrate 
buffer for the source phase was prepared in the laboratory 
by mixing an appropriate percentage of 0.2 M Na2HPO4 and 
0.1 M citric acid, which were supplied by SIGMA-ALDRICH 
(Germany). The carrier DNNSA and CoCl2∙6H2O were also 
prepared from SIGMA-ALDRICH, which is now named as 
Merck (Germany). It is worth mentioning that all employed 
solutions were prepared with freshly doubly distilled water 
(conductivity  ≤  1  µs/cm)  which  was  prepared  in  the  lab. 
The name, chemical and structural formula of the consid-
ered materials for the membrane preparation are reported 
in Table 1 [32].

2.2. PIM preparation procedure

The required percentage of polymer in 20 cm3 of 
dichloromethane was dissolved to obtain the base solution 

of the PIM structure. Another dichloromethane solution, 
contained an appropriate amount of DNNSA in 15 cm3 of 
the solvent, was prepared and stirred for 15 min to get a 
homogenous solution. In the next step, DOA as a plasticizer 
was blended into DNNSA solution. The resulting solution 
was mixed around 10 min then, the solution was made 
fully homogenous by ultrasonication technique for 2 min. 
The obtained solution was blended with the base polymer 
solution and mixed by the mechanical stirrer for about 
60 min. The developed mixed solution was poured into a 
membrane mold, comprising a 9.0-cm glass ring attached 
to a glass plate with CTA-dichloromethane glue to allow 
the solvent to be evaporated overnight, gradually (for 12 h). 
In the last step, the casted membrane was immersed in 
the cold double distilled water and then, separated from the 
glass plate by cutting its surroundings [33]. After that, the 
separated membrane was soaked in the aqueous solution 
of 0.1 mol L–1 HCl for 12 h. Finally, the PIM was stored in 
the distilled water for next applications. It is worth men-
tioning that in this study a reference PIM with 0.1211 g 
CTA, 0.3263 g DOA, and 0.0789 g DNNSA has been con-
sidered. In this way, in all experiments in which the com-
ponent composition was varying, the DOA and DNNSA 
quantities in the PIM were calculated according to the total 
weight of the reference membrane. The prepared PIM for 
this study in our lab is illustrated in Fig. 3.

2.3. Experimental apparatus and Co(II) transport experiment

The employed apparatus for ion transport experiments 
was a circular section compartment, which consists of two 
columns by the volume of 80 mL for each one, and sepa-
rated by the PIM with a diameter of 31 mm (0.00075 m2) [15]. 
These two columns were the source and receiving phases and 
stirred at 200 rpm by mechanical stirrers. The schematic of 
this compartment is represented in Fig. 4. 

In all experiments, the initial ion concentration in the 
source phase was maintained at 60 ppm, and pH was var-
ied between 2.5 and 6.5. The source phase was prepared by 
dissolving a proper mass of CoCl2∙6H2O salt in the phos-
phate/citrate buffer. The receiving phase consisted of H2SO4 
with different concentrations. The membrane structure 
was varied by changing the carrier and plasticizer percent-
ages, according to the reference membrane (the membrane 
contained 0.1211 g CTA, in all experiments). The range of 

Fig. 2. Effects of independent variables on each other and on the 
response surface.
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considered parameters (variables) varied between 5 and 
35%wt (of total weight of the reference membrane), 40 and 
70%wt (of total weight of the reference membrane), 2.5 and 
6.5, and 0.5 and 2.5 mol L–1 for the carrier percentage, per-
centage of plasticizer, pH of source phase, and receiving 
phase acid concentration, respectively. Also, the tempera-
ture was kept constant at the room temperature during the 
experiments. The removal factor of Co(II) was applied to 
analyze and compare the water purification results obtained 
from different experiments. The removal factor can be calcu-
lated by the following equation [34]:

RF = ×100
C C
C
i

i

−







  (2)

where Ci and C are Co(II) concentrations at the initial and 
tested times in the source phase, respectively. In this study, 
samples were taken from the source phase at the particular 
time intervals via sampling port with a syringe. To evaluate 
the results of the removal factor, all experiments were con-
ducted in 24 h. Then, the obtained results of RF after 24 h were 
considered in the modeling procedure. The samples were 
analyzed by inductively coupled plasma optical emission 
spectrometry (ICP-OES) to determine the cobalt content. 

2.4. Central composite design 

The PIM structure and aqueous phase parameters play a 
crucial role in the efficiency of the membrane extraction and 

Table 1
Name, chemical, and structural formula of the materials used for the membrane preparation

Materials Name Chemical  
formula

2D view

DNNSA
Dinonylnaphthalene  
sulfonic acid
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CTA Cellulose triacetate C40H54O27
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Fig. 3. PIM synthesized in lab. Fig. 4. Schematic of the compartment used for ion transport.
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if all parameters retain in the optimum values, it contributes 
to the reduction of the full ion extraction period. Hence, the 
optimization of the extraction parameters has been a signif-
icant part of purification studies. In this work, based on the 
superior abilities of the CCD strategy, it has been selected 
between different methods of response surface method-
ology (RSM) to designing, modeling and optimization of 
PIM for water treatment. The RSM is a combination of sta-
tistical and mathematical methods, which investigates the 
effects and interactions of independent variables of process 
in different levels. RSM, also as a method of optimization, 
reduces the experimental runs and supplies a group of valid 
data, which can be employed to develop a general model. 
On the other hand, the other optimization methods includ-
ing full factorial design and one-variable-at-time are more 
superficial and much slower techniques than the RSM [35]. 
In addition, among different designing tools of the RSM, the 
CCD as the most popular one, requires lower experimental 
values for statistical analysis and mathematical model-
ing [36,37]. These benefits have introduced the CCD as an 
excellent strategy in different steady-state and dynamic 
processes [37]. 

A set of CCD runs include three terms: 2n axial runs, 
which give the ability of curvature description of the model, 
2n factorial runs, and nc central runs to have an ability for 
measuring the reproducibility and revealing a model for lack 
of fit. n and nc represent the independent variable number 
and number of central points, respectively [29]. Thus, the 
total runs of the CCD can be calculated by:

Total number of required experiments = + +2 2n nn
c  (3)

In this work, total number of experiments consist of 
30 runs, which include 8 axial points, 16 factorial points 
and 6 replicate center runs [38,39].

The obtained CCD model was applied through the 
Design-Expert software (version 7.0) to optimize the Co(II) 
extraction from aqueous solutions by PIM. To the best of our 
knowledge, this study is the first one, which has considered 
the CCD technique to investigate and optimize the heavy 
metal removal by PIM.

The first step to design a CCD model is finding the main 
independent variables, as factors of the model, which are 
defined as the dependent variable(s). To this end, the car-
rier percentage (x1), the plasticizer percentage (x2), pH of 
source phase (x3), and the receiving phase acid concentration 
(x4) were considered as the model variables. Also, we sup-
posed the removal factor (RF) as the surface response. Then, 
a non-linear second order polynomial equation was applied 
to evaluate the behavior of considered variables. The model 
can be described by Eq. (4): 

Y =  +  .  + + +β β χ β χ χ β χ χ

β
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here Y is the response surface (RF). x1, x2, x3, and x4 rep-
resent  the  independent  variables,  also  β0 is the constant 
term, βi is the linear effect of the ith  factor coefficient, βjj is 

the  coefficient  of  the  quadratic  parameter,  β1k,  β2m,  and  β34 
are the coefficients of the interaction parameters and ε is the 
observed error in the response [26,35]. In this way, each inde-
pendent variable has three levels coded as –1, 0, and +1. The 
required runs to design the three-level face-centered CCD 
matrix are reported in Table 2, also the independent variables 
and the levels are shown in Table 3. 

In the next step, by employing the least square method 
and multiple regression analysis, the mentioned coefficients 
are computed and it contributes to a general correlation. 
In this way, the regression analysis of variance (ANOVA) 
of the designed model is performed by the statistical eval-
uation of results to develop a significant model for the 
separation process [40]. The p-value test to 95% level of 
confidence was considered to evaluate the significance of 
model coefficients. R2 (regression coefficient) and adjusted 
R2 are two parameters (Eqs. (5) and (6)), which considered to 
obtain a model with high accuracy. The developed approach 
is valid when R2 and Adj-R2 represent a significant regres-
sion (close to 1.0), also getting a non-significant lack of fit 
[39]. Adjusted R2 is more reliable than R2, because the num-
ber of variables is taken into account through Adj-R2 calcula-
tion. Adj-R2 shows the proportion of variability of calculated 
values of the model, while close values to 1 indicate a model 
with higher accuracy [26].

The root mean square error (RMSE) and the percentage 
root mean square error (%RMSE) (Eqs. (7) and (8)) are other 
two factors to elucidate the model performance, while their 
lower values illustrate the higher accuracy [41].
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where yi, ŷi, and y– represent experimental data, predicted 
value, and the average of experimental data, respectively. 
Also, n is the number of experiments and P is the number of 
predictors [39].

3. Results and discussion

3.1. Model fitting and statistical analysis

In order to evaluate the main variables in the PIM and 
their interactions on the RF, an RSM model was developed; 
which it contributed to a correlation to estimate the cobalt 
removal from the aqueous solutions. At the first step, four 
independent variables were considered simultaneously, 
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then, the developed responses were investigated by the 
RSM. In this way, all experiments (30 runs) were per-
formed based on the CCD order, and conducted during 
24 h. The obtained results of %RF vs. time, for four differ-
ent instance conditions are illustrated in Fig. 5. Then, the 

experimental results based on the main independent factors 
were fitted with quadratic models. After that, the multiple 
regression analysis and the evaluation of the fitness of the 
model by ANOVA were performed to determine the lack-
of-fit and the statistical analysis of the system. To this goal, 

Table 2
Central composite design with %RF and time as responses

Run  
no.

Variablesa Response 

Carrier percentage  
(%wt)

Percentage of plasticizer  
(%wt)

pH of source  
phase

Receiving phase acid  
concentration (mol L–1)

Removal factor 
(%) (Observed)

1 5 40 2.5 0.5 2.21
2 35 55 4.5 1.5 30.5
3 20 55 4.5 1.5 68.83
4 20 40 4.5 1.5 36.76
5 35 70 6.5 2.5 3.59
6 20 55 4.5 1.5 67.83
7 35 40 6.5 0.5 3.75
8 35 40 2.5 2.5 13.59
9 35 40 2.5 0.5 7.5
10 20 55 4.5 2.5 68.99
11 5 40 6.5 2.5 2.37
12 5 70 6.5 0.5 0.95
13 35 70 2.5 0.5 2.88
14 20 55 4.5 1.5 66.83
15 35 40 6.5 2.5 7.85
16 5 40 2.5 2.5 4.89
17 20 55 4.5 0.5 47.22
18 35 70 6.5 0.5 2.05
19 5 55 4.5 1.5 14.95
20 20 55 6.5 1.5 42.32
21 20 55 4.5 1.5 65.83
22 20 55 2.5 1.5 60.46
23 20 55 4.5 1.5 64.83
24 5 70 2.5 2.5 2.39
25 5 70 2.5 0.5 1.41
26 5 40 6.5 0.5 1.36
27 20 55 4.5 1.5 63.83
28 35 70 2.5 2.5 6.72
29 20 70 4.5 1.5 20.10
30 5 70 6.5 2.5 1.49

aThe percentages of carrier and plasticizer have been considered based on the reference membrane (0.1211 g CTA, 0.3263 g DOA, and 0.0789 g 
DNNSA). The reference membrane total weight was 0.5263 g, which was the considered reference for calculation of carrier and plasticizer 
percentage.

Table 3
Independent variables and the levels

Variables Levels

Lower value (–1) Center point(0) Upper value (+1)

χ1:DNNSA (%wt) 5 20 35
χ2:DOA (%wt) 40 55 70
χ3:pH 2.5 4.5 6.5
χ4:Receiving phase acid concentration (mol L–1) 0.5 1.5 2.5
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the initial models were analyzed and tested for p-value, 
standard deviation, R2, predicted determination coefficient 
(Pred-R2), adjusted R2 (Adj-R2) and lack-of-fit. Lastly, the 
final models were derived with the acceptable accuracies, 
by determining the insignificant parameters and the inter-
actions in the process. The results of ANOVA for removal 
factor have been reported in Table 4. As can be observed, 
the lack-of-fit is significant, which is not promising for RSM 
strategy. Furthermore, all p-values except A2 and B2 were 
greater than 0.05, which indicate that they have no signifi-
cant effects on the removal factor. Also, Fig. 6 illustrates that 
some predicted values have low accuracy compared with 
the experimental data. According to Fig. 6, the predicted vs. 
actual values were so far from the y = x line. Consequently, 
the model could not properly cover the experimental data 
and represent a comprehensive model to predict other 
required responses.

In this study, the maximum to minimum ratio of removal 
factor data was 72.62, which a ratio greater than 10 proves 
that transfer function can improve the reliability of the 
model, according to Box–Cox plot [42]. Consequently, the 
model requires a modification, to be considered as a general 

model. To this end, the power transformation was employed 
to develop a more reliable and accurate model that decreases 
the difference between the actual and predicted responses. 
Thus, the power transformation was employed for response 
transformation  and  the  value  of  0.18  was  obtained  for  λ 
(Lambda). This value was extracted from the Box–Cox plot 
of the power transforms. The Box–Cox plot is presented in 
Fig. 7. As can be observed, the selected value is completely 
equal with recommended quantity by Box–Cox plot [42], 
and it contributes to the modified quadratic equation as 
final model. Thus, modified quadratic model was selected 
as the model correlation, which its ANOVA parameters 
are reported in Table 5.

As observed in Table 5, the lack of fit of developed model 
is insignificant, which is desirable. Also, all correlation coef-
ficients are less than 0.05, consequently they are significant, 
except AC, BD, and CD, which were excluded from the 
quadratic model. The p-values of AB, AD, and BC indicated 
the carrier percentage interaction with percentage of plas-
ticizer and receiving phase acid concentration. In addition, 
the percentage of plasticizer interacted with pH of source 
phase [43]. The p-values of A2, B2, C2, and D2, which indicate 

50

52

54

56

58

60

62

0 5 10 15 20 25 30

%
R

F 

Time (h) 

50

52

54

56

58

60

62

0 5 10 15 20 25 30

%
R

F 

Time (h) 

10

20

30

40

50

60

70

0 5 10 15 20 25 30

%
R

F 

Time (h) 

50

52

54

56

58

60

62

0 5 10 15 20 25 30

%
R

F 

Time (h) 
                                            (a)                                                                                     (b)    

                                            (c)                                                                                   (d) 

Fig. 5. Experimental results of PIM tests in four different conditions for instance ((a) DNNSA: 20%wt, DOA: 55%wt, pH of source 
phase: 4.5, and H2SO4 concentration in receiving phase: 1.5 mol L–1; (b) DNNSA: 35%wt, DOA: 40%wt, pH of source phase: 6.5, and 
H2SO4 concentration in receiving phase: 0.5 mol L–1; (c) DNNSA: 5%wt, DOA: 70%wt, pH of source phase: 2.5, and H2SO4 concentra-
tion in receiving phase: 0.5 mol L–1; (d) DNNSA: 35%wt, DOA: 70%wt, pH of source phase: 6.5, and H2SO4 concentration in receiving 
phase: 0.5 mol L–1).
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the squared effects, were all less than 0.05; consequently, the 
relation between each independent variable and the devel-
oped response was more curvature [43]. As can be expected, 
the designed approach has more accuracy than initial 
model (without the transformation function) to estimate the 
responses. Also, the dysfunctions have been eliminated and 
resulted in a reliable model, which can be considered as a 
general approach to predict the removal factor as following 
order (in terms of actual factors): 

RF( ) = − + ( ) + ( ) + ( ) + ( ) −
×

0 18
3 44 0 082 0 153 0 195 0 251

9 130 1

.
. . . . .

.

A B C D

00 7 700 10 3 910 10

1 771 10 1 43

5 4 4

3 2

− − −

−

( ) + ( ) + ( ) −
( ) −

× ×

×

AB AD BC

A

. .

. . 33 10 0 027 0 0653 2 2 2×( ) − ( ) − ( )− B C D. .
 

 (9)

The equation in terms of coded factors is also represented 
in Eq. (10):

Table 4
ANOVA results for non-transformed model and quadratic equation of Design-Expert 7.0.

Co(II) removal factor (%)

Sum of 
squares

Mean 
squares

Coded 
coefficient

Standard  
error

df p-Value

Model 20,745.53 1,481.82 60.38 2.47 14 <0.0001
A-Carrier percentage 119.66 119.66 2.58 1.87 1 0.1886
B-Percentage of plasticizer 83.20 83.20 –2.15 1.87 1 0.2687
C-pH of source phase 73.29 73.29 –2.02 1.87 1 0.2980
D-Receiving phase acid concentration 100.58 100.58 2.36 1.87 1 0.2259
AB 10.34 10.34 –0.80 1.99 1 0.6913
AC 4.75 4.75 –0.55 1.99 1 0.7874
AD 6.71 6.71 0.65 1.99 1 0.7488
BC 3.55 3.55 0.47 1.99 1 0.8156
BD 3.05 3.05 –0.44 1.99 1 0.8290
CD 2.56 2.56 –0.40 1.99 1 0.8430
A2 2,604.00 2,604.00 –31.70 4.93 1 <0.0001
B2 1,751.12 1,751.12 –26.00 4.93 1 <0.0001
C2 23.91 23.91 –3.04 4.93 1 0.5473
D2 35.04 35.04 3.68 4.93 1 0.4675
Residual 945.87 63.06 15
Total 21,691.40 29
Std. Dev. 7.94
R2 0.9564
Adj-R2 0.9157
Pred-R2 0.8497

  

Pr
ed

ic
te

d 
da

ta

Actual data

Fig. 6. Removal factor between actual and predicted values.
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Fig. 7. Box–Cox plot for power transformations.
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RF( ) = + + ( ) − ( ) − ( ) + ( ) −
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0 18
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.
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AB)) + ( ) + ( ) − ( ) −
( ) − ( ) − (
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. . .

AD BC A

B C D ))
  

 (10)

In aforementioned equations, A, B, C, and D repre-
sent the carrier percentage, percentage of plasticizer, pH of 
source phase, and receiving phase acid concentration, respec-
tively. The impact of variables on the removal factor can be 
interpreted based on the coded values. The coded equation 
indicates that the carrier percentage and receiving phase acid 
concentration have a positive effect on the removal factor. 
On the other hand, the percentage of plasticizer and pH of 
source phase showed a negative effect on the removal fac-
tor of Co(II) ions in the feed phase. It is worth mentioning 
that the carrier percentage has an effect about 1.5 times more 
than other independent variables. From the coded equation, 
the interaction effect of “carrier percentage/plasticizer per-
centage” has a negative role on the removal factor. On the 
contrary, the interaction effect of “carrier percentage/receiv-
ing phase acid concentration” and the “concentration of plas-
ticizer/pH of source phase” have a positive impact on the 
removal factor. All interaction effects on the Co(II) removal 
are not as significant as individual parameters or squared 
effects. Also, it should be noted that all squared effects have 
negative impacts, and the highest one is related to the carrier 
percentage, followed by the percentage of plasticizer and pH 
of source phase [44].

The predicted vs. actual data plot is shown in Fig. 8. 
As can be observed, all experimental tests are fully close to 
y = x line, which shows an excellent agreement between the 

experimental and predicted values. In this way, the validity 
of developed model for prediction of the removal factor is 
properly confirmed [43].

A comparison between the precise values of the pre-
dicted and the experimental data is represented in Fig. 9. 
As shown, there is a negligible error between these values at 
30 different experimental conditions.

The results of modified quadratic model represent 0.9986 
and 0.9978 for R2 and Adj-R2, respectively; which indicate the 
high accuracy of the developed approach for prediction of 
the considered response. The value of R2 specifies that only 

Table 5
ANOVA results for transformed model and modified quadratic equation of Design-Expert 7.0

Co(II) removal factor (%)

Sum of 
squares

Mean  
squares

Coded 
coefficient

Standard  
error

df p-Value

Model 5.22 0.47 2.13 6.192e-003 11 <0.0001
A-Carrier percentage 0.22 0.22 0.11 4.698e-003 1 <0.0001
B-Percentage of plasticizer 0.10 0.10 –0.075 4.698e-003 1 <0.0001
C-pH of source phase 0.067 0.067 –0.061 4.698e-003 1 <0.0001
D-Receiving phase acid concentration 0.091 0.091 0.071 4.698e-003 1 <0.0001
AB 6.751e-003 6.751e-003 –0.021 4.698e-003 1 0.0006
AD 2.135e-003 2.135e-003 0.012 4.698e-003 1 0.0324
BC 2.201e-003 2.201e-003 0.012 4.698e-003 1 0.0301
A2 0.41 0.41 –0.4 0.012 1 <0.0001
B2 0.27 0.27 –0.32 0.012 1 <0.0001
C2 0.031 0.031 –0.11 0.012 1 <0.0001
D2 0.011 0.011 –0.065 0.012 1 <0.0001
Residual 7.151e-003 3.973e-004 18 -
Total 5.23 29 -
Std. Dev. 0.020
R2 0.9986
Adj-R2 0.9978
Pred-R2 0.9954
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Fig. 8. Predicted vs. actual responses plot for Co(II) removal 
modeling by transformation and modified quadratic model.
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0.14% of total variations has not been covered by the pro-
posed model [45]. Also, the value of pred-R2 (0.9954) is in a 
reasonable agreement with the Adj-R2 (0.9978). Furthermore, 
“Adeq. Precision” factor, which measures the signal to noise 
ratio was 93.27 (much higher than 4), indicates a promising 
response [45].

3.2. Effect of independent parameters

The interaction effects between considered parameters 
by means of 3D plots and 2D contours are represented in 
Figs. 10–12. The impact of carrier percentage and percentage 
of plasticizer on the removal factor has been demonstrated 
in Fig. 10; by considering the constant values of 4.5 and 
1.5 mol L–1 for the pH of source phase and receiving phase 
acid concentration, respectively.

The circular contour in Fig. 10b indicates the interac-
tion between the carrier percentage and the percentage of 
plasticizer is negligible [46]. Also, as shown in Fig. 10a, the 
removal factor enhances by increasing the carrier percentage 

and percentage of plasticizer. There is a maximum value for 
removal factor (69.40%) in which, further increment of these 
two parameters, contribute to the reduction of the removal 
factor. From the literature [47], as the carrier weight compo-
sition increases in the PIM, there is more carrier-ion com-
plexes formed at the membrane surface; hence, the driving 
force for the ion transport raises, consequently, it results in 
more Co(II) removal [47]. But, beyond the ~22.5%wt of the 
carrier, the removal factor decreases due to the enhancement 
of viscosity and thickness of the PIM by limiting the ion/
carrier complex diffusion through the membrane [15,47]. 
On the other hand, a PIM with higher percentage of plasti-
cizer is a more flexible membrane, in which, the complexes 
can diffuse easier. Thus, a higher removal factor is observed 
until ~53%wt of the plasticizer (as shown in Fig. 10a). It is 
worth mentioning that the increase of plasticizer percent-
age adversely affects the membrane thickness and viscos-
ity [47,48]. Hence, the removal factor is reduced after the 
~53%wt of the plasticizer percentage.

The effect of the carrier percentage and receiving phase 
acid concentration on the removal factor is represented in 
Fig. 11. Here, the percentage of plasticizer and pH of source 
phase were considered at the constant values of 55%wt and 
4.5, respectively. As can be observed in Fig. 11b, the elliptical 
contour indicates that the interaction of the carrier percent-
age and receiving phase acid concentration is significant [49]. 
Figs. 11a and b demonstrate a slight increase in the removal 
factor by increasing the receiving phase acid concentration 
from 0.5 to 1.5 M. Also, it can be observed that beyond 1.5 M, 
the removal factor has no significant increment and it can be 
considered as a constant value. It is worth mentioning that a 
higher concentration of H2SO4 in the receiving phase contrib-
utes to a bigger driving force to transport ions through the 
PIM (according to Eq. (1)).

The effects of pH of source phase and percentage of 
plasticizer at the constant values of carrier percentage 
(20%wt) and receiving phase acid concentration (1.5 M) 
are evaluated in Fig. 12. As can be observed in Fig. 12a, 
the removal factor vs. pH of source phase has a similar 
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Fig. 9. Predicted and actual values at 30 different proposed 
conditions by the RSM.
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Fig. 10. (a) Response surface plots (2D) and (b) Contour plots (2D) showing the interaction effect of carrier percentage and percentage 
of plasticizer on %RF.
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behavior with Fig. 10a and Fig. 11a. The removal factor 
increases till around pH = 4, and beyond this value, the RF 
decreases. On the other hand, the percentage of plasticizer 
has a similar impact on the RF. In this way, by increasing 
the percentage of plasticizer till 53.05%wt, the RF grows 
to 69.60%, after that, the RF decreases. The 2D contour in 
Fig. 12b confirms that the considered independent param-
eters vs. RF has a maximum value. In Fig. 12b, the ellip-
tical contour proves the significant interactions between 
the percentage of plasticizer and pH of source phase [49]. 
As previously mentioned, according to Eq. (1), the increase 
of pH of source phase is desirable for constitution of ion/
carrier complex, which enhances the complex concentra-
tion at the membrane surface. In addition, the complex 
concentration difference along the membrane phase favors 

the diffusion of the complex through the membrane phase. 
Beyond the maximum RF point, the RF reduces due to the 
lower complex diffusion rate through the membrane [50]. 
Also, the complex formation increases with higher pH of 
the source phase and boosts the Co(II) removal process 
positively. On the other hand, high quantity of complexes 
faces low effective area for diffusion in the saturated mem-
brane. Hence, the negative impact of higher pH overcomes 
the higher rate of complex formation at the source phase 
interface and the removal efficiency decreases [21,51].

3.3. Optimization of Co(II) removal factor

In the last part of this work, the most efficient operat-
ing conditions in which, the RF is maximum, was calculated 

 

(a) (b)

Fig. 11. (a) Response surface plots (3D) and (b) Contour plots (2D) showing the interaction effect of carrier percentage and receiving 
phase acid concentration %RF.

 
 

(a) (b)

Fig. 12. (a) Response surface plots (3D) and (b) Contour plots (2D) showing the interaction effect of percentage of plasticizer and pH 
of source phase on removal factor %RF.
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by RSM via Design-Expert 7.0. The objective function was 
defined to maximize the RF in this process; hence, the 
response was set at “Maximized” and the independent vari-
ables were set “In range”. Thirty experiments were designed 
by the software to find the most efficient point, in which the 
removal factor is maximized (Table 6). The optimum value, 
which is the program’s output for the independent variables 
were 23.10%wt of the carrier percentage and 54.30%wt of the 
percentage of plasticizer. Also, the pH of the source phase 
equals to 4.22, and receiving phase acid concentration is 
2.26 M. The calculated RF at the optimum conditions was 
73.25%. Then, an experimental test was performed at the 
obtained optimum factors to investigate the reliability of the 
optimization procedure, which the result of this experiment 
was 73.99% after 24 h. It can clearly be observed that only 
1.01% error exists between the predicted and experimental 

values, which proves the accuracy and reliability of devel-
oped model.

4. Conclusions

In this study, the effects of two parameters of mem-
brane compositions and two aqueous phase parameters 
were investigated using the RSM via CCD model. In this 
way, a modified quadratic model with power transforma-
tion (λ = 0.18) was applied to develop an accurate correla-
tion between the response and considered independent 
variables (carrier percentage, percentage of plasticizer, 
pH of source phase, and receiving phase acid concentra-
tion). It was observed that the interaction between the 
variables were “carrier percentage/receiving phase acid 
concentration” > “percentage of plasticizer/pH of source 

Table 6
30 experiments for finding the most efficient point in Co(II) removal process

Solution 
numbera

Carrier 
percentage (%wt)

Percentage of 
plasticizer (%wt)

pH of source 
phase

Receiving phase acid 
concentration (mol L–1)

Removal 
factor (%)

1 24.22 52.58 3.16 2.40 69.12
2 23.10 54.30 4.22 2.26 73.25
3 21.90 54.13 4.06 1.51 70.76
4 22.95 49.41 4.26 1.77 69.29
5 22.61 51.96 4.31 2.27 73.04
6 23.26 54.14 3.43 1.58 69.95
7 23.03 54.30 4.32 1.63 71.10
8 23.67 51.85 4.70 2.42 69.12
9 20.48 51.56 4.67 1.83 69.56
10 23.23 54.41 3.48 1.81 72.11
11 21.24 56.18 3.40 2.24 70.00
12 21.94 52.97 3.01 2.40 69.04
13 22.77 54.27 4.51 2.37 71.48
14 23.08 49.53 3.71 1.70 69.39
15 25.50 52.85 3.44 2.15 70.00
16 22.86 55.43 3.75 1.58 70.12
17 19.05 55.83 3.81 2.11 69.44
18 23.91 56.50 4.37 2.23 69.53
19 20.78 55.06 3.38 2.04 71.45
20 22.91 52.13 3.33 1.59 69.90
21 21.80 53.99 3.24 2.02 71.99
22 21.47 54.98 3.33 2.04 71.73
23 23.20 54.75 3.88 1.61 71.20
24 24.61 53.62 3.69 1.81 71.66
25 21.12 52.77 4.58 1.69 70.55
26 23.96 54.66 3.76 2.30 72.26
27 21.07 52.04 3.38 1.59 69.89
28 20.45 51.55 3.15 1.93 69.80
29 20.76 51.11 4.67 2.22 69.68
30 23.54 53.69 3.61 1.82 72.78

aThe percentages of carrier and plasticizer have been considered based on the reference membrane (0.1211 g CTA, 0.3263 g DOA, and 0.0789 g 
DNNSA). The reference membrane total weight was 0.5263 g, which was the considered reference for calculation of carrier and plasticizer 
percentage.
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phase” > “carrier percentage/percentage of plasticizer”. 
Also, the optimized model represented the optimum con-
dition of 23.10%wt for the carrier percentage, 54.30%wt 
of the percentage of plasticizer, 4.22 of pH of the source 
phase, and 2.26 M of the receiving phase acid concentra-
tion. In addition, the reliability of the optimized values was 
tested by studying the optimal conditions, experimentally. 
The error of 1.01% proved that the proposed model is fully 
reliable and can be considered as a general approach to esti-
mate the RF behavior vs. four studied variables. Finally, it 
was demonstrated that the RSM has an excellent ability to 
investigate the performance of the PIM by considering the 
main factors of the purification process.
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