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a b s t r a c t

In this study, the effect of different amounts of graphene oxide (GO) nanoparticles on the desalina-
tion performance of cellulose acetate (CA) reverse osmosis mixed matrix membranes has been inves-
tigated. To investigate the interactions between different parameters and optimize the membrane 
performances, response surface methodology (RSM) was applied. For a simultaneous enhancement 
of salt rejection and water flux performances, the analysis by central composite design (CCD) sug-
gested the optimum values of 0.009 wt.% for GO content, 3500 ppm for feed salinity, and 18 bar for 
applied pressure as significant factors. The membrane, prepared and tested based on the optimal 
values, was found to have 11.12 l/m2·h permeation flux and 58.08% salt rejection which were in good 
agreement with the predicted values of 11.42 l/m2·h and 59.53%. It has been revealed that optimiza-
tion using CCD in the range of the applied experimental parameters is a reliable method for predic-
tion of the CA/GO membranes performance.
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1. Introduction

In recent years, considerable efforts have been put on 
obtaining fresh water from saline sea water as a most read-
ily available source of water. Two dominant factors in mem-
brane filtration technique are ease of use and energy saving, 
which have caused this technique to be more popular com-
pared to other conventional methods [1]. 

Different types of polymers have been used as mem-
brane materials for desalination applications: polyamide 
(PA), polyvinylidene difluoride (PVDF), polyethersul-
fone (PES), and cellulose acetate. Choosing the type of 
polymer for separation process is not a trivial task. Cel-
lulose acetate (CA) is an environmental polymer which 
is obtained from sustainable and renewable sources. 
CA-based membranes are suitable for applications 

requiring high flux capacity [2–5], high durability, more 
hydrophilicity and low fouling potential [6]. Its low 
price and good resistance against chlorine agents have 
made it one of the most utilized polymers. Many stud-
ies have been carried out to improve the properties of 
CA membranes. One of the best ways to enhance the 
performance of these membranes is to change their mor-
phology through adding different additives to the base 
polymer structure. In this regard, mixed matrix mem-
branes (MMMs) are considered as a new technology 
composed of a base polymer and inorganic particles that 
are distributed homogeneously and uniformly in the 
polymer matrix. These membranes have shown remark-
able improvements in the separation of gases [7] and in 
desalination applications [8]. Various inorganic particles, 
such as titanium dioxide [9], silicon dioxide (SiO2) [10], 
polyhedral oligomeric silsesquioxane (POSS) [11], and 
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multi-walled carbon nanotubes (MWCNT) [12–14], have 
been investigated for use in desalination membranes. 

CA/SiO2 nanocomposite membrane which has been 
used for removing MgSO4 salt from aqueous solutions can 
enhance the salt rejection with lower water flux compared 
to pristine CA membrane, due to morphology changes 
[10]. The effect of different CA and CNTs concentrations 
on membrane performance and permeation flux through 
membrane has also been investigated and the optimum 
polymer/solvent ratio of 25:75, which is acceptable for 
desalination applications, has been reported [12]. In 
another research, the effect of the presence of functional-
ized CNTs on the morphology and performance of CNT/
CA membranes containing 0.0005, 0.005 and 0.01 wt.% 
CNT was studied. The use of dead-end desalination pilot 
plant with 1000 ppm NaCl at 24 atm applied pressure 
showed 54% improvement in permeation rates as well as 
6% reduction in salt retention, in the samples containing 
0.0005wt.% CNT [13]. The CA composite membranes with 
POSS prepared by phase inversion method was the sub-
ject of another study [11], in which dispersion, compac-
tion and flux properties were studied. Graphene oxide as 
a nanomaterial is widely used in various studies due to 
its intrinsic properties, extraordinary surface area, high 
mechanical strength, hydrophilic functional groups, and 
excellent dispersibility in many polymer matrices [15] 
PVDF/GO composites are usually studied [16] as a candi-
date for ultra filtration membranes, and it was found that, 
in comparison with their pristine counterpart, the proper-
ties, structure, and performance of membrane were obvi-
ously improved by 0.2 wt.% of GO. The influences of GO 
on the performance and anti-fouling properties of PES/
GO mixed matrix membrane fabricated via phase inver-
sion method are investigated. Higher dye removal capac-
ity and water flux, the best anti-biofouling property and 
the highest mean pore radius and porosity were achieved 
by adding 0.5 wt.% of GO [17]. The performance of PES/
GO nanocomposite membranes was evaluated [18] and 
found that 2000 ppm GO loading led to the maximum of 
72% Na2SO4 salt rejection at 4 atm applied pressure.

The preparation and operational conditions could 
have impressive effects on membrane performance. The 
response surface methodology (RSM) method is a sta-
tistical and mathematical method that can examine the 
interactions of different factors at different levels simulta-
neously and thus can overcome the deficiencies of the tra-
ditional conventional methods [19]. This method was used 
to analyze a series of experiments performed to remove 
heavy metal from a polyamide nanofiltration membrane 
to produce potable water [20]. In another study, RSM was 
employed to optimize preparation conditions of PVDF/
TiO2 mixed matrix membrane for application as ultra fil-
ter material. After identification of the polymer and TiO2 
concentration, and membrane casting thickness as the 
governing parameters in membrane fouling, a three-fac-
tor CCD combined with RSM was used to optimize the 
membrane fabrication parameters for maximizing the per-
meation flux and rejection. Optimization process using 
CCD provides a reliable means to prepare membrane with 
desired performance [21]. In another study, RSM was used 
to extend predictive models for simulation and optimiza-
tion of sodium chloride aqueous solutions as model solu-

tions in RO desalination method [22]. RSM has also been 
employed by researchers to optimize preparation condi-
tions of hybrid pervaporation membranes. The quadratic 
effects and interactions of the variables on the selectivity 
and total flux of these membranes were studied by the 
analysis of variance (ANOVA). The results demonstrated 
that the silicate loading and polymer concentration were 
the main parameters affecting on the hybrid membrane’s 
selectivity and total flux [19]. In a recent work on CA/GO 
nanocomposite membranes, the salt rejection and perme-
ability performances at a constant pressure of 20 atm and 
constant salinity of 2000 ppm NaCl solution were studied 
and the influence of 0.0001–0.01 wt% of GO on the mor-
phology and pore size of membranes were investigated 
[23]. CA/GO nanocomposite membrane has been studied 
before for seawater desalination [24]. It is shown that 1 
wt% GO improve mechanical strength and thermal sta-
bility simultaneously with salt rejection of CA membrane 
and the morphology of pores changed from finger-like 
to sponge-like shape. In another investigation [25], it 
is shown that the presence of GO in cellulose triacetate 
reverse osmosis membrane leads to higher permeate flux 
and improved mechanical property.

In this study, mixed matrix membranes were pre-
pared and the effect of various concentrations of GO in 
the casting solution of CA on the morphology and desali-
nation performance of membranes were investigated. GO 
concentration, feed salinity and applied pressure were 
selected as significant parameters in controlling the mem-
brane performance. The specific objectives of the present 
study were to apply a three-factor CCD combined with 
RSM to optimize main parameters for maximizing the 
permeation flux and salt rejection. GO was incorporated 
into CA matrix using the phase inversion method. The 
behavior of the prepared membranes was evaluated using 
cross-flow filtration of NaCl solution. Scanning electron 
microscopy (SEM) studies were performed to investigate 
the morphology of the mixed matrix membrane. CA/
GO membranes were produced with various contents of 
0.0025, 0.00625 and 0.01 wt.%. The performances of these 
GO-blend membranes were compared with that of a blank 
CA membrane. Since cross-flow pattern is usually used in 
industrial nanofiltration modules, we also used this pat-
tern in our experimental works to commercialize cellulose 
acetate membranes.

2. Experimental

2.1. Materials and chemicals

All chemicals used in the experiments were of research 
grade. Cellulose acetate with an average molecular weight 
of 30,000 g·mol–1, and 39.8 wt.% acetyl content (Sigma-Al-
drich) was used as the polymer matrix after drying over-
night at 90°C. Acetone, formamide and sodium chloride 
were supplied from Merck, Germany. Isopropanol (99.5%) 
(Sigma-Aldrich) and n-hexane (99%) (CARLO ERBA) were 
used as exchange solvents. Graphene oxide nanoplate-
lets with the thickness of ~3.4–7 nm, lateral dimension of 
10–50 μm, carbon purity of ~99%, surface area (BET) of 100–
300 m2/g and bulk density of 1 gr/cc (US Research Nano-
materials, Inc.) were used in this work.
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2.2. Mixed matrix membrane (CA/GO) fabrication

The CA/GO membranes were synthesized via phase 
inversion method. CA was dried in vacuum at 90°C for 24 h 
before use. The blank CA and CA/GO membranes were pre-
pared by a weight ratio of 25:75 for polymer to solvent. The 
polymeric solution was prepared by adding cellulose acetate 
CA (5 g) to acetone (11.5 mL) and formamide (5.3 mL) fol-
lowed by continuous magnetic stirring for 12 h. The desired 
amounts of GO were dispersed in acetone (6 mL) and soni-
cated for 30 min in an Elmasonic P30SE ultrasound bath. The 
graphene oxide dispersed in acetone was gradually added to 
the cellulose acetate solution, under controlled stirring con-
ditions to avoid bubbles. The mixture was kept stirring for 15 
min at room temperature, and then sonicated for 2 min more 
to obtain a homogeneous dispersion. The solutions of CA/
GO composite films were cast onto a clean glass plate with 
250 μm thicknesses using casting knife. The membranes were 
immediately dipped into a 15°C di-ionized water bath up to 
one hour and then 10 min at 90°C. Then, the membranes were 
immersed in isopropanol and then n-hexane, and finally 
dried by dry air to be ready for taking SEM images [26]. The 
pre-selection of the range of GO percentage was primarily 
based on the previous research works [8,23,27]. The accuracy 
of the selected range is approved by a) the deficiency in the 
membrane performance and b) observing the macro-voids 
and tortuous pathway in the membrane as is seen in the SEM 
image (Fig. 6e).

2.3. Membrane characterization and testing

The GO content in the CA/GO blend membranes were 
0.0025; 0.00625; 0.01 and 0.0125 wt.% based on the weight of 

CA. The blank CA membranes were prepared as reference 
samples.

The morphologies of the cross-section and surface of 
the MMMs were studied by a scanning electron microscope 
(SEM Vega TESCAN, Czech Republic). To evaluate the 
hydrophilicity of membrane surfaces, a contact angle ana-
lyzer (DSA 100, Kruss, Germany) was used. Contact angle 
values were investigated by means of at least five measure-
ments in different locations of the membrane samples via a 
sessile drop method at room temperature.

2.4. Desalination and permeation experiments

The performance of the synthesized nanofiltration 
mixed matrix membranes was evaluated by a cross-flow 
flat sheet setup which had three parallel pressure vessel 
cells with the possibility of three tests at the same condi-
tion and each one had 28 cm2 effective filtration area. The 
scheme of the cross-flow filtration pilot plant is shown 
in Fig. 1. Tests were conducted at 25°C in different trans-
membrane pressures between 6–24 bar with different feed 
salinities between 1300–9700 mg/L NaCl solution. One can 
evaluate the salt rejection efficiency (S.R. %) of the compos-
ite membranes by calculating and comparing the electrical 
conductivity of feed water and permeate:

( ). . % 1 100p

f
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= − × 

 
 (1)

where Cf represents the concentration of the salt in feed 
solution and Cp is the concentration of salt in the permeate 

Fig. 1. The scheme of the cross-flow filtration pilot plant system used in this study.
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(mg/L). Also, the following equation can be used to calcu-
late the permeability of composite membranes as specific 
flux (J (L/m2h)):

V
J

At
=  (2)

where A, V and t are the effective area of the membrane 
(m2), the volume of permeate (L) and permeation time inter-
val (h), respectively. To report constant and reliable values 
for each measurement, they have been collected after 1 h 
stabilization time for compaction of membranes. In order 
to minimize errors and obtain reliable data, each experi-
ment was repeated three times and the average values were 
reported.

For analysis of permeate water after each desalination 
test, total dissolved solids (TDSs) of the feed and desali-
nated water were determined using a conductance tester 
(EZDO TDS-5031).

2.5. Experimental design and statistical analysis

In the current study, central compositional design 
(CCD), a widely used form of RSM, was used to study the 
effect of all variables simultaneously on the performance 
of CA/GO mixed matrix membranes applied for desali-
nation of NaCl aqueous solution. The number of exper-
iments can be minimized by using design of experiments 
(DoE). According to the RSM, the second-order polynomial 
regression models can be developed to analyze the interac-
tion between parameters. During RSM operation, the input 
variables must be scaled to coded levels which vary from 
(−1) corresponding to a minimum level, up to (+1) corre-
sponding to a maximum level. A quadratic approximation 
model corresponding to the second-order equation was 
considered to describe the response as [28]:

2
0

1 1 1

k k k

i i ii i ij i j
i i i j

y b b x b x b x x
= = ≤ ≤

= + + + + ε∑ ∑ ∑  (3)

In which y is the predicted response of the process, xi 
and xj refer to the coded values of the variables (indepen-
dent or control factors), b0 is the constant coefficient and 
bi, bii, bij are the linear, quadratic and second-order regres-
sion coefficients, respectively, and is the statistical error. 
CCD with three independent process variables (graphene 
oxide concentration weight ratio (X1), feed solution salinity 
(X2) and applied pressure (X3)) and five levels (± α, ± 1, 0, 
where α = 23/4 = 1.682), including six replications at the cen-

tral points, was used to design experiments. The variables 
involved in this study are summarized in Table 1. Design 
with 20 runs, membrane permission flux (J (L/m2·h)), and 
salt removal efficiency (% SR) were measured as response 
variables. Six replications were used at the center of the 
design for estimation of error sum of squares. To max-
imize the effects of variables on the observed responses, 
the experiments were randomized. The experimental 
design, which was computed using Minitab-18 software, 
along with the results are represented in Table 2. Using 
the same software and based on mathematical analysis 
of the experimental data, the contour plots were fitted to 
analyze the interaction between independent factors. The 
response surfaces were plotted for different interactions 
of two independent variables by keeping the value of the 
other variable at its central level (0). These three-dimen-
sional surfaces could provide useful information about 
the behavior of the system in experimental design. It was 
found that interactions between the three chosen indepen-
dent process variables could have significant effects on the 
membrane performance.

3. Results and discussion

3.1. ANOVA analysis and quadratic model

GO concentration (A), feed salinity (B), and applied 
pressure (C) were chosen as suggested factors to inves-
tigate their effects and interactions on membrane per-
meation flux and salt rejection ability. We used statistical 
estimators (p-value, F-value, R2 and Adj. R2) to measure the 
effectiveness of the model. To ensure a precise model, three 
factors should be tested: the significance of the regression 
model, the significance of individual model coefficients and 
lack-of-fit. In general, the significant factors can be classi-
fied according to P-value. The smaller the magnitude of 
P-value, the more significant is the coefficient terms. When 
the P-value is lower than 0.05, the corresponding factor 
will be statistically more significant, whereas it is not sig-
nificant, when P-value is higher than 0.1 [29]. The results of 
ANOVA for the salt rejection ability and the permeate flux 
are given in Table 3 and Table 5, respectively. The analysis 
of variance showed the lowest P-value (0.000) and the high-
est F-values for both quadratic models. This suggests that 
salt rejection ability and membrane permeation flux are 
significant and the regression models are good predictors 
of experimental data. The coefficient of determination (R2) 
ranges from 0 to 1 and, however, a model can fit the data 
with high accuracy if R2 coefficient is at least 0.8 [30]. The 
R2 coefficient for membrane salt rejection ability is 0.9745 

Table 1 
Coded and actual values of the parameters used in central composite design

Factor Symbol Actual value of coded level Variation interval, i

–aa –1 0 +1 +aa

GO (wt. %) A 0.00 0.0025 0.00625 0.01 0.0125 0.00375

Salinity (ppm) B 1295.5 3000 5500 8000 9704.5 2500

Pressure (bar) C 6.59 10 15 20 23.4 5

aa = 1.682 (star or axial point for orthogonal CCD in the case of three independent variables).
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and for membrane permeation flux is 0.9818, indicating the 
ability of the models in explanation of more than 97.45% 
and 98.18% of the data deviations and the regression mod-
els are statistically significant. The adjusted R2 values in 
both models (0.9596 for membrane salt rejection ability and 
0.9712 for membrane permeation flux) are close to 1, rep-
resenting a high correlation between the experimental and 
predicted responses. As it was expected, the predicted R2 
coefficient (0.9033 for membrane salt rejection ability and 
0.9374 for membrane permeation flux) was close enough to 
the adjusted R2 coefficient, which shows the ability of the 
model for a suitable prediction.

3.2.  Statistical model developed for membrane salt rejection 
ability

Table 3 represents the parameters affecting the mem-
brane salt rejection performance. As seen for lack-of-fit, 
P-value is greater than 0.05 and F-value is equal to 3.48, 
implying the insignificance of lack-of-fit. First-order param-
eters (A: GO concentration, B: feed salinity and C: applied 
pressure) and quadratic effect of GO concentration (A2), 
feed salinity (B2) and applied pressure (C2), as well as inter-

action effect of feed salinity and applied pressure (BC) were 
also shown to be significant model terms where p-value 
was less than 0.05. The value of P-value < 0.05 implies that 
regression models in the study area with a 95% confidence 
level are statistically significant. For each factor, the larger 
the F-value and the smaller the P-value, the more the sig-
nificance of the term in the model. Thus, the ranking of the 
terms according to significance is as follows: A > B > A2 > B2 

> C > C2 > BC.
As seen in Table 4, by the value of R2 (0.9745) and Adj. 

R2 (0.9596) which are close to 1, it can be concluded that the 
empirical model of mixed matrix membrane salt rejection 
ability is valid and reliable. Finally, the following model 
was developed with the coded value of membrane salt 
rejection ability (SR).

40.4 2873 0.00078 4.59 .
556356 *  0.000001 *  0.18 .

* .  0.000359 * .

SR GO Salt Press

GO GO Salt Salt Press

Press Salt Press

= + + +
− − −

+

 (4)

This model can predict the percentage of salt rejection 
ability in a CA/GO mixed matrix membrane within the 
ranges of experimental parameters.

Table 2 
Design layout and response of CCD of experiments for CA/GO mixed matrix membranes for desalination of brackish water

Standard run no. Run Factors (controllable input variables) Responses

GO content Salinity Pressure Salt rejection Flux

X1 GO (%) X2 Cf  
(ppm)

X3 P (bar) SR (%) J (L/(m2 h))

* ** * **

1 6 1 0.01 –1 3000 1 20.00 44.1 48.80 13.0 12.98

2 8 1 0.01 1 8000 1 20.00 37.5 37.36 12.0 12.16

3 1 –1 0.0025 –1 3000 –1 10.00 72.1 76.70 4.8 4.58

4 3 –1 0.0025 1 8000 –1 10.00 49.8 47.33 5.1 5.61

5 7 –1 0.0025 1 8000 1 20.00 72.5 67.97 6.2 6.63

6 10 1.68 0.0125 0 5500 0 15.00 26.2 22.84 15.0 15.20

7 9 –1.68 0.00 0 5500 0 15.00 70.5 74.30 6.9 6.40

8 4 1 0.01 1 8000 –1 10.00 15.3 16.72 8.5 8.69

9 16 0 0.00625 0 5500 0 15.00 70.3 70.70 8.2 8.15

10 5 –1 0.0025 –1 3000 1 20.00 83.7 79.41 5.3 5.60

11 15 0 0.00625 0 5500 0 15.00 72.5 70.70 7.7 8.16

12 18 0 0.00625 0 5500 0 15.00 74.5 70.70 7.9 8.16

13 17 0 0.00625 0 5500 0 15.00 67.8 70.70 8.1 8.16

14 19 0 0.00625 0 5500 0 15.00 68.9 70.70 8.2 8.16

15 11 0 0.00625 –1.68 1296 0 15.00 74.2 71.40 7.7 8.07

16 20 0 0.00625 0 5500 0 15.00 70.3 70.70 8.8 8.16

17 12 0 0.00625 1.68 9705 0 15.00 33.8 37.05 8.9 8.24

18 14 0 0.00625 0 5500 1.68 21.40 65.4 67.78 8.0 7.59

19 2 1 0.01 –1 3000 –1 10.00 46.7 46.12 10.0 9.51

20 13 0 0.00625 0 5500 –1.68 6.59 50.1 48.17 3.7 3.81 

*Experimental, **Predicted
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3.3. Statistical model developed for membrane permeation flux

Table 5 represents that the membrane permeation flux 
performance was contributed by the first-order parameters 
(A: GO concentration and C: applied pressure) and qua-

dratic effect of GO concentration (A2), applied pressure (C2), 
the two-level interaction of GO concentration and applied 
pressure (AC) and interaction effect of feed salinity and 
applied pressure (BC), also showed significant model term 
where P-value was less than 0.05. The amount of P-value < 

Table 3 
Analysis of variance (ANOVA) table for RSM quadratic model (response: membrane salt rejection ability)

Source DF Adj. SS Adj. MS F-value P-value

Model 7 6657.69 951.1 65.48 0.000

Linear 3 5086.7 1695.57 116.74 0.000

GO (A) 1 3198.57 3198.57 220.22 0.000

Salt (B) 1 1423.81 1423.81 98.03 0.000

Press. (C) 1 464.32 464.32 31.97 0.000

Square 3 1409.88 469.96 32.36 0.000

GO*GO (A2) 1 882.13 882.13 60.74 0.000

Salt*Salt (B2) 1 489.18 489.18 33.68 0.000

Press.*Press. (C2) 1 291.88 291.88 20.1 0.001

2-Way interaction 1 161.1 161.1 11.09 0.006

Salt*Press. (BC) 1 161.1 161.1 11.09 0.006

Error 12 174.29 14.52

Lack-of-Fit 7 144.64 20.66 3.48 0.094

Pure Error 5 29.65 5.93

Total 19 6831.98

Table 4 
Model summary of ANOVA and regression analysis for membrane salt rejection ability

Response model R-Squared Adj. R-Squared Pred. R-Squared

Quadratic model 0.9745 0.9596 0.9033

Table 5 
Analysis of variance (ANOVA) table for RSM quadratic model (response: membrane permeation flux)

Source DF Adj. SS Adj. MS F-Value P-value

Model 7 141.44 20.2058 92.55 0

Linear 3 110.69 36.8966 169.01 0

GO (A) 1 93.44 93.4402 428.01 0

Salt (B) 1 0.038 0.0378 0.17 0.685

Press. (C) 1 17.212 17.212 78.84 0

Square 2 26.038 13.0189 59.63 0

GO*GO (A2) 1 12.694 12.6936 58.14 0

Press.*Press. (C2) 1 10.997 10.9974 50.38 0

2-Way Interaction 2 4.713 2.3563 10.79 0.002

GO*Salt (AB) 1 1.711 1.7113 7.84 0.016

GO*Press. (AC) 1 3.001 3.0012 13.75 0.003

Error 12 2.62 0.2183

Lack-of-Fit 7 1.925 0.275 1.98 0.235

Pure Error 5 0.695 0.139

Total 19 144.06
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0.05 proves that regression models in the study area with a 
95% confidence level are statistically significant. For each 
factor, the bigger F-value and the smaller P-value result in 
the terms with even more significance in the model. Thus, 
the ranking of the terms based on significance is as follows: 
A > C > A2 > C2 > AC > AB. The lack-of-fit P-value > 0.05 
and F-value of 1.98 indicate that there might have been a 
sufficient goodness-of-fit. 

According to Table 6, the empirical model of mixed 
matrix membrane permeation flux is satisfactory and 
shows reliable validity by the values of R2 (0.9818), Adj. R2 
(0.9712) and Pred. R2 (0.9374). Finally, it can be said that the 
following model was developed with the coded value of 
membrane permeation flux.

3.55 351 0.000329 1.063 .
66409 * 0.03477 . * .
0.0493 * 32.67 * .

Flux GO Salt Press

GO GO Press Press

GO Salt GO Press

= − − + +
+ −
− +

 (5)

Pareto charts of both responses are shown in Fig. 2 
and as it was expected, the pareto chart ranks the factors 
by significance from the largest to the smallest. This model 
is capable of predicting the amount of permeation flux in 
a CA/GO mixed matrix membrane within the ranges of 
experimental parameters.

3.4. Membrane performance analysis

Fig. 3 shows the three-dimensional response surface 
plots of membrane salt rejection (SR) versus GO% con-
centration, feed salinity and applied pressure, which can 
be used to find out the effect of the parameters on the SR 
response. In this research, the effect of graphene oxide on 
the salt rejection rate was investigated for cellulose acetate 
composite membranes.

By increasing the GO content in CA/GO mixed 
matrix membrane from 0 to 0.0026 wt.%, the total salt 

rejection increases slowly due to tortuous pathway pro-
vided by GO which acting as a filler to ban the uncon-
trolled passage of ions [31] and the decrease in the free 
volume between polymer molecules which is dependent 
on GO [32–34]. The increment in the permeate flux did 
not reduce salt rejection because the GO nanoplates were 
dispersed in the cellulose acetate matrix without any 
defects larger than the size of sodium or chloride ions in 
the membrane [8]. As GO content becomes higher than 
0.0026 wt.%, the membrane performance for salt rejection 
becomes smaller which is due to more agglomeration of 
GO nanoplates. Graphene nanoplates agglomeration 
defects the membrane surface and causes uncontrolled 
passage of ion and also leads to decrement in the salt 
rejection based on size exclusion theory [35,36] and these 
macro voids provide large pathways for the water and 
ion molecules [8]. In consistent with other researcher’s 
results, the addition of GO to the membranes leads to sig-
nificant increase in the permeate with a reasonable loss of 
salt rejection [8,23,27].

Operating pressure is an important parameter in mem-
brane desalination. By varying the transmembrane pressure 
from 6 to 23 atm, at first, increasing the pressure to 18 atmo-
sphere results in the enhancement of salt rejection ability 
of membrane which is consistent with other groups’ results 
[37]. At pressures higher than 18 atm, the membranes exhibit 
higher water flux, as predicted by solution–diffusion trans-
port mechanism in pressurized membrane systems [38], 
[39]. As a result of increasing permeation flux of the flow, 
the salt rejection ability of membranes is decreased.

In consistency with previous results, in this study, the 
maximum salt rejection was also achieved for the feed solu-
tion with 3500 ppm of NaCl at 25°C [39]. As the RSM model 
previously showed, considering the other factors and their 
influence, this term is not an important factor in changing 
the water flux.

The three-dimensional response surface plots of mem-
brane permeation flux versus GO% concentration, feed 
salinity and applied pressure are shown in Fig. 4. These 
plots are applicable in understanding the effect of the 
parameters on the flux response.

As can be seen in the SEM images (Figs. 5 and 6), 
0.0025 wt.% concentration of GO has a compacting effect 
on the CA membrane and reduces the diffusion flux of the 
membrane, which complies with the results obtained from 
the model. By increasing the number of graphene nano-
plates in the mixed matrix membrane and stabilization of 

 
Fig. 2. Pareto charts of responses: a) salt rejection and b) permeation flux.

Table 6 
Model summary of ANOVA and regression analysis for mem-
brane permeation flux

Response 
model

R-Squared Adj. R-Squared Pred. R-Squared

Quadratic 
model

0.9818 0.9712 0.9374
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them, the water selective-productive capacity of the mem-
brane increases [40]. Since graphene nanoparticles have a 
high specific surface area, their presence in the composite 
membrane structure will produce a high level of surface 
contact to the base polymer. This feature is likely to pro-
vide more adsorption sites for the rapid transfer of water 
molecules from the membrane [41,42]. The structure of the 

graphene nanoplates is such that they enhance the perme-
ability of the membranes. Water flow on the surface of GO 
can be expressed by the surface transporting mechanism 
[43–48]. Variations in the physical properties and morphol-
ogy are due to the presence of GO leading to enhancing 
hydrophilicity and as a result, increasing the permeation 

Fig. 3. Three-dimensional response surface plots of membrane 
salt rejection.

Fig. 4. Three-dimensional response surface plots of membrane 
permeation flux.
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in the membrane. Hydrophilicity can be measured as the 
contact angle between the membrane surface and a drop of 
water placed on the surface of the membrane. Hydrophilic 
functional groups of GO, including carboxylic, hydroxyl 

or epoxy groups facilitate the adsorption and adhesion of 
water molecules on the membrane surface via hydrogen 
bonds between the sheets [49,50]. In addition, the mem-
brane hydrophicity increases the ability of water to pass 

Fig. 5. Cross-section SEMs (GO content: a - 0, b - 0.0025, c - 0.00625, d - 0.01, e - 0.0125 %wt).

Fig. 6. Surface SEMs (GO content: a - 0, b - 0.0025, c - 0.00625, d - 0.01, e - 0.0125 %wt).
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through the channels of GO nanosheets in the membrane 
[18,51]. As previously reported, the presence of GO can 
boost permeability by developing special channels over the 
membrane via internal sub-nano-capillaries [37,52]. Table 7 
shows the values of contact angle for the samples prepared 
in this study. The contact angle of the composite membrane 
is decreased from 71.5° to 47.3° by increasing the concentra-
tion of GO, suggesting an improvement in the membrane 
hydrophilicity.

Increasing the GO content increases the surface 
roughness, porosity, and pore size distribution. Rough 
surfaces enhance the membrane permeation flux which 
is consistent with the previous research [53]. According 

to the Cassie’s law, increase in the surface roughness of 
hydrophilic materials leads to decrease the apparent con-
tact angle [54]. The contact angle measurement result in 
this study is in agreement with other works. Shi et al. 
have been observed that by adding 0.01% of GO the con-
tact angle of water on the membrane increased from 70° 
to 52° [23].

3.5. Verification of regression model on diagnostic plot

The normal probability plot versus residual is shown in 
Fig. 7. This diagnostic chart is used to determine the remain-
ing analysis of the response surface design. In this tool, 
when the remnants are close to a straight line, the errors 
are independent of each other and are distributed normally 
and therefore, approve the efficiency of least square fitting. 
Since many residues are located near the straight line and 
distributed normally, it can be concluded that the experi-
mental results are not abnormal. The plot of the predicted 
values versus the actual values of the responses is illus-
trated in Fig. 8 and the model’s goodness was examined by 
the correlation coefficient (R2). As shown in this figure, the 
proper distribution of data along the diagonal line indicates 
that the empirical models have a good agreement with the 
experimental data. Therefore, all of these cases imply that 
the empirical models obtained for prediction of the mem-

Table 7 
Water contact angles of CA/GO mixed matrix membranes

Sample GO (wt%) Contact angle (°)

Pristine CA 0 71.5

CA/GO1 0.0025 62.4

CA/GO2 0.00625 58.3

CA/GO3 0.01 52.6

CA/GO4 0.0125 47.3

 
Fig. 7. Normal probability versus residual plots for: a) salt rejection ability and b) permeation flux.

 
Fig. 8. Predicted values versus the actual values plots for: a) salt rejection ability and b) permeation flux.
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brane functionality are reliable. The interaction and contour 
plots of salt rejection and permeation flux are shown in 
Figs. 9 and 10. 

3.6. Optimization of the membrane performance

In order to utilize the highest membrane performance, 
all three selected parameters (GO concentration, feed salinity 
and applied pressure) were optimized using Minitab soft-
ware simultaneously. The GO concentration of 0.009 wt%, 
feed salinity of 3500 ppm and applied pressure of 18 bar were 
calculated by central composite design approach as optimum 
conditions to achieve the maximum performance of CA/
GO mixed matrix membrane. A membrane was prepared by 
using the optimum conditions, and it was demonstrated that 
the experimental values of 11.12 L/ m2·h permeation flux and 
58.08% salt rejection ability were in good agreement with 
those values predicted by CCD (11.42 L/ m2·h and 59.53%, 
respectively). As a result, the optimization of membrane per-
formance in terms of salt removal and water flux in a spe-
cific range by using CCD is a reliable approach for obtaining 
membranes with high desalination efficiency. The response 
optimization plots are shown in Fig. 11.

4. Conclusion

In this work, salt rejection and water flux performances 
in cellulose acetate reverse osmosis mixed matrix mem-
branes containing different amounts of graphene oxide 

were investigated. The RSM was used to recognize and 
optimize the key factors affecting water permeability and 
salt rejection. This study led to the following conclusions:

- GO content, feed salinity and applied pressure were 
identified as dominant parameters in controlling the 
membrane performance.

 
Fig. 9. Interaction plots of: a) salt rejection, and b) permeation flux responses.

 
Fig. 10. Contour plots of salt rejection and permeation flux responses.

Fig. 11. Response optimization of salt rejection ability and per-
meation flux.
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 - Due to the unique characteristics of the carbon nano-
materials, GO content was found to be the major 
parameter affecting the membrane performance 
regarding to both salt rejection ability and water flux, 
followed by feed salinity and applied pressure.

- The presence of GO increased the hydrophilicity of 
the RO membrane which led to an increment in the 
water flux.

- To achieve high salt rejection ability and water flux 
as performance parameters, the selected significant 
parameters should be designed at 0.009%, 3500 ppm, 
and 18 bar for GO content, feed salinity and applied 
pressure, respectively. 

- Good agreement between the corresponding experi-
mental values and the optimized value predicted by 
RSM confirmed t.
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