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In this study, the influence of the salts as an additive on the performance of the membrane was investigated and an extensive work was performed to optimize PVDF hollow fiber 
membranes through a response surface methodology (RSM). The prepared membranes were characterized by SEM, contact angle and LEP measurement. Then, the RSM was used 
for the optimization of surface pore size, porosity and hydrophobicity of the synthesized hollow fiber at different conditions (polymer concentration, salt concentrations, and air gap). 
Under MD conditions (feed concentration, 100 mg/l; feed temperature 80 °C, and cooling temperature 15 °C), the optimum membrane was compared with the virgin one in the same 
condition. In addition, the influence of distillate flux at different feed concentrations and temperatures was evaluated. The results show that the optimum hollow fiber membrane was 
fabricated in the polymer concentration of 22 %w/w, BaCl2 concentration of 2.9 %w/w and an air gap of 34.5 cm. Consequently, the optimum fiber was examined for the desalination 
of water with 35, 50 and 70 g/l salt concentration by DC and AG membrane distillation. Our findings show that the distillate flux with the salt rejection of 99.9% was increased to 
46% and 31% for DCMD and AGMD, respectively.
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• Polymer membranes modified with salt additives were prepared and characterized.
• BaCl2 exhibit the best performance among other salts.
• Optimal mixing mass percentage of salt/PVDF was 2.9%.
• DCMD and AGMD flux was compared.
• Salt rejection was 99.9% for both DCMD and AGMD.

side. The distillate flux is driven by a vapor pressure difference across the 
membrane resulting from the temperature and solution composition gradients 
between two sides of the membrane. Due to surface tension forces, the 
hydrophobic nature of the membrane prevents the penetration of the aqueous 
solution into the pores unless a hydrostatic pressure exceeds the liquid entry 
pressure of water (LEPw) [3-5]. Therefore, an efficient MD membrane 
should contain various characteristics such as hydrophobic surface, high 
bulk and surface porosity, appropriate pore size, enough LEP, low thermal 
conductivity, good thermal stability and excellent chemical resistance [6-8].
Generally, membranes are prepared in two shapes: flat sheet or hollow fiber. 
In comparison to the flat sheet membranes, the hollow fiber membrane 
module presents sophisticated characteristics such as high packing efficiency 
(high productivity), self-supporting, good flexibility, low fouling and facile 

1. Introduction
       
      Recently, extensive studies have been performed to improve the 
performance of Membrane Distillation (MD) which is a separation 
technique using a hydrophobic microporous membrane. Since conventional 
separation processes such as ion exchange and evaporation often require 
high investment and energy costs, membrane processes such as MD can 
be considered as a suitable method for separation processes due to their 
high rejection and their potential to improve energy savings. In fact, the 
MD process is mainly investigated for desalination, waste water treatment, 
separation of water isotopes and other applications for which water is 
the major component present in the feed solution to be separated [1, 2].
In the MD process, the volatile molecules transported through the membrane 
pores evaporate in the hot feed side, and are condensed in the cold 



T. Vazirnejad et al. / Journal of Membrane Science and Research 2 (2016) 169-178 

assembling, scale-up and maintenance in MD applications [7,9]. Most studies 

focused on the preparation of hollow fiber membranes by the dry/wet 

spinning or the wet spinning techniques [10-16]. Although the production of 

fibers is more complex, it involves more controlling parameters including the 

nature and concentration of the polymer, additives in polymer solution, 

temperature of internal and external coagulants, spinneret dimensions, 

injection rate of the polymer solution, internal coagulant, air gap length and 

take-up speed [17-22]. The proper design of statistical experiments shows that 

we can study more parameters at the same time and gain maximum 

information from the limited experimental data contrary to the conventional 

spinning approach based on trial and error [23-27]. 

In this study, various porous PVDF hollow fiber membranes with 

different structures and permeation properties are prepared. First, the best salt 

additive between several chloride salts (NaCl, KCl, CaCl2, and BaCl2) is 

determined to optimize surface pore size, contact angle, and porosity. Then, 

Response Surface Methodology based on Box-Behnken design was applied to 

investigate the effects of spinning conditions such as polymer concentration, 

salt concentration and air gap length on the membrane morphology and 

performance. Optimum fiber introduced by the Box-Behnken design 

experiment was examined for the desalination at different feed concentrations 

and temperatures in DCMD and AGMD methods. Finally, the performance of 

synthesized fiber under optimum conditions was compared with the fiber 

produced in the same condition without any salt additives. 

 

 

2. Materials and methods 
 

2.1. Materials 

 

In this study, all materials containing Polyvinylidene fluoride powder 

(grade: Kynar 761), NaCl (MW=58.44, >99%, mesh +80), KCl (MW=74.55, 

>99.99%, mesh -10), CaCl2 (MW=110.98, >93%, particle size >7mm) and 

BaCl2 (MW=208.23, >99%, mesh -10) powders were purchased from Sigma-

Aldrich Chemical Co. (USA). N-dimethylacetamide (DMAC, >99%, Merck, 

Germany) and tap water were used as a solvent and the internal/external 

coagulants, respectively. 

 

2.2. Synthesis PVDF hollow fiber membrane 

 

PVDF hollow fibers were prepared by the dry/wet spinning process by 

using the spinning system as shown schematically and experimentally in 

Figure 1-a and b, respectively. Initially, a solution of Salt/DMAC was 

prepared by a predetermined amount of salt. As all salt powders crushed in a 

mortar are passed across the mesh500, and the maximum size of particles 

decreased to 20 µm. Then, the salt particles were added to DMAC and 

decreased their size by low power sonication (ultrasonic homogenizer, 40 

kHz, maximum output 180 W) for 1 hr. After sonication, the size distribution 

of the additives in the solvent was measured by a Dynamic Light Scattering 

(DLS) test. In the next step, PVDF pellets were dissolved in the Salt/DMAC 

mixture at a temperature of 60 °C and simultaneously stirred for about 24 hr 

to ensure the complete dissolution of the polymer. Before the spinning 

process, the prepared solution was degassed at 60 °C (under vacuum pressure) 

to remove the trapped gas bubbles. 
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Fig. 1. Hollow fiber spinning process; (a: left side) schematically (1: Nitrogen tank; 2: 

regulating pressure valve; 3: pressure gauge; 4: bore liquid tank; 5: dope liquid tank; 6: 

spinneret; 7: fiber through air gap; 8: external coagulant tank); and (b: right side) 

experimental setup. 

 

The polymer solution was loaded into a reservoir, and pressurized 

nitrogen was used to extrude the solution through the spinneret as shown in 

Figure 1. The inner and outer diameters of the spinneret are 0.68 and 1.1 mm, 

respectively. As pressurized nitrogen was injected in the central tube of the 

spinneret, the internal coagulant was ejected and formed the internal surface 

of the membrane. After passing the certain air gap, the extruded polymer 

enters into a coagulation bath. The flow rate of polymer and bore fluid was 

measured by a graduated cylinder with ±0.2 ml accuracy. The spun product 

was stored in a water bath for at least a week to remove the residual solvent 

and salt particles from the pores. Finally, the fibers were dried in the air at 

room temperature (25 °C) before analysis is performed. 

For salt selection, hollow fibers were spun according to Table 1 

conditions. Then, the concentrations of polymer, salt and air gap length were 

optimized with the Box-Behnken experimental design. 

 
Table 1 
Spinning conditions of fabricating PVDF hollow fiber membrane. 

 

Parameter Operating condition 

Inner and outer diameter of the spinneret di = 0.7 mm/ de = 1.5 mm 

Dope composition (PVDF / salt / DMAC) 16 / 2 / 82, w/w/w 

Bore fluid tap water, 0.32 m/s, 37.5 °C 

Dope flow rate 0.12 m/s 

External coagulant tap water, 37.5 °C 

Air gap length 34.5 cm 

Take-up speed 6-8 m/min (free falling) 

Relative humidity 40% 

 

 

2.3. DLS measurements 

 

DLS tests were performed to measure the particles size and size 

distribution of salt additive by using a Zetasizer Nano ZS system equipped 

with a red laser (532 nm) (Malvern Instruments Ltd., England). For each 

sample, a separate DLS measurement was performed with a fix run time of 60 

second at a temperature of 25 °C. A Noninvasive Back Scatter (NIBS) 

technology was used for the size measurement and all sizes of our 

examinations were based on the intensity average. 

 

2.4. Hollow fiber membrane characterization 

 

Viscometer (BROOK FIELD Co., Model DV2T, USA) is used to 

measure the viscosity of the polymer solutions. In addition, Scanning Electron 

Microscopy (SEM) (VEGA3, Model LM, TESCAN Co., China) was applied 

to observe the outer surface and cross-section morphologies of hollow fiber. 

After the fiber was immersed in liquid nitrogen, the frozen fiber was quickly 

fractured. The membrane sample was then positioned on a metal holder and 

coated with sputtering gold operated under a vacuum condition. Finally, the 

SEM pictures were taken at various magnifications, and the inner and outer 

diameters of the fibers and the pore size of the surface (pore radius) were 

measured by means of Image Tool picture analysis software (version 3, USA) 

for SEM picture analysis. The pore size (rpore) was calculated as follows: 

 

π.n

s
rpore =                                                                                              (1) 

 

where S and n represent the total pore area and total number of pores on the 

SEM picture of the fiber outer surface, respectively. The porosity of the 

membrane was measured by determining its swelling in the kerosene, 

according to Eq. (2) [28]: 

 

ρ..
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Porosity
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=                                                                                      (2) 

 

where W1 and W2 are the weights of the dry and wet membranes, respectively; 

S is the fiber cross section area; L is the length of the sample and ρ is the 

density of isobutanol at room temperature. 

The contact angle was measured with a contact angle goniometer 

(JYSP360, united test Co., China). Deionized water was dropped into the 

sample (in hollow shape) through a needle on a micro-syringe during the test. 

A picture was captured after the drop was set in the middle of the sample. The 

contact angle could be calculated by the software to analyze the shape of the 

drop. The contact angle was the average of 5 measured values in different 

locations of the samples. 
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2.5. Experimental design 

 

RSM is a collection of mathematical and statistical techniques that are 

used for modeling and analyzing the applications where a response of interest 

is influenced by several variables. In fact, the main aim of this technique is to 

optimize these responses. Previous studies show that the hollow fiber 

spinning processes were affected by numerous parameters such as air gap and 

coagulant. These factors increase the occurrence of over fitting when a model 

is excessively complex. Therefore, it is necessary to select the parameters that 

had major effects on the responses [29]. Since the selectivity and permeability 

are the crucial features in the performance of membranes, variables must be 

determined to improve these features. Surface hydrophobicity and pore size 

are the two important parameters that influence the selectivity via controlling 

the amount of LEPw. As mentioned before, high LEPw only allows vapor 

molecules to pass through the pores and then to condense on the cold side. 

The relation between the membrane parameters and the MD flux can be 

written as follows [30]: 

 

τδ

εα

m

r
N ≈                                                                                                      (3) 

 

where N is the molar flux, r is the membrane pore size, α is a constant factor 

that is 1 for the Knudsen diffusion and 2 for viscous flow, ε is the membrane 

porosity, δm is the membrane thickness, and τ is the membrane tortuosity. 

According to Eq. (3), a membrane with high porosity is favorable for mass 

transfer as it diminishes the resistance for the transport of water vapor. As 

mentioned before, polymer concentration, additive concentration and air gap 

length may have significant influences on contact angle, porosity, and pore 

size [27,31]. The levels of the effective parameters are presented in Table 2. 

 

 
Table 2 
The level of variables chosen for the Box-Behnken design. 

 

Variable Symbol 

Coded variable level 

    Low                 Center                 High 

    -1                       0                      +1 

Polymer concentration (%w/w) X1 10  16 22 

Salt concentration (%w/w) X2 0 2 4   

Air gap length (cm) X3 0 20 40 

 

 

The behavior of the system was determined by the following second-

order polynomial equation: 
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where Y is the predicted response (Y1 = surface pore size, Y2 = porosity, Y3 = 

contact angle) and Eq. (5) is obtained for three independent variables: 

 

(5) 

 

where x1, x2, and x3 are input variables; β0 is constant; β1, β2, and β3 are linear 

coefficients; β11, β22 and β33 are quadratic coefficients; β12, β13 and β23 are 

interaction coefficients and ε is noise or error. 

In this study, a Box-Behnken statistical design with three factors and 

three levels was employed to fit the second order polynomial model. 

Therefore, 15 experiments were required for this procedure (see Table 4). The 

Design-Expert software (version 9, Stat-Ease Inc., Minneapolis, USA) was 

used for the regression of the model. 

 
2.6. MD experiment 

 
DCMD and AGMD experimental setups (see Figure 2) were used to 

evaluate the desalination performance of the fabricated membranes. A tubular 

PVDF hollow fiber membrane module was fabricated. Three hollow fiber 

membranes were cut and packed in a plastic shell-and-tube module using 

epoxy resin at both ends. Each module was made up of 3 hollow fibers with 

20 cm length. The modules were vertically mounted on the MD installation to 

eliminate the effects of free convection to remove air bubbles [16]. In the 

DCMD module, the hot salt solution flowed through the shell side, whereas 

the cold water flowed through the lumen side by means of a variable speed 

double head peristaltic pump (BT100S, Hangzhou Cheng Technology Co., 

China) at a constant flow rate of 0.43 m/s. The hot feed solution and cold 

water counter-currents simultaneously flowed through the module. The inlet 

temperature of the cold water was kept constant at 25 °C. 

In the AGMD module, the hot saline feed flowed through the lumen side 

and cold water at 25 °C circulated in a stainless steel tube at a flow rate of 

0.43 m/s. This tube was used as a condenser passed through the fibers in the 

module. In both methods, hot feed solution and cold water temperatures were 

controlled by water baths, and the stream temperatures were measured with 

thermocouples with accuracies of ±0.1 °C. The inlet temperature of the feed 

solution inside the modules was maintained at three different degrees (60, 70 

and 80 °C) for three different feed concentrations (35, 50 and 65 g/l) in both 

methods. For each feed temperature and concentration, the distillate weight 

was measured by a balance over the predetermined time (1 hr) after the outlet 

temperatures had reached the steady state. 
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Fig. 2. A schematic diagram of DCMD (upside) and AGMD (downside) 

experimental set-up (1: water heater and hot feed tank; 2: thermocouple; 

3: peristaltic pump; 4: flow meter; 5: balance; 6: permeate tank; 7: water 

cooler; 8: DCMD and AGMD modules; 9: condenser tube) 

 

 

The permeation flux of the membranes was calculated by the following 

equation: 

 

tA

w
J

.
=                                                                                                          (6) 

 

where J is the pure water flux (kg/m
2
•hr), W is the permeation mass (kg), A is 

the effective membrane areas (m
2
) based on the fiber’s outer diameter, t is the 

sampling time (hr). 
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outer
dLnA ∗∗∗= π                                                                                     (7) 

 

where n, L, and douter are the number of fibers, the length of PVDF hollow 

fiber membrane and the outer diameter of the PVDF membrane, respectively. 

The effective filtration area (A) of the self-made hollow fiber filtration 

module was about 22.7 cm
2
. In the hollow fiber membranes, each module 

contained 3 hollow fiber membranes (averagely, OD: 1.2 mm, ID: 0.9 mm) 

housed inside a stainless steel tube (OD: 20 mm, ID: 15 mm) and sealed with 

the epoxy resin. 

The following equation led to the salt rejection (R) of the hollow fiber 

membrane: 

 

%100)1(
2

1 ×−=
c

c
R                                                                                      (8) 

 

where c1 and c2 are the salt concentration of permeate and feed solution, 

respectively. They are measured by the water quality meter (Model 900, 

BANTE Co., China).     

 

 

3. Results and discussions 
 

3.1. Selection of the best salt additive 

 

First, four experiments were performed to determine the best salt among 

the four chloride salts (NaCl, KCl, CaCl2 and BaCl2) as a non-solvent additive 

under specific conditions (see Table 1). The particle size distribution of salts 

was measured by DLS test. 

Table 3 shows that the average pore size decreases as the salt particles 

size declined. SEM images of the cross-section and outer surface of both the 

membrane and the contact angle of the fibers are presented in the Figure 3. 

Table3 
Characteristics of PVDF hollow fiber membranes prepared by different salt additives. 

 

Salt 

additive 

Dope 

viscosity 

(cP) 

Inner/Outer 

Diameter (µm) 
Contact 

angle 
(°) 

Porosity 

(%) 

surface 

pore size 

(µm) 

LEP 

(kPa) 

NaCl 1236 692.33/976.24 90.04 89.66 0.77 104.7 

KCl 1440 832.62/1112.78 81.32 87.8 0.64 106.2 

CaCl2 1958 614.6/954.02 89.56 62.53 0.21 101.1 

BaCl2 2216 672.26/991.42 93.8 85 0.29 117.5 

 

 

Previous works showed that the presence of non-solvent additives in the 

polymer dopes generally increases the viscosity of polymer dopes and 

generates a spongy membrane with a finger-like structure [32,33]. As 

reported in Table 3, the solution containing the salt with a heavier molecular 

weight (BaCl2 or CaCl2) presents higher viscosity in comparison to solutions 

with lower molecular weights (NaCl and KCl). Generally, two types of pores 

are formed in the fiber structure when the salt particles do not dissolve in the 

polymer solution. In the first type, the pores are caused by removing the 

solvent from the membrane body through the air gap inside the external 

coagulant bath and in the second one, the pores are formed by dissolving the 

salt particles in coagulant fluids. Since salt particles with lower molecular 

weight dissolve more easily in water, it was observed that many large pores 

were formed in the fibers containing NaCl and KCl additives through the air 

gap length. These pores stretch through the air gap and increase the surface 

pore size.

 

 

  
 

Fig. 3. SEM pictures of; (A) cross section, and (B) outer surface, and contact angle of fibers with salts additive: (1) NaCl, (2) KCl, (3) CaCl2, (4) BaCl2 (salt concentration are fixed to 2% 

based on polymer concentration). 
 

 

The addition of salts to the spinning solution increases the rate of 

precipitation in the phase inversion step, and a more open structure of the 

membrane is formed. In fact, the rapid precipitation of the polymer was 

associated with the high miscibility of the salts with water in the interaction of 

a salt-solvent and salt-PVDF [34, 35]. In addition, the high rate of polymer 

precipitation leads to the formation of cavities and macro-voids in the 

membrane [7]. Figure 4 shows a cross section containing a finger-like 

structure across the whole thickness of the membrane without any obvious 

difference detectable between the inner and outer surfaces of the fibers. Based 

on the previous works [36], the addition of salt additives to the spinning 

solution has an equally effective impact on the polymer precipitation rate on 

both the inner and outer surfaces of the fibers. 

The results of Table 3 show that the fibers with NaCl and KCl salt 

additives increase the pores size and result in the reduction of the LEPw in the 

membranes. The contact angle test shows that the fibers with KCl and CaCl2 

additives have a hydrophilic surface (contact angle less than 90°). As the fiber 

with the BaCl2 salt presents a small surface pore size, large porosity and 

higher contact angle, it was selected as the best membrane in our experiments. 
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3.2. Mathematical model and optimization of hollow fiber spinning conditions 

 

Fifteen experiments were performed to investigate the effects of various 

parameters such as a polymer concentration (x1), salt concentration (x2), air 

gap length (x3) and their interactions on the responses [Y1: surface pore size, 

Y2: porosity(OP), Y3: contact angle(CA)]. All of the results are presented in 

Table 4. The values of surface pore size in Table 4 have a good agreement 

with Table 3. It should be stated that all experiments were done under the 

spinning conditions of Table 1 except polymer concentrations, salt 

concentrations and air gap length which varied according to Table 4. 

The analysis of variance (ANOVA) for the responses (Y1, Y2, and Y3) is 

given in Table 5. The significance of each coefficient was determined by P-

value. A P-value less than 0.05 indicate that the specific parameter is 

significant.

 

Table 4 
Box-Behnken design with actual values for three size fractions and results. 

 

Run Number 
Actual level of variability 

X1 (w/w%)                  X2 (w/w %)                    X3 (cm) 

Experimental responses 

Y1 (µm)                               Y2 (%)                              Y3 (°) 

1 22 0 20 0.26 73.29 93.04 

2 16 0 0 0.18 60.9 80.6 

3 10 2 40 0.79 88.68 88.06 

4 22 4 20 0.31 81.87 100.08 

5 16 2 20 0.34 85.85 92.32 

6 22 2 0 0.17 70.2 93.32 

7 16 4 0 0.31 78.34 70.05 

8 16 2 20 0.35 86.2 90.12 

9 10 0 20 0.3 75.47 85.2 

10 16 0 40 0.44 65.32 79.76 

11 10 4 20 0.38 87.21 89.28 

12 16 2 20 0.34 84.13 91.22 

13 10 2 0 0.16 74.1 92.4 

14 16 4 40 0.54 89.12 86.96 

15 22 2 40 0.26 87.46 110 

 

 

Table 5 
Analysis of variance (ANOVA) for response models. 

 

Source 
surface pore size (µm) 

Regression coefficients                          P-value  

Porosity (%) 

Regression coefficients                    P-value 

Contact angle (°) 

Regression coefficients                      P-value 

Intercept 
0.34 - 85.39 - 91.22 - 

X1 

-0.079 0.0099 -1.58 0.3464 5.19 0.0022 

X2 

0.045 0.0908 7.69 0.0039 0.97 0.3309 
X3 

0.15 0.0002 5.88 0.0118 3.55 0.011 

X1X2 
-0.0075 0.8264 -0.79 0.7284 0.74 0.5871 

X1X3 
-0.14 0.0035 0.67 0.7679 5.26 0.0092 

X2X3 

-0.0075 0.8264 1.59 0.4929 4.44 0.0177 
X1

2 

- - 0.38 0.8724 8.64 0.0013 

X2
2 

- - -6.31 0.0371 -7.96 0.0019 

X3 
2 

- - -5.66 0.0526 -3.92 0.0319 

 

 

Table 6 
Reduced models for surface pore size, porosity and contact angle responses. 

 

Reduced model (model name) Eq. P-value F-value R2 Radj
2 

Y1 = 0.34 – 0.079x1 + 0.045x2 + 0.15x3 – 0.0075x1x2 – 0.14x1x3 – 0.0075x2x3 (two factor interaction model) (8) 0.0012 12.25 0.9018 0.8282 

Y2 = 85.39 – 1.58x1 + 7.69x2 + 5.88x3 + 0.38x1
2 – 6.31x2

2 – 5.66x3
2– 0.79x1x2 + 0.67x1x3 + 1.59x2x3 (quadratic 

model) 
(9) 0.029 6.23 0.9181 0.7707 

Y3 = 91.22 + 5.19x1 + 0.97x2 + 3.55x3 + 8.64x1
2 – 7.96x2

2 – 3.92x3
2+ 0.74x1x2 + 5.26x1x3 + 4.44x2x3 (quadratic 

model) 
(10) 0.0023 19.21 0.9719 0.9213 

 

 

The Box-Behnken design (BBD) generated the regression equations 

according to Table 6, which represents an empirical relationship between the 

responses and the tested variables. 

In the interval of our experimental design, the responses of different 

conditions could be calculated from Eqs. 8–10. The coefficients of 

determination (R
2
) and adjusted determination (Radj

2
) show that the model 

has good agreement with experimental data. It should be stated that the other 

factors were kept at zero level in all the presented figures. 

 

3.2.1. The main effect of independent variables 

 

3.2.1.1. Effect of polymer concentration 

 

Table 5 (ANOVA) reports the polymer concentration that has a significant 

influence on surface pore size and contact angle (P-value < 0.05) except for 

the porosity (P-value > 0.05). 

As shown in Figure 4-a, the surface pore size decreases with increasing 

the polymer concentration. Also, an increase of polymer concentration greatly 

decreases the porosity to a small value (see Figure 4-b). In fact, by increasing 

the polymer concentration, the dope solution viscosity increases and forms 

more compact and spongy structures [14, 37]. 

Figure 4-c illustrates the effect of polymer concentration on the contact 

angle. Figure 5-c has an upward concavity due to the positive quadratic 

coefficient of polymer concentration (x12) in Eq. (10). As an initial increase 
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occurs in the polymer concentration, the surface pore size decreases and 

reduces the surface roughness [38]. Khulbe and co-workers revealed that the 

contact angle of outer surface was directly related to the surface roughness 

[39]. Moreover, Tang and co-workers observed a similar decrease in the 

contact angle by an increase in PVDF concentration from 13 to 17 %wt in 

fibers containing PEG and LiCl additives [37]. As the polymer concentration 

is further increased, the contact angle would increase due to the filling of the 

surface pores with more hydrophobic polymer particles. Hence, the surface 

structure becomes more compact, thick and hydrophobic (see Figure 5).

 

 
 

Fig. 4. Effect of polymer concentration on; (a) surface pore size; (b) porosity; (c) contact angle 

 

 

3.2.1.2. Effects of salt concentration 

 

According to Table 5, salt concentration has significant effects on the 

porosity (P-value < 0.05) with an insignificant effect on the surface pore size 

and contact angle (CA) (P-value > 0.05). 

As shown in Fig. 6-a, a partial increase is observed in the pore size by 

elevation of salt concentration due to stickiness of the salt particles. Figure 6-

b shows that the porosity increases by a rise in the salt concentration. Many 

researchers have reported similar results for several additives [38,40-42]. This 

observation can be explained by the following reasons. 

 

 

 
 

Fig. 5. Effect of polymer concentration on outer surface structure (polymer concentration 

varied from 10% to 22%). 
 

The porosity of fibers increases because of an increase in the number of 

pores by dissolving the salt particles in water and removing them from the 

fiber structure. Moreover, the high salt concentration in the dope solution 

increases the dope solution viscosity and sponge-like voids are formed, which 

do not allow a further increase in porosity [32, 42-44]. 

The result of ANOVA denoted that the salt concentration (x2) has an 

insignificant effect on the contact angle (P-value > 0.05). The contact angle 

increases (see Figure 7-c) when the surface roughness increases by raising of 

the pore size [38,39]. Consequently, a decrease in response could be the result 

of a very large increase in pore size, and the liquid drops diffuse through the 

very large pores [36,45]. Garcı´a-Payo and co-workers reported that the water 

contact angle is independent of membrane pore size in the flat sheet 

membrane [46]. However, Tang and co-workers found that the growth of the 

salt concentration decreases the contact angle. The effect of an increase in the 

salt concentration on the outer surface structure of the fibers is shown in 

Figure 6. As could be seen, the pore size of the membrane was increased by a 

rise in salt concentration. Furthermore, Figure 7 illustrates the effect of salt 

concentration on the outer surface structure. Thus, it is clear that the pore-size 

becomes larger as well as salt concentration being increased. 

 

3.2.1.3. Effect of air gap length 

 

The result of ANOVA (see Table 5) indicated that the air gap length has a 

significant influence on all of the responses (P-value < 0.05). Figure 8 and 

Table 5 show that the surface pore size is enhanced by increasing the air gap 

length. Indeed, the gravity force has a significant impact on the fiber through 

the air gap length and stretching of the pores. Tang and co-workers found 

similar results for pore size by increasing the air gap [37]. Also, an extension 

of air gap length and pore size could generally develop the porosity. In very 

long air gaps, the sponge-like voids formed and avoided a further increase in 

the porosity. By increasing the air gap length, the contact angle primarily 

increased. By a further extension of the air gap length, the roughness of the 

outer surface and contact angle reduced [39]. 

 

3.2.2. The interaction between the variables 

 

The plots of two- and three-dimensional RSM graphically represent the 

regression of the model. Figures 9 and 10 show that the surface pore size is 

small when polymer concentration and air gap length are high and salt 

concentration is low. These results have good agreement with the 

experimental findings. 

As shown in Figures 11 and 12, the porosity of the prepared fibers 

reaches the highest level in the condition of low polymer concentration, the 

salt concentration of 2%wt and air gap length of 20 cm. 

Figures 13 to 15 show that the maximum contact angle occurs at a very 

high concentration of polymer, the salt concentration (2-3 %wt) and air gap 

length in the range of 20 to 30 cm. 

 

3.2.3. Validation of the model 

 

The optimum values of the variables were determined by the Design 

Expert software. This software is used to obtain the maximum contact angle 

and minimum surface pore size. In fact, it evaluates the LEPw and maximum 

overall porosity to raise the MD flux. The optimum condition of fiber 

production is the polymer concentration of 22 wt%; salt concentration of 2.9 

wt% and air gap of 34.5 cm with the responses of Y1 = 0.29 µm, Y2 = 88.3% 

and Y3 = 110°. In order to validate the equations of the model, a verification 

experiment was carried out under the optimal conditions. A mean value of the 
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pore size, 0.22 µm; porosity, 86.7%; contact angle, 113° and inner/outer 

diameter, 665.11/945.34 µm was obtained from the experiments. The 

experimental and calculated response values were close to each other and 

demonstrated the validation of the Box-Behnken model. SEM pictures 

illustrate the cross section (A, B), an outer surface and contact angle (C) of 

this fiber (see Figure 16).

 

 
 

Fig. 6. The effect of salt concentration on; (a) surface pore size; (b) porosity; and (c) contact angle. 

 

 
 

Fig. 7. Effect of salt concentration on outer surface structure (salt concentration 

varied from 0 to 4% base on polymer weight). 
 

 
 

Fig. 8. Effect of air gap length on the outer surface structure (the air gap length 

varied from 0 to 40 cm).

 

 
 

Fig. 9. The effects of polymer concentration (x1) and salt concentration (x2) on the surface pore size: (a) 2D and (b) 3D plots. 
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Fig. 10. The effects of polymer concentration (x1) and air gap (x3) on the surface pore size: (a) 2D and (b) 3D plots. 

 

 
 

Fig. 11. The effects of polymer concentration (x1) and air gap (x3) on the porosity: (a) 2D and (b) 3D plots. 

 

 

 
 

Fig. 12. The effects of salt concentration (x2) and air gap (x3) on the porosity: (a) 2D and (b) 3D plots. 

 

 
 

Fig. 13. The effects of polymer concentration (x1) and salt concentration (x2) on the contact angle: (a) 2D and (b) 3D plots. 

 

 
 

Fig. 14. The effects of polymer concentration (x1) and air gap (x3) on the contact angle: (a) 2D and (b) 3D plots. 
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Fig. 15. The effects of salt concentration (x2) and air gap (x3) on the contact angle: (a) 2D and (b) 3D plots. 

 

 

 
 

Fig. 16. SEM pictures; (A, B) cross section, (C) outer surface and thecontact angle of hollow fiber fabricated under optimum condition (salt additive 

BaCl2 concentration 2.9%, air gap 34.5 cm, polymer concentration 22 %). 

 

3.3. MD experiments 

 

The hollow fiber membrane prepared at the optimum condition was 

applied for the desalination by DCMD and AGMD methods. The distillate 

flux of the fiber in three different feed concentrations (35, 50 and 65 g/l) and 

three different feed temperatures (60, 70 and 80 °C) in DCMD and AGMD 

processes are presented in Table 7. During the DCMD and AGMD processes, 

all salt rejections were always greater than 99.9%. Also, this work has been 

compared to other works with respect to results of porosity and flux (see 

Table8). 

 

 
Table 7 
Effect of feed temperature on flux permeation for DCMD and AGMD at feed 

concentration. 
 

Feed concentration Feed temperature 

(°C) 

AGMD Flux 

(kg/m2.hr) 

DCMD Flux 

(kg/m2.hr) 

35 g/l 60 12.02 13.37 

70 12.53 16.74 

80 13.37 20.10 

50 g/l 60 11.01 13.2 

70 11.52 15.22 

80 12.02 16.91 

65 g/l 60 10.67 13.03 

70 10.84 15.05 

80 11.68 15.90 

 

The effect of the feed temperature on the distillate flux has been 

investigated for different DCMD modules and systems [6,30,47]. The 

distillate flux was increased exponentially as the feed temperature rises at the 

same permeate temperature. This trend is due to the exponential increase of 

the vapor pressure of the feed solution with rising temperature, which 

enhances the driving force [7]. In this study, the distillate flux in DCMD is 

higher than AGMD at all feed concentrations and temperatures. Since the 

feed temperature increases at any feed concentration, the distillate flux in the 

two methods increases and the difference between the distillate fluxes in 

AGMD is slight for several temperatures. The high amount of the non-volatile 

solute concentration in the feed solution reduces the distillate flux. This 

behavior is attributed to the decrease of the water vapor pressure and driving 

force by decreasing the water activity in the feed solution. Furthermore, there 

is also the contribution of the concentration polarization effect; however, this 

contribution is in the infinitesimal contrary to the temperature polarization 

effect [7]. For all constant feed temperatures, AGMD and DCMD distillate 

flux decreases with increasing the feed concentration. 

Finally, a fiber under the same optimum spinning conditions with/without 

salt additive (BaCl2) (22%wt PVDF and 78%wt DMAC) was prepared. 

DCMD and AGMD modules were assembled by this fiber and tested at the 

feed concentration of 100 mg/l and feed temperature of 80 °C. Indeed, this is 

the best MD condition in our study. MD test results show that distillate fluxes 

(in salt rejection (>99.9%),) improved from 13.75 kg/m
2
.hr to 20.10 and 10.22 

to 13.37 kg/m
2
.hr for DCMD and AGMD methods, respectively. 

 
Table 8 
Comparison between this work and the other related works. 
 

Membranes 

NaCl 

conc. in 

feed 
(gr/L) 

Flux 

(kg/m2.hr) 

Porosity 

(%) 

Salt 

rejection 

(%) 

Reference 

PVDF 

membrane 

flat sheet 

35 18.9 78 99.8 [2] 

PVDF-CTFE 

hollow fiber 
35 62.5 86 99.9 [3] 

PVDF-PTFE 

hollow fiber 
35 40.4 86 99.8 [5] 

Dual layer 

PVDF hollow 

fiber 

35 67 65 99.9 [19] 

PVDF-BaCl2 35 20.1 87 99.9 This work 

 

4. Conclusion 
 

PVDF hollow fiber membranes were prepared by four chloride salts 

(NaCl, KCl, CaCl2 and BaCl2) as an additive in a dry/wet phase inversion. 

After the best salt additive (BaCl2) is determined, the Box-Behnken method 

was used to optimize the polymer concentration, salt concentration and air 

gap length variables. The fabricated membranes were characterized by SEM, 

contact angle test and porosity measurements for each hollow fiber 

membrane. The following conclusions have been obtained: 

 

(1) Using the salt additive with higher molecular weight (BaCl2) 
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increases the viscosity of the solution and tends to make more 

porous membranes with high surface hydrophobicity and low 

surface pore size. 

(2) As the polymer concentration increases, the contact angle initially 

decreases and then increases. However, this response initially 

increases and then decreases by enhancing the salt concentration 

and air gap length. 

(3) The porosity of the fibers decreases when the polymer 

concentration in dope solution is increased. The development of 

salt content and air gap length in the spinning process generally 

increases the porosity of the fiber from 60.9% to 89.1%. 

(4) The variation of surface pore size are similar to those of the 

porosity. As the polymer concentration increases, the porosity 

decreases and enhances by increasing the salt concentration and air 

gap length. 

(5) DCMD and AGMD methods were tested for desalination by the 

hollow fiber membrane produced in optimum conditions (polymer 

concentration, 22%wt; BaCl2 concentration, 2.9%wt; air gap 

length, 34.5 cm) at different feed temperatures (60, 70 and 80 °C) 

and concentrations (35, 50 and 65 g/l). It was observed that MD 

fluxes were the highest at minimum feed concentration (100 mg/l) 

and maximum feed temperature (80 °C). 
(6) The distillate fluxes of the fabricated hollow fiber with/without 

the salt additive (BaCl2) are compared. The findings show that the 

salt additive significantly improved distillate flux to 46% and 31% 

for DCMD and AGMD, respectively. 
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