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AbstractRSM methodology was applied to present mathematical models for the fabrication of polyvinylidene fluo-
ride (PVDF) dual-layer hollow fibers in membrane distillation process. The design of experiments was used to investi-
gate three main parameters in terms of polymer concentration in both outer and inner layers and the flow rate of dope
solutions by the Box-Behnken method. According to obtained results, the optimization was done to present the proper
membrane with desirable properties. The characteristics of the optimized membrane (named HF-O) suggested by the
Box-Behnken (at the predicted point) showed that the proposed models are strongly valid. Then, a morphology study
was done to modify the fiber by a combination of three types of a structure such as macro-void, sponge-like and sharp
finger-like. It also improved the hydrophobicity of outer surface from 87 to 113o and the mean pore size of the inner
surface from 108.12 to 560.14 nm. The DCMD flux of modified fiber (named HF-M) enhanced 62% more than HF-O
when it was fabricated by considering both of RSM and morphology study results. Finally, HF-M was conducted for
long-term desalination process up to 100 hr and showed stable flux and wetting resistance during the test. These step-
wise approaches are proposed to easily predict the main properties of PVDF dual-layer hollow fibers by valid models
and to effectively modify its structure.
Keywords: Dual-layer Hollow Fiber Membranes, Polyvinylidene Fluoride (PVDF), Response Surface Methodology, Mor-

phology Study, Membrane Distillation

INTRODUCTION

Industrialization and population growth have intensified the water
crisis as a global issue [1,2]. Researchers have tried to find efficient
desalination to overcome this problem by producing fresh water.
Among the various technologies, membrane distillation (MD) has
received greater attention than other conventional desalination pro-
cesses like multi-stage flash distillation (MSFD) and reverse osmo-
sis (RO), in last decays [3,4]. This is because MD process offers
various advantages such as lower operating pressure and tempera-
ture, yielding highly purified distillate (theoretically 100% rejection),
using natural energy sources (waste heat source, solar and geother-
mal energy) for operation and more cost-effective than other tech-
nologies [5,6]. Although MD is an efficient approach, it has not
been industrialized yet, owing to low permeation flux and mem-
brane pore wetting during a long-term operation [7-9]. In fact, MD
is a thermally driven separation process in which the heat and mass
transfer occur simultaneously and the difference of vapor pressure
(temperatures) is known as the driving force between two sides of
the membrane. A hydrophobic, porous membrane acting as a phys-
ical barrier between two phases is faced with a hot saline solution
(feed stream) and prevents from a liquid penetration. Hence, only

the vapor can diffuse into the membrane pores and migrate from
the feed side. MD configurations are classified based on the meth-
ods of penetrated vapors which are condensed at distilled side. Thus,
MD is divided into four distinct types: direct contact membrane
distillation (DCMD), air gap membrane distillation (AGMD), vac-
uum membrane distillation (VMD) and sweeping gas membrane
distillation (SGMD) [10-15]. Among these, DCMD is the most con-
ventional type of MD in the literature due to more simple equip-
ment requirement than the others and higher permeation flux. In
the DCMD process, the cold pure product is applied to condense
the vapors at permeate (distilled) side. Therefore, both surfaces of
the membrane are directly faced with liquid streams, hot feed brine
and cold pure water [16-20].

In recent years, the characteristics of MD membrane have been
studied improve both permeation flux and wetting resistance. The
permeation flux can be enhanced by lowering the thermal con-
ductivity of a membrane, which results in a reduction of tempera-
ture polarization on membrane surfaces and keeping the tempera-
ture difference constant between two sides. Moreover, the mass
transfer coefficient must be as high as possible to increase the dif-
fusion rate of vapor through the membrane [21]. A membrane with
large mean pore size, high porosity, low tortuosity and small thick-
ness of the functional layer is desirable for these features (low ther-
mal conductivity and mass transfer resistance), and its structure
tends to become macro-void [22]. Note that when the thickness of
the membrane is small, the amount of heat loss during the DCMD
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process becomes high due to the heat conduction through the
membrane matrix. On the other hand, to reduce the risk of pore
wetting, high hydrophobicity, small pore size and tortuosity of the
membrane are required properties for MD process [23,24]. In addi-
tion, a sponge-like structure is favorable for high wetting resistance
and may improve the mechanical properties of the membrane, as
well [25]. Thus, by taking into consideration both high permeation
flux and wetting resistance, the desired properties of the membrane
in MD are as follows: high porosity and hydrophobicity, appropri-
ate mean pore size, optimum thickness, low thermal conductivity
and combination of mentioned structure [21,26-29].

Generally, hollow fiber membranes are known as the most accept-
able membrane geometry in the industrial applications due to yield-
ing high productivity per unit volume, good flexibility in operation,
mechanical self-supporting and easy assembling into the modules
[30-34]. Furthermore, hollow fiber module provides the least tem-
perature polarization than the other module configurations [10]. In
MD applications, the most popular technique applied for the fabri-
cation of hollow fiber membranes is dry/wet phase inversion spin-
ning using poly (vinylidene fluoride) (PVDF) polymer [35,36].

The dual-layer hollow fiber membrane in MD was first proposed
by Bonyadi and Chung [37] using co-extrusion technique. They
fabricated hydrophobic/hydrophilic hollow fibers with the utiliza-
tion of PVDF as the main polymer in both layers. They could en-
hance the permeation flux as high as 55 kg m2 hr1 at the feed inlet
temperature of 90 oC in the DCMD process. A novel method for
the fabrication of hydrophobic/hydrophilic composite membranes
in MD was introduced by Khayet and Matsuura [27] for flat-sheet
membranes as a possible method to improve the permeation flux.
In the same way, many researchers employed similar approaches
to fabricate hydrophobic/hydrophilic dual-layer hollow fiber mem-
branes in MD [38-44]. Teoh and Chung [25] produced dual-layer
PVDF/PTFE composite hollow fibers with a thin (13m) macro-
void-free outer layer structure and a high wetting resistance. Wang
et al. [21] offered a new structure hollow fiber consist of the sponge-
like outer layer and fully finger-like macro-void inner layer. They
reached a significant permeation flux as high as 98.6 Lit m2 hr1.

The fabrication of hollow fiber membranes, especially dual-layer,
is more complex owing to involve various parameters and interac-
tions during the spinning process [45]. The investigation of all
parameters is almost impossible by the classical method. These lim-
itations can be avoided by using the proper design of experiment
(DoE), which can investigate many variables and their interactions
at the same time. The number of tests is effectively reduced rather
than the conventional methods which are on the basis of trial and
error [46,47]. Although some works are devoted to investigating the
MD processes, limited researchers have studied it by DoE [48-50].

In this study, the fabrication of dual-layer hollow fiber mem-
branes was modeled and studied by response surface methodol-
ogy (RSM) for the first time. Three main parameters in the spinning
process were investigated with four relative responses. The signifi-
cant and valid models (quadratic models) were designed by Box-
Behnken method based on experimental data for prediction of
responses via actual terms of parameters. In addition, the parame-
ters were optimized by consideration of the proper region of re-
sponses. Then, the morphology of inner and outer layer of the mem-

brane was studied by altering the internal and external coagulant
compositions, respectively. Finally, two resultant fibers in each part
were conducted for DCMD tests and the best one of them was
applied in the continuous desalination process.

EXPERIMENTAL SECTION

1. Materials and Methods
1-1. Materials

The polymer polyvinylidene fluoride (PVDF, Kynar MG 15) in
powder form was purchased from Arkema Inc. The solvent N-
Methyl-2-Pyrrolidone (NMP, >99.5%) and non-solvent Ethylene
Glycol (EG, >99.5%) were supplied by Merck Co. Methanol (MeOH,
>99.5%) was employed as external coagulation and Ethanol (EtOH,
99.5%) was employed for solvent exchange after spinning prepared
from Merck Co, as well. Double-distilled water was purified with a
deionizer resin in our laboratory and it was used in DCMD tests,
external coagulation and bore fluid mixture.
1-2. Dope Preparation

In this work, PVDF has been considered as the main polymer
in the inner and outer dope solutions. First, the polymer was dried
in an oven at 70 oC at least for three days to remove excess mois-
ture. To prepare the dope solutions, the polymer, and solvent or
solvent/non-solvent mixture were mixed and kept stirred at approxi-
mately 40 oC during 24 hr until becoming homogeneous and trans-
parent. Finally, the dope solutions were degassed at room tem-
perature over a period of 6 hr and made ready to use in the spin-
ning process.
1-3. Fiber Spinning

The hollow fiber membranes were prepared by dry/wet phase
inversion process using the spinning system, which is schemati-
cally illustrated in Fig. 1. A detailed description of the spinning pro-
cess and the apparatus pictures can be found in supplementary data
(part S1). The fibers were post-treated by non-solvent exchange
using ethanol for 4 hr to improve membrane wettability, prevent
pore collapse and minimize the membrane shrinkage by reducing
the surface tension [51]. Finally, the membranes were dried at ambi-
ent temperature for two days.
2. Membrane Characterization
2-1. Morphology Study

SEM pictures were taken to observe the surfaces, cross-sections
and the dimensions of the membranes using scanning electron
microscope (SEM, Model: AIS2100, SERON Co., Korea). The hol-

Fig. 1. Schematic diagram of the hollow fiber spinning system.
(1) Bore fluid pump (5) Water bath
(2) Polymers pump (6) Nascent hollow fiber
(3) Triple orifice spinneret (7) Collector
(4) External coagulant bath (8) Collector bath



Optimization and modification of PVDF dual-layer hollow fiber membrane for direct contact membrane distillation 2243

Korean J. Chem. Eng.(Vol. 35, No. 11)

low fiber samples were first immersed and frozen in liquid nitrogen
and then fractured. The samples were subsequently subjected on a
metal holder to sputter-coat with a thin gold film under vacuum.
2-2. Porosity Measurement

The overall porosity of the hollow fibers () estimated by calcu-
lating the ratio of the empty voids to the total volume of the mem-
brane was examined by kerosene immersion method [37]. First, the
samples were weighted with a beam balance (w1) and then immersed
in kerosene solution for one week to ensure that all of the fiber voids
were wetted and filled with kerosene, completely. Next, the wetted
samples were removed from the kerosene in both lumen and surface
side of fibers and subsequently weighted again (w2). Finally, the
porosity of hollow fibers was calculated by the following equation:

(1)

where  is the overall porosity, R1 and R2 are the inner and the
outer fiber radius, respectively (obtained by SEM pictures), L is the
fiber length (about 2 cm for each sample) and ker is the density of
kerosene. An average of five measurements was considered as the
fiber porosity for each sample.
2-3. Contact Angle Measurements

The contact angle of the hollow fibers was measured using a
contact angle tensiometer (Model: OCA40, Data Physics Crop.,
Germany) with deionized water droplets to evaluate the surface
hydrophobicity of the membranes. A droplet of 2L was leisurely
put on the fiber surface and the contact angle was calculated by the
software. Ten measurements in different spots of the fibers were
made for samples and an average was adopted.
2-4. LEPw, Mean Pore Size and Mechanical Strength Measurements

Liquid entry pressure of water (LEPw, bar), mean pore size (dp, m)
by gas permeation method and mechanical properties of membranes
in terms of Young’s modulus (MPa), tensile stress at break (MPa) and
strain at break (%) were also applied to characterize the hollow fibers.
The detailed discussion, schematic figures and the procedure of char-
acterizations are explained in supplementary data (part S2).
3. DCMD Experiments

A lab-scale unit schematically shown in Fig. 2 was conducted for
DCMD tests. The apparatus of the feed and the permeate cycles is
highlighted by red and blue colors, respectively. To simulate the
sea water salinity, a saline solution with 3.5 wt% sodium chloride

(NaCl) concentration was used as the feed solution. The feed was
heated by means of a heater and then circulated through the shell
side of the membrane module. On the other hand, the distilled
water was made cold by a cooler and also flowed through the lumen
side of the module, which was vertically fixed on the MD installa-
tion. This was done to omit the free convection effect and remove
the excess air bubbles that remained in the streams [36]. Both of
the streams were pumped by peristaltic pumps and flowed co-cur-
rently through the module from the bottom to the top in order to
prevent the membrane wetting generated due to the pressure dif-
ference across the opposite side of the membrane [26]. The hol-
low fiber modules (a plastic tube of 3/8 in. diameter) used in this
experiments contain six fibers with effective length of 15 cm, pack-
ing fraction of 25±5% and filtration area about 50 cm2. The proce-
dure of module preparing can be found in supplementary data
(part S3). The inlet temperature of the distilled water was fixed at
20 oC, while the inlet temperature of the feed solution was varied
from 50 oC to 80 oC. First, the cold stream was flowed through the
lumen side of the membrane module for ten minutes to ensure
that there was no leakage and then the feed flowed until the steady
state conditions (respective inlet temperatures and stream flow rates)
were attained. For each test, the weight gain on the distilled side
was measured over a predetermined period and the permeation
flux, J (kg m2 hr1) was calculated from the following equation:

(2)

where W (kg) is the permeation weight change over a period of
predetermined time t (hr) and A (m2) is the effective membrane
area for vapor transport. The ionic conductivity of permeate and
feed solutions were measured by a conductivity meter (Model:
HQ40, Hach Co., United States) and the separation factor (R) was
calculated using the following expression:

(3)

where CP and CF are the NaCl concentration in permeate and the
feed solutions, respectively.
4. Design of Experiments

Response surface method (RSM) consisting of statistical and
mathematical methods has great advantages in experimental stud-
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Fig. 2. Lab-scale set-up for DCMD experiment.
(1) Thermostat (3) Flow meter (5) Permeate (7) Heater (9) Hollow fiber module
(2) Peristaltic pump (4) Beam balance (6) Cooler (8) Feed
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ies. The main advantages of this method are comprehensively dis-
cussed in the previous studies [52,53]. There are many parameters
affecting the fabrication of the hollow fiber membrane. We applied
the Box-Behnken method to design the experiments and identify
the effect of three main parameters in terms of polymer concen-
tration (wt%) in both outer and inner layer and dope solutions flow
rate (ml/min). They were investigated based on four main responses
such as overall porosity (), contact angle outer layer (o), mem-
brane thickness (m) and outer layer thickness (m). These main
variables and responses are chosen because (1) The polymer con-
centration in both inner and outer layer is one of the most signifi-
cant parameters which affect the properties of the fibers. (2) The
flow rate of dope solutions plays a very important role in the fabri-
cation of fibers by inducing and altering the shear stress in the
spinneret which results in affecting some properties of the fiber.
(3) These responses are the most relative properties of hollow fibers,
based on the selected parameters. This approach was made to obtain
an appropriate membrane by the Box-Behnken method. The
effects of the main parameters on the responses can be illustrated
by plots and investigated via empirical models (mathematical equa-
tions). The range of the factors (parameters) concerning coded
and uncoded symbols is shown in Table 1.

The relation of coded and actual values was obtained by the fol-
lowing equation:

(4)

where xi and Xi are the coded and actual values of the indepen-
dent variable, respectively, X0 is the actual value of the indepen-
dent variable at the center point and Xi is the step change of Xi.
To fit the experimental data, Eq. (5) is used by the second order
polynomial model.

(5)

where Y is the predicted response, xi is the input factors, k is the
number of variables, 0 is the constant term, i is the linear param-
eters coefficient, ii and ij are the coefficient of quadratic and inter-
action parameters, respectively. In addition,  is the residual as-
sociated to the experiments [54,55]. We designed 15 experiments
(including three replicative tests at the central point) by Design
Expert Software (Version 10.0.2, State-Ease Inc., Minneapolis, USA).
The analysis of variance (ANOVA) technique was applied to ver-
ify the statistically significant factors and interactions by probability
P-value. The determination coefficient (R2) was used to evaluate
the validity of the regression model [56]. The conditions of the dual-
layer hollow fiber fabrication applied for experimental design tests
are summarized in Table 2. The composition of polymer (PVDF)

and solvent (NMP) in the inner and outer layer solution was ob-
tained from the Box-Behnken method. The same flow rate was
considered for both inner and outer dope solutions.

RESULT AND DISCUSSION

1. Response Surface Methodology
1-1. Mathematical Method of Box-Behnken

Table 3 demonstrates 15 experiments designed by the Box-
Behnken method. These tests were performed to investigate the
effects of the polymer concentration in the outer layer (x1), the poly-
mer concentration in the inner layer (x2) and the flow rate of the
dope solutions (x3). Moreover, their corresponding responses in
terms of porosity (y1), surface hydrophobicity or contact angle (y2),
overall membrane thickness (y3) and outer layer thickness (y4) are
studied in the present work. The analysis of variance (ANOVA) was
used to examine the significance of the models and coefficients
distinguished by P-value. Note that whenever the P-value gets less,
the effect of coefficients terms becomes more and the validity of
the model increases. P-value less than 0.05 indicates that the
model and coefficient terms are statistically significant, whereas
they are not valid for the model when this value is more than 0.1
[56]. ANOVA results for the quadratic model including P-values
and coefficients estimate in terms of coded factors are tabulated in
Table 4. By taking into consideration of the P-values less than 0.05,
only some coefficients are acceptable and some of them are found
to be negligible (P-values more than 0.1) for predicted responses.
Based on this assumption, x1, x2, x3, x1x3 and x3

2 for y1, x1, x3, x12

and x3
2 for y2, x1, x2 and x3 for y3 and x1, x3 and x1x2 for y4 are the

significant model terms, respectively.
Predicting the characteristics of hollow fibers applied in the MD

based on the standard models is essential for the development of
desalination process. Table 5 presents the empirical models in terms
of actual factors, which can be used to make predictions about the
respective responses. The input data for these equations should be
specified in the original units for each factor. As can be observed
in Table 4 and Table 5, the values of coefficient terms in the mod-
els are highly affected by the amount of p-value. As the p-value

xi  
Xi  X0

Xi
---------------

Y  0   i1
k ixi  i1

k iiki
2

  1 i j
k ijxixj  

Table 1. Parameters in DoE tests

Factors Unit Symbols
Coded and actual levels

Low (1) Center (0) High (+1)
Outer layer polymer concentration wt% X1 10.0 12.50 15
Inner layer polymer concentration wt% X2 7. 8.5 10
Dope solutions flow rate ml/min X3 00.5 02.25 04

Table 2. Spinning condition of dual-layer hollow fiber in experimen-
tal design tests

Bore fluid (wt%) DI water (37.5 oC)
Bore flow rate (ml/min) 6
External coagulant (wt%) DI water (25 oC)
Air gap (cm) 2
Take-up speed Free fall
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decreases, the quantity of the coefficient becomes larger.
Table 5 clearly shows that the P-value of all models is less than

0.05, which confirms the qualification of the obtained data. The
calculated R2-values are greater than 0.9 for all models indicating
that more than 90% of the data deviation can be fitted by the empir-
ical models. R2

adj values of all models (in Table 5) are very close to

R2
 values (greater than 0.9), which demonstrates agreement be-

tween models and data. The statistical significance of the second-
order model equation was determined by F-value defined as a test
for comparing the sources mean square to the residual mean square
[57]. The F-value results imply that all models are significant and
there is only 0.25%, 0.26%, 0.03%, and 0.01% chance for error due

Table 4. Analysis of variance (ANOVA) results for response surface quadratic model

Source
Porosity Contact angle Fiber thickness Outer layer thickness

Coefficient
estimate P-value Coefficient

estimate P-value Coefficient
estimate P-value Coefficient

estimate P-value

Intercept 72.18 84.420 102.92 41.26
x1 3.34 0.0038 3.81 0.0002 011.90 <0.0256 03.84 <0.0258
x2 5.43 0.0004 0.31 0.4675 011.07 <0.0329 01.90 <0.1810
x3 3.99 0.0017 1.25 0.0256 071.92 <0.0001 29.34 <0.0001
x1x2 00.91 0.3706 0.19 0.7523 009.21 <0.1463 06.45 <0.0136
x1x3 2.70 0.0332 0.690 0.2759 00.24 <0.9655 00.66 <0.7191
x2x3 01.82 0.1067 00.063 0.9158 001.70 <0.7644 00.64 <0.7284
x1

2 0.36 0.7245 2.70 0.0058 01.93 <0.7430 01.07 <0.5794
x2

2 02.13 0.0784 0.57 0.3726 010.74 <0.1121 02.07 <0.3030
x3

2 03.87 0.0101 3.430 0.0021 03.55 <0.5525 0.54 <0.7770

Table 5. Empirical models of responses in terms of actual factors
Empirical models EQ no. P-value F-value R2 R2

adj

=212.11720.5732O24.2705I6.1509F+0.2426OI
=0.6165OF+0.6924IF0.05746O2+0.9448C2+1.2647F2 (6) 0.0025 18.42 0.97 0.92

=143.50419.3381O4.7989I+7.5119F+0.0500OI
=0.1571OF+0.0238IF+0.4316O2+0.2546I21.1190F2 (7) 0.0026 18.34 0.97 0.91

T=450.42228.2520O105.8791I+41.5139F+2.4550OI
T=0.0556OF+0.6457IF0.3091O2+4.7716I21.1584F2 (8) 0.0003 42.95 0.99 0.96

ST=257.432217.6970O36.4078I+13.6187F+1.7206OI
ST=+0.1505OF+0.2421IF+0.1707O2+0.9189I20.1758F2 (9) 0.0001 67.02 0.99 0.98

Table 3. Box-Behnken design experiments with obtained results
Exp
no.

Outer layer
concentration (O, wt%)

Inner layer
concentration (I, wt%)

Dopes flow
rate (F, ml/min)

Porosity
(, %)

Contact
angel (, o)

Fiber thickness
(T, m)

Outer layer
thickness (ST, m)

01 10.00 08.50 4.00 77.79 82.25 161.028 68.385
02 12.50 07.00 0.50 88.50 80.00 025.282 10.481
03 12.50 07.00 4.00 78.50 83.00 172.736 66.776
04 12.50 10.00 0.50 74.23 80.00 044.095 17.536
05 15.00 10.00 2.25 66.85 93.00 150.711 55.512
06 10.00 08.50 0.50 82.00 79.00 023.719 09.894
07 12.50 10.00 4.00 71.50 83.25 198.330 76.374
08 12.50 08.50 2.25 70.21 83.00 108.972 42.864
09 10.00 10.00 2.25 69.98 83.50 094.819 32.557
10 15.00 08.50 0.50 79.00 86.50 034.343 13.879
11 10.00 07.00 2.25 82.87 82.75 091.154 46.183
12 12.50 08.50 2.25 73.23 85.00 095.061 39.648
13 15.00 08.50 4.00 64.00 87.00 170.679 75.005
14 15.00 07.00 2.25 76.10 91.50 089.219 43.332
15 12.50 08.50 2.25 73.11 82.25 104.734 41.275
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to the noise of the porosity, contact angle, fiber thickness, and outer
layer thickness responses, respectively.
1-2. Morphology of Hollow Fibers in DoE Tests

The SEM pictures of dual-layer hollow fiber membranes fabri-
cated in DoE tests are shown in Fig. 3. Each image is separately
shown in supplementary data (part S4) to clearly check the struc-
ture of the fibers. In general, the total structure of fibers is finger-
like at both inner and outer layers due to immediate phase inver-
sion induced by water in the internal and external coagulation. In
fact, water is a strong coagulant for the polymer and the differ-
ence of solubility parameters of water and dope materials is high.
Thus, it leads to an instantaneous de-mixing and fast precipitation
rate, which is favorable for the formation of the membrane with a

finger-like macro-voids structure [39,58]. As can be seen, in fibers
1, 3 and 13, by increasing the polymer concentration in the dope
solution of outer layer with the same flow rate (4 ml/min), a long
finger-like structure with large cavities changes to a shorter and
smaller macro-voids like fiber 13. The structure of fiber 13 consists
of two short finger-like structures near the inner and outer sur-
faces and a large finger-like between them. Similar cases could be
detected for fibers 6, 2, 4 and 10, which were fabricated at 0.5 ml/
min of dopes flow rate. In fiber 10, the finger-like structure almost
disappeared and changed to the sponge-like structure in the outer
layer. There is a thin sponge-like boundary between two finger-
like structures of layers in fibers 5 and 7. This is because the poly-
mer concentration in both inner and outer layer dope solution is

Fig. 3. Cross-section structure of dual-layer hollow fiber (experimental design tests).
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Fig. 4. Effect of the parameters on porosity.

Fig. 5. Effect of the parameters on contact angle.
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high and closed to each other. Experiments of 8, 12 and 15 were
done under the same conditions (at the center points of each param-
eter), so their morphologies are similar. Fiber 9 has the same struc-
tures at the both of layers because the polymer concentration in
each dope solution of layers was 10 wt%.

As a result, the morphology of the membrane was affected by
the polymer concentration. In fact, by increasing the polymer con-
centration or viscosity of the dope solution, the large macro-voids of
the finger-like structure become short and small and even change
to the sponge-like structure.
1-3. Effect of the Parameters on the Porosity

As shown in Fig. 4, the porosity of the membrane decreases with
the increase of the polymer concentration in the outer layer. It is
well-known that by increasing the polymer concentration in dope
solution, the porosity is affected and decreased because of the reduc-
tion of empty voids and pore size in the membrane matrix [59].

The similar results obtained for the case of polymer concentra-
tion in the inner layer. It can be seen that the polymer concentra-
tion of the inner layer exhibits more impressive parameter than
that one on the porosity with the P-value of 0.0004 (Table 4). This
implies that the more portions of the spaces and voids of the fiber
were occupied by the inner layer. By increasing the dope flow rate,
the porosity of membrane first decreases and then remains con-
stant without obvious change, as well. This reveals that the increase
in the dope flow rate can slightly decrease the pore size of the fibers.
1-4. Effect of the Parameters on the Contact Angle

The p-value of the polymer concentration in the outer layer is

0.002 for the hydrophobicity of the membrane (Table 4). This con-
firms that it is the most impressive parameter among the others.
Fig. 5 indicates that the contact angle increases slightly by increas-
ing of polymer concentration up to 12wt%. Then, significant growth
is observed from 84 to 91o when the polymer concentration var-
ies from 12 to 15 wt%. This occurs due to the growth of hydro-
phobic polymer (PVDF) at the fiber surface. Fig. 5 also shows that
the polymer concentration in the inner layer has no obvious influ-
ence on the contact angle. This verifies the significance of DoE
results. The contact angle increased from 80 to 84o when the dope
flow rate varied from 0.5 to 2.6 ml/min. Then, the contact angle
decreased from 84 to 82o by increasing the flow rate over 2.6 ml/
min. According to this result, no clear trend could be attained be-
tween the flow rate and the contact angle of the fiber. Furthermore,
the variation of contact angle changing (80-84o) is not considerably
affected by dopes flow rate.
1-5. Effect of the Parameters on the Membrane and Outer Layer
Thickness

Fig. 6 and Fig. 7 demonstrate the effect of the parameters on the
membrane thickness and the outer layer thickness, respectively. Both
of the responses increase when the polymer concentration of the
outer layer and dope solution viscosity increase. This result is in
agreement with the observation of Wu et al. [60]. The same trend
could be observed for membrane thickness when the polymer con-
centration in the inner layer increases. Based on ANOVA results
(Table 4) the polymer concentration in the inner layer has P-val-
ues of 0.1810 via the thickness of the outer layer. This result makes

Fig. 6. Effect of the parameters on the membrane thickness.
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the proposed models more reliable. Chung et al. [61,62] found that
a higher dope flow rate, which results in higher dope shear rate in
the spinneret, forms a thicker and denser layer after the dope solu-
tion being extruded from the spinneret. It was observed that the
molecular chains at higher shear rate tend to align themselves more
than ones at lower shear rate due to the enhancement of molecu-
lar orientation which leads to a tighter structure. As a result, an
increase of the dope flow rate strongly affects the fiber and outer
layer thickness and make them thicker. Note that the dope flow
rate has the most significant effect on the thickness and the outer
layer thickness of fiber with the least P-value (<0.0001).

The one-factor and contour line plots of the parameters effect
on the responses were illustrated by the software, as well. They could
be found in supplementary data (part S5).
1-6. Optimization of the Parameters

After determining the effects and relations between parameters
and their respective responses, the optimum values must be deter-
mined by the Box-Behnken method to reach an appropriate hol-
low fiber membrane. The number of responses is approximately

high in this study. Hence, in order to optimize the parameters, we
recommend that the responses become localized inside the valid
regions. These regions were attained based on our observations and
the recommendation of previous studies. The porosity and hydro-
phobicity should be as high as possible to increase the mass trans-
port and wetting resistance of membrane during the MD process.
In this regard, the values adopted for porosity and contact angle
are more than 70% and 85o, respectively. It was observed that the
fabricated fibers with the thickness of lower than 100m, have a
weak mechanical resistance and quality. Therefore, the wall thick-
ness chosen for the optimization of fibers is in the range of 100-
200m. On the basis of modeling results reported by Lagana et al.
[18] with consideration of mass and heat transport effects, an opti-
mum thickness of the outer layer is about 30-60m. This range
was accordingly considered for the optimization step in this study.

Finally, by taking into account all the valid regions of responses,
the predicted point was suggested by the software is shown in Table
6. The results in optimization section have been shown in supple-
mentary data (part S6).

Fig. 7. Effect of the parameters on the outer layer thickness.

Table 6. The predicted point by Box-Behnken in the optimization section
Parameters Responses

Polymer concentration in the outer layer (wt%) 13.49 Porosity (%) 74.98
Polymer concentration in the inner layer (wt%) 07.14 Contact angle (o) 86.24

Flow rate of dope solutions (ml/min) 02.99 Thickness of fiber (m) 132.086
Thickness of outer layer (m) 052.871
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2. Morphology Study
2-1. External Coagulant

Four hollow fibers were fabricated at the predicted point obtained
by RSM method with different types of water/methanol composi-
tions in the external coagulant. The other conditions were adjusted
similarly to the DoE tests. Fig. 8 shows SEM pictures obtained from
the cross-section and top surface of fibers. It can be observed that
long finger-like macro-voids and cavities were formed in mem-
brane structure when a strong non-solvent like water was used for
coagulation (Fig. 8(1a)). By adding methanol, which is a weaker
non-solvent for PVDF compared to water, the morphology of fiber
changed from large finger-like to the short finger-like along with
sponge-like structure (Fig. 8(b), (c)). By increasing the methanol
percent in the coagulation bath, the growth of sponge-like struc-
ture can be clearly observed in the outer layer of fibers. In the case
of water/methanol (20/80, w/w), the finger-like structure is com-
pletely disappeared and the morphology of the outer layer is fully
dominated by the sponge-like structure (Fig. 8(1d)). The structure
of the inner layer remains unchanged in all of the cases. It can be
concluded that the type of the coagulation plays a significant role in
the morphology of membranes prepared by phase inversion pro-
cess. In general, a strong coagulant leads to a fast precipitation and
solidification rate resulting in the long finger-like and large cavities
formation, whereas a weak coagulant decreases precipitation rate
and delays de-mixing process, which results in a porous sponge-
like structure [58]. The coagulation rate could be explained based
on the mutual diffusivity of solvent/non-solvent and the solubility
parameters of polymer, water, and methanol reported by many
authors elsewhere [37,39]. The difference between solubility param-
eters becomes high when water is used as the non-solvent, which
favors to a fast precipitation and forms a finger-like macro-void struc-
ture. The addition of methanol in the coagulant delays the coagu-
lation process and reduces the gap between parameters forms a
porous sponge-like structure.

As can be observed in Fig. 8(2), the outer surface morphology
of hollow fibers is changed by altering the water/methanol compo-

sitions. When pure water was employed as a coagulant (strong coag-
ulant) the outer surface became dense and smooth (Fig. 8(2a)). As
water/methanol composition was employed and consequently meth-
anol portion increased in the coagulant, the roughness of outer
surface increased. This may be attributed to the increase in size
and the number of pores on the outer surface [37,63].

Fig. 9 compares the contact angles of the outer surface in the
different types of the coagulant. It can be clearly seen that the con-
tact angle strongly depends on the coagulant compositions and ac-
cordingly increases when the roughness of surface increases. The
spinning process became difficult when methanol content was 80
wt% in coagulant. In fact, this occurred due to the extremely slow
precipitation and the deformation of the outer surface of the fibers
during the spinning. Therefore, the mixture of water/methanol (40/
60, w/w) was adopted as the standard composition in the external
coagulation bath for the spinning process.
2-2. Internal Coagulant (Bore Fluid)

Fig. 10 shows four types of hollow fiber inner surface morphol-
ogy prepared by different bore fluid compositions which contain
water and solvent (NMP). The addition of the solvent into the bore

Fig. 8. Effect of different coagulation on the external hollow fiber morphology ((1) fiber cross sections; (2) fiber external surface and contact
angel pictures); (a) water; (b) water/methanol (60/40, w/w); (c) water/methanol (40/60, w/w) and (d) water/methanol (20/80, w/w) used
as the external coagulation in the coagulation bath.

Fig. 9. Contact angle of outer fiber surface from different Methanol
content in the coagulation bath.
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Fig. 11 demonstrates the effect of NMP content in the bore fluid
on the mean pore size of inner layer surface calculated by Image-J
software from the SEM pictures. The obtained results in this part
are highly sophisticated and notable. It was found that the size of
pores increased when the content of NMP in the bore fluid in-
creased. During the spinning, the utilization of 70/30 wt% water/
NMP as a bore fluid led to the deformation of the fiber. By con-
sidering the low polymer concentration in the inner layer dope
solution, the high percentage of the solvent in the bore fluid could
effectively diffuse to the inner skin and polymer matrix. Therefore,
this weakened the substrate and thus, the size of pores at the surface
became quite large (560.14nm). As a result, a mixture of water/NMP
(80/20, w/w) was applied as a standard bore fluid composition in
the following section.
3. Fabrication of Resultant Dual-layer Hollow Fibers

Two hollow fibers were fabricated at different conditions obtained
from each part. In the first part, an optimized fiber named HF-O
was fabricated at the predicted point (Table 6) suggested by the Box-
Behnken method. Then, a modified fiber named HF-M was fabri-
cated at the standard conditions obtained by the combination of
the optimized point, morphology study results and the utilization
of EG as a non-solvent into the inner layer dope solution. EG is
soluble in a mixture of water/NMP and leaves the membrane after
spinning which results in pore formation and thus, enhances the
membrane porosity [22,36]. The spinning conditions applied for
the fabrication of each fiber are shown in Table 7.
3-1. Morphology of the Resultant Fibers

Fig. 12 displays the morphology of the resultant hollow fibers.

fluid decreased the solubility difference (compared to pure water),
and the precipitation rate in the lumen side was slowed down. This
led to the formation of a porous inner layer surface and thus the
mass transfer resistance on the inner side of hollow fiber decreased.
It can be observed that the inner surface pores are larger than outer
surface pores. This may be due to the inner side of fibers coagu-
lated immediately after the extrusion of the dope solutions from
the spinneret, while the outer side first passed through the air gap
region and then coagulated. Khayet et al. [63] also found that the
average nodule size of the inner surface was larger than that of the
outer surface. The effect of the NMP on the pore size is highly sig-
nificant for the evaluation of the inner surface structure. Hence,

Fig. 10. Effect of different bore fluid compositions on the inner surface morphology of hollow fibers; (a) water, (b) water/NMP (90/10, w/w),
(c) water/NMP (80/20, w/w), (d) water/NMP (70/30, w/w) used as the internal coagulation in the bore fluid.

Fig. 11. Mean pore size of hollow fiber inner surface at the different
NMP content in the bore fluid.

Table 7. Spinning conditions of the resultant dual-layer hollow fibers membranes
Membrane ID HF-O HF-M

Outer layer dope composition (wt%) PVDF/NMP: 13.49/86.51
Inner layer dope composition (wt%) PVDF/NMP: 7.14/92.86 PVDF/EG/NMP: 7.14/6/86.86
Dopes flow rate (ml/min)  2.99
Bore fluid (wt%) ID water/NMP: 100/0 ID water/NMP: 80/20
Bore flow rate (ml/min)  6
External coagulation (wt%) ID water/methanol: 100/0 ID water/methanol: 40/60
Air gap (cm) 2
Take-up speed Free fall
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The surfaces (inner and outer surface) of the fibers (HF-O and HF-
M) are shown in Fig. 8 and Fig. 10. Fig. 8(a) and Fig. 8(c) present
the SEM images of the outer surface of HF-O and HF-M, respec-
tively. Moreover, Fig. 10(a) and Fig. 10(c) demonstrate the SEM
images of the inner surface of HF-O and HF-M, respectively. By
comparing the cross-section of fibers (Fig. 12), the lumen side of
HF-O is almost non-circular shape, whereas HF-M has a circular
shape on the inner side. This is because the coagulation process is
delayed by the presence of NMP into the bore fluid and allows the
macromolecules enough time to relax and rearrange. Hence, the
contour of the lumen side becomes regular and circular [51,64].
The morphology of each fiber is completely different. Indeed, the
structure of HF-O is finger-like macro-voids in both layers and the
size of pores in the inner layer is larger than the outer layer, which
is due to the difference of polymer concentration in the dope solu-
tions. Three types of structures could be seen in HF-M membrane.
Fiber morphology near the inner layer is fully finger-like with large
macro-voids and has a regular shape. The macro-voids of HF-M
are larger than that of HF-O, which may be attributed to the pres-
ence of EG in the dope solution of HF-M membrane. The middle
region is covered by the fully porous sponge-like structure. Gener-
ally, the coagulation in the middle region of fiber takes place later
than the inner and outer region. This deaccelerating precipitation
leads to the formation of sponge-like structure.

A thin and sharp finger-like with a sponge-like structure could
be observed near the outer layer. The large macro-voids contain a
high volume of air in the membrane, and consequently decrease
the thermal conductivity and mass transport resistance. Therefore,
the temperature profile remains constant between the streams and
the permeation flux improves during DCMD test. However, macro-
voids weaken the mechanical properties of the membrane and facili-
tate pore wetting [39,65,66]. It can be seen in Fig. 12 that the layers
of both membranes have a good adhesion without any delamina-
tion, as well.
3-2. Characterization Results

The properties of HF-O and HF-M membranes obtained from
the characterization tests are tabulated in Table 8. For HF-O, the
values of porosity, contact angle, wall and outer layer thickness,
which had been adopted as responses for DoE, are very similar to
the values predicted by the proposed empirical models (Table 6).
These results imply that the validation of the empirical models is
high with the most accuracy. The obtained models in this work
could be recommended as the main reference for the fabrication of
the dual layer PVDF hollow fiber membranes for the future studies.

As indicated in Table 8, the porosity of HF-M has increased up
to 87.32%. The utilization of EG as a non-solvent into the dope
solution of the inner layer is the main reason for the increasing of
the porosity. Moreover, increasing the pore size on the inner sur-

Fig. 12. SEM pictures of HF-O and HF-M hollow fiber membranes.

Table 8. Characterization properties of dual-layer hollow fibers

Fiber
ID

Porosity
(%)

Contact
angle (o)

Wall
thickness

(m)

Outer layer
thickness

(m)

OD/ID
(m)

Gas permeation
test: MPS,
dp (m)

LEP
(bar)

Strain at
break
(%)

Tensile stress
at break
(MPa)

Young’s
modulus
(MPa)

HF-O 75.2±0.4 86±0.6 138.80±8 51.16±2 1818.41/
1540.82 0.48±0.08 0.85±0.05 120.69±3 2.02±0.06 26.7±1.2

HF-M 87.3±0.6 98±1.0 131.14±8 54.30±2 1662.24/
1399.98 00.4±0.06 1.3±0.1 137.22±2 2.23±0.08 0.29±0.8
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face and the formation of porous sponge-like structure in the outer
layer results in increasing the porosity of the fiber. The contact angle
of HF-M is 12 degrees more than HF-O, which may be attributed
to the usage of 60% of methanol in the external coagulation. In
both cases, the thickness of the wall and the outer layer is approxi-
mately similar. This may be due to the same conditions such as
dopes flow rate, and the polymer concentration of the inner and
outer layer applied during the spinning process. As was expected,
the thickness of the outer layer is in the range of 30-60m, which
had been suggested by Lagana et al. [18]. The comparison of outer
and inner layer diameter of membranes reveals that these values
are smaller for HF-M rather than HF-O. This most probably cor-
responds to the coagulation process and the precipitation rate at
the internal and external surfaces. In fact, by decreasing the precipi-
tation rate (inducing solvent into the bore fluid and methanol into
the external coagulation), the polymer chains have enough time to
rearrange and release from the stresses generated by spinneret after
extruding. Hence, the inner and outer diameter becomes smaller
and more regular. A strong coagulant fluid like water causes imme-
diate precipitation at the inner side of fiber after the dope solution
being extruded from spinneret, which leads to bigger inner diam-
eter and consequently outer one. These findings are one of the sig-
nificant results obtained from this study.

The mean pore size (MPS, dp) of dual-layer hollow fibers is related
and controlled by the size of the pores in the outer layer. The results
of gas permeation tests shown in Table 8 imply that this value for
HF-O is more than HF-M owing to the structure of the outer layer;
because other conditions have been the same for the fabrication of
fibers. As a result, the mean pore size of the membrane is affected
by the type of external coagulation and it is reduced when the
structure of outer layer becomes porous sponge-like.

As shown in Table 8, the LEPw of HF-O is less than HF-M mem-
brane. LEPw is one of the most important parameters in the mem-
brane distillation and indicates the wetting resistance of membrane
during the process. When the LEPw increases, the wetting resis-
tance improves, as well. It is known that the LEPw highly depends
on the pore size and hydrophobicity of the membrane [45]. This
parameter is raised by the decreasing of the pore size and increas-
ing of hydrophobicity.

In general, a sponge-like structure has a higher resistance to pore
wetting than the finger-like macro-void structure [65]. All the
mechanical properties of HF-M such as Young’s modulus, stress,
and strain at break are higher than HF-O. This is because of the
presence of numerous large macro-voids and big cavities in both
layers of HF-O which lead to the mechanical failure of the mem-
brane. The stress-strain curve of both fibers could be found in
supplementary data (part S7). Therefore, by comparing of charac-
terization results between the resultant fibers, it can be concluded
that HF-M has superior properties rather than HF-O.
4. DCMD Performance of Dual-layer Hollow Fibers

As presented in Fig. 13, the values of the permeation flux in the
DCMD process are plotted versus feed inlet temperature. As ex-
pected, the vapor permeation flux almost exhibits exponentially
dependence with the feed temperature and increases by raising this
parameter. This may be due to the exponential relation between the
vapor pressure and temperature of water according to the Antoine

equation [32,67]. All DCMD tests were conducted at the feed inlet
velocity of 0.5 m/s and the permeate inlet velocity of 0.25 m/s, which
flowed co-currently through the module. Moreover, the inlet tem-
perature of the permeate stream was kept constantly around 20 oC.
Although the structure of HF-O is macro-voids in both layers,
which can reduce the mass transfer resistance across the mem-
brane, the performance of HF-M is much better. This could be
explained by following reasons: (1) the porosity of HF-M is 12.1%
higher than HF-O, (2) the large macro-voids in the inner layer could
enhance the driving force and consequently vapor permeation
owing to smaller tortuosity and high porosity, (3) the big pores of
inner surface made by inducing the solvent into the bore fluid,
provide high liquid-vapor interfacial area which facilitates effec-
tive mass transfer across the membrane. In Fig. 13 the difference
of permeation flux between fibers gradually increases by the growth
of the feed temperature. This implies that the performance of mem-
branes reveals further at the high temperature. The maximum flux
of HF-M reaches as high as 38.6 kg m2 hr1 at the feed inlet tem-

Fig. 13. Permeation flux of dual-layer hollow fibers vs feed inlet tem-
perature.

Fig. 14. The variation of permeation flux and separation factor dur-
ing the long-term desalination performance (HF-M). Hot
feed: 3.5 wt% of NaCl, 60 oC, 0.5 m/s cold distilled water:
20 oC, 0.25 m/s.
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perature of 80 oC, while this value for the HF-O is 23.8 kg m2 hr1.
In the both cases, the conductivity of permeate solution is less than
15s cm1, which leads to the separation factor >99.95 according
to Eq. (3).
5. Long-term Desalination Performance

As shown in Fig. 14, a long-time continuous DCMD test was
carried out for HF-M membrane over a period of 100 hr. HF-M
was selected for this purpose due to better wetting resistance and
superior properties. During the long-time experiment, the inlet
temperature of feed and permeate was maintained constant at 60
and 20 oC, respectively. To keep the salinity of hot feed aqueous solu-
tion (3.5% of NaCl), the amount of permeated vapor was trans-
ferred from permeate side into the feed tank. Fig. 14 clearly shows
that the performance of the membrane is relatively stable, which is
due to its sufficient resistance against the pore wetting. A slight
decline of permeation flux (around 10%) occurs after 32 hr, while
the separation factor remains higher than 99.8% through the entire
experiment time. The reduction of permeation flux in long-term
desalination is probably attributed to the partial membrane pore
wetting. This phenomenon facilitates the temperature polarization
along the membrane surfaces, suppresses the driving force and
eventually leads to the reduction of MD process efficiency.

CONCLUSIONS

We applied RSM and morphology study to examine the fabri-
cation of the hollow fiber in the DCMD process. In the first part of
current work, 15 experiments were designed by the Box-Behnken
method to investigate the effects of three main spinning parame-
ters on four relative responses (the properties of the fibers) by sig-
nificant quadratic models. By this approach, the optimized point
of variables was predicted over the valid region of the responses. In
the second part, the morphology of fibers (outer layer and inner
layer surface) was studied and two resultant fibers were fabricated
at the obtained conditions of each part. The following conclusions
can be drawn from this study:

(1) On the basis of the responses’ P-values, the effect of polymer
concentration in the outer layer on membrane hydrophobicity is
more than the dope flow rate. The thickness of fibers (both of wall
and outer layer) is strongly affected by dope flow rate. In addition,
the polymer concentration of the inner layer has the most effect
on the porosity, as well.

(2) According to the ANOVA results, all empirical models are
significant. For all of the models, P-values are less than 0.003 and
both of R2 and R2

adj are more than 0.9. Therefore, they can be used
for the prediction of respective responses for all PVDF dual-layer
hollow fibers in the future studies.

(3) By incorporating methanol into the external coagulant, the
morphology of the outer layer of fibers is strongly changed and
tends to a fully sponge-like structure (at 80 wt% of methanol). The
contact angle of fibers increases obviously from 88o to 113o when
the content of methanol varies between 0-80 wt%.

(4) By altering the NMP percent of 0-30 wt% into the bore fluid,
the mean pore size of the inner surface of the fibers increases in
the vast region from 108.12 to 560.14 nm. Moreover, the presence
of NMP into the bore fluid makes the shape of the lumen side

more circular.
(5) By deaccelerating the precipitation rate and the coagulation

process in both internal and external surface, the outer and inner
diameter of the fiber decreases.

(6) The proper conditions for the modified membrane (HF-M)
include the optimized point of DoE results, utilization of EG in
the inner layer, 60 wt% of methanol and 20 wt% of NMP into the
external and internal coagulation, respectively. The DCMD flux of
HF-M reaches as high as 38.6 kg m2 hr1 (at the feed temperature
of 80 oC), and it is approximately 62% more than HF-O which
was fabricated only by DoE results.

(7) The modified fiber exhibits stable permeation flux and wet-
ting resistance with high separation factor (>99.8%) through the
long-term desalination process up to 100 hr.

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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S1.1. Spinning Process
The polymer solutions and bore fluid were transferred from their

respective storages into the triple-orifice-spinneret by the syringe
pumps. The extruded fibers were firstly traveled through a certain
distance of air gap region and then immersed into the coagulation
bath. Thereafter, the nascent fibers were passed through the water
bath by means of three guiding wheels and pulled into a collecting
reservoir by a wind-up drum at least for 5 days to remove residu-
als. During spinning, it has been attempted that the take-up veloc-
ity is approximately kept as same as free falling velocity to prevent
stretching of the fibers. Therefore, only the gravity force induces to
the nascent fibers among the external elongation stresses. The flow
rate of dope solutions was varied from 0.5 ml/min to 4 ml/min
(same flow rate was applied for inner and outer layer solutions)
while the bore flow rate fixed at 6 ml/min. It is worth mentioning
that an unstable flow of bore fluid came out from the spinneret
when the bore flow rate was less than 6 ml/min (leads to the for-
mation of non-uniform fiber) but a steady flow was observed at
this flow rate.
S1.2. Spinning Apparatus

S2. LEPW, MEAN PORE SIZE AND MECHANICAL 
STRENGTH MEASUREMENTS

S2.1. Liquid Entry Pressure of Water (LEPw) Measurement
The LEPw of the membrane is the pressure that must be applied

to the distilled water before it penetrates into the dried pores of the
membrane [1]. The value of LEPw must be measured to determine
the membrane wetting resistance in MD process. LEPw depends
on the pore size and hydrophobicity of membrane which increases
by decreasing the pore size and increasing the surface hydropho-
bicity. In this study, the homemade set-up conducted for LEPw meas-
urement is schematically shown in Fig. 2. The procedure of LEPw

measurement has been explained by Khayet et al. elsewhere [2].
According to this procedure, a respective module with the effective
length of 8 cm is connected to the distilled water container pres-
surized by nitrogen cylinder at room temperature and the pressure
is monitored by a digital pressure gauge. First, the slight pressure
(0.1 bar) was applied to the container for 5 minutes to ensure the
pressure was applied to the whole of the fiber surface and there is
no leakage. Then the pressure was increased stepwise (increment

Fig. S1. (a) The spinning system and apparatus applied for the fabrication of hollow fibers, (b) the pictures and the dimensions of spinneret.
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of 0.05 bar) and kept at least for 5 minutes at each step. The pres-
sure which at it the continuous flow of water was observed on the
other side of the membrane is the LEPw.

Fig. S2. The schematic of homemade set-up used for LEPw meas-
urement.
(1) Nitrogen cylinder
(2) Cylinder valve
(3) Pressure gauge
(4) Water container
(5) Hollow fiber module

Fig. S3. Homemade set-up used for gas permeation method; (a) schematic picture and (b) real picture.
(1) Nitrogen cylinder (2) Cylinder valve (3) Pressure gauge (4) Hollow fiber module (5) Soup bubble flowmeter

Fig. S4. (a) Instron tensiometer with the sample, (b) stress-strain curve monitored by computer.

S2.2. Gas Permeation Test
The mean pore size (dp) and the effective porosity (e) of the

membrane could be measured by gas permeation method. In this
study, gas permeation test was used to determine the mean pore
size of the membrane which is the important parameter in MD
process. This procedure described by many authors [3-5] is as fol-
lows: (1) Nitrogen is pressurized through the membrane module
with the effective length of 8 cm by a nitrogen cylinder and the pres-
sure is monitored by a pressure gauge, (2) the gas is passed through
the membrane and exit from the other side and its flow rate is meas-
ured by a soap bubble flow meter at room temperature. The sche-
matic and real pictures of the gas permeation method are shown
in Fig. 3. By considering that the pores structure in the skin layer
of fiber is cylindrical and the gas flow through the membrane is a
combination of Knudsen and Poiseuille flow, the gas permeance
can be expressed as the following equation:

(1)

Where Bg is the gas permeance (mol/m2·s·Pa), M and  are the
molecular weight (g/mol) and viscosity (Pa·s) of nitrogen, respec-
tively, R is the gas constant (Pa·m3/mol·K) and T is the absolute

Bg  
2
3
-- 2
MRT
---------------- 
 

0.5
dpe  

Pm

16RT
-----------------dp

2e  I0  S0Pm
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temperature (K), Pm is the mean pressure (pa). By plotting linear
dependence between Bg and Pm, the intercept (I0) and the slope (S0)
can be determined and finally, the mean pore size can be calcu-
lated using the following equation:

(2)

S2.3. Mechanical Properties
The mechanical properties of hollow fiber in terms of Young’s

modulus (MPa), tensile stress at break (MPa) and strain at break
(%) was measured using an Instron tensiometer (Sanwood tech-
nology Co., Guangdong, China) at room temperature. The sample
with the effective length of 5cm was clamped at both ends (Fig. 4(a))
and slowly pulled in tension with the elongation rate of 5 mm/min
along the axial direction until the breakage occur. The mechanical
properties of fibers could be obtained from the stress-strain curves

drawn and recorded by computer software as shown in Fig. 4(b).

S3. MODULE FABRICATION

The module of the hollow fiber for DCMD has 6 fibers and for
characterization tests has 1 fiber. To fabricate the module, first, the
samples were cut and assembled into the plastic tube (inner diam-
eter of 0.95 cm) and then both ends of the module were sealed by
epoxy resin (Fig. 5(a) and (b)) to separate the shell and lumen side
of the module. In the next step as shown in Fig. 5(d), two ends of
module solidified were cut as the holes of fiber in the lumen side
remain open and then the junctions were connected. Finally, the
modules have been fabricated and ready to use in their respective
applications (Fig. 5(e) and (f)). It is worth noting that only one ends
of module prepared for characterization tests was cut and another
one remain closed (Fig. 5(f)).

dp  
32
3
----- S0

I0
---- 
  8RT

M
---------- 
 

0.5


Fig. S5. The procedure of module fabrication.
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S4. THE SEM IMAGES OF THE RESULTANT FIBERS IN DESIGN OF EXPERIMENTS SECTION (FIG. 3)
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S5. THE ONE-FACTOR AND CONTOUR LINE PLOTS DESIGNED BY BOX-BEHNKEN

Fig. S6. The effect of the parameters on responses in one-factor plots.
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Fig. S7. The interaction effect of the parameters in the contour lines plots.
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S6. PREDICTION OF BEST POINT

S7. MECHANICAL PROPERTIES
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Fig. S8. The graph of the optimized point of the parameters and responses suggested by software.

Fig. S9. Stress-strain curves for HF-O and HF-M dual-layer hollow fibers.
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