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a b s t r a c t
In this study, isotactic polypropylene hollow fiber membranes were fabricated using co-diluent 
of di-n-butyl phthalate and dioctyl phthalate via thermally induced phase separation method. A 
coarsening model in terms of the momentum, mass and heat transfer during the spinning process 
was established to describe the effect of the spinning temperature on the membrane. The increasing 
spinning temperature increased the predicted solidification time and decreased phase separation time 
simultaneously. Moreover, the diluent evaporation on the outer surface is dramatically influenced by 
temperature. The prepared hollow fiber membranes were used to concentrate NaCl saline water of 30 
up to 80 g/L about 100 h to evaluate the performance of air gap membrane distillation process in terms 
of permeation flux and gain output ratio. The salt rejection always exceeded 99.9% in the concentration 
experiment.

Keywords: �Hollow fiber membranes; Thermally induced phase separation; Isotactic polypropylene; 
Air gap membrane distillation

1. Introduction

Hollow fiber membrane (HFM) with desirable separa-
tion properties has been widely used in innovation appli-
cations, ranging from bioseparation to water purification, 
gas separation, and bio-reactors [1–3]. HFM formed via 
thermally induced phase separation (TIPS) exhibits specific 
physicochemical characteristics and generally favorable 
surface area to volume ratio and mechanical properties [4,5]. 
Commercial HFM via TIPS is often made by dry-wet spin-
ning process with the following steps: (1) preparing a homo-
geneous polymer solution with polymer solubilized in dilu-
ents at higher temperature, (2) inducing phase separation 

to evolve into polymer-lean and polymer-rich domains due 
to the effects of cooling medium (air or liquid quenching), 
(3) solidifying the polymer-rich phase and removing the 
diluents to yield a microporous structure [6–9].

The dry-wet spinning process of HFM is the transfer 
of mass, momentum, and heat simultaneously [4,10]. 
Spinning parameters are crucial factors that could have the 
influence on the membrane morphology and mechanical 
property, such as the type of polymer, diluent, spinning 
temperature, take-up velocity, the air-gap distance, and the 
core gas [4,11,12]. For a typical process, the extruded hol-
low fiber spinline tapers with an elevated axial velocity. 
Then, the spinline cools and solidifies with phase separation 
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as it passes through the air gap, and some diluents will be 
lost by evaporation [13]. Under these situations, evapora-
tion and cooling will affect the concentration gradients 
and temperature profiles which is developing in the fiber. 
The elongation acts on the dimensions (inner and outer 
diameters), causing an indirect impact on the mass and 
energy transfer of the fiber [14,15].

Extensive experimental and theoretical studies have 
been devoted to the mechanisms of phase separation 
and to clarify the effect of various processing factors, 
including the effects of diluents, concentration, spin-
ning temperature, quench temperature, as well as the 
air-cooling rate on the membrane morphologies [3,16–19]. 
Balasubramanian-Rauckhorst et al. [2] presented a model 
to predict extent of anisotropy in anisotropic HFM for-
mation. Other models had been developed for HFM to 
clarify the correlation between spinning process and 
membrane properties [20–22]. The present work has been 
built on the thin filament analysis model [23] of the fiber 
spinning process. The steady-state behavior of the fiber 
spinning equations to material property and process 
variations were investigated. The local temperature of the 
spinline at the time of phase separation determines the 
kinetics involved in the phase separation process [2]. So 
it is important to clarify the phase separation and solid-
ification while the spinline was elongated within the air 
gap. In the previous work [16], the effects of air-cooling 
on skin cells of HFM have been studied. In this paper, a 
mass and energy transfer model was presented to provide 
some insight into the velocity, temperature profiles, and 
diluents evaporation in the axial dimension with different 
spinning temperatures. The model has also been used to 
improve the understanding of the correlation between the 
phase separation and the HFM properties. To validate the 
theoretical results, we used a system consisting of isotac-
tic polypropylene (iPP) and the co-diluent of di-n-butyl 
phthalate (DBP) and dioctyl phthalate (DOP) to prepare 
hollow-fiber asymmetric membrane. Moreover, the pre-
pared membranes were tested to concentrate NaCl saline 
water through air-gap membrane distillation (AGMD) 
process lasting 100 h.

2. Spinning process model

Assumptions have been taken into consideration as the 
following: (1) no draw-down or gravity is exerted on the fiber 
and that inertia could be neglected. (2) The dimensions of the 
fiber are constant in the spinning process. (3) Mass and heat 
transfer take place simultaneously.

Fig. 1 shows a process of an extruding hollow fiber. The 
TIPS occurs in the draw zone (from z = 0 to z = L), where 
the membrane structure and properties are determined. 
The HFM solidify at the point z = L, at which the mem-
brane morphologies would have no obvious change. So 
we define the point z = L as the solidification point, where 
the T(L) is the crystallization temperature of the spinning 
polymer solution. Axial velocity vz(L) is the take-up speed.

The equation of continuity, the ideal gas law and axial 
velocity are given without derivation in Eqs. (1)–(3) as found 
in the literature [23]. All equations presented here are for a 
steady-state operation:
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where Ro (mm) and Ri (mm) are outer and inner radii of 
spinline; vz (m/s) is the spinline axial velocity; ρ0 (kg/m3) and 
ρt (kg/m3) represent spinline and core gas densities; w0 (kg/s) 
and wi (kg/s) are the mass flow rates of spinline and core gas; 
Pi (kPa) is the core gas gauge pressure at a given axial posi-
tion; Patm (kPa) is the ambient air pressure; Mi is the core gas 
molecular weight; R is the universal gas constant; and T (K) 
represents the cross-sectional average spinline temperature 
at a given axial position z (m).

Mass transfer and heat transfer are assumed to take place 
simultaneously. Cooling of the nascent hollow fiber occurs 
simultaneously with evaporation of the diluents only from 
the skin of the hollow fiber, as well as the diluents without 
axial diffusion. In addition, the system is incompressible 
and the fiber is axisymmetric. Transient mass transfer of the 
volatile component in the system is described as follows:
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where r (m) is the radial position of cross-sectional structure; 
Cd is the mass fraction of the volatile component in the dope; 
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Fig. 1. Process of an extruding hollow fiber.
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and D (cm2/s) is the diffusion coefficient of the volatile 
component.

In this work, a skin-free asymmetric membrane with a 
porous sublayer was prepared via TIPS. The thickness of the 
sublayer was less than 1 µm (ε ≤ 1 µm).

Boundary conditions are described as follows:
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here kc is the convective mass transfer coefficient (m/s); 
 Cd
g

∞
 is the vapor mass fraction of the volatile component 

at infinity, and assumed to be zero. The thickness of the 
sublayer ε is much less than the radius of HFM (Ro). Thus, 
the concentration of diluents (Cd) in the bulk of the drop 
cross-section is assumed to be the same, and only varies in 
the axial dimension.

Cd
g

Ro
 is the vapor mass fraction of the volatile component 

near the outer surface, and expressed as follows [2]:
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where pd
o (kPa) is the vapor pressure of the volatile component; 

Md is the molecular weight of the volatile component; 
R is the ideal gas constant; ϕd is the volume fraction of the 
volatile component in the dope and χ is the interaction 
parameter; ρd

0 (kg/m3) is the density of the diluents.
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which is the final form of the mass transfer equation.
The general form of the energy balance that applies at the 

drop-air quench interface is given as Eq. (9) [23]:
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where Cpo (kJ/(kg·K) and Cpi (kJ/(kg·K) are spinline and 
core gas heat capacities; h (W/(m2·K)) is the convective 
heat transfer coefficient, Tq (K) is the temperature of the 
quenching air. At r = Ro, the heat consists of convective heat 
transfer and heat loss resulting from evaporation of the 
diluents, that is:
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where  ∆Hd
vap (J/g) is the evaporation enthalpy of the diluents; 

j is the evaporation flux of the diluents. With the boundary 
conditions (Eq. (10)), the axial energy balance is given as 
Eq. (11):
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And the Fick’s law:
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Substituting Eqs. (5), (7) and (12) into (11) gives the final 
axial energy balance equation, which can be used to model 
the axial temperature profile of HFM:
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3. Experimental setup

3.1. Membrane preparation

For membrane preparation, iPP (Daqing Petroleum 
Chemical, China), DOP and DBP (Tianjin Bodi Chemical 
Reagents, China) were used to prepare the extruding dope, 
in which iPP was 26 wt %, and DBP in the co-diluent was 
35 wt %; Petroleum ether (Tianjin Bodi Chemical Reagents, 
China) was used as extractant. All materials were used 
without any further treatment.

To obtain the effects of spinning temperature on HFM, the 
components iPP, DBP, and DOP were heated in a dasher to 
form a homogeneous solution. The dope was extruded from 
the spinneret with nitrogen as core gas. Through the pull of 
the take-up drum, the nascent hollow fiber passed through 
an air quencher where phase separation occurred, and the 
length of the air gap was 0.2 m. Subsequently, the hollow 
fibers were removed from the take-up drum, immersed in 
petroleum ether for 12 h to extract the diluents, and then 
air-dried.

For the iPP-DOP-DBP system, the homogeneous solution 
started to evolve into two phases (polymer-rich matrix 
phase and diluent-rich droplets) when it was cooled to a 
temperature (liquid–liquid phase separation occurs at 407.5 K) 
below the spinodal line, through the spinodal decomposition 
mechanism; then the droplets grew until the mixture reached 
the crystallization curve temperature (379.5 K), at which 
point the polymer-rich matrix solidified [24,25].

As discussed in previous work [16], during spinning 
process, quenching occurred simultaneously with 
evaporation of the diluents from the skin. The vapor pressure 
of DBP was much higher than that of DOP during the 
temperature of 396.15 K~434.15 K. Thus, the main volatile 
component was expected to be DBP.
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3.2. Characterization of the HFM

The HFM was fractured in liquid nitrogen and coated 
with gold. A scanning electron microscope (SEM XL30, 
Philips, Hitachi Ltd., Tokyo, Japan) with an accelerating 
voltage of 20 kV was used to examine the morphology of the 
cross-section and outer surface of membranes.

Membrane pore parameters such as average pore size 
and pore size distribution were determined by membrane 
pore size analyzer (3H-2000PB, BeiShiDe Instrument 
Technology, Beijing, China).

The membrane porosity (ε) was measured by gravimetric 
method:

ε
ρ

=
m m
Vm

1 2−
∆ � (14)

where m1 is the mass of the wet membrane (g), m2 is the 
mass of dry membrane (g), ρ is the density of absolute 
ethyl alcohol (0.79 g/mL), ΔVm is the apparent volume of 
the membrane. All tests were repeated for three times to get 
mean values.

4. Results and discussion

4.1. Physical parameters

The heat transfer coefficient h is taken from the literature 
[26] as shown in Eq. (15). This relationship takes into account 
the physical properties of the quenching air and the values 
for air as given in Eqs. (16)–(18):
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where ρq (kg/m3) is the density, kq (W/(m2·K)) is the thermal 
conductivity, ηq (Pa·s) is the viscosity, and Tq (K) is the tem-
perature of quenching air.

The convective mass transfer coefficient kc (m/s) is esti-
mated from the following formulas (Eq. (19)), where Dd–air (K) 
represents the coefficient for diffusion of the diluent DBP into 
air, which is expressed as a function of T.
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where Cp,q (kJ/(kg·K)) is the specific heat at constant pressure 
of air, and Mq is the molecular weight of the air. Other system 
physical properties for the base case are list in Tables S1 and S2.

4.2. Predicted effects of spinning temperature on HFM

Fig. 2 shows the axial velocity curves of the spinline at 
different temperatures. The curves for the three cases show 
the same trend, increasing monotonically along the draw 
zone, as the velocities for the three cases converge to the 
identical take-up velocity. In addition, higher initial spinning 
temperature corresponds to lower spinline velocity and 
longer draw zone length (L). That is, there is a lower velocity 
gradient of the spinline, which behavior is the consequence 
of the change in axial stress with spinline cooling. Since 
the axial stress in the spinline correlates with molecular 
orientation [27], and smaller axial stress growth contributes 
to the membrane stability [28], thus, higher temperature is 
conducive to the experimental work on the spinning process 
conditions.

In order to predict the phase separation of the spinline 
in the draw zone, the predicted spinline temperature 
profiles (Fig. 3) have nearly identical trends. The final fiber 
temperature at the end of the draw zone is the crystallization 

Fig. 2. Effects of spinning temperature on spinline axial velocity.

Fig. 3. Effect of spinning temperatures on spinline axial 
temperature.
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temperature. At this point, elongation of the spinline stops, 
and the final value of spinline diameter is reached, essen-
tially restricting the draw zone. As it shown, higher initial 
spinning temperatures correspond to higher temperatures 
throughout the draw zone. In addition, it will take longer 
time for phase separation beginning induced by cooling 
the polymer solution at higher spinning temperature, also 
with longer solidification time ts. Therefore, it will increase 
the heat loss, maybe even if slightly. Results in Figs. 2 and 
3 show that the spinline undergoes phase separation with a 
faster axial velocity, which leads to shorter phase separation 
time tps with relatively convective heat transfer enhancement. 
Therefore, it will decrease the time for diluent-rich droplets 
growing, changing the magnitude of the droplets gradient 
over the cross-sectional spinline. However, the sizes of the 
diluent-rich domains in the phase-separated spinline relate 
directly to the pore sizes of the final membrane [29]. Thus, 
control of the spinning temperature that affects the size of 
these domains before phase separation occurs is important to 
control the membrane microstructure.

The loss rate of DBP at the outer surface of spinline 
presented in Fig. 4 reflects significant changes with the 
variations of temperatures. The differences in predicted 
spinning temperature among the cases with the different 
predicted spinline velocity create a dissimilarity of diluent 
volatility, which affect diluent evaporation rate at the 
spinline outer surface. It can be found that high rates of mass 
transfer as diluent evaporates very quickly at higher spinning 
temperature leading to high rates of heat transfer at axial 
position in the draw zone, which will result in diluent-rich 
droplets diminishing. Thus, for the HFM spinning conditions 
simulated here, spinning temperature has been proven to 
have a significant effect on the loss rate of DBP, an important 
consideration in terms of membrane morphology.

4.3. Morphologies of the HFM

Fig. 5 presents the effect of spinning temperatures 
(from 418.15 to 434.15 K) on membrane morphology. The 
cross-sections for the three cases show a similar bicontinuous 
structure, while, the pore sizes decrease to some extent. 

The pore sizes are on average smaller near the outer skin, 
resulting from diluent evaporation in this region during 
spinning process. The results are equivalent to the anal-
ysis that discussed above for the temperature studies of 
Figs. 3 and 4. On the membrane surfaces, there is a skin-free 
layer with porous structure formed. Moreover, there is the 
biggest pore size on the surface for the 421.15 K spinning 
case. The cause of the discrepancy is the existence of two 
competing effect of viscosity with a stronger dependence 
on temperature and diluent volatile quantity on the mem-
brane extent of anisotropy. Smaller pores are formed due 
to the restricted droplet coalescence by the higher viscos-
ity in lower temperature in the skin layer; as temperature 
rising, bigger pores are formed due to reduced viscosity and 
enhanced diluent evaporation; at the highest temperature, 
the dominant diluent evaporation led to pores diminishing. 
The results have been verified further by the data in Fig. S1 
and Table 1, which membranes prepared at 421.15 K had rel-
atively higher porosity.

4.4. NaCl saline water concentration experiment

In order to test the HFM, 30 g/L NaCl saline water was 
concentrated by AGMD using HFMs which were fabricated 
under 421.15 K. The net-hollow fiber membranes-net-dense-
wall hollow fibers four-layer sheet is rolled up tightly and 
the net between the membranes and the dense-wall hollow 
fibers was used to fix the gap width. Then the sheet was 
placed in an ABS tube and two edges of the tube were sealed 
by epoxy resin. In the end, the HFMs and dense-wall hol-
low fibers were cut open at both ends to accommodate the 
feed channel. The membrane module parameters are listed 
in Table 2.

The concentration experimental system of AGMD is 
shown in Fig. 6. During the experiment, the 30°C preheating 
NaCl saline water was first pumped into the dense-wall hol-
low fiber channel at the bottom of the AGMD module, after 
recovering the latent heat, the saline water flowed into the 
thermostat B where it was heated to 80°C. Then the hot saline 
water was pumped into the inlet of HFMs at the top of the 
AGMD module, the concentrated saline water out from the 
bottom of HFM channel flowed back into the thermostat A. 
The temperatures of inlets and outlets of feed and coolant (T1, 
T2, T3, and T4) were monitored by thermocouples. The feed 
flow rates in two channels were 10 L/h adjusting by two rota-
meters. The water produced was collected and conductivity 
was recorded every 10 min after the system ran stably.

The water flux, J, and gain output ratio, GOR, which can 
be considered to be energy recovery efficiency, were calcu-
lated by the following equations:

J V
t A

=
×∆ � (21)

GOR =
−

V H
F C T TP

∆
ρ ( )3 2

� (22)

where V means the value of produced water (L), A is the 
effective membrane area (m2), Δt means the operation time (h). 

Fig. 4. Effect of spinning temperatures on DBP loss rate at the 
outer surface.
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ΔH is the enthalpy of water evaporation (J/kg), F is the flow 
rate of feed (L/h), ρ is the density of produced water (kg/L), 
Cp means the specific heat of feed (J/kg°C), T3 and T2 are the 
temperatures of feed inlets and coolant outlets, respectively.

Fig. 7 shows J and GOR in continuous concentration of 
30 g/L NaCl saline water. In the first test lasting 72 h, J and 
GOR decreased by 36.7% and 59.4%, respectively, then the 
pure water was used to clean the membrane module about 
5 h. After rinsing the membrane module, J and GOR recov-
ered to 77% and 64% of the initial level, then the less concen-
trated solution (58.4 g/L) was still used to test the HFMs in 
the second test.

J decreased obviously in the two membrane concentra-
tion tests, there are two major factors which have influence 
on the flux. One is salinity, the other is crystals adhering to 
the membrane. First, we investigated the effect of the salinity 

(a)

(b)

(c)

(d)

(e)

(f )

Fig. 5. Effect of spinning temperatures on membrane morphology. (a) T(0) = 408.15 K cross-section 2,000×, (b) T(0) = 421.15 
K cross-section 2,000×, (c) T(0) = 434.15 K cross-section 2,000×, (d) T(0) = 408.15 K outer 2,000×, (e) T(0) = 421.15 K outer 2,000×, 
(f) T(0) = 434.15 K outer 2,000×.

Table 1
Membrane pore parameters of average pore size and porosity

408.15 K 421.15 K 434.15 K

Average pore size (µm) 0.322 0.398 0.311
Porosity (%) 67.7 69.1 65.1
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on the flux. The water flux can be estimated by the mass 
transfer model as Eq. (23):

J K p pm= × −( )hm pm � (23)

where Km (L/m2·h·Pa) is membrane distillation coefficient 
which is related to membrane properties, Phm (Pa) and Ppm 

(Pa) are the partial pressures of water vapor pressure at the 
lumen side of membrane surface and that at the surface of 
the shell side, respectively. Ppm is actually vapor pressure of 
water when permeate is nearly pure water.

Water vapor pressure of NaCl saline water can be defined 
by:

P T x P T a xw( , ) * ( ) ( )= � (24)

where T (K) means saline water temperature, x is NaCl 
solution mole fraction, aw(x) is water activity of saline water, 
which means the ratio between water vapor of the saline water 
to the pure water vapor pressure at the same temperature, 
P*(T) (Pa) is the pure water vapor pressure at a saline water 
temperature which can be calculated by Antoine equation:

P T
T

× = −
−









( ) .Exp 23 238 3841

45 � (25)

The water activity of NaCl saline water [30] can be 
calculated by Eq. (26):

a x x x xw ( ) = − −( ) ( . . )1 1 825 20 782 3Exp � (26)

According to Eqs. (24)–(26), salinity can affect water 
vapor pressure and water activity obviously. Fig. 8(a) shows 
that when the saline water was concentrated, the water 

Table 2
Major parameters of the module

Parameters Value

Membrane average pore size(μm) 0.39
Membrane porosity (%) 69.1
Water contact angle (°) 109
Liquid entrance pressure (MPa) 0.14
Membrane outer diameter (mm) 0.6
Membrane inner diameter (mm) 0.44
Dense-wall hollow fiber outer diameter (mm) 0.5
Dense-wall hollow fiber inner diameter (mm) 0.4
Gap thickness (mm) 0.5
Effective length (m) 0.4
Shell inner diameter (mm) 42
Number of hollow fiber membrane 180
Number of dense-wall hollow fiber 360
Total membrane surface area (m2) 0.0995

Fig. 6. Schematic diagram of AGMD experimental set-up.

Fig. 7. AGMD concentration experiment performance.

(a)

(b)

Fig. 8. Effect of concentration on (a) the water activity and 
(b) the water vapor pressure of NaCl saline water.
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activity reduced significantly, which caused decreasing 
water vapor pressure of NaCl saline water. Fig. 8(b) shows 
the effect of saline water concentration on water vapor pres-
sure. J is related to the water vapor pressure differences on 
the membrane, the higher the concentration of saline water, 
the lower water vapor pressure of feed, which caused lower 
trans-membrane vapor pressure differences in Eq. (23), and 
thereby reduced mass transfer driving force. So with the 
increasing salinity, J decreased in the whole concentration 
experiment. Moreover, the maximal flux after rinsing in the 
second test could not recover to the initial level in the first 
test, which is shown in Fig. 7.

Meanwhile, the crystals adhering to the inner membrane 
surface also caused declined flux. After the second test, the 

prepared and used HFMs were examined using the SEM and 
the SEM images are shown in Fig. 9. Compared with the pre-
pared laboratorial HFM, the used membrane inner surface 
was partially covered by fouling deposits. In this case, the 
blockage of open pore area caused by crystallization on the 
membrane increased resistance of mass transfer and led to 
the reduction of J. However, the NaCl crystals did not appear 
in the cross-sectional SEM images of used membrane, which 
means that scaling occurred on the inner membrane surface 
and the NaCl crystals did not block the pores in the internal 
membrane.

Because of two reasons mentioned above, J declined in 
the experiment, which led to lower latent heat which the 
trans-membrane vapor carried, so more external heat source 

(a) (b)

(c) (d)

(e)
(f )

Fig. 9. SEM images: (a) the inner surface of prepared membrane, (b) the inner surface of fouled membrane, (c) the cross-section of 
prepared membrane, (d) the cross-section of fouled membrane, (e) the enlarged cross-section of prepared membrane, (f) the enlarged 
cross-section of fouled membrane.
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was required to provide more heat to maintain the hot feed 
temperature constant, resulting in the decrease of GOR with 
the concentration of the NaCl saline water (Fig. 7).

Fig. 10 shows the retentate concentration and the distil-
late conductivity during membrane concentration experi-
ment. In the first test, the retentate concentration increased 
slowly because the distillate volume was small comparing 
with the retentate volume. However, the magnitude of the 
retentate volume decrease was greater than the magnitude of 
the drop in distillate volume in the second test, so the reten-
tate concentration increased more rapidly.

The distillate conductivity increased as the membrane 
concentration experiment going on, this could be estimated 
that crystals formed on the inner membrane surface caused 
little membrane wetting and deteriorated the water quality. 
In the beginning of the second test, the distillate conductivity 
decreased significantly because NaCl crystals accumulated 
on the membrane surface were eliminated by the rinsing 
measure. The maximum distillate conductivity in the whole 
experiment was lower than 60 μS/cm, which means that the 
salt rejection always exceeded 99.9%. This indicated that lab-
oratorial HFMs can be used for concentrating saline water, 
but some cleaning measurements to reduce the effect of foul-
ing on the process performance are still required.

5. Conclusions

In this work, a new coarsening model was conducted 
to investigate the effects of spinning temperature on axial 
velocity, temperature profiles and the loss rate of DBP on 
the outer surface of the spinline in the air gap region during 
membrane spinning process of the polymer-diluent system 
via TIPS. The results proved that spinning temperature has 
significant influences on the membrane. The cross-sectional 
morphology of the prepared membranes exhibit symmetri-
cal bicontinuous structure and skin-free layer forms on the 
outer surface. The decrease of viscosity in spinline brought 
on by increasing spinning temperatures can be beneficial to 
the droplets growing. But the droplets could be to a lesser 
extent due to the shorten phase separation time and larger 
diluent evaporation, which could tune the pore size in the 
final fiber. The AGMD concentration process was carried 
out in the NaCl saline water to test the membrane. J and 
GOR decreased because of increasing salinity and some 

crystals formed on the inner membrane surface. However, 
the salt rejection always exceeded 99.9% in the concentration 
experiment, which means that the membrane can be used to 
concentrate the NaCl solution.

Symbols

A	 —	 Membrane area, m2

Cd	 —	� Mass fraction of the volatile component in the 
dope

Cpo	 —	 Heat capacity of spinline, kJ/(kg·K)
Cpi	 —	 Heat capacity of core gas, kJ/(kg·K)
D	 —	� Diffusion coefficient of the volatile component, 

cm2/s
GOR	 —	 Gain output ratio
ΔH	 —	 Enthalpy of water evaporation, J/kg
J	 —	 Water flux, L/(m2•h)
kq	 —	 Thermal conductivity, W/(m2·K)
T	 —	 Temperature, °C
vz	 —	 Spinline axial velocity, m/s
z	 —	 Spinline axial position, m
ϕd	 —	� Volume fraction of the volatile component in the 

dope
ηq	 —	 Viscosity, Pa·s
χ	 —	 Interaction parameter
ρi	 —	 Core gas density, kg/m3

ρo	 —	 Spinline density, kg/m3
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Supplementary material 

Table S1
Material properties used to simulate the spinning of HFMs with 
nitrogen as core gas

Material properties Value

ρd
0  = the density of the DBP calculated 

as constant (Kg/m3)

9.05 × 102

ρo = spinline densities calculated 
as constant (Kg/m3)

9.52 × 102

Mq = the molecular weight of the air 28.0
 ∆Hd

vap(DBP) = the evaporation enthalpy 
of DBP (J/g)

–0.37T + 467.85

Cpi = core gas specific heat capacity 
as constant (kJ/(kg·K))

1.007

Cpo = spinline specific heat capacity 
as constant (kJ/(kg·K)

2.47

χ = the interaction parameter –3.71 + 1,760.9/T

Table S2
Process conditions used to simulate the spinning of HFMs with 
nitrogen as core gas

Process conditions Value

Ro(0) = spinneret outer radius (mm) 4.0
Ri(0) = spinneret inner radius (mm) 2.4
wo = the mass flow rates of drop (kg/s) 1.9
wi = the mass flow rates of core gas (kg/s) 8.3 × 10–4

Pi = initial core gas gauge pressure (KPa) 200
Patm = the ambient air pressure (KPa) 101.3
vL = take-up velocity (m/s) 0.075
Tq = the air temperature (K) 303.15
vq = the air velocity (m/s) 0

(a)

(b)

(c)

Fig. S1. Pore size distribution of HFMs under different spinning 
temperatures. (a) The pore size distribution of membrane under 
T = 408.15 K, (b) the pore size distribution of membrane under 
T = 421.15 K and (c) the pore size distribution of membrane 
under T = 434.15 K.


