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Membranes with low thermal conductivity for membrane distillation (MD) can decrease heat conduction and
improve thermal efficiency, which is important for MD applications. Silica aerogel (SiAG) was employed for
blending with polyvinylidene fluoride (PVDF) to fabricate PVDF-SiAG insulating membranes in this study. The
effects of SiAG addition on membrane characteristics and heat transfer during MD testing were investigated. The
addition of SiAG resulted in an increase in mean pore size and thickness. Total thermal conductivity of the
membrane decreased from 0.111 to 0.083 W/(m⋅K). Theoretical calculation and modeling illustrated that the
thermal conductivity of the membrane material (mixture of PVDF and SiAG) decreased from 0.190 to 0.135 W/
(m⋅K) because of low thermal conductivity of SiAG. For MD testing, permeate flux increased by 50% as did latent
heat, and the conduction of heat decreased from 19.68 to 10.90 kW/m2. The thermal efficiency increased from
22.01% to 42.81%. Permeate flux kept stable and salt rejection was higher than 99.99% during 24-h-MD test.
The PVDF-SiAG insulating membranes improved thermal efficiency remarkably and have a great potential for
industrial applications of MD.

1. Introduction
Membrane distillation (MD) is a promising alternative technology for
desalination and water treatment [1]. In contrast to a conventional
membrane filtration process, MD is driven by temperature differ
ence–induced vapor pressure difference across a hydrophobic mem
brane [2,3]. MD has attracted much attention and has been widely
researched in recent years because of its acknowledged advantages such
as (1) 100% (theoretical) rejection of nonvolatiles, (2) lower operating
temperature relative to conventional distillation, (3) lower operating
pressure in comparison with pressure-driven membrane separation
processes such as reverse osmosis and nanofiltration, (4) the potential
for using low-grade heat sources [4]. Nonetheless, one limitation of the
practical application of MD is the high cost of energy consumption
including heating, cooling, and hydraulic operation [5–7]. Improving

the energy efficiency of an MD process is an important issue for its in
dustrial applications.
Researchers have reported many methods for improving the energy
efficiency of MD. Two strategies have been mainly implemented. One is
to recover energy from the condensation heat of the vapor. During
multistage MD, cold feed is designed as a coolant to condense the
permeate vapors as well as to absorb heat [8]. This way, a part of the
condensation heat is recovered to heat the feed. This strategy can be
employed in air gap MD and vacuum MD [9–11]. Another strategy is to
save energy from the feed. For example, porous carbon nano
tube/polymer composites are used as self-heating membranes to directly
heat high-salinity brines at the water–vapor interface of the MD element;
this approach substantially decreases the energy consumption for
heating the feed [12]. Submerged MD has been reported where lower
heat consumption was achieved in comparison to conventional
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cross-flow vacuum MD [13]. These methods have improved the energy
efficiency of MD to varying degrees. Nonetheless, these strategies are
mainly focused on the configuration or operation of MD. The properties
of the membranes have rarely been considered, and these parameters
may hold great promise for improving energy efficiency [14]. No matter
how the energy is saved or recovered, conductive heat is mainly deter
mined by the properties of the membrane under certain conditions; this
situation limits further improvement of energy efficiency. Therefore,
improvement in membrane properties is necessary for further declining
energy consumption of MD.
Mass transfer and heat transfer happen simultaneously during an MD
process. For MD desalination, water vapor passes through the mem
brane, and then it is condensed on the distillate side, which brings latent
heat from the feed high-temperature side to the permeate lowtemperature side [15], except heat is conducted through the mem
brane matrix directly due to the temperature difference between the two
sides of the membrane; this arrangement contributes to another part of
the heat transfer [16]. Heat conduction leads to a waste of energy and is
not expected [17]. Thermal efficiency indicates what proportion of heat
is used for evaporation, and it is defined as the ratio of latent heat to the
summation of latent heat and conductive heat [18]. Improving latent
heat and minimizing conductive heat will increase the thermal effi
ciency of MD. Accordingly, an ideal membrane for MD should have high
permeation and low thermal conductivity [19]. Researchers have re
ported many methods for fabrication of high-flux membranes, but the
research on lowering a membrane’s thermal conductivity is insufficient.
In the superinsulation field, aerogel is a promising material that has a
wide range of application areas [20–22]. Owing to its superior physical
and chemical characteristics, aerogel has aroused much interest espe
cially for energy-efficient retrofitting opportunities of residential
buildings [23]. Application of an aerogel to environmental remediation
or membrane separation fields was also reported in recent years [24]. It
was mainly used for volatile organic compounds removal, CO2 capture,
and removal of metal ions from water owing to its high porosity and
surface area [25–27]. Its insulation function started to be realized in the
membrane separation area. Leitch et al. introduced bacterial nano
cellulose aerogels to fabric high porosity and low thermal conductive
membranes [28]. Zhang and Su reported a PVDF-SiO2 low thermal
conductivity membrane for moisture exchange by doping SiO2 aerogel
dispersion on a PVDF membrane, the heat conductivity decreased from
0.08199 to 0.04487 W/(m⋅K) [29]. It may be more effective by blending
silica aerogel (SiAG) into the membrane matrix to decrease thermal
conductivity of a membrane. And the mechanism of decreasing thermal
conductivity needs to be supplemented.
The aims of this study were to add SiAG into a polyvinylidene fluo
ride (PVDF) membrane to fabricate insulating membranes and to
investigate the effects of membrane properties on the thermal efficiency
during MD. The SiAG provided by Hitachi Chemical (Japan) with its low
thermal conductivity and high hydrophobicity was employed in this
study. PVDF and PVDF-SiAG membranes were fabricated. The effects of
SiAG addition at different proportions on the membrane characteristics
were determined. The correlation between membrane characteristics
and heat transfer was studied as well. The membranes were next eval
uated for their performance on MD from the standpoint of thermal
efficiency.

Chemical works (China). The SiAG was provided by Hitachi Chemical
Co., Ltd (Japan). The SiAG is with porosity of 80–90%, diameter of less
than 50 nm, thermalostability of 500 � C, and contact angle higher than
150� (provided by Hitachi Chemical).
2.2. Membrane preparation
The addition of LiCl and PEG-400 could increase the hydrophobicity,
porosity, pore interconnectivity, and MD performance of the resultant
membranes [30,31]. LiCl (3%) and PEG-400 (2%) were first added into
DMAc and stirred for 1 h to dissolve them. Then, different amounts of
SiAG particles were added into the solution, and it was stirred for 1 h to
obtain a homogenous dispersion liquid. PVDF powders were oven-dried
and then added. The mixture was stirred at room temperature for 6 h to
dissolve the polymer. The membrane casting solution was then degassed
for another 6 h. The components of each casting solution and the codes
of the corresponding membranes are presented in Table 1. It was found
that Si-AG particles may deposit in the casting solution with 10% PVDF
when its proportion was higher than 3%. In order to evaluate the relative
content of SiAG to PVDF polymer, the proportion of PVDF were
decreased to 5% for M5-2 and M5-3 in which the mass ratio of SiAG to
PVDF was 0.4 and 0.6, respectively.
The membranes were fabricated via non–solvent-induced phase
separation (NIPS) process. It was casted on nonwoven fabric by means of
a film applicator (Schwan Technol. USA) with the thickness of 1 mm.
The casting films were exposed to the atmosphere for 10 s before im
mersion into a deionized water bath. The prepared membranes were
soaked in deionized water for 24 h to remove the residual solvent and
were then dried in an oven at the temperature of 50 � C.
2.3. Membrane characterization
The morphology of a membrane was imaged by scanning electron
microscopy (SEM) (SU-8000, Hitachi, Ltd., Japan). The prepared sam
ples were coated with a thin platinum layer using a sputter coater
(HITACHI E 1010 Ion) for SEM examination. The SiAG particles dis
tribution in the membrane surface and matrix was detected by energy
dispersion spectrometry (EDS) (OPTIMA 2000DV, PerkinElmer, USA).
The thermal gravimetric analysis (TGA) was conducted by using
TG209F3 Tarsus (NETZSCH, German). The TGA measurement was
conducted under nitrogen atmosphere at a heat rate of 10 � C/min from
40 to 800 � C.
Wettability of the membrane surface was evaluated by gauging the
contact angle of a water droplet with an OCA20 Video-Based Contact
Angle Meter (DataPhysics Instruments Ltd., Germany).
The term of porosity is expressed as the volume ratio of pores and
total membrane. To calculate porosity, the membrane sample with a
certain area should be wetted first. The liquid used to wet the membrane
sample was provided by IB-FT GmbH (Germany) named Porefil and its
surface tension and density are 16 dyn/cm and 1.87 g/mL, respectively.
The porosity (ε) of the membrane was determined by gravimetric
Table 1
The composition of the dope.

2. Materials and methods
2.1. Materials
PVDF (FR-904) was obtained from Shanghai 3F New Materials Co.,
Ltd. (China) and its molecular weight is 1.02 � 106 g/mol. N,N-dime
thylacetamide (DMAc, >99%) was purchased from Shanghai Jingwei
Chemical Co., Ltd. (China). Polyethylene glycol (PEG-400, AR grade,
>99.5%) was supplied by Sinopharm Chemical Reagent Co., Ltd.
(China). NaCl (>99.5%) and LiCl (>95%) were acquired from Beijing

Membrane

PVDF

PEG-400

LiCl

SiAG

DMAc

RSiAG

M10-0
M10-1
M10-2
M10-3
M5-2
M5-3

10%
10%
10%
10%
5%
5%

2%
2%
2%
2%
2%
2%

3%
3%
3%
3%
3%
3%

0
1%
2%
3%
2%
3%

85%
84%
83%
82%
88%
87%

0
0.1
0.2
0.3
0.4
0.6

Note.
a. All the data were in weight percent. The first number in the membrane code
represents the content of PVDF, while the second number represents the content
of SiAG.
b. RSiAG is the mass ratio of SiAG to PVDF.
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method and calculated via the following equation:
m1

m2
ε¼
ρl Am l

SiAG.
(1)

2.5. MD performance
The membranes with effective area of 29.65 cm2 were evaluated in a
direct contact membrane distillation (DCMD) process to investigate
their performance on desalination and to evaluate their thermal effi
ciency. Detailed geometry information of the membrane module is
shown in Fig. S1. M10-3 was tested for 24 h to evaluate its long-term
operation. The setup of DCMD is depicted in Fig. 1. A NaCl solution
(35 g/L) served as feed. The flow rate of feed was 180 mL/min. The
permeate side was filled with deionized water initially. The flow rate of
the permeate was 200 mL/min. Counter current was conducted. The
temperature at the inlet of the feed solution was ~65 � C, while the
temperature at the inlet of the permeate side was ~20 � C. Detailed
temperatures at the inlet and outlet of the feed and permeate sides were
recorded by an electric thermometer. The weight of produced water was
measured every 10 min by a computer-logged digital mass balance. The
conductivity of the permeate was measured by a conductivity meter in
real time. The permeate flux was calculated via the following formula:

where m1 and m2 are the weight of a wetted membrane sample and the
weight of a dry membrane sample, respectively; Am is the area of the
membrane sample, l is the thicknesses of the membrane; ρl is the density
of porefil.
Pore size and pore size distribution were determined using Capillary
Flow Porometer Porolux 1000 (IB-FT GmbH, Germany) via gas-liquid
displacement method [32]. Porefil was used as a wetting liquid. The
gas was provided by nitrogen. Liquid entry pressure (LEP) was tested by
using a self-made device (Fig. S3).
2.4. Thermal conductivity
2.4.1. Measurement of thermal conductivity
The thermal conductivity was measured by using a thermal
conductive meter (TC3000E, Xiatech, China) (Fig. S2). The membranes
were cut into a rectangular of 4 cm � 5 cm. Two pieces of membrane
samples were needed for each measurement. Five repetitions were
conducted for each membrane, and the average value was calculated for
analysis. For the thermal conductivity measurement, a certain thickness
of the samples was needed, in case the heat conducted across the
membrane leads to erroneous results. Therefore, the initial thickness of
the film applicator was set to 1 mm to gain a membrane with thickness
no less than 80 μm.

Jw ¼ 

Rr ¼ 

where, ?? is the thermal conductivity of the membrane in W/(m⋅K); λv
and λm are the thermal conductivity values of the voids (air þ water
vapor) and the membrane materials, respectively [34]. In this study, λm
is the thermal conductivity of the mixture of PVDF polymer and SiAG
particles. λm can be calculated from Eq. (2) since λ and ε are both
measurable.

PPVDF
PSiAG
þ λSiAG
PPVDF þ PSiAG
PPVDF þ PSiAG

1
ðλPVDF
SiAG
1 þ PPPVDF

λSiAG Þ þ λSiAG

Hl ¼

(3)

λSiAG Þ þ λSiAG

(8)

where Hc is conductive heat unit area of membrane in W/m2;  Tfi and
Tfo are the temperature of inlet and outlet of the feed, respectively; Tpi
and Tpo are the temperature of inlet and outlet of the permeate,
respectively. It should be mentioned that the temperature polarization
was not considered for the calculation of Hc because it was impossible to
measure the interface temperature on both sides of the membrane under
the current conditions. The ignoring of temperature polarization would
yielded higher results than realistic values.
The thermal efficiency (η) was calculated via Eq. (10) in this study:

(4)

PVDF polymer and SiAG particles, respectively. The mass ratio of SiAG
to PVDF is assumed to be RSiAG (Table 1), and the density ratio of PVDF
to SiAG is assumed to be a. Then Eq. (4) is simplified to Eq. (5).
1
ðλPVDF
1 þ aRSiAG

Jw r ρ
3:6 � 106

where Hl is the latent heat for unit area of membrane in W/m2; r is the
heat of vaporization of water in J/kg, it is 2.3455 � 106 J/kg for the
water at 65 � C.
Conductive heat was calculated from the thermal conductivity of the
membrane by Eq. (9):
�
�
λ Tfi þ Tfo Tpi þ Tpo
Hc ¼
(9)
l
2
2

λPVDF and λSiAG are the thermal conductivity of PVDF polymer and
SiAG particles, respectively. PPVDF and PSiAG are the amount of PVDF
polymer and SiAG particles in volume in the membrane matrix,
PPVDF
respectively. PPVDF
and PPVDFPSiAG
represent the volume fraction of
þPSiAG
þPSiAG

λm ¼

(7)

The latent heat was calculated via Eq. (8):

Eq. (3) can be converted to Eq. (4)
λm ¼

 Cp
Cf

2.6. Thermal efficiency

2.4.3. Modeling of λm
The thermal conductivity of the membrane material is determined by
the proportion of PVDF polymer and SiAG particles and the conductivity
of them. The relationship between them is as follows:
λm ¼ λPVDF

Cf

where Rr is the rejection of membrane, Cf is the NaCl concentration in
the feed and Cp is the NaCl concentration in the permeate. In this study,
Cp was calculated from the conductivity of the permeate.

(2)

εÞ

(6)

where Jw is the permeate flux in L/(m2∙h) (LMH), mw is the volume of
produced water in L; A is the effective contact area of the membrane in
m2; Δt is the operation time in h.
The conductivity of the permeate was measured with the conduc
tivity meter (CM-230A) and rejection was calculated as follows:

2.4.2. Calculation of λm
Porosity is a critical factor affecting thermal conductivity of mem
brane [33]. The relation between porosity and thermal conductivity is
shown in Eq. (2):
λ ¼ λv ε þ λm ð1

mw
AΔt

η¼

(5)

λm is an inverse proportional function of RSiAG. The increase of SiAG
particles in the membrane matrix decrease the thermal conductivity of
membrane material. λm is only determined by the relative amount of
3

Hl
� 100%
Hl þ Hc

(10)
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Fig. 1. Schematic of the DCMD setup.

3. Results and discussion

0 was found to have a porous structure with a relatively homogeneous
pore size. With the addition of SiAG, it can be seen that lumps of SiAG
particles emerged on the membrane surface of M10–1, M10-2, and M103, and the pore size seems also homogeneous, without a big difference
from that of M10-0. In contrast, M5-2 and M5-3 had much bigger pores

3.1. Membrane morphology
Fig. 2 illustrates the surface morphology of the membranes. M10-

Fig. 2. Surface SEM images of the membranes.
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with less homogeneity owing to the lesser proportion of PVDF and
higher concentration of SiAG. The lumps of SiAG particles were getting
larger and constituted a greater proportion of the material with the in
crease in SiAG addition. Similar phenomenon can be observed on cross
section images (Fig. S4). The EDS analysis of M10-3 is shown in Fig. 3.
SiAG particles uniformly distribute in the membrane matrix (Fig. S5).
The atomic fraction of Si for square 1, 2 and 3 are 7.57%, 8.69% and
9.98%, respectively. The uniform distribution of Si will decrease λm
evenly in the whole membrane matrix.

matrix. For membranes with 10% PVDF, total solid membrane material
(PVDF polymer and SiAG particles) increased in mass along with the
increase on SiAG concentration. This would be the main reason for the
increase on membrane thickness.
These changes help to reduce conductive heat during MD process.
Membrane thickness is an important factor affecting heat conductivity
(Eq. (9)). The thinner the membrane, the more heat is conducted from
the high-temperature side to the low-temperature side. From another
perspective, large thickness is a defect that may decrease the mem
brane’s permeability owing to the increased resistance to vapor transfer
[35]. Another study on molding also uncovered these effects of thickness
on permeability and thermal efficiency [14]. It is revealed that the
thermal efficiency is independent of thickness. This follows from the fact
that both the membrane permeability coefficient and thermal conduc
tion coefficient are inversely proportional to thickness. In the present
study, the defect effect of thickness on permeate flux was not obvious
because the permeate flux was still highly active (Fig. 7). Membrane
fabricated by NIPS process usually has a dense surface layer that
dominate more mass transfer resistance [36]. The thickness changes
may have less effects on the dense surface layer than the supporting
layer. Therefore, the effects of thickness on permeability may be less
important.
Thermal conductivity is another important factor affecting heat
conduction (Eq. (9)). A membrane with higher porosity usually has
lower thermal conductivity because solid materials usually have higher
thermal conductivity than air (Eq. (2)). Nevertheless, the slight increase
on porosity affected thermal conductivity not significant in this study
where thermal conductivity was mainly determined by λm. It was dis
cussed latter.
The mean pore size of the membranes showed an increasing trend
with the increase in SiAG concentration and a decrease in the proportion
of the PVDF polymer in the casting solution (Table 2). The presence of
SiAG induced increase in pore size, but the variation of SiAG content
likely had smaller effects on pore size distribution (Fig. 5). These results
correlated with the surface morphology and variation of thickness and
porosity. The addition of SiAG built a looser structure of the membrane
matrix and hence induced larger pores.

3.2. Thermal stability of the membranes
The TGA was conducted to assess the thermal stability of the mem
branes. The thermal gravimetric and derivative thermal gravimetric
curves are shown in Fig. 4. M10–0 and M10-3 had no weight loss when
the temperature was lower than 350 � C. With the continuous increase of
temperature, PVDF started to lose weight, followed by SiAG particles.
The peak on derivative weight curve of M10-3 at ~475 � C indicates that
the SiAG particles thermal decomposed, which is similar to the provided
temperature value (500 � C) by the manufacturer. The PVDF-SiAG
membranes would be thermal stable during MD applications.
3.3. Membrane characterization
Membrane thickness increased with the addition of SiAG (Table 2).
M10-0 had the smallest thickness of 230 μm, and with the increase in the
SiAG amount, the thickness of M10–1, M10-2, and M10-3 increased to
255, 265, and 325 μm, respectively. M5-2 and M5-3 had lower thickness
than M10-3 due to the smaller amount of PVDF in the casting solution.
The porosity of the fabricated membranes showed a slight increasing
trend. M10-0 had the lowest porosity of 57.02%, and M5-3 possessed the
highest porosity of 61.92% (Table 2).
During the fabrication process, it was found that the casting solution
partially permeated into the nonwoven fabrics, and shrinkage took place
during the coagulation. Therefore, M10-0 had the thickness of only
230 μm, even though the film applicator was set to the thickness of
1 mm. SiAG particles helped building up the structure of the membrane

Fig. 3. The EDS analysis of Si element in membrane M10-3. (Distribution of Si element corresponds to the SEM image. Spectrum (1), (2) and (3) correspond to the
three red-marked square regions in SEM image.). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 4. The thermal gravimetric and derivative thermal gravimetric analysis of M10–0 and M10-3.
Table 2
Membrane characteristics.
Membrane

M10-0

M10-1

M10-2

M10-3

M5-2

M5-3

Thickness (μm)
Porosity (%)
Mean pore size (μm)
Contact angle (� )
LEP (bar)
Maximum pore size (μm)

230 � 4
57.02 � 1.23
0.137
81.8 � 1.4
1.74 � 0.09
0.278

255 � 14
58.12 � 1.36
0.172
80.1 � 2.8
1.61 � 0.08
0.390

265 � 4
57.93 � 1.55
0.209
79.1 � 2.0
1.55 � 0.04
0.486

325 � 3
60.19 � 1.47
0.200
78.62 � 0.9
1.57 � 0.05
0.485

237 � 5
59.83 � 1.08
0.395
103.7 � 3.3
0.63 � 0.04
1.280

320 � 6
61.92 � 0.93
0.403
106.3 � 0.6
0.72 � 0.03
0.809

There was no significant difference in the contact angle among the
membranes with 10% PVDF (Table 2). The contact angles of M10–0,
M10–1, M10-2, and M10-3 were ~80� , while those of M5-2 and M5-3
were ~105� . These results indicated that the PVDF content in the cast
ing solution was a determinant of the contact angle. This effect might be
due to a decrease in PVDF content inducing more voids and greater
exposure of SiAG particles on the surface, as seen on the SEM images.
The SiAG particles are hydrophobic, and the presence of more SiAG
particles on the surface contributed to the increase in the contact angle.
The increased amount of voids trapping air in them might have pre
vented water spreading on the interface of three phases [37]. Therefore,
the contact angle of membranes with 5% PVDF was greater. However,
the LEP of M5-2 and M5-3 were much lower than the other membranes
due to larger pore size. The LEP of membranes with 10% PVDF were
higher than 2.5 bar that was expected for MD process [38]. While
membranes with 5% PVDF were vulnerable for wetting.

was calculated based on Eq. (2). Since the porosity of the membranes
were approximate to each other, the average value (59.17%) was used.
The measured value of porosity may be higher due to the adhesion of the
wetting liquid on the surface during the measurement. Thereby, the
porosity need to be modified to fit Eq. (2). The modified coefficient is
calculated from the data of M10-0. For M10-0, the membrane material is
only PVDF polymer. λm ¼ 0.190 W/(m⋅K), λv ¼ 0.026 W/(m⋅K) and
λ ¼ 0.111 W/(m⋅K) were plugged into Eq. (2) [7]. The modified porosity
was calculated to be 48.00%. Since the average porosity was 59.17%,
the modified coefficient was calculated to be 0.81. Based on the modi
fied coefficient, λm for all the membranes was calculated and they were
plotted in Fig. 7.
The calculated value of λm fitted the theoretical curve very well. λm
decreased by 29.12% when the ratio SiAG/PVDF increased from 0 to
0.6. This result indicates that the decrease on thermal conductivity of
the membrane did benefit from the low thermal conductivity of SiAG.
Based on the function of the fitting curve, the value of a and λSiAG were
calculated to be 12.62 and 0.127 W/(m⋅K), respectively. It is noted that
the thermal conductivity of SiAG powder is lower than λSiAG due to the
high porosity of it. However, PVDF polymer fills the voids among the
SiAG particles. λSiAG represents the thermal conductivity of SiAG at the
state of mixing with PVDF polymer. λm is inversely proportional to the
relative amount of SiAG to PVDF polymer (Eq. (5)), therefore the further
addition of SiAG has less effects on thermal conductivity. It also should
be noted that the addition of SiAG may decrease the mechanical strength
of the membrane. It was found that M5-2 and M5-3 have poor ductility,
and fracture on the surface may happen during sample handling.

3.4. Thermal conductivity
Thermal conductivity of the PVDF-SiAG membranes decreased with
the increase in SiAG content (Fig. 6). M10-0 had the highest thermal
conductivity of 0.111 W/(m⋅K). When the ratio SiAG/PVDF was 0.6 in
the membrane of M5-3, the thermal conductivity decreased by 25%
relative to that of M10-0. Addition of a small amount of SiAG strongly
decreased thermal conductivity, while the decreasing trend declined
further with more SiAG added into the membrane. SiAG with lower
thermal conductivity (relative to the PVDF polymer) decreased the
thermal conductivity of the membrane matrix.
In order to evaluate the effects of SiAG on thermal conductivity, λm
6
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Fig. 5. Pore size distributions of the PVDF-SiAG membranes.

3.5. MD performance

thickness was a trivial factor, and the fluxes were improved 1.5-fold for
M10-3. Permeate flux is an important factor affecting thermal efficiency
of MD. The permeate flux improvement will increase the proportion of
latent heat, as expected for increased thermal efficiency.

M10-0 turned out to have the lowest permeate flux of ~8.5 LMH
(Fig. 8). The addition of SiAG particles improved the flux remarkably.
M10-3 had a higher permeate flux of ~12.5 LMH. All the membranes
studied further had stable fluxes during the whole test period. Con
ductivity values of the permeate side were also stable at ~4 μS/cm,
which corresponded to the rejection of 99.99% for all the membranes.
The addition of SiAG made a loose structure of the membrane matrix and
increased the mean pore size of the membranes, thus decreasing mass
transfer resistance. The addition of SiAG also increased the thickness of
the membranes, and this effect should inhibit the flux due to the
increased resistance to vapor transfer. Nonetheless, the defect of

3.6. Thermal efficiency
The heat transferred from the high-temperature side to the lowtemperature side is illustrated in Fig. 9, as is thermal efficiency. M100 manifested the lowest latent heat and the highest conductive heat.
Therefore, the energy efficiency of M10-0 was also the lowest: 22.01%.
The addition of SiAG critically improved thermal efficiency by
increasing latent heat and decreasing conductive heat. Conductive heat
7
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Fig. 6. Thermal conductivity of the membranes.

Fig. 8. Permeate fluxes of the membranes during MD testing for 120 min (Inlet
temperature of feed was 65 � C; inlet temperature of permeate side was 20 � C.)

highest latent heat too: it was 9.47 kW/m2. The thermal efficiency of
M5-3 was the highest, 46.92%. The thermal efficiency of M10-3 was
42.81% which is 1.95 fold of M10-0. Moreover, Fig. 9 indicates that the
energy consumption of M10-0 was the highest, which induced the
lowest temperature of the outlet of feed. Considering the multiple-stage
configuration of MD, the low temperature of the outlet at the former
stage will be a defect affecting the production at the latter stage.
3.7. Long-term MD test
M10-3 was employed on long-term MD test. During the operation,
the permeate flux kept stable and the conductivity of the permeate side
kept decreasing from ~10.5 to 4 μS/cm (Fig. 10). The corresponding salt
rejection was 99.99%. These results indicate the PVDF-SiAG insulating
membrane is competent for long-term MD application.
Overall, the thermal efficiency was determined by latent heat and
conductive heat, which were determined by membrane characteristics,
such as permeate flux, porosity, thickness, and thermal conductivity.
The addition of SiAG increased the mean pore size, which gave rise to an
increase in permeate flux and hence in latent heat. Besides, the addition
of SiAG decreased thermal conductivity and increased thickness, and
these alterations contributed to a decrease in heat conduction. Even
though thickness might have decreased permeate flux, energy efficiency
remarkably improved. Finally, thermal efficiency was strongly
improved via these mechanisms by the addition of SiAG.

Fig. 7. The calculated λm value and theoretical fitting curve (The points are
calculated from Eq. (2). And the theoretical fitting curve is plotted based on
these points. The value of a and λSiAG are given by the expression of the
fitting curve.).

decreased from 19.68 to 10.70 kW/m2 with the increase in SiAG content
in the membrane, which benefited from the low thermal conductivity
induced by SiAG addition. M5-2 had a higher conductive heat than M103 due to the lower thickness of it. This illustrates the significant effects of
thickness on thermal efficiency in this study.
Conductive heat was calculated from the bulk temperature of the
feed and permeate; this approach might have overestimated the real
results because temperature polarization was ignored [16]. Nonetheless,
the trend of conductive heat would not have changed. It was believable
that conductive heat was decreased remarkably by the addition of SiAG.
From another point of view, the low thermal conductivity might have
relieved temperature polarization during the MD testing. This is because
heat conduction is a factor directly inducing a temperature gradient on
the membrane surface area on both the feed and permeate side. Lower
thermal conductivity should have intensified the temperature gradient
in the membrane matrix, namely the temperature difference between
the two sides of the membrane. Therefore, the driving force was inten
sified. These changes had positive effects on permeate flux and hence on
thermal efficiency.
Latent heat was calculated from permeate flux; therefore, there was a
correlation between them. M5-3, with the highest permeate flux, had the

4. Conclusion
The addition of SiAG supported a looser structure during phase
inversion process. This led to the improvement thickness and mean pore
size. The contact angle was increased for some membranes owing to
exposure of more SiAG lumps on the surface, because the hydropho
bicity of SiAG and the changes in morphology prevented water drops
from spreading out on the interface. SiAG with low thermal conductivity
in the membrane matrix brought down λm, as well as λ. The optimal
relative amount of SiAG to PVDF was 0.3 to have a lower thermal con
ductivity, appropriate LEP and mechanical properties.
The increased mean pore size determined the improvement of
permeate flux as well as the latent heat transport. The decreased thermal
conductivity and increased thickness caused a remarkable decrease in
heat conduction. As a consequence, the thermal efficiency of PVDF-SiAG
insulated membranes can be 95% higher than that of a PVDF membrane.
The PVDF-SiAG insulated membrane has great potential for saving
8
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Fig. 9. Heat transfer and thermal efficiency of the membranes during MD testing. (Inlet temperature of feed was 65 � C; inlet temperature of permeate side was 20 � C.
Flow rate of feed and permeate was 180 and 200 ml/min, respectively).

Fig. 10. Performance of M10-3 in long-term MD test. (Inlet temperature of feed was 65 � C; inlet temperature of permeate side was 20 � C. The initial flux was 12.81
LMH. The corresponding rejection was 99.99%).

energy and promoting industrialization of MD.
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Density ratio of PVDF to SiAG
Effective membrane area
Area of the membrane sample for porosity measuring
NaCl concentration in the feed
NaCl concentration in the permeate
Conductive heat
Latent heat
Permeate flux
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Weight of the wetted membrane sample
Weight of the dry membrane sample
Volume of produced water
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RSiAG
Tfi
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ρl
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Amount of PVDF polymer in volume
Amount of SiAG in volume
Heat of vaporization of water
Rejection rate
Mass ratio of SiAG to PVDF
Inlet temperature of feed
Outlet temperature of feed
Inlet temperature of permeate
Outlet temperature of permeate
Porosity
Thermal conductivity of membrane
Thermal conductivity of membrane material
Thermal conductivity of PVDF polymer
Thermal conductivity of SiAG
Thermal conductivity of air and water vapor
Density of porefil
Thermal efficiency
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