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ABSTRACT: Membrane distillation (MD) is a promising
alternative approach for desalination, especially for highsalinity brines. Its application has been limited by its high
operational cost because of the energy consumption required
for hydraulic circulation and heating the entire circulating
feed. Localized heating of the feed by Joule heating diminishes
energy consumption, but the potential charging on the
electrothermal material surface causes water splitting and
membrane degradation in high-salinity environments. Herein,
a novel reverse Joule-heating air gap MD method was
designed in which an electrothermal material was placed at
the air gap, isolating itself from saline water. Even though the
Joule-heating layer was at the air gap side, 90.56% of heat ﬂowed into the saline water for heating the feed. The opposite
temperature gradient in the membrane matrix as opposed to conventional MD-mitigated membrane wetting was caused by
capillary condensation. This novel electrothermal-driven MD conﬁguration is worthy to be introduced into applications.
circulation.7,8 Heating by the electrothermal eﬀect is more
controllable and convenient. Graphene has many dominant
properties in terms of electrical conductivity, thermal
conductivity, and mechanical support. It was found to be
very successful for the conversion of electrical energy to
thermal energy by the electrothermal eﬀect.9,10 Conductive
ﬁlms made of graphene oﬀer faster and more eﬃcient heating,
ﬂexibility without fracture, and uniform temperature distribution. Reduced graphene oxide (RGO) was therefore employed
for coating on the surface of a commercial polytetraﬂuoroethylene (PTFE) membrane to conduct the electrothermally
driven MD process.
Nevertheless, the application of electrothermal material in
ionizable environments causes water splitting and material
degradation even when low potential charges exist on the
surface. Localized Joule heating for the feed had never been
applied until Dudchenko et al. reported that increasing the
frequency of the applied alternating current to a certain degree
eﬀectively prevented membrane degradation.11 Here, we

1. INTRODUCTION
Freshwater scarcity is becoming a threat to sustainable
development of human society.1 Two-thirds of the global
population live under conditions of severe water scarcity for a
period of at least 1 month of the year. Half of those people in
the world face severe water scarcity all year.1 Clean water
puriﬁed from seawater or wastewater is a promising alternative
method to provide freshwater.2 Although reverse osmosis
(RO) has been widely used for desalination, RO is not
applicable to high-salinity ﬂuids because of the high osmotic
pressure. Membrane distillation (MD), a thermally driven
membrane desalination process, is a promising alternative
approach for desalination, especially for high-salinity brines.3,4
In the MD process, high-temperature feed and low-temperature distillate are separated by a hydrophobic membrane. For
a nonvolatile salinity brine, only water vapor passes through
the membrane from the feed side into the distillate side under
the driving force of partial vapor pressure diﬀerence.
Unfortunately, some issues restrict the wide application of
MD, such as high-energy consumption for hydraulic
circulation, heating the entire circulating feed, and membrane
wetting.5,6
Localized heating by using solar energy or electric power
critically minimizes the energy consumption for heating and
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Figure 1. Schematic illustration for reverse Joule-heating AGMD. (a) Design of the reverse Joule-heating AGMD process. The RGO layer converts
electrical energy to thermal energy. Most of the heat is conducted through the PTFE layer to the feed. Water evaporates at the liquid/membrane
interface, and vapor transports through the composite membrane and condenses at the cold wall. (b) Setup of the reverse Joule-heating AGMD. (c)
Sketch of the membrane module. (d) Photograph of the RGO−PTFE composite membrane.

sides of the membrane were simulated to evaluate the concept
of reverse Joule-heating. Comparison between long-term
reverse Joule-heating AGMD and conventional AGMD was
conducted to assess the mitigation eﬀects of reverse Jouleheating on capillary condensation.

present an alternative strategy to avoid these problems.
Because ionizable environments cause these problems,
isolating the electrothermal materials from brine water would
represent a simple solution. In fact, it is not necessary for the
Joule-heating layer to be placed at the feed side, as long as the
Joule-heating layer does not contact distillate water directly. In
this study, a novel electrothermally driven MD conﬁguration
was presented for the ﬁrst time (Figure 1). The RGO Jouleheating layer was placed in the air gap so that it was isolated
from the feed brine by the PTFE hydrophobic layer of the
composite membrane (Figure 1a). Joule heating transfers
through the PTFE layer and heats the feed, which is termed as
reverse Joule-heating; water vapor diﬀuses through the air gap
and condenses on a cold wall. Water splitting and Joule-heating
layer degradation, therefore, could be completely prevented.
Because of the low thermal conductivity of air [0.019 W/(m·
K)] and relatively high thermal conductivity of the polymer
membrane [0.18−0.25 W/(m·K)] and feed solution [∼0.607
W/(m·K)],12−14 a larger proportion of the Joule heat will be
transferred to heat the feed solution rather than the air in the
gap.
The temperature gradient in the membrane matrix in reverse
Joule-heating air gap MD (AGMD) will be opposite to that in
the conventional MD process. Because the Joule-heating layer
is placed at the permeate side, vapor is transported through the
membrane along with the increase of temperature, as well as
the increase of saturation vapor pressure, meaning that the
diﬀerence between vapor pressure and saturation vapor
pressure increases during vapor transportation. Theoretically,
this will mitigate vapor condensation in the membrane matrix,
which is termed as capillary condensation15 and hence mitigate
membrane wetting to some extent.
It would be very interesting to evaluate how much heat can
be utilized for heating the feed solution and to investigate if it
is worth promoting this electrothermal AGMD conﬁguration
into application. It also would be exciting to verify its
mitigation eﬀects on capillary condensation. If it is worthy to
be applied, this conﬁguration will mitigate membrane wetting
induced by capillary condensation and critically decrease the
energy consumption in a simple way.
In this study, the RGO−PTFE membrane was prepared and
characterized, and it was then employed for reverse Jouleheating AGMD. Temperature distribution in the membrane
module and thermal ﬂux from the Joule-heating layer to both

2. MATERIALS AND METHODS
2.1. Preparation of RGO−PTFE Membrane. A piece of
nonsupporting PTFE membrane (10 × 10 cm) was spread out
on the surface of a ceramic plate. The ceramic plate with the
membrane was then placed on an electric hot plate with the
temperature of 70 °C. A certain amount of GO dispersion was
sprayed on the surface of the membrane uniformly to ensure
that no large liquid droplet was gathered. Another layer of GO
dispersion was not sprayed until the previous layer was dry.
GO dispersion (30 mL) (Section 7 in the Supporting
Information) was sprayed onto the membrane layer by layer.
When it was dry, the GO−PTFE membrane was prepared. The
GO−PTFE membrane was then thermally reduced to RGO−
PTFE membrane (Figure 1d) in a tube furnace with the
protection of N2. The temperature increased from room
temperature to 350 °C at the rate of 5 °C/min, where it was
held for 20 min, and then it cooled naturally to room
temperature.
2.2. Reverse Joule-Heating AGMD. Reverse Jouleheating AGMD was conducted to evaluate the performance
of the RGO−PTFE membrane (Figure 1a). Conventional
AGMD was also conducted to compare with Joule-heating
AGMD to investigate the diﬀerence in capillary condensation
induced by the reverse Joule-heating conﬁguration. The
schematic diagram is depicted in Figure 1b. NaCl solution
(35 g/L) is served as feed. The ﬂow rate of the feed was 0.12
mL/min for reverse Joule-heating AGMD, and it was 40 mL/
min for conventional AGMD. The eﬀective membrane area
was 29.65 cm2, and the volume of the module for the feed
solution was 14.83 mL (Figure 1c). The temperature of the
coolant was 5 °C. The weight of produced water was measured
every 10 min by a computer-logged digital mass balance. The
permeate ﬂux was calculated via the following formula
Jw =
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Figure 2. (a) SEM images of the cross sections (a1,a2) and surfaces (a3,a4) of RGO−PTFE membrane; (b) EDS analysis of the GO and RGO layers
(GO and RGO are related to the coating layer before and after thermal treatment; three regions were selected for each sample); (c) atomic
amounts of C and O elements in GO and RGO layers; FTIR (d), XRD (e), and Raman (f) spectra of PTFE, GO−PTFE, and RGO−PTFE
membranes.

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; and Δt is the operation time in h.
The conductivity of the permeate was measured with a
conductivity meter (CM-230A), and rejection was calculated
as follows
Rr =

3. RESULTS AND DISCUSSION
3.1. Structure of the RGO Layer. The morphology of the
RGO layer was studied by using scanning electron microscopy
(SEM) (Figure 2a). Image a1 suggests that an ultrathin RGO
layer was coated on the surface of the PTFE membrane. The
thickness of the PTFE layer was ∼30 μm, whereas it was ∼0.3
μm for the RGO layer. The RGO layer with smaller pore size
(Figure S6) may increase the vapor transfer resistance during
the MD process. The ultrathin layer of RGO diminished the
negative eﬀects as much as possible. The graphitic laminar
structure can be resolved, as shown in the cross-sectional
image (image a2). Large graphene nanosheets on top of the
PTFE layer were observed (images a3 and a4), and their
resemblance with crumpled silk veil waves that were
corrugated and scrolled is intrinsic to graphene nanosheets.16
The connection between RGO and PTFE was tight. The
diﬃculty of brittle fracturing of the PTFE layer induced slight
peeling during the sample handling process.
3.2. Surface Chemical Properties. The eﬀects of thermal
reduction on the surface chemical properties were analyzed by
energy-dispersive spectrometry (EDS), Fourier transform
infrared (FTIR), X-ray diﬀraction (XRD), and Raman
spectroscopy. The EDS spectra suggest a substantial decline
in oxygen atoms because of the thermal reduction of graphene
oxide (Figure 2b). The EDS spectra of RGO−PTFE also

Cf − Cp
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.
2.3. Simulation of Temperature Distribution and
Thermal Flux. Temperature distribution in the feed solution
and air gap, as well as the thermal ﬂux from the RGO Jouleheating layer to both sides of the membrane, were simulated by
COMSOL Multiphysics software (COMSOL Co., Ltd.). The
membrane module and its geometric dimensions are shown in
Figures 1c and S3. Two virtual sections were selected to
calculate thermal ﬂux from the Joule-heating layer to both sides
of the membrane. Thermal ﬂux through section 1 represents
the heat ﬂowing into the air gap, and thermal ﬂux through
section 2 represents the heat ﬂowing into the feed. The two
virtual sections are shown in Figure S4.
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Figure 3. (a) Contact angles of PTFE (before and after thermal treatment), GO, and RGO layer; and (b) pore size distributions of PTFE
membrane before and after thermal treatment.

exhibit a great amount of ﬂuorine atoms, which was because of
the energy beam penetrating the RGO layer and detecting
ﬂuorine on the PTFE layer. However, ﬂuorine atoms were not
detected on the GO−PTFE membrane. Therefore, carbon
atoms only arise from the graphene oxide layer of the GO−
PTFE membrane, whereas they originate from both the
graphene layer and the PTFE layer of the RGO−PTFE
membrane. To compare the diﬀerences between GO and RGO
layers, the amount of carbon atoms from PTFE layer was
subtracted, and the atomic ratio of carbon to oxygen is shown
in Figure 2c. The C/O ratio increased from 1.61 to 4.94
because of the thermal reduction of graphene oxide to
graphene, indicating the reduction of oxygen-containing
functional groups.
FTIR spectroscopy was used to investigate the degree of
removal of the oxygen-containing groups, and Figure 2d shows
the FTIR transmittance spectra of PTFE, RO, and RGO layers
of the membranes. PTFE shows two peaks at 1147 and 1202
cm−1, indicating the CF2 bond. The CF2 signal at 1147 cm−1
corresponds to the antisymmetric stretching vibration, whereas
the peak at 1202 cm−1 corresponds to the symmetric stretching
vibration of CF2.17 The spectrum of GO−PTFE illustrates ﬁve
absorption peaks at 1020, 1374, 1605, 1720, and ∼3200 cm−1,
which are assigned to the vibrations of C−O (epoxy or alkoxy)
stretching, O−H (carboxyl) stretching, CC stretching, C
O (carboxylic acid and carbonyl moieties) stretching, and O−
H stretching, respectively.18,19 CC at 1605 cm−1 could be
assigned to skeletal vibrations of unoxidized graphitic domains
or contributions from the stretching deformation vibration of
intercalated water.20,21 For the RGO−PTFE membrane, the
absorption peaks at 1020 and ∼3200 cm−1 totally disappeared,
and the peak at 1374 cm−1 diminished, indicating the
successful reduction of some oxygen-containing functional
groups. The persistence of the peak at 1720 cm−1 suggests that
the functional group of CO is diﬃcult to convert. These
results correspond to the EDS analysis, suggesting that a large
portion of oxygen was reduced, but a small portion remained.
The XRD spectra are shown in Figure 2e. The PTFE
membrane exhibits a sharp peak at 2θ = 18.1 because of its
high crystallinity. GO has a wider (002) peak at 2θ = 10.6,
which corresponds to an interlayer space of 0.834 nm.20 This
value is higher than that of graphite of 0.334 nm because of the
eﬃcient chemical intercalation by functional groups and
water.22,23 After the thermal treatment process, no strong
peak was found for the RGO−PTFE membrane except the
peak from the PTFE layer. The weakened intensity of the

(002) peak was because the interlayer space decreased to 0.334
nm because of the loss of some functional groups and
water.24,25
The reduction of functional groups could also be identiﬁed
in Raman spectra, as shown in Figure 2f. The D-band around
1350 cm−1 identiﬁes defects and sp3 hybridized bonds in the
carbon skeleton, whereas the G-band around 1600 cm−1 arises
from the hexagonal vibration. After thermal treatment, the
intensity of the D-band of RGO−PTFE seems to be slightly
decreased compared to that of GO−PTFE, whereas the Gband of RGO−PTFE becomes slightly sharper and higher than
that of GO−PTFE. The intensity ratio of D-band to G-band
(ID/IG) decreased from 1.10 for GO−PTFE to 0.89 for RGO−
PTFE. Similar trends in the thermal reduction process of GO
were also reported by other researchers.20 All of these changes
suggest the successful reduction of functional groups in the
GO layer.
3.3. Thermal Treatment Eﬀects on the PTFE Layer.
GO−PTFE was reduced at 350 °C, which is higher than the
melting point of PTFE (328 °C).26 However, the membrane
properties were not signiﬁcantly aﬀected because of its high
melting viscosity (10 GPa s).27,28 In fact, during the PTFE
membrane fabrication process, stretching is followed by an
annealing process, in which the temperature is higher than the
melting point, to ﬁx the porous structure of the membrane.29,30
The temperature higher than the melting point causes no
destruction. Figure 3a illustrates the eﬀects of thermal
treatment on the contact angles of PTFE, GO, and RGO.
No signiﬁcant changes were found on the PTFE layer,
indicating that the thermal treatment might have no signiﬁcant
eﬀects on the structure and surface properties of the PTFE
layer. The contact angle increased from 58.03 for the GO layer
to 81.04 for the RGO layer because of the reduction of oxygencontaining functional groups, as discussed above.
A piece of PTFE membrane was thermally treated by
following the same process with thermal reduction to
investigate the thermal treatment eﬀects on the pore size
distributions of the PTFE layer. The pore size distributions of
PTFE membrane before and after thermal treatment are shown
in Figure 3b. The results suggest that thermal treatment
critically increased the pore size from ∼0.27 to ∼0.47 μm. It
was also reported by other researchers that high annealing
temperature increased the length of ﬁbrils, along with pore size
of the membrane, during the fabrication process.31 After
thermal treatment, the pore size was still narrowly distributed,
and the biggest pore size was lower than 0.6 μm, which is
13509

DOI: 10.1021/acs.est.9b04861
Environ. Sci. Technol. 2019, 53, 13506−13513

Article

Environmental Science & Technology

Figure 4. (a) Direct heating of the RGO−PTFE membrane under convective air ﬂow with the application of electrical power; (b) infrared image of
the RGO−PTFE when a direct potential was applied (1.0 W of power); (c) temperature of feed and permeate ﬂux in reverse Joule-heating AGMD;
(d) simulation of temperature distribution in the membrane module during the air gap Joule-heating MD process (the air gap thickness was 1.5
cm); and (e) thermal ﬂux of the two virtual sections on both sides of the RGO−PTFE membrane.

acceptable for the MD process. Despite the expansion of pore
size, the PTFE layer is still capable for MD applications.
3.4. Electrothermal Properties. Figure 4a illustrates the
temperature variation when a direct current potential was
applied under convective air ﬂow. The heating process elapsed
for 6 min, whereas the natural cooling process lasted for 4 min
for each stage. The surface temperature increased rapidly and
gradually leveled oﬀ within the 6 min heating process,
indicating the rapid initiation of the Joule-heating process.
Temperature distribution was uniform on the entire RGO−
PTFE membrane, as shown in Figure 4b. The surface
temperature reached 99.2 °C when 1.0 W of power was
applied on the membrane surface (0.58 W/cm2). This
temperature was higher than that in the former study where
carbon nanotube was blended with poly(vinylidene diﬂuoride)
(PVDF) to fabricate a conductive Joule heating membrane for
MD.11 The mixture of carbon nanotube and PVDF may have
decreased the electrothermal conversion eﬃciency because of
the negative eﬀects of the polymer. In the present study, the
RGO conductive layer and PTFE polymer layer were relatively
independent, and the electrothermal conversion property of
graphene was rarely aﬀected by polymer.
3.5. MD Performance and Energy Utilization. The
RGO−PTFE membrane was employed in reverse Jouleheating AGMD to evaluate its performance. The power levels
of 4.5 and 5.5 W were applied for 80 consecutive min. The
temperature of the feed increased rapidly during the ﬁrst 30
min, and then gradually leveled oﬀ at ∼56 °C. In the second
stage, the temperature remained stable at ∼62 °C after 100
min (Figure 4c). The corresponding permeate ﬂux had the
same trend with the feed temperature. It increased rapidly
during the ﬁrst 30 min, and it reached ∼1.1 LMH when 5.5 W
power was applied. The feed was not directly heated, and the
temperature at the interface of feed/gas was lower than that at
the interface of RGO/air at the air gap side, so that the
saturation vapor pressure at the interface of feed/gas was
lower. Nevertheless, the partial vapor pressure at the interface

of feed/gas was still the highest, and a partial vapor pressure
gradient still existed across the composite membrane. Therefore, vapor was still transported from the feed side to the air
gap and condensed at the cold wall.
Because the Joule-heating layer was placed in the air gap
side, the exact quantities of energy which ﬂowed into the feed
solution and air gap had to be considered. The temperature
distribution was simulated by using COMSOL Multiphysics
software. The membrane between the feed and air gap had the
highest temperature, as shown in Figure 4d. The feed solution
was heated much faster than the air in the gap with elapsed
time. The temperature gradient in the air gap was much larger
than that in the feed solution.
Two virtual sections were selected to investigate the thermal
ﬂux in two directions. The two virtual sections are shown in
Figure 1d. The distance of the two virtual sections to the
RGO−PTFE membrane was 500 μm. The temperature of
section 1 was slightly lower than that of section 2. However,
the thermal ﬂux of section 1 was signiﬁcantly lower than that of
section 2. The values were 119.7 and 1148.0 W/m2 for section
1 and section 2, respectively, at the time of 600 s when the feed
temperature was approximate to the experimental conditions.
The total heat of 90.56% ﬂowed into the feed. To simplify the
model, the evaporation process was not simulated. The
evaporation process with heat absorption actually decreases
the temperature of the liquid/gas interface and hence increases
the temperature diﬀerence between both sides of the
membrane, which would increase the heat transfer from the
RGO layer to the feed. Therefore, neglecting to consider
evaporation would yield a higher simulation value of feed
temperature (Figure 4c) and a lower simulation value of heat
utilization. However, the results still reliably reﬂected on how
Joule heat was apportioned (Section 6 in the Supporting
Information).
These large diﬀerences in temperature distribution and
thermal ﬂux between feed and air gap were because of the
signiﬁcant diﬀerence in thermal conductivity between air and
13510
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Figure 5. (a) Eﬀects of the air gap thickness on the thermal ﬂuxes to both sides and the heat utilization; and (b) Permeate ﬂux in a long-term
operation.

Figure 6. (a) Permeate ﬂux comparison between reverse Joule-heating AGMD and conventional AGMD; and (b) schematic diagram of
temperature gradient for conventional AGMD and reverse Joule-heating AGMD.

liquid/solid. The thermal conductivity of air is ∼0.019 W/(m·
K),12 whereas it is 0.181 W/(m·K) for the PTFE membrane
(measured in this study) and 0.607 W/(m·K) for water.14
Although the porous PTFE layer ﬁlled with air has a lower
thermal conductivity, its ultrathin thickness determines that it
has a negligible resistance to heat transfer to the feed side. The
order of magnitude diﬀerence between the media on both sides
of the membrane determines the high-energy utilization in the
reverse Joule-heating AGMD process.
The air gap thickness is also an important parameter that
aﬀects heat conduction to the air gap and hence the heat
utilization. The diﬀerent air gap thicknesses were further
stimulated in the model. With the increase of the air gap
thickness, heat transfer to the air gap decreased (Figure 5a).
The thermal ﬂux to the air gap decreased markedly from 247.1
to 105.2 W/m2 when the air gap thickness increased from 0.5
to 1.0 cm, respectively. With the continuous increase of the air
gap thickness, the decrease on the thermal ﬂux was slight. This
is because the thickness is inversely proportion to the heat
conduction (eq S2 in the Supporting Information). Less heat
conduction to the air gap induced more heat conduction to the
feed side, and hence the heat utilization increased from 80.33
to 91.72% when the air gap thickness increased from 0.5 to 2.0
mm.
To verify that the water splitting was prevented, H2
concentration in the air gap was detected (Section 8 in the
Supporting Information), and a long-term test was conducted.

During the operation, liquid water can be completely isolated
from the RGO layer, whereas water vapor molecule will have
to travel through the RGO layer. Besides, a certain potential
will be applied and the temperature is high on the RGO layer.
It is necessary to investigate what, as mentioned above, aﬀects
the operation of the reverse Joule-heating AGMD. No H2 was
detected in the air gap, which revealed no signiﬁcant water
molecular splitting on the RGO layer. The permeate ﬂux was
kept stable in 115 h indicating that the RGO layer had good
stability under operation conditions (Figure 5b).
3.6. Capillary Condensation Mitigation. Capillary
condensation in MD is the process by which multilayer
adsorption from the vapor into the porous membrane proceeds
to the point at which pore spaces become ﬁlled with
condensed liquid from the vapor.15,32 Capillary condensation
is rarely studied in the MD ﬁeld, but it is believed by some
researchers to be an inevitable issue, especially when temporary
shutdowns or variable operating temperatures occur, inducing
saturation vapor pressure decline.33,34 Permeate ﬂux for reverse
Joule-heating AGMD and conventional AGMD were compared to investigate the eﬀects of reverse Joule-heating on
capillary condensation during long-term operation. The
permeate ﬂux of reverse Joule-heating AGMD remained stable
during the test duration, whereas that of conventional AGMD
exhibited a slight decrease (Figure 6a). The linear ﬁtting curve
illustrates a similar initial ﬂux and diﬀerent slopes for both
conﬁgurations. The slope of 0.0009 for reverse Joule-heating
13511
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AGMD suggests no wetting or capillary condensation with
elapsed time. The slope of −0.0035 for conventional AGMD
indicates that wetting might have happened, and that some
pores were blocked by condensed water. The temperature of
feed in conventional AGMD was set approximately to that of
reverse Joule-heating AGMD, and a similar initial ﬂux was
thereby achieved. There were no critical diﬀerences at the feed
side in both conﬁgurations. It was the vapor transport process
that determined the diﬀerence in permeate ﬂux. In conventional AGMD, vapor transport occurred along with the
decrease of temperature, whereas in reverse Joule-heating,
AGMD vapor transport occurred along with the increase of
temperature (Figure 6b).
According to the Kelvin equation (Section 9 in the
Supporting Information), capillary condensation depends on
the ratio of equilibrium vapor pressure to saturation vapor
pressure (Pv/Psat).35 As Pv/Psat increases, vapor will continue to
condense inside a given capillary. If Pv/Psat decreases, liquid
will begin to evaporate as vapor molecules.35 In a porous
medium capillary, condensation will always occur if Pv ≠ 0.
The value of Pv/Psat determines the equilibrium between
condensation and evaporation in a given capillary. In this
study, the Pv values should be the same for both conﬁgurations
because the feed solution had the same conditions. Psat is
correlated with temperature, and high temperature can lead to
a high Psat. The Psat value in the membrane matrix of the
reverse Joule-heating AGMD was hence higher than that of
conventional AGMD. The low Psat leads to a higher Pv/Psat
value, thus inducing intensiﬁed capillary condensation and the
observable decrease in permeate ﬂux in the conventional
AGMD process. The rejections for both conﬁgurations were
higher than 99.99%. Before the pores were completely wetted,
the conductivity of the permeate will remain stable (∼3 μS/cm
in this study), and the wetting condition can only be reﬂected
by the ﬂux.34 Therefore, the comparison was only based on the
permeate ﬂux.
The ﬂow of the feed in reverse Joule-heating AGMD was
0.12 mL/min, which was only 0.3% of that in the conventional
AGMD in this study. The ﬂow rate in reverse Joule-heating
AGMD was set in the range of twofold and 15-fold of the
distillate production to ensure that the feed was not excessively
concentrated and that a relatively high temperature was
reached. In the conventional MD process, a certain ﬂow rate is
needed to relieve temperature polarization. The high ﬂow rate
necessitated greater energy consumption for circulation, as well
as more energy consumption for heating. In terms of this, the
energy consumption in reverse Joule-heating AGMD will be
dramatically reduced.
In addition to the mitigation of capillary condensation,
reverse Joule-heating AGMD may also have the advantage of
simplifying the drying process after membrane wetting or
rinsing in commercial MD applications. The wetted membrane
can be dried by Joule heating without dismantling the
membrane modules. The concept of reverse Joule-heating
can also be implemented in sweeping gas MD and vacuum
MD. Considering the rareﬁed air because of the vacuum, the
energy utilization of reverse Joule-heating in vacuum MD
might be higher than that of reverse Joule-heating AGMD. The
concept of reverse Joule-heating is promising in MD
applications, and more studies are still needed to evaluate
additional aspects of its performance such as energy eﬃciency,
and it may also need to be improved on the membrane
fabrication and its permeability.
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