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Electrohydrodynamic atomization of CNT on PTFE
membrane for scaling resistant membranes in membrane
distillation
Lijo Francis1 and Nidal Hilal 1✉

In this study, an electrohydrodynamic atomization or electrospraying technique is used for the uniform deposition of carbon
nanotubes (CNT) on a commercially available PTFE membrane and employed for Membrane Distillation (MD) process. Modified
PTFE-CNT membrane was characterized for water contact angle, liquid entry pressure (LEP), pore size distribution, and surface
morphology. The electrospray coating of CNT on the PTFE membrane enhances the turbulence and thereby the temperature
polarization coefficient (TPC). The pore size of the micropatterned PTFE-CNT membrane has been reduced and pore size
distribution has been narrowed compared to the PTFE membrane. Field-effect scanning electron microscopy images of the
membranes were observed before and after the MD process. Functionally graded PTFE-CNT membrane showed superior
desalination performance compared to the PTFE membrane with less amount of cake layer formation on the membrane surface.
Water vapor flux remained constant during 24-h continuous MD process operation with 99.99% rejection of inorganic salts.
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INTRODUCTION
Functionally graded nanostructured membranes have recently
gained researchers’ attention as they enhance the parent
membrane properties and stimulate the process performance.
The efflorescing membrane-based water treatment processes
include membrane distillation (MD, forward osmosis (FO), pressure
retarded osmosis (PRO), reverse electrodialysis (RED), and/or their
hybrids for the respective niches. Seawater reverse osmosis
(SWRO) is a matured and conventional membrane-based seawater
desalination technology. Possible efforts to improve the specific
energy consumption (SEC) and production cost along with the
greening of desalination processes are significantly in progress
with the aid of nanostructured membranes and engineered
processes1–6. Thermally-driven conventional seawater desalination
processes are multi-stage flash (MSF) and multi-effect distillation
(MED) and, they are considered matured technologies. SWRO and
emerging membrane-based desalination technologies are con-
sidered superior to conventional thermal desalination technolo-
gies due to their considerably low energy consumption and total
water production cost. The renewable energy-driven sustainable
desalination process is gaining much attention because of the
increasing water scarcity and global climate change due to
deteriorating environmental scenarios such as deforestation,
weather change, and increasing pollution. Solar energy, geother-
mal energy, wind energy, and ocean thermocline are some of the
renewable energies that can be utilized for generating power to
operate the industrial desalination processes. Effective use of
renewable energy sources helps to minimize the usage of fossil
fuel energy and thereby the greenhouse gas (GHG) emissions7–10.
Researchers have used many methods such as membrane

engineering, advanced module engineering, and process engi-
neering to enhance water treatment performance11–14. Electro-
hydrodynamic atomization (EHDA) is also known as
electrospraying in which a solution or a dispersion flowing from
a capillary nozzle is subjected to a strong electric field by applying

a high electric potential. Vatanpour et al. highlighted a review
article on the fabrication of different types of polymeric and
ceramic separation membranes using the electrospraying techni-
que and employed them for different applications. They have also
highlighted the current challenges and opportunities of electro-
spraying in membrane fabrication15,16. Functionally graded
nanocomposite membranes can be efficiently engineered and
have been used for water treatment applications as they have
versatile characteristics17–22. They are fabricated either by the
modification of commercially available membranes or by the
direct fabrication of the functionalized membranes from their
respective precursors. In one of our previous studies, hydro-
xyapatite (HA) nanoparticles were deposited on an electrospun
gelatin substrate via electrospraying and successfully tested for
bone tissue regeneration23. In another study, a nanocomposite
polyimide membrane with enhanced membrane characteristics
was fabricated by simultaneous electrospinning and electrospray-
ing of titania nanoparticles24. Jia et al., have demonstrated the
fabrication of a superhydrophilic/superhydrophobic layer on a
PVDF substrate via sequential electrospraying technique and used
for the MD process. Octaphenylsilsesquioxane (POSS) nanoparti-
cles were deposited on polyvinylidene fluoride (PVDF) substrate
via electrospraying to create a superhydrophobic layer with multi-
scale roughness. They have also reported that the membranes
have anti-wetting and antifouling properties25. Shahabadi et al.,
fabricated a nanostructured membrane with polyvinylidene
fluoride-co-hexafluoropropylene (PVDF-CFP) and functionalized
titania nanoparticles via electrospinning and electrospraying, and
used it for the MD process. They reported that the modified
membrane was superhydrophobic and showed superior water
permeation flux compared to the commercial membrane26. Attia
et al. used electrospinning and electrospraying techniques for the
fabrication of a robust MD membrane with enhanced perfor-
mance. They used PVDF and alumina nanoparticles for electro-
spinning and electrospraying, respectively27. Su et al. reported the
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fabrication of a robust PVDF-CFP electrospun membrane along
with the electrospraying of silica nanoparticles. The fabricated MD
membranes were superhydrophobic with excellent scaling resis-
tance28. On the other hand, Hong et al. reported a pore-size
tunable superhydrophobic membrane for the MD process. A blend
of polydimethylsiloxane (PDMS)/PVDF-CFP was used for electro-
spraying on an electrospun polyurethane membrane and
observed enhanced desalination performance. The results were
studied by modeling tools and observed matching correlations29.
In the current study, an electrohydrodynamic atomization

(EHDA) or electrospraying technique is used to deposit a uniform
coating of carbon nanotubes (CNT) on a commercially available
PTFE membrane and employed for Membrane Distillation (MD)
process. PTFE-CNT membranes showed superior MD membrane
characteristics and process performance compared to the PTFE
membrane during 24-h DCMD operation. Micropatterned CNTs
deposited on the PTFE membrane yield increased temperature
polarization coefficient (TPC) and thereby superior process
performance. Scanning electron microscopy (SEM) of PTFE-CNT
membranes, before and after the MD process reveals that the salt
deposition or scaling propensity is significantly less than that of
PTFE membranes. Thus, electrospraying of CNT or suitable
nanomaterials on MD membranes can be considered a robust
method for fabricating durable membranes with anti-scaling, less
pore wetting, and enhanced MD performance.

RESULTS AND DISCUSSION
MD membrane characteristics
All the results discussed in this section are formulated from the
average of three consecutive experiments. Selection of

appropriate membrane/materials and suitable nanomaterials with
the proper aid of uniform coating technique is the key to improve
the membrane characteristics. Electrohydrodynamic atomization
of CNTs or any other nanomaterial dispersion provides a very
uniform coating on the base membrane surface and improve the
membrane efficiency. High water contact angle (>120°), optimum
pore size (0.2 µm), high porosity (>75%) and narrow pore size
distribution are recommended for an efficient MD membrane. In a
recent report Mustafa et al. demonstrated the influence of super
hydrophobic carbon nanomaterial coating on PVDF-CFP mem-
brane to improve the membrane characteristics and desalination
performance. Water contact angle increased from 83° to 124° and
porosity of the membrane increased from 45.3% to 86.9%. The
highest reported flux in this study was 77 LMH at a high feed
solution temperature of 85 °C30.

Water contact angle and pore size distribution
1H,1H, 2H, 2H- perfluorooctyl triethoxy silane was used as the
binder while doing electrospraying of CNT on the PTFE
membrane. It is not only a binder but also a dispersant and
highly hydrophobic reagent. The observed water contact angle of
the PTFE-CNT membrane is higher than the pristine PTFE
membrane. Modified CNT would enhance the surface roughness
and thereby increase the water contact angle. The increase in the
average water contact angle is calculated to be 4.6%. Water
contact angle, mean flow pore size, minimum pore size, bubble
point, and corresponding pressure of the PTFE and PTFE-CNT
membranes are tabulated in Table 1. Servi et al. conducted a
scientific study of the effect of hydrophobicity on the MD
membrane wetting. They reported that the LEP increases with
the water contact angle and which enhances the MD process
performance31.
Percentage pore size distribution of PTFE and PTFE-CNT

electrosprayed membranes are shown in Fig. 1. It is evident from
Fig. 1 and Table 1 that the electrosprayed CNT particles are the
cause of pore size reduction and more narrow pore size
distribution. Shahabadi et al., have reported that narrow pore
size distribution is better for enhanced MD performance26. The
reduction in minimum pore size, mean flow pore size, and
maximum pore sizes are calculated as 17.9%, 4.7%, and 18.9 %,
respectively.

Table 1. Water contact angle and pore size distribution data of PTFE
and PTFE-CNT membranes.

Membrane PTFE PTFE-CNT

Water contact angle 130 ± 2° 136 ± 3°

Minimum pore size (µm) 0.0430 0.0353

Mean Flow Pore Size (µm) 0.1562 0.1489

Pore size at the bubble point or maximum pore
size (µm)

0.36 0.292

Bubble point pressure (PSI) 18.329 22.579

Fig. 1 Percentage pore size distribution of PTFE and PTFE-CNT membranes.
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Liquid entry pressure
A reduction in the pore size may lead to an increased LEP value for
the PTFE-CNT electrosprayed membrane compared to the PTFE
membrane. Similar results are also reported by Calaramunt et al.32.
As expected, the CNT-doped PTFE membranes have a higher LEP
value than PTFE membranes. Reduced pore size and increased
water contact angle result in the increased average LEP. Pore
wetting is a great concern in processes such as MD and the
highest possible LEP is a very important parameter to mitigate the
pore wetting phenomenon. PTFE-CNT membrane showed a 4.1%
increase in the LEP value (4.83 bar) than that of a non-modified
PTFE membrane (4.64 bar). In the long run, increased water
contact angle, reduced pore size, narrow pore size distribution,
and increased LEP would reduce the membrane fouling and pore
wetting phenomenon, and increase the membrane shelf life.
Thereby, membrane cleaning frequency can be extended, and less
amount of chemicals would be needed for membrane cleaning.
Zhang et al. studied the effect of hydrophobicity on membrane
fouling and wetting. They reported that highly hydrophobic
surfaces are better to reduce the interaction between membrane
surface and feed solution and, reduce the membrane fouling and
wetting33.

Surface morphology
Figure 2 shows photo snaps and FESEM images of the PTFE
membrane and electrosprayed PTFE-CNT membrane. Knot-fibril
structured porous morphology is evident from the SEM images of
the PTFE membrane.
CNT particles are uniformly distributed throughout the mem-

brane surface is also evident from the SEM images and the photo
image. CNT particles or their clusters are restricting some of the
PTFE membrane pores is the reason for reducing the membrane
pore size and narrowing the pore size distribution as shown in
Fig. 1. Thus, the electrospraying method helps to create
micropatterns of CNTs on the hydrophobic PTFE membrane.
Doped nanoparticles would enhance the surface roughness and
water contact angle. This is the reason for increasing the LEP
values and decreasing the pore sizes of PTFE-CNT membranes
more than that of PTFE membranes.

DCMD experiments
Water permeate flux during a 24-h DCMD test using a PTFE
membrane with time at different ΔT has been calculated. Data
login has been initiated after stabilizing the temperature on the
feed and permeate side. Feed solution temperature was ramped

Fig. 2 Photo snaps and SEM Images of PTFE membrane and electrosprayed PTFE-CNT membrane at different magnifications.

Fig. 3 Water permeate flux and TPC values during a 24-h DCMD test using PTFE and PTFE-CNT membranes at a constant coolant temperature
of 15 °C.
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from 45 °C to 55 °C and then to 65 °C. Data has not been logged
during ramping and stabilizing of the temperatures on the feed
and coolant sides. Each time ΔT kept constant for 8 h. It is evident
from calculated data that there is no flux decay during 24-h
continuous MD operation. About 50% of freshwater was recovered
from the feed and the concentration of feed solution increased
from 1% to 2% with nearly 100% salt rejection. It is well known
that the MD process can theoretically reject 100% inorganic salts
and MD can operate at significantly very high salt concentrations.
Therefore, the MD process is recommended for recovering fresh
water from thermal and SWRO brines.
Figure 3 shows the water permeate flux and calculated TPC

values during the DCMD tests using PTFE and PTFE-CNT
membranes at various feed solution temperatures and constant
coolant temperature (15 °C). Trans-membrane vapor pressure
increases as ΔT increases across the membrane. Eventually, water
permeate flux increases as is evident from Fig. 3. While using the
PTFE membrane, permeate flux was found to be increased from 10
LMH to 20 LMH and then to 30 LMH, when ΔT increased from
30 °C to 40 °C and then to 50 °C, respectively. A similar trend was
observed while using the PTFE-CNT membrane. Permeate flux was
found to be increased from 5%, 6%, and 8.3% while using the
PTFE-CNT membrane compared to the PTFE membrane, when ΔT
was increased from 30 °C to 40 °C, and then to 50 °C, respectively.
TPC values are calculated from the registered temperatures of

feed and coolant solutions before entering and after exiting from
the membrane module, during the DCMD operation. TPC is a
measure of the TP phenomenon. An efficient MD process should
have the highest possible TPC value. The theoretical maximum of
the TPC value is 1. The thickness of the polarization layer adjacent
to the MD membrane decreases with the increase in TPC
value34,35. Turbulence-promoting methods such as employing
the spacers, flashing the feed, engineered bubbling, etc. could
reduce the polarization boundary layer towards the membrane
surface, and the subsequent increase in TPC values. In the current
study, the highest TPC value calculated is 0.88 while using PTFE-
CNT membrane at feed and coolant solution temperatures of 45 °C
and 15 °C, respectively. Thus a 2.5% increase in TPC value was
observed while using electrosprayed PTFE-CNT membrane com-
pared to PTFE membrane. Electrospraying of CNTs would create
micropatterns of CNTs on the PTFE membrane surface. As it is
evident from the aforementioned membrane characterizations,
micropatterned CNT would generate some microturbulence to the
feed solution near the membrane surface and cause a reduction in

the thickness of the polarization layer. While increasing the feed
solution temperature, trans-membrane vapor pressure increases
and leads to faster permeate evaporation. An increase in heat and
mass transfer leads to an increase in the thickness of the
polarization layer. This is the reason for decreasing TPC values
while increasing feed temperature.
Figure 4 shows the photo images and FESEM images of PTFE

and PTFE-CNT membranes after 24-h DCMD operation. CNT
micropatterns are visibly intact on the PTFE membrane even after
a 24-h process test. Surface morphology observed at different
locations in the membrane samples reveals that salt deposition is
much lower on the PTFE-CNT membrane than that on the PTFE
membrane. Electrosprayed CNT particles could reduce the scaling
and cake-layer formation on the membrane surface during the
desalination process. CNT micropatterns could create a micro-
turbulence that could be attributed to the reduced salt deposition
on the membrane surface. This will enhance the membrane life
and reduce the volume of chemicals required for membrane
cleaning. With the aid of advanced technologies, large-scale
electrohydrodynamic atomization is possible36–38. Hence, the
modified PTFE membranes with CNT nanoparticles could con-
tribute to the enhanced process performance with reduced
membrane scaling and pore wetting and, a reduction in the
GHG emissions.
In conclusion, electrospraying is an efficient technique for

depositing CNTs and other nanostructured materials on mem-
brane surfaces. Membrane properties can be efficiently engi-
neered through electrospray deposition as per the requirement.
The water contact angle is increased on a modified CNT
electrosprayed PTFE membrane. The average pore size, and
minimum and maximum pore sizes of the PTFE-CNT membrane
have been reduced compared to the pristine PTFE membrane. The
pore size distribution of the modified CNT-PTFE membrane has
been narrowed than the nascent PTFE membrane. Increased water
contact angle and reduced pore sizes lead to the increased LEP
which is a favorable MD membrane characteristic as it helps to
reduce the pore wetting phenomenon. FESEM images reveal the
presence of CNTs on the modified PTFE membrane. DCMD water
permeate flux while using the PTFE-CNT membrane was observed
as high as 8.3% compared to the PTFE membrane. The calculated
TPC value during DCMD operation when using the CNT
electrosprayed PTFE membrane was calculated as high as 2.5%
compared to the PTFE membrane. Increased TPC value reduces
the TP phenomenon by reducing the thickness of the polarization

Fig. 4 Photo images and FESEM images of PTFE and PTFE-CNT membranes after 24-h DCMD operation.
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layer adjacent to the membrane surface. No flux decay was
observed during the 24-h operation and the feed solution was
concentrated from 1% to 2% during the MD process with >99.99%
salt rejection. CNTs have very strongly adhered to the membrane
surface as the CNT micropatterns are visible on the membrane
surface even after a 24-h continuous MD test. Moreover, the salt
deposition on the PTFE-CNT membrane is much lower than that
on the PTFE membrane. This would enhance the membrane shelf
life and chemicals required for cleaning during the desalination
process in a long run. Electrospray deposition forms CNT
micropatterns on the PTFE membrane, which creates microturbu-
lence in the feed solution adjacent to the membrane surface. It
leads to an increased TPC value and reduced salt deposition
propensity during the DCMD operation.

METHODS
Materials
PVDF, PTFE and poly propylene (PP) are the most commonly used
polymeric materials used for MD membrane fabrication. Among
these, PTFE is most suitable material due to its high hydro-
phobicity, low surface energy, high chemical stability, low
intermolecular attraction and high crystallinity39,40. Commercially
available polypropylene scrim-backed polytetrafluoroethylene

(PTFE) membrane was purchased from Sterlitech Corporation,
USA. Functionalized multiwall carbon nanotubes (MWCNT),
N-methyl pyrrolidone (NMP), and 1H,1H, 2H, 2H- perfluorooctyl-
triethoxysilane (POTS) were purchased from Sigma Aldrich.

Electrospraying of CNT
Hydrophobically modified perfluorinated CNTs were prepared as per
the procedure followed by Georgakilas et al.41. POTS was used as a
dispersant and binder for CNTs. A schematic representation of the
preparation of modified CNT-NMP dispersion and electrospraying of
CNT-NMP dispersion are shown in Fig. 5a, b, respectively. The
modified CNT-NMP dispersion was taken in a syringe and subjected
to electrospraying using a Mecc Nanon Electrospinning setup
purchased from Japan. The dispersion taken in the syringe was
mounted on a syringe pump which drives the dispersion through a
plastic tube to the 18 G-sized blunted syringe needle mounted
10 cm above the rotating drum. From-side-to-side movement of the
syringe needle along the rotating drum and speed of the rotating
drum can be controlled. PTFE membrane was mounted on the
rotating drum before the electrospraying. Variable parameters used
for electrospraying are the concentration of the dispersion, flow rate,
applied voltage, distance between the syringe needle tip and
grounded rotating drum, speed of the rotating drum, and speed of

Fig. 5 Electrospraying process. a Preparation of modified CNT/NMP dispersion, and b Electrospraying of CNT/NMP dispersion.
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the syringe needle along the rotating drum. The positive terminal of
the high voltage power supply was connected to the syringe needle
and the negative terminal was connected to the grounded rotating
drum. 10mL of CNT-NMP dispersion was electrosprayed on the PTFE
membrane at a flow rate of 1mL/h by applying an electric voltage of
20 kV. The speed of the rotating drum and syringe needle
movement was set at 100 rpm and 5mm/s, respectively to obtain
a uniform CNT coating on the PTFE membrane surface.

Water contact angle measurements
The water contact angle of PTFE and PTFE-CNT membranes was
measured using a drop shape analyzer -DSA 100 purchased from
Kruss Scientific, Germany. Three pieces of PTFE and PTFE-CNT
membrane samples were used for the measurements. Water
contact angles at five different locations in each membrane
sample were measured and the average value is considered as the
water contact angle of respective membranes.

Mean pore size, bubble point, and pore size distribution
An advanced capillary flow porometer purchased from Porous
Materials Inc, USA (iPore-1500A) was used for bubble point, mean

flow pore size, and pore size distribution analysis of PTFE and CNT
coated PTFE membranes. Circular membrane samples with 25 mm
diameter were used for the analysis. This equipment is based on
capillary flow porometry, where a nontoxic wetting liquid is
allowed to spontaneously fill the membrane pores and a non-
reacting gas (Nitrogen) is allowed to displace liquid from pores. In
the current study, a Galwick fluid having a very low surface tension
of 15.9 dynes/cm was used to wet the hydrophobic membrane
before the pore size analysis. When Nitrogen gas inserts pressure
on the membrane gradually, the largest pores will get emptied
first, as they need lower pressure than smaller pores. High
pressure is required to empty the Galwick fluid from small pores.
The pressure and flow rate of gas through the emptied pores
provide the through pore distribution. The pressure at which
pores are empty is inversely proportional to the pore size. An
average of three sample measurements are given in Table 1.

Liquid entry pressure (LEP) test
LEP is an important parameter in water treatment processes
where the membrane has to stay non-wetted42. LEP test was
carried out using an automated LEP analyzing Convergence Minos
system purchased from the Convergence Industry, Netherlands.

Fig. 6 Direct contact membrane distillation (DCMD) process. a Schematic representation of experimental DCMD setup, and b the TP profile
in a DCMD process.
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The LEP of the tested membrane is determined by applying small
pressure increment steps. After each step, the pressure decay is
measured. If no wetting of the membrane takes place, the
pressure decay will be zero. When wetting starts to occur, a
pressure decay is observed and the test is stopped. The system
allows the pressure ramp to be configured, and the system
automatically flushes before the start of the experiment to remove
air bubbles. Circular membrane samples with 25 mm diameter
were used for the LEP measurements at a step size of 0.1 bar in
this study. An average LEP value of 3 membrane samples was
calculated.

Surface morphology
Surface morphology of PTFE and CNT coated PTFE membranes,
before and after MD experiments was observed using Thermo
Fischer Field-Effect Scanning Electron Microscope (FESEM) Quanta
450, USA. Membrane samples were sputter-coated using a Gold
plate, before the SEM imaging.

Temperature polarization coefficient (TPC)
Temperature polarization (TP) occurs only in non-isothermal
processes such as MD and as a result the driving force -trans-
membrane vapor pressure difference decreases43,44. As a
thermally-driven membrane-based process, one of the major
limitations associated with MD is the TP phenomenon. Heat and
mass transfer are combined in all thermal-based separation
processes45,46. The TP is experienced in the thin layer of the
liquid stream adjacent to the membrane surface during the heat
and mass transfer process in an MD operation. TP reduces the
trans-membrane vapor pressure difference and it is also con-
tributing to the fouling and scaling phenomenon on the
membrane surfaces. Many studies have been carried out to
mitigate the TP phenomenon. Employing spacers, baffles, etching
on the membranes, engineered bubbling, stirring, flashing the
feed, and employing isolation barriers are some methods adapted
for mitigating the TP47–53. TPC is a measure of the TP
phenomenon. TPC can be measured indirectly by knowing the
temperature on both sides of the MD membrane and, feed and
cold stream temperatures in the bulk. TPC can be calculated using
the following Eq. (1);54

TPC ¼ Tfm � Tpm
� �

= Tf � Tp
� �

(1)

Where; Tfm is the feed side membrane temperature, Tpm is the
permeate side membrane temperature, Tf is the bulk feed solution
temperature and, Tp is the temperature of the bulk coolant/
permeate. In an ideal condition, TPC can have a maximum value of
1. A schematic representation of a direct contact membrane
distillation (DCMD) experimental setup and the TP profile in a
DCMD process are shown in Fig. 6a, b, respectively.

Direct contact membrane distillation (DCMD) experiments
DCMD tests were conducted using a fully automated and
programmed MD setup, purchased from Convergence Industry,
Netherlands. 1 wt% NaCl solution was used as the feed solution
and tap water was used as the coolant. DCMD experiments were
conducted at a ΔT of 30 °C, 40 °C, and 50 °C by keeping coolant
temperature constant at 15 °C. From past experiences, an
optimum flow rate of 60 liters per hour is used on both the feed
side and coolant side. All the experiments were carried out for a
24-h time duration. A well-designed membrane module from
Convergence with an effective membrane area of 60 cm2 was
used in DCMD experiments. Water permeation flux was calculated
using the following Eq. (2);

Jw ¼ Δw=At (2)

Where; ‘Jw’ is the water permeation flux, ‘Δw’ is the weight
difference of the permeate collected at specific intervals, ‘A’ is the
effective membrane area and ‘t’ is the time. ‘Jw’ is represented in
Kg/m2/h or liter/m2/h (LMH). Temperatures of the feed and
coolant, at the entrance and exit of the membrane module and,
the conductivity of the coolant and feed solutions were
automatically measured using respective sensors. An increase in
the weight of the coolant tank and a decrease in the weight of the
feed tank was monitored periodically and, recorded using a data
acquisition system. The coolant tank, feed tank, and tubing were
insulated to reduce heat loss. Membrane samples were collected
before and after 24-h continuous MD experiments, for performing
surface morphology characterizations using FESEM.

DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on request.
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