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Abstract

Membrane distillation (MD) has attracted significant research interest for desalinating hypersaline
brine. However, the lack of robust hydrophobic membrane and lower energy efficiency
requirements restrict its true potential. Designing and fabricating a hydrophobic membrane that
enables surface heating at the mass transfer interface provides a potential route for efficient
desalination with MD. This study aims to study a new class of surface-heated membranes that can
be triggered by radiofrequency (RF) electromagnetic waves. We developed hydrophobic
membranes that were prepared by CO, laser ablation of polyethersulfone (PES) membrane
substrate. Proposed single-step laser modification converts PES membrane surface to laser-
induced graphene (LIG), which is hydrophobic and electroconductive, making it suitable for
surface heating. The hydrophobic nature of the prepared PES-LIG membrane is confirmed from
surface water contact angle (147.3°), and surface heating potential is studied by investigating the
thermal response of the membrane exposed to RF fields. Membrane surface average temperature
can reach up to ~140 °C with optimized RF frequency and power. The PES-LIG membrane's
mechanical and thermal properties are characterized to investigate its feasibility for MD
application. In this work, vacuum MD (VMD) is studied by integrating RF heating and permeate
flux up to 13.5 Lm?2h! with >99% salt rejection is reported. Cyclic thermal and mechanical
stability tests and long-term VMD tests show stable performance of the PES-LIG membranes. This
work demonstrates a novel MD technique strategy that can potentially address challenges
impeding its commercialization.

Keywords: radiofrequency, membrane distillation, laser induced graphene, surface heating,
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1. Introduction

Global freshwater scarcity is a pressing issue that emphasizes the critical need for more efficient
desalination technologies, ! especially those that can be applied to brine streams with high salinity.
Membrane distillation (MD) is an emerging desalination technique that can treat hypersaline brine
(salinity greater than 75,000 ppm);?] it is a thermally driven process, in which the temperature
difference between the feed and the permeate sides induces the partial vapor pressure gradient
across the membrane and leads to permeation of the water vapor molecules through a microporous
membrane.l’] MD membranes are hydrophobic; hence they only allow vapor to pass through the
membrane pores whereas liquid water is being repelled. The vapor that transfers to the permeate
side is condensed and collected as pure distillate. MD is advantageous over other techniques as it
requires a lower operating temperature, and reaching to water boiling temperature is not
necessary;!4l this makes MD a viable choice for integration with renewable or waste heat.[>l MD is
also less prone to fouling due to the hydrophobic nature of the membrane. MD also has the
potential to be more energy-efficient at smaller scales.l In addition, 100% theoretical rejection
for non-volatile compounds makes it even more interesting, especially for near-zero liquid

discharge applications.!’]

For the target use in water recovery from hypersaline brine, there are yet two withstanding
challenges for MD, which impede deployment at scale: scaling and energy intensity.l®l Major
efforts have been dedicated to mitigating scaling/fouling by tailoring membrane properties through
enhancing the hydrophobicity.[® ] Teoh et al. used polytetrafluoroethylene microparticles in the
polyvinylidene fluoride (PVDF) polymer solution, which displayed improved hydrophobicity
(contact angle around 130°).[1%1 Edwie et al. also reported PVDF membranes blended with
fluorinated silica particles, which displayed contact angles as high as 139.84°.['] Functionalizing
the membrane surface has also shown enhanced membrane properties for MD applications.!'? 13]
While innovations in designing MD membranes display an ever-increasing momentum, there are
fewer opportunities being explored to improve the energy efficiency of MD. The heat loss due to
the conduction through the membrane and latent heat of evaporation results in temperature decline
on the membrane surface compared to the bulk feed temperature,['#! which is referred to as
temperature polarization (TP).'3] Continuous evaporation of water from the feed side also leads to

increased salt concentration on the membrane surface, thereby reducing the partial vapor pressure
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gradient across the membrane, also known as concentration polarization (CP).l'>) Both TP and CP
reduce temperature and vapor pressure gradient across the membrane, which eventually
deteriorates MD performance and makes it more energy intensive. An interesting approach to
improve energy efficiency and reduce scaling is designing surface-heated membranes, in which
only the feed in contact with the membrane at the mass transfer interface is heated. This heating
approach replaces complex external heating of bulk fluid. The surface heating concept not only
has the potential to lower the energy requirement, but also improves MD performance.!'®]
Compared to conventional bulk feed heating, surface-heated membranes have the promise of

reducing the costs while simplifying the unit operations in large scale MD applications.!16-20]

To date, the membrane surface heating concept is mostly integrated into MD through photothermal,
Joule, and inductive heating approaches.[!7- 18 20-22] Tn photothermal heating, functional materials
are incorporated into the membrane that converts solar energy to thermal energy on the membrane
surface and at the mass transfer interface.[!®: 21. 23-26] However, the intermittent nature of solar
energy and relatively high costs of such membranes are considered as major challenges for
photothermal heating.[?”] Joule/induction heating of electroconductive membranes are independent
of any intermittency. However, Joule heating involves electrodes to be in contact with brine which
corrodes during MD operation.[?8] With induction heating, although the heating coil is not in
contact with the salt water, it involves a complex design of the heating coil to make it compatible
with the MD module.['8] A simpler and unexplored approach for membrane surface heating is
using radiofrequency (RF) or microwave based electromagnetic heating which do not require the
applicator/electrode to be in direct contact with the brine feed. For membrane surface heating, RF
is advantageous over microwave because of its lower frequency range, which offers safer operation
and higher penetration depth that helps with more uniform heating of thick materials?°l. This
makes RF an excellent alternative over Joule, induction, and microwave heating for membrane

surface heating in MD applications.

Electroconductive characteristics are typically introduced to the polymeric membranes with the
incorporation of carbonaceous materials, i.e., graphene, graphene oxide (GO), CNT, activated
carbon, etc., which are more popular than other materials (i.e., metal nanoparticles) because of
their excellent conductivity, mechanical stability, and chemical robustness.[># 12-141 The synthesis

and incorporation of electroconductive materials involve handling harsh chemicals, expensive
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equipment, and are not quite feasible for large-scale manufacturing.l3% 311 For instance, CNT is
widely used to fabricate electroconductive membranes, which relies on complicated manufacturing
techniques like chemical vapor deposition, arc discharge, etc. resulting in expensive membrane
fabrication.!3?] Carbonaceous materials are hydrophobic in nature, but the presence of functional
groups like -OH, -NH,, -COOH makes them hydrophilic, which would require further
modification for MD application.33] Therefore, a simple new hydrophobic electroconductive

membrane preparation technique is of interest.

An interesting approach that has been explored recently to prepare electroconductive membranes
is laser-induced graphene (LIG).[?8 34351 In this technique, an infrared or ultraviolet laser source is
used to convert a polymer substrate into graphene through a photothermal reaction.[*%] High
localized temperature is generated; the laser pulse irradiates the polymer substrate and breaks the
chemical bonds of functional groups with the aromatic backbone to obtain an interconnected
multilayered graphene with 3D porous structure.l3”] Laser-induced formation of multi-stacked
graphene on the membrane surface is of particular interest, compared to other carbon derivatives,
because of its chemical-free, facile, single-step, and scalable process that can be operated in
ambient conditions without any pre- or post-treatment.l3®! A unique advantage of laser ablation
technique is that the surface wetting properties can be tuned through controlling the lasing
parameters. Tour et al. have shown that controlling the lasing environment resulted in the
formation of hydrophobic LIG surface.[*8 3°] Hydrophobic LIG membrane was synthesized in our

work using a new lasing approach. This is also the first time that the use of RF-heated hydrophobic

electroconductive LIG membranes is being reported for surface heating concept in MD application.

In this work, we fabricated novel hydrophobic electroconductive LIG membranes based on
polyethersulfone (PES) membrane substrate. Hydrophobic LIG surface with tunable properties
was fabricated by optimizing the lasing parameters to prepare electroconductive MD membranes.
The structure and properties of the membrane was studied via various characterization techniques
to confirm that membrane properties are suitable for MD application. Thermal performance of the
LIG membranes was studied using RF heating technique; RF parameters were first optimized, and
further experimentation was carried out to explore the surface-heating properties of LIG
membranes. Finally, RF heating of LIG membranes in short- and long-term vacuum MD (VMD)

tests were evaluated to gain insights into the performance of the fabricated membranes. Our study
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reports the first demonstration of RF surface heating of electroconductive LIG membrane, studied

here for MD applications.

2. Results and Discussion

2.1. LIG MD Membrane Fabrication

We synthesized PES membrane substrates (hereafter referred to as substrate) via nonsolvent-
induced phase separation (NIPS) technique (Figure 1a). An extra step was added to the NIPS. The
substrate was soaked in the CaCl, solution as depicted in the outline of the synthesis process. This
step was critical to preserve the pores of the membrane upon drying and lasing. CO, laser ablation
was then applied on the substrate surface. To successfully conduct MD filtration tests, having a
hydrophobic surface that can withstand wetting in long-term tests is a necessity. Additionally, the
pore size should be within a reasonable range (<0.5 um) to achieve reasonably large liquid entry
pressure that can sustain the mass transfer interface on the membrane side. The most important
consideration in making LIG membranes for MD is to preserve membrane microporous features
upon laser induction. Photothermal laser ablation induces temperatures above 2500 °C on the
substrate surface that can cause graphitization of polymer substrate.[*?] This laser irradiation
process photothermally convert sp3-carbon atoms to sp?-carbon atoms followed by releasing the
functional groups as gas while the remaining aromatic compounds transform to graphene.l*!! For
the PES membrane substrate, this graphitization process is illustrated in Figure S3 that happens by
dissociating bond of functional groups (-SO,, -O-) at high temperature. Tuning the interactions of
the laser and polymeric substrate is a sophisticated task because if the laser parameters are not
carefully chosen based on substrate properties, it will distort the membrane structure. If not enough
power is applied, it can melt the membrane at the laser contact point and destroy the substrate’s
porous structure, which eventually decreases the membrane permeability.l*?! Increased laser power,
on the other hand, delivers higher power to the substrate surface and engraves deeper, hence
leading to a greater conversion of PES to graphene.[’*l In an excessive case, lasing can lead to
uncontrolled sintering of the substrate and formation of defects (large pores) that will immediately
result in membrane wetting. Therefore, we focused on the following three goals that need to be
achieved when making PES-LIG membranes for MD application: i) the membrane surface must

be hydrophobic, ii) an interconnected 3D porous graphene layer susceptible to RF signals is
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required, iii) and membranes must be defect-free. To achieve these goals, it is necessary to

carefully select laser parameters for the ablation of substrate.

a) — _.'/ \
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Figure 1. a) Schematic of the PES membrane substrate fabrication process. b) CO; laser ablation

technique.

A typical schematic of laser ablation process is shown in Figure 1b, where the laser can move in
both x and y directions on the substrate. Key parameters that control the substrate scribing are laser
scanning mode (raster vs. vector), power, speed, PP, and lines per inch (LPI), which can
extensively influence the quality and distribution of LIG 3D structure.[*”] For the laser scanning,
vector mode with a cross-hatch pattern was preferred over raster mode, because it resulted in
formation of a hydrophobic LIG surface on the substrate in the air-assist model3) — without the
need to have a controlled environment.*3l We could tune vector mode lasing by varying the power,
PPI, and speed, while we found lasing to be less influenced by LPI (refer to Section S3 of
Supporting Information for details). Laser power was tuned to control the LIG density; an
increased laser power engraved deeper into the substrate. Higher PPI resulted in an increased
number of laser pulses, which increased graphene density on the PES membrane substrate.l37]

Laser speed controls the time that any spot on the substrate will be exposed to the laser beam. This
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indicates that higher laser speed would lead to lower PES conversion to graphene. After a careful
optimization of lasing parameters, PPl and speed were set at 1000 PPI and 40%, respectively,
while power was varied between 1% and 14%. PPI was kept constant at its highest value of 1000

to obtain higher LIG density which will enhance the RF heating response.

It is imperative to tune lasing parameters to obtain a hydrophobic LIG surface. Results in Figure
2a and b show that PES membrane substrate prepared via NIPS displayed an equilibrium contact
angle close to ~60° (laser power 0 W in Figure 2a and b). Previous reports on using laser ablation
for graphene formation primarily focused on the raster mode lasing, which results in the formation
of hydrophilic surface in air.3* 43 As shown in Figure 2a and b, we successfully demonstrated the
formation of a hydrophobic surface on the PES membrane substrate by lasing in the vector mode.
Variation in the laser power was found to be the major parameter that substantially changed the
wetting properties of the surface. With the increase in the laser power, the equilibrium water
contact angle for both PES-LIG-18 and PES-LIG-22 membranes increased (results for PES-LIG-
16 and PES-LIG-20 are shown in Figure S5a and b of Supporting Information). At lower laser
power (1% - 3%), the conversion of PES to graphene was low. Figure S6 shows digital images of
laser-ablated PES membrane substrates having higher graphene formation with increasing laser
power. When the laser power is not high enough, carbonization does not occur (Figure S6, for laser
power 1% and 2%, Video S1 and S2). The dynamic contact angle is also reported, which shows
both advancing and receding water contact angles at higher laser power in the hydrophobic range.
To explain this, it should be noted that during the laser irradiation, the photothermal induced
reaction creates localized high temperature on the polymer surface.[** 431 As a result, functional
groups like ether and sulfonyl in the PES membrane substrate decompose, hence, carbonizing the
aromatic backbone. It has been reported that the basal plane of graphene usually contributes to
hydrophobicity, whereas the edge shows hydrophilic properties due to the presence of defects.[3*
41 We hypothesize that implementing laser ablation in the vector mode enhances the exposure of
the graphene basal plane that shows increased hydrophobicity on the substrate. For further study,
laser power showing the highest water contact angle for each specific PES-LIG membrane was

chosen unless otherwise stated which is summarized in Table S1 of Supporting Information.
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Figure 2. Water contact angles (equilibrium and dynamic) for a) PES-LIG-18, and
b) PES-LIG-22 membrane surfaces. (Image insets in a and b display the sessile
drop images for minimum and maximum water contact angles.)

2.2. LIG Characterization

SEM images displayed in Figure 3a and d suggest that a highly interconnected 3D LIG was formed
on PES-LIG-18 and PES-LIG-22 (refer to Figure SS5c and d for PES-LIG-16 and PES-LIG-20,
respectively). LIG is formed along the cross-hatch path with 1/72" spacing. Cross-section SEM
images were also taken as displayed in Figure 3b and e, which confirm the preserved microporous
structure of PES-LIG-18 and PES-LIG-22, respectively, while a relatively thick 3D LIG layer is
formed on the membrane surface. It is important to note that choosing the right side of the
membrane substrate for laser ablation is critical as the membrane substrate structure is asymmetric.
A detailed discussion on lasing side selection is provided in Section S6 of Supporting Information.
From the cross-section SEM image in Figure 3b and e, approximately 20% (Figure 3b) and 35%
(Figure 3e) of the PES membrane substrates are converted to LIG, and the rest is preserved with
finger-like porous structure. Interestingly, at the same laser power for the substrate treated without
immersion in CaCl, solution, the whole membrane thickness was burnt, destroying the membrane
microstructure (cf. Figure S8). Soaking in CaCl, had two major impacts. Primarily, pore filling
with CaCl, was found to be effective in avoiding the collapse of porous structure in the drying
stage of the phase inversion. He et al.[*¢! showed that soaking the membrane in CaCl, could retain
97% of the wet flux for the PES ultrafiltration membrane. Additionally, we demonstrate that the

presence of CaCl, assists with protecting the membrane's porous features upon lasing. We
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hypothesize that CaCl, diminishes the heat transfer across the membrane; it acts as heat shield that
protects the soft polymeric PES membrane substrate. The uniform distribution of Ca through the
porous membrane matrix is confirmed and illustrated in Figure 3¢ and f. EDS mapping of Cl is
also shown in Figure S9 of Supporting Information, which shows a similar distribution in the cross-

section of the membrane.

c)

Figure 3. a, d) SEM images of PES-LIG-18 and PES-LIG-22 membrane surfaces,
respectively. b, e) cross-section SEM images of PES-LIG-18 and PES-LIG-22
membranes, respectively. ¢, f) EDS mapping of Ca in the cross-section of PES-
LIG-18 and PES-LIG-22 membranes, respectively.

The formation of graphene under laser ablation was evaluated with TEM imaging which shows
LIG texture at the nanometer scale (Figure 4a and b) and multilayer graphene with wrinkles on a
two-dimensional plane. The high-resolution TEM in Figure 4b shows graphene layers that display
3.5 A lattice spacing, which is in agreement with earlier reports.[3¢: 47- 48] This is an indication for
the successful formation of graphene with the lasing conditions used on PES membrane substrate.
Raman analysis, being the primary evidence for the formation of LIG, was also studied on the
laser-ablated PES Membrane substrate. Characteristic graphene peaks in Raman spectra are D, G,
and 2D peaks at ~1350, ~1580, and ~2700 cm™! wavenumber.[*!! Figure 4c shows distinct D and
G peaks, observed for PES-LIG-16, PES-LIG-18, PES-LIG-20, and PES-LIG-22 membranes,
whereas no strong 2D peak was obtained due to the short height of 2D peak compared to the
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background noise. There are two major reasons for the weak 2D peaks. First, graphene formed in
the vector mode with 1/72" spacing does not form a continuous graphene layer. Thus, a major
portion in between the continuous LIG medium is the exposed surface of the PES membrane
substrate. Second, the 2D peak in Raman displays the largest intensity for single-layer defect-free
graphene, while graphene formed upon laser ablations has a defective multilayer structure, which
results in the broadening and disappearance of the 2D peak for graphene. As a result, the absence

of a strong 2D peak should not be interpreted as the absence of graphene.

PES-LIG-22
PES-LIG-20

PES-LIG-18
JNS N PES-LIG-16,

500 nm oI 1500 2000 2500 3000
Wavenumber (cm™)

Intensity (a.u.)

Figure 4. a, b) TEM images of PES-LIG-22 membrane. ¢) Raman spectra of PES-
LIG membranes produced from different PES membrane substrates.

The elemental composition of PES membrane substrate and LIG was studied with XPS to confirm
the graphitization of PES membrane substrate under laser ablation using PES-LIG-22 membrane.
Since a cross-hatch pattern lasing template was used that results in graphitization along the laser
path, XPS beam diameter of 50 pm was used to avoid interference from the nearby PES area as
much as possible — although inevitable. The survey spectrum in Figure 5a for PES-LIG-22
membrane on PES and LIG suggests the presence of C, O, S, Ca, and Cl. However, with the
formation of LIG after laser ablation, carbon content increased from 76.7% to 87.1%. At the same
time, O and S contents decreased, which confirms graphitization of the PES membrane substrate.
Ca and Cl content decreased significantly after laser ablation confirming the role of CaCl, only in
protecting the PES membrane substrate during laser ablation. Detailed elemental composition
obtained from survey spectra is summarized in Table S2. High-resolution C1s and Ols spectra are
shown in Figure 5b and c for LIG, and Figure S10a and b for PES membrane substrate. For both
LIG and PES, the Cls peak was deconvoluted into 284.7, 286.3, and 291.8 eV corresponding to
C-C/C-H, C-0O, and m-n*, respectively. Ols peak was deconvoluted into two peaks at binding
energies of 531.9 and 533.2 eV for O=S=0 and O-C, respectively. Higher peak intensity of C-
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C/C-H and lower peak intensity of C-O in LIG compared to the PES membrane substrate verify
the highly carbonized structure of the LIG membrane on the surface. Similarly, in the Ols
deconvoluted peaks, peak intensity for O=S=0 decreased in LIG compared to the PES membrane

substrate, which further confirms the conversion of PES to LIG under laser ablation.
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Figure S. a) XPS survey spectrum for PES and LIG on PES-LIG-22 membrane. b)
Cls and ¢) Ols high resolution spectra of LIG of PES-LIG-22 membrane.

Nitrogen physisorption on 3D porous LIG samples derived from PES-LIG-18 and PES-LIG-22
disclose interesting findings regarding PES-LIG membrane pore size distribution. For PES-LIG-
18 membrane, pore volume of 1.35 cm?/g and BET surface area of 5.9 m?/g were obtained from
our measurements. In the case of 18% bare PES membrane substrate, pore volume and BET
surface area were 0.06 cm?®/g and 4.95 m?/g, respectively. This proves that the formation of LIG
increased the overall pore volume and surface area of the PES-LIG membrane. Similar observation

was found for PES-LIG-22 membrane, as results summarized in Table S3. LIG formed on the
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membrane surface displayed a bimodal pore size distribution as shown in Figure 6. The first
portion of the porous structure with average pore size of ~5 nm belongs to the microporous
structure of graphene formed with laser ablation.[*!] This bimodal distribution is not observed for
the pore size distribution of bare PES membrane substrates shown in Figure S11 of Supporting
Information due to the absence of the microporous graphene. For PES-LIG-18 membrane, another
strong peak was observed with pore size of 60-70 nm (Figure 6a), which can be attributed to the
porous structure of the PES membrane substrate. However, for the PES-LIG-22 membrane (Figure
6b), this shifted toward smaller sizes of 30-40 nm, which is expected as higher polymer dope

concentration can result in tighter PES membrane substrate formation via NIPS.

a) b) 0014
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Figure 6. Pore size distribution of a) PES-LIG-18, and b) PES-LIG-22
membranes.

Mechanical and thermal robustness of the LIG membrane is critical for the longevity of MD
application. Uncontrolled lasing can deteriorate membrane mechanical stability. Additionally, fast
thermal responses in RF field necessitate the LIG membrane to be thermally stable. Tensile tests
were used to evaluate the mechanical strength of the PES membrane substrate before and after
laser ablation, and results are displayed in Figure 7a and b. Before lasing, tensile strength for the
PES membrane substrates ranged from 5.0 to 6.8 MPa, whereas after lasing, it slightly decreased
to 3.85-4.35 MPa. The decline in tensile strength can be attributed to the reduced thickness of the
PES membrane substrate due to laser ablation. Thakur et al. reported a similar observation for the
tensile strength of the LIG membranes that were successfully used for filtration.[3*] For the thermal

stability study, TGA of the LIG membranes was carried out, and results are displayed Figure 7c.
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Other than weight loss due to the removal of the moisture content at temperatures up to ~120 °C,
the membrane displayed satisfactory stability at temperatures as high as 500 °C. A similar
observation was found in the TGA of bare PES membrane substrate, as shown in Figure S12 of
Supporting Information. For further characterization and experimental studies, we downselected

to PES-LIG-18 and PES-LIG-22 to simplify experimental design.
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Figure 7. a) Mechanical strength of PES, and b) PES-LIG membranes. ¢) TGA
analysis of PES-LIG membranes. Note: the error bars for PES membrane substrate
are small so it is not easily visible.

2.3. RF Heating and Thermal Properties of PES Membrane

After successful fabrication of PES-LIG membranes, RF heating performance was evaluated.
Figure S1a shows simple schematic of an RF heating setup where the LIG sample was placed over
an applicator (Figure S1b), and a forward-looking infrared (FLIR) camera was used to capture the
thermal response. RF field response is highly influenced by the sample's electromagnetic
properties, applicator design, as well as surrounding environment. In this work, reflection
coefficient measurement experiments were carried out to find the frequency that can result in
minimal signal loss due to reflection with our membrane assembly. The schematic of the reflection

coefficient measurement setup is shown in Figure Slc.

Reflection coefficient measurements were performed using PES-LIG-18 in different scenarios to
evaluate the RF field response in the frequency range of 50 to 350 MHz, and results are displayed
in Figure 8. Low reflection coefficient is the result of a low impedance mismatch, which is
necessary to maximize the RF power delivered to the membrane. Four different feed-permeate
combinations within the membrane module were studied: i) no feed and no vacuum (NFNV), ii)
no feed with vacuum on the permeate (NFV), iii) feed circulation and no vacuum (FNV), iv) both
feed circulation and vacuum present (FV). For NFNV condition, the lowest reflection coefficient
is at ~100 MHz. When vacuum was pulled on the permeate side, air started flowing through the
LIG and pores of the membrane, and hence the response to the RF field changed (shifting the
lowest reflection coefficient to ~80 MHz). When only feed water was circulated, the lowest
reflection coefficient was found at ~180 MHz. This proves that the presence of saline water
influences the RF field response significantly. Finally, when vacuum was pulled while keeping the
feed water circulation (FV), a different response of the reflection coefficient was found with the
minimum reflection coefficient at ~91 MHz. Our interest is to find the frequency at which the
minimum reflection coefficient is obtained for the FV scenario, as it best represents the actual
filtration in the VMD configuration. Evidently, the reflection coefficient again started decreasing
beyond 220 MHz for the FV condition, which might decrease further beyond our selected

frequency range. However, we decided to limit the frequency below 200 MHz as it is safer for
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operation; additionally, lower frequency leads to higher penetration depth, which is more efficient

for bulk heating.[*’! Thus, we selected 91 to 200 MHz to study VMD performance in the RF field.

1.0
50.8:
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Figure 8. Reflection coefficient at different feed-permeate combinations in the
membrane cell for PES-LIG-18 membrane.

After identifying the optimum frequency range, the thermal responses for the PES-LIG membranes
were tested. A representative thermal response for the membrane is shown in Figure S13. The
temperature reported in different results from FLIR response was calculated by taking the average
temperature from the surface of the membrane active area. Figure 9a shows the average surface
average temperature of the PES-LIG-18 and PES-LIG-22 membranes at different RF powers and
frequencies. The power is represented in the x-axis in terms of amplifier gain. This parameter is
used for the ease of comparison among the membranes. The relationship between amplifier gain
to the input power is provided in Figure S14. Results indicate that among the three different
frequencies applied, 91 MHz gives the highest surface temperature, which corroborates our
observation in the reflection coefficient experiments. For 150 and 200 MHz, the reflection
coefficient increases which leads to reduced input power and thereby lower surface temperatures.
Figure 9a also shows the effect of RF power (amplifier gains 0%, 5%, and 10%) on the surface
temperature for the three different frequencies. It is important to mention that gain 0% does not
mean that RF input power was 0 W; instead, it indicates the amplifier’s minimum gain setting
(with 100% indicating the amplfier’s maximum gain setting). In our case, amplifier gain 0% refers

to an input power of ~3-6 W, as shown in Figure S14. As expected, results confirm that higher



surface temperature is achieved when increasing the amplifier gain. These experiments were
carried out in ambient conditions with LIG surface exposed to air to allow temperature
measurement with FLIR camera. Thermal response for amplifier gains beyond 10% is not reported
as the membrane surface temperature of PES-LIG-22 reaches beyond glass transition temperature
of 225 °C and PES membrane substrate starts losing its mechanical stability. Results also suggest
that the surface temperature for PES-LIG-22 was always higher than PES-LIG-18 membrane,
which can be attributed to the higher graphene content in PES-LIG-22 membrane confirmed by

SEM images.
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Figure 9. a) Thermal responses of PES-LIG-18 and PES-LIG-22 at different RF
input power (0-10 W) and different frequencies. b) Transient thermal response for
PES-LIG-18 at various gains. ¢) Maximum heating rate from the transient thermal
response for PES-LIG-18. Both results in b and c are obtained at 91 MHz.

The transient thermal response for different amplifier gains in the range of 0-20% is displayed in
Figure 9b. Within 15-20 seconds, the membrane surface temperature reaches 120 °C. Such fast
response is another advantage over conventional MD with external heat exchanger network that
requires longer startup time to reach close to steady state condition. Over this period of transient
thermal response, the maximum heating rate for the LIG membrane was also studied which is
shown in Figure 9c. With increasing amplifier gain, the heating rate increases. For the highest
applied power (20% gain), the maximum heating rate of 180 °C/s is recorded. This demonstrates

the promising RF heating characteristic of PES-LIG membranes for MD application.

Thermal stability for long-term MD operation is another necessity for the commercial application
of PES-LIG membranes. To investigate if the PES-LIG membrane used in this work can withstand
fast cycles of RF heating for a long period of time, cyclic thermal stability tests were investigated,
and thermal response results are provided in Figure 10a (PES-LIG-18 membrane with amplifier
gain of 20%). To manage the number of experiments, we selected PES-LIG-18 as the model
membrane for the cyclic thermal stability test because of its improved flux while withstanding
high laser power to form sufficient graphene on the PES-LIG membrane surface. For 20 cycles,
the total time for the experiment was approximately 8 h, and in each cycle, temperature was found
to be stable and close to 150 °C. This confirms that PES-LIG membrane prepared in this work has
stable and reproducible thermal response to RF signals. For each cycle, maximum heating rate was
also calculated (Figure 10b). Maximum heating rates in the range of 150 to 180 °C/s were also

obtained.
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Figure 10. a) Cyclic thermal stability test, and b) maximum heating rate for PES-
LIG-18 at 91 MHz and gain 20%.

2.4. MD Performance of LIG Membrane in RF Field

The MD performance of PES-LIG membranes with surface heating was evaluated using a custom-
built VMD setup integrated with RF heating. Details of the experimental setup are shown in Figure
S2 of Supporting Information. The conventional and the RF surface heating concept in MD are
shown as schematics in Figure S15a-c. For conventional MD experiments, an external heat source
is required to heat the brine (Figure S15a), whereas no external heat source for bulk fluid heating

was necessary for RF-heated MD (Figure S15b). Figure S15c shows the enlarged image of the
PES-LIG membrane with the RF applicator.

VMD experiments with RF heating were conducted to evaluate the performance of PES-LIG-18
and PES-LIG-22 membranes. To study the efect of RF input power, RF amplifier gain was varied
from 0 to 20%. As shown in Figure 11a and b, increasing RF input power led to enhanced permeate

flux for both membranes, which is expected as the energy delivered to the membrane surface
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increases. We also ran VMD with the PES-LIG membranes without surface heating for
comparison with RF-heated VMD. For PES-LIG-18 and PES-LIG-22 membranes, flux was 0.7 L
m2h'and 0.3 L m?2h, respectively, which are significantly lower than RF heated VMD with the
lowest RF power (amplifier gain 0%) used in this work. In terms of the frequency, the permeate
flux for both PES-LIG-18 and PES-LIG-22 membranes decreased with increasing the RF
frequency, keeping other parameters constant. The highest flux achieved for PES-LIG-18 and
PES-LIG-22 membranes were 13.5 L m2h'and 9.1 L m2h'!at 91 MHz, and the lowest flux was
found at 200 MHz. This agrees with our observation from the reflection coefficient measurements

discussed earlier.
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Figure 11: a) Effect of amplifier gain on the MD performance of various
membranes — namely a) PES-LIG-18, and b) PES-LIG-22 membrane — at different
RF frequencies.

Membrane made with different laser power was used in VMD experiment to investigate the role
of laser power. We fabricated membranes with laser power of 5 to 7% for PES-LIG-18 and 9 to
11% for PES-LIG-22 membranes. For both PES-LIG-18 and PES-LIG-22 membranes, VMD flux
increased with increasing the laser power, as shown in Figure 12a and b, respectively. Previously,
we discussed that higher laser power gives a higher graphene density and a higher water contact
angle on the surface of PES-LIG membranes. For similar RF input power, higher graphene content
leads to increased surface temperature and more uniform temperature distribution, thereby
enhances the MD’s driving force. However, deviation in the increasing trend of flux result is

observed for PES-LIG-18 membrane with 0% amplifier gains, where the flux for laser power 7%
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was lower compared to laser power 6%. This can be attributed to the the presence of wrinkles
(Figure S16) on PES membrane substrate prepared in phase inversion technique resulting uneven
surface that may result in nonuniform LIG formation during laser ablation, thus, resulting in
reduced flux. In the case of PES-LIG-22 membranes, a smoother membrane surface was obtained,
which results in formation of a more uniform LIG surface under laser ablation and permeate flux
increases with increased laser power. For the PES-LIG-22 membrane in Figure 12b, flux data for
20% amplifier gain (membrane made with laser power 9,10, and 11%), and 18% amplifier gain
with laser power 11% has not been reported as the membrane started melting in RF field. This

resulted in immediate membrane wetting, leading to permeate conductivity similar to the feed.
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Figure 12: a) Membrane performance with RF heating for PES-LIG-18, and b)
PES-LIG-22 membrane at 91 MHz.

In addition to RF parameters, and laser parameters, we studied VMD operating parameter, which
also influence MD performance. The performance of MD with surface heating technique is highly
influenced by MD operating parameters, such as the feed flow rate. In conventional MD, a higher
flow rate (Reynolds number) is preferred in the feed channel to mitigate the TP effect, which is
commonly achieved by introducing a spacer to increase the mixing within the feed channel. This
higher velocity assists with 1) reducing the TP effect and 2) obtaining more suitable temperature
profiles throughout the length of the MD module. Section S18 of Supporting Information
elaborates on the effects of TP for conventional and surface-heated MD. Although helpful for the
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MD cell to achieve a higher thermal efficiency, this higher flow rate leads to a significant energy
inefficiency and loss at the system scale. Devising surface heating circumvents this shortcoming
because the bulk feed temperature does not rapidly decline throughout the length of the membrane
module, which is a major barrier to achieving reasonable energy efficiency and flux in large MD
modules.!*] The bulk feed temperature actually increases slightly through the length of the surface-
heated membrane configuration. Additionally, in the surface-heated membrane configuration, TP
is not a major concern as the temperature driving force necessary for water evaporation is directly
applied to the membrane surface, right at the place that mass transfer occurs. At any cross-section
through the membrane module, the temperature of the water at the mass transfer interface remains
higher than the bulk water temperature, but with adequate contact time (no slip condition), the feed
water with the membrane will evaporate due to higher partial vapor pressure on the membrane
feed side. This indicates that lower flow velocity would be more favorable for MD configuration
with surface-heated membranes. To validate this, we studied the effect of feed flow rate in surface-
heated VMD tests with PES-LIG-18 membrane at 91 MHz. Keeping RF input power constant
(gain 0%), the feed flow rate was varied at 3.5, 5.0, 10.0, and 30.0 L/h. We used gain 0% to
evaluate the sensitivity to the flow rate at the lowest power input. It was found that the increase in
the feed flow rate led to a sharp decline in the MD flux, as displayed in Figure 13. This proves
enhanced VMD performance can be achieved by lowering the flow rate for surface-heated
desalination with VMD. Besides reduced flow rate, heat transfer efficiency can be enhanced by

designing longer modules. This is important as it will lead to higher process-level efficiencies.
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Figure 13: Effect of feed flow rate for PES-LIG-18 membrane in RF heated MD
at 91 MHz and gain 0%.

Eventually, a VMD experiment was carried out with a PES-LIG-18 membrane for four days to
investigate the feasibility and stability of the prepared membranes for long-term operation. The
flux and permeate conductivity have been reported in Figure 14. Amplifier gain 0% was applied
for the experiment, and the flux was found to be ~5 L m2 h'! with a slight decrease over the period
of four days. The permeate conductivity was found to be consistently in the range of 2 — 10 uS,

which proves the stable performance of our PES-LIG membrane under RF field.
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Figure 14: Long-term RF heated MD for 4 days with PES-LIG-18 membrane at 91
MHz and gain 0%.

Table 1 summarizes MD performance of recent literate with different electroconductive
membranes and heating techniques compared to this study. RF surface-heated membranes for MD
application has not been ever reported. As summarized in Table 1, RF-heated membrane displayed
the second highest MD flux (second to a modified PVDF membrane). Thus, this work highlights

the promise of RF for surface heating of MD membrane for the first time.

Table 1: Comparison of the best MD fluxes achieved with membrane surface heating from recent

literature on surface-heated MD applications.
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Membrane Heating method Flux Ref.
(L m2hM)
CNS-PP Joule heating ~1.9 [50]
Carbon black - PVDF Photothermal 1.71 [24]
Graphene — PVDF Joule heating 23.44 [51]
Fe-CNT - PTFE Induction heating 4.0 [52]
CNT-PVA - PTFE Joule heating 7.5 [19]
AgNO; - PVDF Photothermal 2.5 [53]
MWCNT - PVDF Joule heating 2.77 [20]
MXene/PET - PTFE Joule heating 1.8 [54]
MWCNT - PVDF Coupled Joule and photothermal 1.1 [17]
heating

LIG - PES Joule heating 2.46 28]
LIG-PES (Vector mode | RF heating 13.5 This study
lasing)

3. Conclusion

We report a simple and scalable fabrication method to prepare advanced functional laser-ablated
graphene membranes and investigated its performance for MD desalination. PES membrane
substrate was prepared by phase inversion and soaked in CaCl, coagulation bath which helped
with protecting the membrane porous nanofeatures during fabrication and laser writing. Optimized
laser parameters were identified for all the membranes made with different PES concentrations.
Contact angle as high as ~144° was found in this work at the optimized laser settings. RF heating
performance was also studied, and optimum RF frequency was identified with the reflection

coefficient measurements. It was found that RF frequency of 91 MHz delivers the best
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performance for our setup in terms of heating rate and VMD performance. VMD flux as high as
~13.5 Lm2h! and 9.1 Lmh'! were obtained for the PES-LIG-18, and PES-LIG-22 membranes in
the RF field. Long-term VMD performance was tested for four days, resulting in stable flux and
permeate conductivity, which suggests the robust performance of PES-LIG membranes for

surface-heated MD application.
Experimental Section

Chemicals and Materials: Polyethersulfone (PES) powder (Veradel® 3000P) was obtained from
Solvay Specialty Polymer, (Alorton, IL). 1-Methyl-2-pyrrolidinone (NMP) and sodium chloride
(NaCl) was purchased from Fisher Scientific (Fair Lawn, NJ). Calcium chloride was purchased
from VWR International (Radnor, PA). Deionized (DI) water (18.2 MQ) was collected from
Millipore Milli-Q water system (Billerica, MA).

Substrate Fabrication, Heating, and Characterization: PES membrane substrate was prepared via
NIPS technique. Details on PES membrane substrate formation is provided in Section S1.1. CO,
Laser treatment of the PES membrane substrate is also discussed in Section S1.2. Details on
characterization of the substrate, LIG, and membranes are provided in Section S1.3. RF heating

procedure is discussed in Section S1.4. VMD experimental setup is discussed in Section S1.5.

4. Supporting Information

Sections on Materials fabrication and characterization; Laser ablation; RF heating; VMD
experimental setup; Mechanism of LIG formation; Contact angle; SEM analysis; Lasing surface
selection; EDS mapping; XPS; Pore size distribution; TGA; FLIR response; Concept of surface
heating; Effects of TP in MD.
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