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ABSTRACT

Pressure-driven distillation is a separation process in which hydraulic pressure is used to drive
water vapor transport across an air-trapping porous hydrophobic membrane. Current development
of pressure-driven distillation is limited by a lack of robust, large-area membranes. Here, we report
desalination using pressure-driven vapor transport through scalable polymeric
polytetrafluorethylene membranes. The membranes showed pressure-driven water flow with near-
complete rejection of sodium chloride (greater than 99%) under hydraulic pressures of up to 10.3
bar. Membrane structure, surface chemistry, and desalination performance were found to be
unaffected by doses of sodium hypochlorite up to 3,000 ppm h. Flux decline due to biofouling
from Pseudomonas aeruginosa bacterium was effectively mitigated using chlorine. Membranes
also exhibited high temperature resilience, with operation up to 60 °C. Overall, this work
demonstrates the use of large-area polymeric materials in pressure-driven distillation and

highlights key advantages in chlorine and heat tolerance.

Keywords: Pressure-driven distillation, desalination, vapor transport, biofouling, hydrophobic

porous membrane

Synopsis: Water desalination using pressure-driven distillation is demonstrated with large-area

membranes that can be effectively cleaned using chlorine.
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INTRODUCTION

Water reuse and desalination are essential to relieve global water scarcity by purifying water from
sustainable, non-traditional sources.'”> Reverse osmosis (RO) is a widely used process in
desalination and water reuse treatment trains because it offers energy efficiency, scalability, and
reliable removal of key contaminants (e.g., dissolved ions and organic carbon).>~ However current
RO membrane materials suffer from critical shortcomings. Notably, RO membrane materials
readily degrade when exposed to free chlorine commonly used in water reuse treatment trains.%’
As aresult, RO membranes cannot be easily cleaned and costly dechlorination steps must often be
employed.® RO membranes also suffer from poor rejection of small neutral compounds, meaning
that secondary treatment steps, such as advanced oxidation, ion exchange, or a second RO pass,
are required to remove boron, certain disinfection byproducts, and other harmful pollutants.®!!

Pressure-driven distillation (PD) is an emerging process that can achieve higher selectivity and
oxidation resistance than current RO systems.!'? PD uses applied hydraulic pressure to drive vapor
transport through an air-trapping porous hydrophobic membrane. In operation, PD is similar to
RO in that it uses applied pressure to drive water flow, and PD membrane modules could
eventually directly replace RO modules in a water treatment train.!> The key advantages of PD
compared to RO are that it offers higher rejection of certain contaminants (specifically, non-
volatile contaminants) and uses membrane materials that resist oxidation and heat. PD is also
similar to membrane distillation (MD) in that transport occurs in the vapor phase through porous
hydrophobic membranes; the main difference between PD and MD is that pressure is the driving
force in PD rather than temperature, making PD a more energy efficient method of separation.'*
Modeling work has shown that the energy efficiency of PD is likely similar to that of RO since
both are driven by hydraulic pressure and detrimental heat transfer effects in PD are minimal for
all realistic membrane properties.'>!6

Despite the potential benefits of PD in desalination and other separations, few studies have
experimentally investigated the process, in part due to the challenge of operating air-trapping
membranes at pressures above 5 bar without wetting. Those studies that have been conducted have
gleaned important insights on the process, showing that PD is experimentally viable; that PD
membranes can reach water permeabilities comparable to RO membranes; and that PD can highly
reject boron, urea, and other contaminants.'>!”-'® However, prior studies have relied on expensive

exotic materials, such as hydrophobic porous alumina and carbon fiber, with small membrane areas
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(less than 6.5 cm?). Such materials are not representative of the scalable, flexible membranes
typically required for large-scale desalination. To make PD viable for seawater desalination or
wastewater reuse, there is an urgent need for large-area, robust, and cost-effective membranes that
handle high applied pressure without pore wetting.

In this study, we demonstrate the pressure-driven distillation process for desalination using
large-area polytetrafluoroethylene (PTFE) membranes. Desalination performance of the
membranes is investigated at high hydraulic pressures, and rejection of salts is demonstrated for a
wide range of operating pressures and temperatures. The effect of chlorine on desalination
performance, membrane structure, and chemical bonding is investigated. Fouling mitigation using
chlorine is also studied using Pseudomonas aeruginosa as a surrogate biofilm-forming bacterium.
Overall, this work shows the use of scalable polymeric membranes in PD and highlights potential

advantages of PD in chlorine tolerance and biofouling mitigation.

MATERIALS AND METHODS

Membranes and test cells. Commercial polytetrafluoroethylene (PTFE) membranes with a 20
nm nominal pore size were obtained from Pall Corporation (PTFE-002, NY, USA). Thin-film
composite (TFC) polyamide membranes for seawater desalination were purchased from Dupont
(SW30-XLE, DE, USA) to compare performance. Desalination behavior of the membranes was
examined in a small-scale test cell and a larger scale crossflow system. The small-scale dead-end
system held membranes with a diameter of 13 mm and an active area of 84.9 mm?. The larger scale
crossflow system had an effective membrane area of 15.4 cm? and operated with a crossflow

velocity of 65 cm min™.

Measurement of liquid entry pressure and desalination performance. The liquid entry
pressure (LEP) of the membrane was determined by gradually increasing hydraulic pressure in the
feed water and recording the applied pressure at which liquid water starts permeating through the
membrane. In desalination testing, a feed solution of 50 mM NaCl was used. Hydraulic pressures
were applied ranging from 3.45 to 10.3 bar. A uniform fixed temperature was maintained in the
entire system (feed and permeate reservoir) using a water bath. Water flux was monitored via the
increase in water volume in the permeate and the loss of water volume in the feed. Electrical

conductivity of the collected feed and permeate samples were measured using a calibrated
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conductivity meter (Oakton CON2700, MA, USA) and corrected for dilution in the permeate
channel to determine the apparent NaCl rejection.

Chlorine exposure and biofouling experiments. Exposure of PTFE membranes to chlorine
was conducted using a stirred 1000 ppm sodium hypochlorite solution for 3 h under pH 4. The
membrane was fixed to the wall of a glass beaker so only the active PTFE layer was exposed to
chlorine solution. Static fouling of PTFE membranes and TFC-RO polyamide membranes was
performed with pure cultures of Pseudomonas aeruginosa (ATCC 15442).1%2° PTFE and TFC RO
polyamide membranes were installed in the membrane cell leaving solely the feed side of the
membrane exposed to the bacteria suspensions, following a similar method as previous biofouling
work.?! 3 mL of the diluted bacteria suspensions with a concentration of 1.2 x 10® colony-forming
units per milliliter (CFU mL-") were in contact with the membrane active layer for 3 h. After
discarding the suspensions, the membrane was mildly rinsed with sterile phosphate buffer to
detach cell debris on the membrane surface. Fouling behavior of chlorine-exposed samples was
investigated where 1000 ppm sodium hypochlorite solution at pH 4 with bacteria suspension was
in contact with the membranes for 3 h. Desalination performance of the membranes was examined

using a feed solution of 0.1 M phosphate buffer and a hydraulic pressure of 10.3 bar.

RESULTS AND DISCUSSION

Polymeric membranes resist wetting at high pressures. Pressure-driven distillation (PD)
uses applied hydraulic pressure to drive water vapor transport through an air-trapping hydrophobic
membrane (Figure 1A). Membranes used in PD must be able to withstand high applied pressure
without liquid water penetration into the membrane pores. The liquid entry pressure (LEP) of a

pore can be estimated using Young-Laplace theory:?>?

2By cos @

LEP= (1)

where y is the surface tension of the liquid-vapor interface, @ is the intrinsic liquid contact angle,
r is the pore radius, and S is a pore geometry factor accounting for noncylindrical pores. From
Young-Laplace theory, it is evident that membranes operating at high pressure must have a small

pore size (less than 100 nm) and high hydrophobicity.
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Figure 1. (A) Schematic diagram of water vapor transport across porous hydrophobic membranes
driven by hydraulic pressure difference. (B) Photograph of the polytetrafluorethylene (PTFE)
membrane sheet with the contact angle of liquid water on the surface shown in the inset. (C and
D) Top-down and cross-section scanning electron microscopy (SEM) images of the PTFE

membrane.

Hydrophobic porous PTFE membranes were selected for testing because (1) they are already
commercially produced in large sheets (Figure 1B); (2) they are highly hydrophobic with an
observed contact angle of 132+1.6° (Figure 1B, inset); and (3) they have a small 20 nm nominal
pore size that can facilitate a high LEP. Scanning electron microscopy (SEM) images of the
membrane showed properties consistent with those observed in the prior literature including an
approximately 43 um-thick PTFE layer, an unwoven polyester backing layer, a total membrane

thickness of approximately 136 um, and a porosity of 77% (Figure 1C, D).?*
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The liquid entry pressure (LEP) was measured by sequentially increasing the pressure applied
across the membrane. Triplicate measurements observed a liquid entry pressure 13.8 bar, an LEP
value higher than most hydrophobic membranes which typically wet at pressures less than 5 bar.
From this LEP, we estimate that the largest membrane pores are approximately 65 nm in diameter
(assuming an intrinsic contact angle of 108°).2% The maximum operating pressure of the PTFE
membrane would allow for desalination of saline water with an osmotic pressure of up to 13.8 bar
which corresponds to a total dissolved solids (TDS) concentration of approximately 3 g L*!; thus,
commercial PTFE membranes would be suitable for the treatment of certain brackish waters or

saline wastewater effluent.

Desalination is observed via pressure-driven distillation. Desalination performance of
the PTFE membrane coupon was examined in dead-end testing using a feed solution of 50 mM
NaCl and applied hydraulic pressures ranging from 3.45 to 10.3 bar (Figure 2). The measured
water flux increased monotonically from 0.034 to 0.13 L m™h™! when increasing applied pressure
from 3.45 to 10.3 bar at a uniform system temperature of 30 °C (the temperature of the test cell,
feed reservoir, and permeate reservoir were all maintained constant). Water flux further increased
when increasing the uniform temperature of the system, reaching 0.34 L mh’! with a hydraulic
pressure of 10.3 bar and a uniform system temperature of 60 °C. In all tests, we observed higher
than 99.5% NacCl rejection for the duration of experiments, indicating that liquid water does not
intrude into the membrane pores and transport in the process occurs in the vapor phase. Testing
with a larger area crossflow membrane cell (15.4 cm?) showed consistent water flux values (less

than 15% deviation) and high salt rejection (Figure S1).
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Figure 2. Desalination performance of PTFE membranes. (A) Water flux across the PTFE
membrane as a function of applied pressure and temperature. 50 mM NaCl was used as the feed
solution. The hydraulic pressure of feed side was varied from 3.45 to 10.3 bar. The uniform
temperature of the system (feed reservoir, test cell, and permeate reservoir) was adjusted from 30
to 60 °C using a water bath. Lines are linear fits for each temperature. (B) Salt rejection of PTFE
membranes taken from four different experiments using a feed water of 50 mM NaCl, a hydraulic

pressure of 10.3 bar, and temperatures of 30 to 60 °C.

Measured desalination rates showed agreement with theoretical simulations by the Dusty-Gas
model. Water mass flux across the membrane, J,, can be expressed as the product of the
evaporation rate difference between the feed and permeate interfaces, AS, and membrane porosity,

¢, divided by the total resistances experienced as water traverses the pore, 2R:!314

AS
o5 = BJAP, (2)

This relationship can be simplified to the product of the partial vapor pressure difference across

Jw=¢

the membrane, AP,, and the vapor permeability coefficient, B,, a proportionality factor which
relates flux to a partial vapor pressure difference and includes contributions from both transmission
and interfacial resistances (see full derivation in the Supporting Information). The partial vapor
pressure at a giving air-liquid interface, P,, is expressed as a function of temperature (7),

concentration (C), and hydraulic pressure (P;) using the Kelvin equation and Raoult’s Law:??
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P,(T,C,Py) = P,o(T)a,, (C)exp (%) 3)

where a,,(C) is the water activity as a function of solute concentration, ¥, is the molar volume of
liquid water, R, is the universal gas constant, and P, is the equilibrium vapor pressure at the
temperature, 7 defined by the Antoine equation. Using full simulations of the water flux that
account for concentration polarization and temperature polarization (see Supporting Information),
we found less than 20% deviation and coefficients of determination greater than 0.9 between
experiments and models using measured membrane properties without any fitting parameters
(Figure S2). The strong agreement between experimental water fluxes and those predicted by
theory indicate the validity of transport models for membranes with non-ideal pore structures. The
models also allow us to understand methods to increase the water flux, which was relatively low
in our experimental observations. Notably, the water flux can be substantially increased by
decreasing the thickness of the membrane hydrophobic layer from the current thickness of
approximately 43 um to values less than 500 nm.'?2 The importance of thin hydrophobic layers
in improving flux was also shown in our experimental work using custom-made ceramic
membranes, where a 119 nm thick air layer allowed for water permeabilities exceeding 1.3 kg m

2h''bar!.

Chlorine treatment mitigates biofouling. The ability to tolerate chlorination was
investigated by immersing PTFE membranes in 1000 ppm sodium hypochlorite solution at pH 4
for 3 h prior to desalination testing. After chlorine exposure, the observed salt rejection of the
membranes was unaffected by testing and remained greater than 99% (Figure 3A). The water flux
of the chlorine-exposed membrane also deviated less than 10% from that of the pristine membrane.
FTIR analysis showed that characteristic peaks at the transmittances of 1237 and 1125 cm’!
corresponding to -CF> symmetric and asymmetric stretching vibrations were maintained with no
significant change in peak intensity after chlorination, implying the chemistry of PTFE membranes
remains stable after chlorination (Figure 3B). We also observed a less than 5% change in average
water contact angle of PTFE membranes from 132 to 128° after chlorine exposure (Figure 3B,
inset). The chlorine resistance of PTFE is consistent with our understanding that the material is

not affect by chlorine radicals and other strong oxidants.?”-?
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Figure 3. Chlorine tolerance of the PTFE membrane. (A) Water flux (blue) and salt rejection
(orange) of PTFE membranes before and after exposure to 1000 ppm chlorine for 3 h at pH 4.
Error bars show the standard deviation for duplicate measurements with two separate membrane
coupons. (B) FTIR spectra and water contact angle of pristine and chlorine-exposed PTFE

membranes.

The impact of biofouling on desalination performance was investigated using feedwaters dosed
with live P. aeruginosa biofilm forming bacterium with a concentration of 2 x 10° colony-forming
units per milliliter (CFU mL™"). Fouling performance and fouling mitigation using chlorine was
probed using PTFE membranes in PD and commercial TFC RO membranes as a control. After 3
h of static biofouling, the water flux of the PTFE membrane was reduced by 69% (Figure 4A).
The TFC RO membrane control after 3 h of static biofouling showed an 81% decrease in water
flux and a reduction in salt rejection to 78%, possibly due to increased water transport resistances
and cake-enhanced concentration polarization.?! SEM imaging of the fouled PTFE membrane
confirmed the presence of biofilm forming bacteria on the surface (Figure 4B, C).

Direct chlorination of the bacteria feed solutions on the membrane surface prevented biofouling
of PTFE membranes with less than 5% water flux decline. After chlorine exposure, bacteria were
absent on the PTFE membrane surface as confirmed by SEM imaging and no significant changes
in surface morphology and structure of PTFE membranes were observed after chlorine exposure
(Figure 4D). Attempts to mitigate fouling by direct chlorination of TFC RO membranes resulted

in a loss of salt rejection (decrease from higher than 99% salt rejection to 64%), which is attributed

10
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to the damage of polyamide selective layer by chlorine exposure.® Thus, the chlorine tolerance of

PTFE membrane in PD enabled fouling mitigation not possible with conventional polymeric RO

membranes.
A
PTFE TFCR
CRO 100
1.0
o -80
X 0.8 0
o O
— —
& &
© 0.6 LD,
3 4
I S
B .
Z 021 D ChIorlpe Exposed
3 f;Q / w
0.0- L
Pristine Fouled Chlorine Pristine Fouled Chlorine

Exposed Exposed j

Figure 4. Biofouling behavior of PTFE membranes and mitigation by chlorine treatment. (A)
Water flux (blue) and salt rejection (orange) of pristine PTFE and TFC RO membranes,
membranes fouled with live P. aeruginosa, and membranes fouled with a chlorinated P.
aeruginosa feed solution. Error bars show the standard deviation for duplicate measurements with
two membrane coupons. (B-D) SEM images of the top surface of the pristine PTFE membrane,
the membrane after biofouling, and the membrane after fouling with a feed solution dosed with

1000 ppm chlorine at pH 4.

Implications for membrane-based desalination. Pressure-driven water desalination using large-
area polymeric PTFE membranes was demonstrated in this work. The PTFE membranes showed
water vapor fluxes consistent with vapor transport theory and demonstrated high rejection (above
99%) of sodium chloride salts. Membranes were able to exhibit desalination performance in a
crossflow membrane system with a 15.4 cm? area. After chlorination, PTFE membranes show
neither compromises in desalination performance nor changes in structural and chemical integrity.
The tolerance of PTFE membranes toward chlorine at exposures up to 3,000 ppm h enabled

chlorine cleaning to prevent flux decline due to biofouling. PD membranes were also found to be

11
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able to operate effectively at temperatures up to 60 °C, an advantage compared to polymeric RO
membranes which are known to fail at temperatures above 45 °C.?

Although this work has demonstrated the promise of large-area membranes with chlorine
tolerance for PD, further work is needed to improve membrane performance. A critical
shortcoming of the commercial PTFE membranes in this work is that they demonstrate water
permeabilities that are 1-2 orders of magnitude lower than conventional membranes used in RO.
Models validated in this study and recent experimental work indicate that making the air layer of
the membrane thinner (less than 500 nm) will result in higher permeabilities that are competitive
with those of current RO membranes.'> Future development of industrial-scale desalination
modules with areas greater than 10 m? in spiral wound, hollow fiber, or flat sheet configurations is
also essential to enable PD systems with a high membrane packing density.’®*! In these modules,
hydrophobic membrane materials that do not rely on fluorine-based chemistry should also be
explored to mitigate the potential release of per- and polyfluoroalkyl substances. Air-trapping
membranes used for PD are highly selective towards non-volatile contaminants but will likely allow
compounds with relatively high volatility to pass through, and further investigations into
contaminant rejection are needed.’?> Overall, this work demonstrates the promise of large-scale
polymeric membranes in PD and highlights the need for continued membrane and process

development on this emerging membrane process.
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