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ARTICLE INFO ABSTRACT

Keywords: Pervaporation desalination has several advantages over competing desalination technologies, most notably an
Perva}’or‘?tlon ability to select for or against volatile organic compounds and the ability to process high salinity feeds at a low
Desalination transmembrane pressure. Pervaporation has not been commercialized for desalination applications because of its
Self-assembled sulfonated pentablock . . . . . . . .
rerpol energy intensity. However, emerging processes such as hydraulic fracturing produce high total dissolved solids
erpolymers . .. ops .

Salrt’ reymoval (>30-45¢g L_l) byproduct streams that exceed the operational limits of traditional reverse osmosis and could be
Permeability treated by pervaporation. Here, we demonstrate free-standing pervaporation membranes with excellent per-

meance and high salt removal based on a partially sulfonated pentablock terpolymer with the tradename
Nexar™. Pervaporation membranes were easily cast from this material with desalination performances com-
parable or superior to commercially available membranes. We found that the polymer degree of sulfonation and
casting solvent polarity had a significant impact on the membranes’ water uptake but only a modest impact on
the pervaporation desalination performance. Membranes with a degree of sulfonation of 52% (2.0 meq g’1 1IEC)
and a casting solution composed of 50 wt% n-propanol and 50 wt% toluene achieved a water flux of 3.32 kg m~?
h™! (permeance 135 kg m~2 h™! bar™!) with 99.5% salt removal in pervaporation from a 32 g L™} sodium
chloride feed solution at room temperature. We demonstrated that dense, non-porous Nexar™ pervaporation
membrane permeance and salt separation performance were superior to commercial pervaporation membranes
and equivalent to commercial membrane distillation membranes, which have much larger pores. This study
demonstrates that commercially available sulfonated pentablock terpolymers are excellent membranes for per-
vaporation desalination because of their ease of casting and excellent performance.

1. Introduction

Pervaporation is a membrane separation process currently used for
two distinct applications: (1) dehydration applications, such as dehy-
dration of alcohols (e.g., ethanol) and (2) selective removal of dilute
hydrophobic molecules, such as alcohol or organic solvents, from
aqueous solutions [1-7]. Pervaporation is driven by a difference in
vapor pressure across a membrane between the feed and permeate side,
leading to selective transport of molecular species across the membrane.

This vapor pressure-driven mechanism enables multiple types of sepa-
rations, such as alcohol/water separation, removal of hydrophobic or
hydrophilic molecules, and retention of dissolved solids. On the latter,
pervaporation is notable in its capacity to process feeds of over 100 g L™
total dissolved solids (TDS) [8].

The capacity of pervaporation to operate at very high salinity makes
it an interesting process compared to other desalination technologies;
for example, applications that treat very high salinity feedwaters could
potentially use pervaporation. This is a result of the fact that
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pervaporation has a different driving force for transport than reverse
osmosis (RO), the current state of the art for desalination. Currently, RO
accounts for 65% of worldwide desalination capacity and 100% of the
seawater desalination technology in United States [9,10]. The driving
force for RO is an applied hydraulic pressure on the feed side of the
membrane that overcomes the osmotic pressure of the feed. While RO
has been shown to be very energy efficient at treating solutions with a
lower salinity, the increasing energy demand with increasing osmotic
pressure limits most RO processes to feedwaters with a TDS of <45 g L!
[11,12]. Alternative low-pressure desalination processes include elec-
trodialysis (ED) and forward osmosis (FO). ED is a mature technology
that uses ion exchange membranes and an electric field gradient to
facilitate the transport of ionic species, not water, for salt removal [13].
While ED is a flexible process that can handle high TDS, the capital cost
of the membranes is greater than RO [14], and the specific energy
consumption (kWh m’3) increases with the salinity removed; therefore,
above a certain salinity the energy consumption of desalination by ED
would exceed that by pervaporation [15]. For FO, on the other hand, the
driving force is the osmotic pressure difference between the draw and
the feed solutions [16]. However, the FO process requires the use of a
draw solution to create the osmotic pressure difference and the ability to
recover the draw solution [17,18] — a complication that is not required
with pervaporation. Specific energy consumption (SEC) provides a
baseline comparison between processes. A previous study estimated SEC
for pumping a pervaporation feed through a hollow fiber module as 2.0
kWh m~3, however, this did not account for the energy needed for
permeate condensation [19]. MD has a high SEC estimated to be about
7.7 kWh m 2 in theoretical studies [20]. Since MD and pervaporation
have similar phase changes, we hypothesize that the total SEC for per-
vaporation is similar to MD. RO processes have variable SEC values
ranging from 3.0 to 4.0 kWh m~3 [21]. In a simulated system, FO had a
theoretical minimum SEC value of 1.25-1.75 kWh m 3 [22]. The SEC
value for ED falls ranges from 2.52 to 4.15 kWh m~3 [23].

Pervaporation does not have the operational limitation of osmotic
pressure as a driving force and thus can treat high TDS waters, such as
desalination brines or produced waters, where solute concentrations can
range from 60,000 to 400,000 mg L~' TDS [24]. The vapor
pressure-driven transport in pervaporation can be compared to mem-
brane distillation (MD), which also relies on a phase change for water
transport. However, pervaporation has a number of advantages over
MD. Pervaporation involves evaporation through a dense polymer
membrane or microporous (pores <2 nm) inorganic membrane, while
MD involves evaporation though an openly macroporous (pore size >
50 nm) membrane. As a result, MD can have a significant problem from
membrane wetting that is not encountered in pervaporation because of
the difference in transport mechanism [25]. Further, unlike MD, per-
vaporation can select for or against volatile organic compounds.

Despite these advantages, pervaporation remains relatively unex-
plored for desalination. The large-scale application of pervaporation
desalination has been limited by the availability of efficient, cost
effective, and widely commercialized reverse osmosis (RO) which can
more efficiently tackle feed waters with salinity up to the seawater
range. However, regulations are evolving for the disposal of inland
water treatment discharges in order to limit increases in groundwater
contamination levels [26]. Simultaneously, increases in 1) hydraulic
fracturing in areas such as the Marcellus, Permian, and Utica shale de-
posits are generating very high salinity produced wastewaters and 2)
reclamation of inland brackish wastewaters (e.g., in the desert south-
west of the US) is creating high salinity wastes that need to be managed
[27-29]. Therefore, there is a need to develop technologies, such as
pervaporation, that can reliably treat waters that have TDS level beyond
the capabilities of RO.

Pervaporation membranes are typically made of dense polymeric
materials, porous inorganic materials, or a composite of the two in a
mixed-matrix membrane (MMM) design [30-32]. Pervaporation appli-
cations for dehydration use hydrophilic membranes with selective water
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transport (e.g., cellulose acetate, poly (vinyl alcohol), or zeolites) while
pervaporation applications for the removal of hydrophobic molecules
from dilute aqueous solutions use hydrophobic membranes (e.g., poly-
dimethylsiloxane, poly (1-trimethylsilyl-1-propyne), or hydrophobic
zeolite imidazolate frameworks) [3-5,33]. Pervaporation membranes
can either be thicker freestanding membranes (>30 pm) or thinner
active layers (<2 pm) on support membranes [34-36]. For desalination
applications, most pervaporation membranes reported in the literature
are hydrophilic, have high salt removal (>95%), and are capable of
extracting water from high salinity waters. However, limitations exist
based on the type of membrane used. Zeolites and other inorganic
membranes can be expensive and difficult to scale up without intro-
ducing significant defects [37-39]. Poly (vinyl alcohol) is a polymer that
is soluble in water unless extensively crosslinked, and cellulose acetate
has limited chemical resistance that limits the type of feeds that can be
treated [8,40-43]. Other polymeric based membranes tend to have low
water flux values, ~2 kg m~2 hr™?, that must be improved prior to large
scale use [19,44]. There have been several efforts to increase the water
flux, with popular strategies including the use of hydrophilic polymers
loaded with inorganic fillers (MMMs) or crosslinked with hydrophilic
monomers [27,35,41,43,45-48]. Therefore, in analyzing the trends in
the literature, it is clear that novel, inexpensive, processable, and scal-
able materials can help span the “valley of death” between laboratory
study and commercialization.

Block polymers, by combining the properties of different polymer
chemistries, can help address the different needs of pervaporation
membranes for desalination, such as mechanical strength, wettability,
processability, and high water flux [49-52]. Sulfonated pentablock
terpolymers with the tradename Nexar™ are commercially available
block polymers that have been implemented in various water treatment
processes, including pervaporation dehydration, dehumidification, and
electrochemical devices, but not for pervaporation desalination [50,
53-56]. These materials are attractive as membrane materials because
they are easily and quickly cast from solution, have excellent mechanical
properties, and exhibit excellent water uptake and transport [50,53,54,
56,57]. More interestingly, several fundamental studies have demon-
strated that the morphology and performance of Nexar™ materials are
strongly influenced by the polymer’s degree of sulfonation [58] and
polymer-solvent interactions [51,55,59]. One recent study looked at a
related material, a sulfonated triblock polymer, in a pervaporation
desalination process [36] and reported excellent water flux (22.87 kg
m2hlat63°Cforal g L~ NaCl feed solution) and membrane me-
chanical strength. These findings suggest that Nexar™ could be a good
candidate for membranes for pervaporation desalination.

The objective of this work was to study the performance of free-
standing sulfonated pentablock terpolymers, or Nexar™, as membranes
for pervaporation desalination and study the relationship between
polymer properties, processing conditions, membrane microstructure,
and pervaporation desalination performance. To achieve these objec-
tives, we prepared a series of membranes varying in ion-exchange ca-
pacity and casting solvent composition. We found that the
pervaporation performance of the sulfonated pentablock terpolymer
membranes was insensitive to changes in the membrane microstructure
and water uptake. The performance was superior to commercial per-
vaporation membranes and on par with membrane distillation mem-
branes. Because of the ease of membrane processing, robust mechanical
properties, and excellent pervaporation desalination performance, these
materials are promising candidates for use in pervaporation desalination
processes and our results suggest that further optimization of the
membrane processing could significantly improve performance.

2. Materials and methods
2.1. Materials

Three different polymer samples (Nexar™) varying in degree of
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sulfonation (see Table 1) were generously provided by Kraton Polymers
LLC, Houston, TX, USA. These polymers were provided in solutions of
approximately 11 wt % polymer dissolved in a mixture of cyclohexane/
heptane. Commercial Mylar sheets (poly (ethylene terephthalate) (PET))
were generously provided by “The Griff Network” (https://www.th
egriffnetwork.com/). Solvents were acquired from commercial sup-
pliers and used as received. An unsupported poly (vinylidene fluoride)
(PVDF) membrane (0.2 pm nominal pore size; Pall Corporation) was
used as a MD membrane. No commercial pervaporation membranes for
desalination are on the market, therefore we used commercial perva-
poration membranes (PERVAP™ 4155) marketed for alcohol dehydra-
tion (ethanol and higher carbon alcohols) by DeltaMem.

2.2. Membrane preparation

The linear pentablock terpolymers studied are shown in Scheme 1
and contain ‘A’ end blocks comprised of poly (¢t-butyl styrene), ‘B’ spacer
blocks of hydrogenated polyisoprene, and a ‘C’ midblock of partially
sulfonated polystyrene in an ABCBA configuration [51,60]. Three
different polymer samples were studied, varying in the degree of sul-
fonation of the polymer midblock: 29%, 35%, and 52% sulfonation (i.e.,
X in Scheme 1 equals 0.71, 0.65, and 0.48, respectively, where x rep-
resents the molar fraction of styrene relative to styrene sulfonate in the
‘C’ midblock), corresponding to ion exchange capacities of 1.0, 1.5, and
2.0 meq g}, respectively. To prepare freestanding membranes, the
as-received polymer solutions were first dried, then were re-dissolved in
a mixture of toluene and n-propanol, and finally flow-coated [61] onto
Mylar using a 200 pm gap height and 2 mm s! casting rate. The
n-propanol content was varied over the range of 10 wt % to 50 wt %.
Details of all samples studied are provided in Table 1. Tests were per-
formed in triplicate, and average values are reported along with stan-
dard deviations.

2.3. Membrane characterization

2.3.1. Film surface morphology analysis

Surface morphology of the freestanding membranes was analyzed
using Scanning Electron Microscopy (SEM, FEI Quanta 400). Membrane
samples were mounted onto the SEM stub and sputter-coated with gold.
Imaging was performed on both the top and cross sections of the
membrane samples at 30 kV voltage.

2.3.2. Water uptake measurements of the membranes

Membrane water uptake was measured through gravimetric mea-
surements [62]. Membranes were completely dried under vacuum and
weighed to determine their dry weight (w,). The membranes were then
soaked in deionized water for 24 h, removed from the water, cleaned of
excess surface water by gentle wiping, then weighed to determine the
wet weight (wy,). This process was repeated four times for each sample,
four replicate experiments for each sample type were performed, and
average values and standard deviations were plotted. The same process
was also repeated in 32 g L™! NaCl salt solutions. Using the dry and wet
weight values, the % water uptake [dimensionless] is defined as [(w,, —
wq)/wq]*100.

Table 1

Details for five membrane samples. IEC denotes the ion exchange capacity (meq
g 1. The last column reports the weight fraction of n-propanol in the toluene/n-
propanol casting solvent mixture.

Sample ID Degree of sulfonation (mol IEC (meq n-propanol (wt
%) g h %)

Sample 1 52 2.0 50

Sample 2 52 2.0 30

Sample 3 52 2.0 10

Sample4 39 1.5 50

Sample5 26 1.0 50
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2.3.3. Mechanical properties of the freestanding membranes

The mechanical properties of the Nexar™ membranes and the
commercial MD membranes (PALL) were measured in tensile tests using
a TA Discovery HR-2. Young’s Modulus, E, [MPa] of all the films was
taken from the slope of the stress-strain curve. Strain [dimensionless]
was determined from the crosshead displacement, and stress was
calculated from the applied load normalized by the initial cross-
sectional area. All films were tested at a crosshead speed of 100 pm
s ! at 25 °C. The dry specimens were tested with no water exposure. The
wet specimens were prepared by soaking the dry specimens in water for
30 min before testing. Three specimens were tested for each sample and
the mean values were reported.

2.3.4. Pervaporation desalination experimental setup and performance
evaluation

Schematics for the pervaporation process and the bench-scale system
used in this study are shown in Fig. 1. The setup consists of a recircu-
lating feed pump, a feed reservoir, a custom-made pervaporation cell, a
cold trap, and a vacuum pump. The membrane cell hasa 5 cm x 5 cm
active area. The cold trap consists of a glass bulb submerged in liquid
nitrogen and the vacuum pump provides the necessary vapor pressure
gradient for pervaporation. To evaluate the membrane performance, the
membrane sample was first loaded into the pervaporation cell. To check
the system for any leaks, 100 mL of DI water was circulated on the feed
side of the membrane while running the permeate vacuum pump for 15
min. Then, the DI water was drained, and fresh DI water was run
through the system for 1 min. Next, the DI water was completely drained
out of the system and 100 mL of 32 g L NaCl(aq) solution was
continuously circulated while the permeate side vacuum pump was
turned on to allow the system to equilibrate for 30 min. To start the
pervaporation desalination test, liquid nitrogen was added to the cold
trap and the system was run for 30 min. The recorded permeate mass
was used to calculate water flux, Jyqer, (kg m 2 h’l), permeance, Fyqeer,
(kg m~2h7! bar ™), and permeability, Pyger, (kg m m~2h7! bar 1) as
shown in Equation (1)-3. The measured permeate conductivity values
were used to calculate salt removal.

Water flux was calculated by dividing the mass of the permeate water
m (kg) with the membrane area A (mz) and the experiment run time At
(hn):

m

ater — 1
Juater =70 @

Water permeance was calculated by normalizing the water flux by
the differential vapor pressure, Ap*® (bar) across the membrane:

m

Frater =———=
4 AA tApsm

(2)

Water permeance allows for a more robust membrane performance
comparison by accounting for variations in feed and permeate condi-
tions, which affect the water vapor pressure. The vapor pressure on the
feed side is calculated from the feed temperature and the downstream
vapor pressure was assumed to be zero because of the low pressure of the
vacuum pump (~10~* torr). The vapor pressure on the feed side is not
corrected for the adjusted activity coefficient of water because of the
limited difference (~2%) between pure water and water with 35 g L lof
sodium chloride added, meaning it would not have had a significant
impact on our results [63]. These conditions may include feed side
applied pressure and temperature, permeate side vacuum, and mem-
brane thickness. The differential vapor pressure is calculated by
assuming the equilibrium vapor pressure for the liquid on the feed side
and vacuum on the permeate side. The feed equilibrium vapor pressure
is calculated using Antoine’s equation for pure water at ambient tem-
perature, which was measured during each individual test. The water
activity coefficient is not significantly impacted by the presence of NaCl
for the concentrations (32 g L’l, 0.01 mol fraction NaCl) used in this
study. Prior measurements of the water activity coefficient with
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Scheme 1. Chemical structure of the Nexar™ sulfonated pentablock terpolymer.

Membrane

eed

To vacuum
pump and
exhaust

PV Cell

Recirculation

. Stream
Saline Feed

Fig. 1. (a) Schematic for flow streams in a pervaporation process, and (b) of the
bench scale pervaporation desalination system used in this study.

dissolved NaCl predict a change of approximately 1% in the water ac-
tivity coefficient for 0.01 mol fraction NaCl [64].

Permeability reflects the intrinsic water transport properties of the
membrane material studied and was calculated by multiplying the water
permeance by the dry membrane thickness, [ (m):

ml

Poser =7
T AAtAp

3
Salt removal Ry is the fraction of the feed salinity that was pre-
vented from passing through the membrane into the permeate:

R = (1 - C—) )

Cfeed

where, ‘Cperm’ and ‘creeq’ are the salt concentrations (g L™ in the
permeate and feed, respectively.

2.3.5. Statistical analysis

We carried out statistical analyses on the resulting data, including
water uptake, permeance, salt removal, and Young’s modulus values for
our samples. Permeance, salt removal, and Young’s modulus data are all
collected in triplicate for each sample type. Water uptake tests used four
sample membranes for each type, with four samples taken from each
membrane for a total of 16 tests per sample type. A sample set is a single
membrane type (e.g., n-propanol 50%, IEC 2.0 meq g’l) under a specific

testing condition (e.g., type of water for sorption or permeance testing).
We used analysis of variance (ANOVA) to perform the statistical tests.
ANOVA tests are null hypothesis tests that compare the means of each
data set and determine if they are equal or different [65]. If they are the
same, then the null hypothesis is true, and if they are different then the
null hypothesis is invalid. ANOVA does not, however, identify the dif-
ferences between the sample sets. Therefore, after ANOVA analysis we
performed Tukey Comparison of Means with a chosen p value of <0.05,
which reveals which data sets have statistically different averages and
identifies those data sets [66]. These tests allow us to determine which
sample sets are within the error margin of each other. On our bar graphs
in this paper, statistical significance is noted by different colors
(conventionally represented by different letter labels). If, for example,
all bars on a graph are denoted by the color light grey (or, conven-
tionally, the letter “a”), then they are not statistically different, and their
average values are within error margins; while the bars denoted by the
color dark grey (or, conventionally, the letter “b”) are the same as each
other and different to the light grey (“a”) group. In this paper, if a bar is
marked by stripes (conventionally, “ab”) then it is not statistically
different to either “a” or “b” groups, but “a” and “b” are different from
each other. We performed all statistical analysis using OriginPro™
Version 8.1 [67].

3. Results and discussion
3.1. Polymer characteristics and performance parameters

This study tested and analyzed the performance of sulfonated pen-
tablock terpolymers for pervaporation desalination applications. All
polymers had an ABCBA structure with hydrophobic poly (t-butyl sty-
rene) ‘A’ blocks, hydrogenated polyisoprene ‘B’ blocks, and a partially
sulfonated polystyrene ‘C’ midblock. This combination of polymer
chemistries produces a robust, self-assembled membrane structure with
porous domains for water transport [51,52,54]. These materials have
been shown to be useful for a variety of water treatment and separation
applications [50,54,56], but not for pervaporation desalination. We
hypothesized that the robust mechanical properties, hydrophilicity, and
tunable microstructure would enable the preparation of excellent
membranes for pervaporation desalination. Three different polymer
compositions varying in ion-exchange capacity were studied. The ma-
terials were dissolved in a solvent mixture of toluene and n-propanol,
and freestanding membranes were prepared through flow-coating.

The freestanding membranes are dense, uniform films. A represen-
tative image of a 60 pm-thick membrane sample with an ion-exchange
capacity (IEC) of 2.0 meq g~ ! cast from 50 wt% n-propanol in toluene
is shown in Fig. 2. The SEM micrographs show a uniform sample with no
defects or pores on the surface or through cross-sectional analysis of the
material. The morphology shown is representative of all membranes
studied, and SEM analyses of other membrane materials are provided in
the Supporting Information Fig. S1.
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We measured the water uptake for all membrane materials studied.
This provides useful information on the hydrophilicity of the mem-
branes and, in general, higher water uptake correlates with higher water
flux [34,41,46,68]. Fig. 3 shows that the water uptake varied widely
depending on the IEC, casting solvent composition, and between DI
water and NaCl solution. For all membranes studied, the water uptake
was significantly higher in DI water compared with NaCl solution, and
this difference increased with increasing IEC and casting solvent
composition. The highest water uptake measured was 250% for the
highest IEC (2.0 meq g 1) sample studied cast from the most polar
casting solvent (50 wt% n-propanol).

Prior work has shown that the sulfonated pentablock terpolymer
membrane morphology is sensitive to both the composition of the
casting solvent and the IEC of the polymer. Casting from a more polar
solvent and using a polymer with higher IEC can produce a bi-
continuous morphology with interconnected sulfonate domains, as
was recently demonstrated [51,54], and as has been reported by the
other researchers [51,53,69]. These studies have shown that the poly-
mers are present in the form of micelles in solution, and increasing
solvent polarity leads to micelle inversion with the sulfonated blocks in
the corona. This inversion leads to well-connected sulfonated domains
in the cast membrane which are responsible for very high water uptake
as compared to the previously reported hydrophilic materials for per-
vaporation desalination [41,47,70,71]. Uptake of 32 g L! aq. NaCl was
much lower compared with that for DI water, but uptake values as high
as 100% were observed for NaCl solutions, and the uptake varied
significantly with membrane IEC and casting solvent composition. For
example, the NaCl solution uptake approximately doubled when the
n-propanol content in the casting solvent increased from 10 to 50% (IEC
of 2.0 meq/g) and also when the IEC was increased from 1 to 2 meq g !
(n-propanol content of 50%).

The mechanical properties of the membranes were studied in both
the dry and wet states. Fig. 4a) and b) presents analysis of the me-
chanical properties of the dry and wet membranes, respectively, as a
function of IEC and casting solvent composition. There is no statistically
significant difference in Young’s modulus between the various Nexar™
membranes under either dry or wet conditions. Furthermore, this figure
indicates that the swelling led to decreased mechanical strength for all
the membranes studied. The Nexar™ membranes do not have compa-
rable mechanical strength to the commercial membranes, under either
wet or dry conditions. However, unlike the commercial pervaporation
membranes tested, the Nexar™ membranes are freestanding, dense
membranes. Future work may include a porous support and a thin active
layer. Previously, many literature studies [70,71] indicated that
providing a porous support produces mechanically robust membranes
and allowed reduction in the active layer thickness which can poten-
tially decrease water transport resistance [41].
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Fig. 3. Water uptake measurements for five types of membrane samples using
DI water and 32 g L~ NaCl solution. Four measurements were performed for
each sample and repeated four times for each sample type. A sample set is a
single membrane type under a specific water uptake condition. The bars
denoted with an asterisk represent sample sets (n-propanol 10%, IEC 2.0 meq/g
under 32 g L ™! conditions and n-propanol 50%, IEC 1.0 meq g ! under 32 g !
conditions) that are statistically similarly to each other under the ANOVA and
Tukey Significance test. No other samples had statistical similarity.

The performance of freestanding pentablock sulfonated polymers in
pervaporation desalination was tested using the configuration shown in
Fig. 1. The feedwater was 32 g L™! NaCl in deionized water at ambient
temperatures, and vacuum was applied on the permeate side. Fig. 5
shows that for all membranes the salt removal was high (greater than
99.5%), and the average permeance values across all membranes ranged
from 80 to 130 kg m~2 h™! bar~!. We found no statistically significant
difference for the permeance as a function of IEC and casting solvent
polarity. The permeances of the sulfonated membranes were signifi-
cantly greater than those measured for commercial pervaporation
membranes and slightly greater than commercial membrane distillation
membranes, despite the much larger pore structure of membrane
distillation membranes.

3.2. Discussion on property and performance relationship

The water flux through a polymeric membrane is influenced by the
membrane chemistry, hydrophilicity, morphology, and thickness [72,
73]. In our previous study, using transmission electron microscopy, we
analyzed the effect of polymer ion exchange capacity and casting solvent
polarities onto the membrane microstructure [54]. The results showed

(b)

Fig. 2. (a) Top view and (b) cross-sectional SEM micrograph of freestanding membrane with an IEC of 2.0 meq g ! cast from 50 wt% n-propanol in toluene mixture.
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Fig. 4. a) Young’s modulus values for dry sulfonated block terpolymer mem-
branes. b) Young’s modulus values for sulfonated block terpolymer membranes
tested under wet conditions. Color of bars denote statistical significance from
other sample sets under an ANOVA test followed by a Tukey Significance test,
with a chosen p value of <0.05. Bars with the same color are within statistical
error of each other, and groups with different colors are statistically different
from each other, striped bars indicate statistical similarity to both light and
dark bars.

increasing both the polymer’s ion-exchange capacity and casting solvent
polarity leads to the inversion of the polymer micelles, subsequently
leading to a membrane microstructure with well-connected sulfonated
domains [54]. Here, Fig. 3 shows strong dependence of the water uptake
on polymer ion exchange capacity and casting solvent polarities. How-
ever, the pervaporation desalination performance (water permeance) in
Fig. 5, indicates statistically similar performance for all the samples
irrespective of the polymer’s ion exchange capacity, casting solvent
polarities, and by extension the membrane morphology. The membrane
thicknesses were similar across all samples tested, and therefore the
materials had similar water permeabilities. Assuming that the solubility
coefficient K, varies linearly with the membrane water uptake, this
implies that the measured permeances are roughly independent of Ky,
and therefore water transport through the membranes is diffusion
limited. This implies that reducing the thickness of the membrane could
further increase membrane permeability.

3.3. Comparison of membranes from reported literature values

We performed a comparison of the pentablock sulfonated
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Fig. 5. Permeance and salt removal for varying n-propanol content in the
casting solvent mixture (fixed ion-exchange capacity 2.0 meq g~ 1). All the ex-
periments were performed with a room temperature (approximately 21 °C) feed
of 32 g L™ NaCl. Color of bars denote statistical significance from other sample
sets under an ANOVA test followed by a Tukey Significance test, with a chosen p
value of <0.05. Bars with the same color are within statistical error of each
other, and groups with different colors are statistically different from each
other. No statistical difference was found for salt removal (indicated by points)
across all samples.

terpolymers reported here with other materials reported in the litera-
ture. Table 2 presents a comparison of water permeance and water
permeability at varying feed water temperature, salinity, and membrane
thickness for various pervaporation membranes. This list is not
comprehensive, and the studies shown were selected because of simi-
larities in their reported testing conditions and membrane thicknesses.
Because water flux depends on the testing conditions and membrane
thickness, the water permeance and permeability values were calculated
for a normalized comparison. The water permeance values control for
feed conditions by accounting for the vapor pressure difference in the
studies reported. The water permeance values of the sulfonated penta-
block terpolymer were similar [41,48,70,71,74] or lower (up to 4.25
times [47]) compared to the commercial membranes.

The permeability reflects the intrinsic water transport properties of
the membrane materials, and these were calculated by multiplying the
water permeance values by the membrane thickness. As shown in
Table 2, the permeability of the sulfonated pentablock terpolymers was
higher than most other studies listed, except for three materials: a poly
(vinyl alcohol)/gluteraldehyde (GA)/laponite mixed matrix composite
membrane reported by Selim et al. [47], PVA crosslinked with 4-sulfo-
nylphthalic acid on a polysulfone support reported by Li et al. [74],
and clinoptilolite phosphate reported by An et al. [75] In contrast to
these studies, our materials are prepared through a simple flow-coating
process of a commercially available polymer. The only material with
better performance and a thicker membrane than in the present study is
the Selim study, which reports a thickness of 160 pm for a freestanding
mixed matrix membrane, suggesting that the laponite in the membrane
greatly enhances the transport properties.

4. Conclusion

We demonstrated that sulfonated pentablock terpolymers show great
promise as a pervaporation desalination membrane material because of
their ease of membrane synthesis, good mechanical properties, and
desalination performance. We measured the water uptake, mechanical
properties, and pervaporation desalination performance of these mem-
branes and compared them to commercially available membrane
distillation and pervaporation membranes. The highest performing



E.R. Thomas et al.

Table 2

Literature-reported membrane performance details for pervaporation desalination.
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Membrane Material/Type Feed Temp. Conc. [NaCl] Thickness Water Flux (kg Permeance (kg m 2 Permeability (kg m m~2
(°c) (gL™ (pm) m2hrt) hr! bar™1) hr!bar )

Polymeric, supported membranes

Thin film nanofibrous PVA on PAN support [70] 25 35 0.7 7.36 231 2.0 x 1074
ke

Crosslinked PVA on PAN support [38] 30 35 15 8.51 205 31 x10°3

Crosslinked PVA on PAN support [71] 30 35 2 8 193 4.0 x 107

PVA crosslinked with 4-Sulfonylphthalic acid on 30 35 50 6 141 71 %1073
polysulfone support [64]***

Inorganic, supported membranes

Graphene oxide on PAN support [8]*** 30 35 0.1 14.31 345 3.0 x 107°

Mixed matrix, freestanding membranes

PVA/GA/Laponite mixed matrix [39]*** 40 30 160 38 573 9.17 x 1072

PVA/maleic acid/silica hybrid mixed matrix [43] 22 0.2 6 6.93 380 2.3x1072
ededk

Chitosan and graphene oxide mixed matrix [48] ~45 50 13 8.5 232 3.0 x 1073

Polymer freestanding membranes

Sulfonated Triblock Copolymer [36]*** 50 10 39 8.70 135 53 x107°

Inorganic freestanding membranes

Natural clinoptilolite (zeolite) [37]%** 77 34 2500 0.5 1.20 3.0 x 1073

Clinoptilolite phosphate [75]%** 25 1.4 1.4 7 222 3.11 x 107*

This study

Sulfonated Pentablock Copolymer (IEC2.0, 50% 20.8 32 52 3.30 135 7.1 x 1073
np)**

Note: Not all papers contained information regarding the pressure differentials across the membranes, and permeance values are calculated from the best available
data within the papers. Reported thickness values are the dry thickness of the membranes. Asterisks indicate whether or not any corrective factor was used to account
for the salinity of the feed waters, where (*) indicates corrected, (**) indicates uncorrected, and (***) indicates unclear.

membrane in this study had a permeance of 135.5 + 29 kg m~2 hr™?
bar~!, a permeability of 7.1 + 1.5 kg mm m ™2 hr™?, and salt removal of
99.5%. The reason for incomplete removal of non-volatile solutes in
pervaporation is unclear, however, work from other prior studies sug-
gests two potential mechanisms: First, micropores can potentially allow
for the transport of salt through the membrane; second, salt may have
some limited solubility in the membrane, resulting in transport through
the membrane [76]. Additionally, our removal values are closely in line
with reported literature values for salt removal in pervaporation desa-
lination processes [38,41,70,77]. Interestingly, the sulfonated penta-
block terpolymer polymer desalination permeance performance was
superior to the commercial pervaporation membranes tested and
equivalent to commercial membrane distillation membranes, which
have much larger, open pores. It is important to note that there are no
commercially available membranes for pervaporation desalination. Our
analysis also suggested that permeabilities could be significantly
increased by reducing the thickness of the membranes. Future studies of
this material should investigate making thin sulfonated pentablock
terpolymer on a porous support as a strategy to improve mechanical
properties and increase membrane permeance.
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