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ABSTRACT

Thin-film nanocomposite membranes (TFN) have been increasingly applied to
seawater desalination and wastewater reclamation. Despite their potential to overcome
the longstanding permeability-selectivity tradeoff, the underlying water transport
mechanisms through TFN membranes have not been fully understood. In this study,
we conducted an in-depth analysis of water transport through the TFN membranes
incorporating nanoparticles of systematically changed properties (hydrophilic vs.
hydrophobic and porous vs. nonporous). For the first time, we were able to resolve the
respective contributions towards enhanced membrane performance by the exterior and
interior channels of the nanofillers based on direct experimental evidence.
Incorporating solid hydrophobic nanofillers showed little enhancement effect on
water flux. In contrast, exterior channels created by hydrophilic nanofillers and
interior channels of porous nanofillers had water flux enhancement of 26.9% and
18.3%, respectively, under similar particle loading conditions. Furthermore, the
combined effects of both exterior and interior channels resulted in 51.9% flux
enhancement. Our work provides mechanistic insights into the formation and
transport mechanisms involved in TEFN membranes, which lay a solid foundation for

optimizing these membranes for desalination and water reuse.
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INTRODUCTION

Desalination and water reuse based on reverse osmosis (RO) are promising to address
the challenge of water shortage globally.!® To date, thin-film composite membrane
(TFC) is the core of RO process, thanks to its high NaCl rejection (>99%), wide pH
tolerance, high packing density, and excellent mechanical strength.* ° The
state-of-the-art TFC membrane is formed by an interfacial polymerization (IP)
reaction between a diamine monomer in the aqueous phase and an acyl chloride
monomer in the organic phase that generates an ultra-thin polyamide rejection layer of
10-200 nm on a microporous ultrafiltration substrate.® ” Nevertheless, the separation
performance of TFC membrane, i.e., water permeance and water/solute selectivity, is
greatly constrained by the permeability-selectivity tradeoff, also known as the upper

bound.® 8 °

Incorporation of nanomaterials into polyamide rejection layer can greatly improve
membrane water permeance without sacrificing its selectivity.’® Hoek et al.l! 12
pioneered the concept of incorporating microporous zeolite nanoparticles (NPs) into a
polyamide layer to increase its membrane water flux. Their seminal work on thin film
nanocomposite (TFN) membranes has inspired many other researchers to explore over
the past decade the incorporation of various porous nanofillers (e.g.,
metal-organic-frameworks (MOFs),* 14 aquaporins,™ 16 and
covalent-organic-frameworks.'” ¥ By comparing the TFN membranes loaded with

porous MCM-41 vs. nonporous silica NPs, Yin et al.!® confirmed that the interior
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channels contribute significantly to the final membrane water flux. In a more recent
study, Yang et al.? revealed the creation of interfacial channels between hydrophilic
silver NPs and the polyamide matrix (i.e., exterior channels), which tripled the
membrane water permeance under optimized conditions. Yang’s observation explains
why the incorporation of nonporous hydrophilic nanofillers reported in the literature
(e.g., silver,® 2! and titanium oxides?* 2%) can also significantly enhance membrane
water transport properties. Nevertheless, the relative contribution of interior (the
internal pores of NPs) and exterior channels (gaps between NPs and polymer) to
membrane water flux and the underlying water transport mechanism of TFN

membranes still remain unclear.' 20

This study presents a systematic framework to resolve the roles of interior and
exterior channels towards water transport in TEN membranes. Four types of TFN
membranes incorporating silica-based NPs, i.e., hydrophilic vs. hydrophobic and
porous vs. nonporous, were synthesized. Through the systematic evaluation of the
physicochemical properties and separation performance of these membranes, we were
able to determine the respective contributions to water permeance by the interior vs.
exterior channels for the first time. Our work provides mechanistic insights into the
formation and transport mechanisms to guide the future development of TFN

membranes.
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MATERIALS AND METHODS

Materials and chemicals.

Unless specified otherwise, all chemicals were analytical grade and purchased from
Sigma-Aldrich. Deionized (DI) water for all solution preparation and filtration was
made by Millipore Deionized (DI) system (Millipore, Billerica, MA). Tetraethyl
orthosilicate (TEOS, 98%) and cetyltrimethylammonium bromide (CTAB, 95%) were
used as silica precursor and surfactant, respectively. Aqueous ammonia solution
(catalyst, 20—22%) obtained from Fisher Scientific was used for the preparation of the
nonporous silica NPs. Dimethyldichlorosilane (DMDCS, >99.5%, Aldrich) was used
to modify the silica surface to prepare the hydrophobic NPs. Polysulfone (PSF, pellets,
Mw=35,000) and N, N-dimethylformamide (DMF, 99.8%) were used for fabricating
the substrate. The interfacial polymerization process was performed by using
m-phenylenediamine (MPD, >99%) in DI water and trimesoyl chloride

(TMC, >98.5%) in hexane (HPLC, 95%).

Synthesis and modification of silica NPs.

Solid spherical silica NPs were synthesized through the hydrolysis of TEOS in
ethanol with ammonia as a catalyst, and porous MCM-41 silica NPs were synthesized
by using TEOS as silica source and CTAB as the surfactant. Detailed procedures
could be found in our previous study.'® The unmodified solid silica and MCM-41

were denoted as S and MCM, respectively.
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Hydrophobic silica NPs were prepared by using a method obtained from the
literature,®* where the silanol groups on silica are replaced by DMDCS by surface
modification. Briefly, the pristine silica NPs were immersed in DMDCS and stirred
for 72 hr at room temperature. The ratio of DMDCS to silica was around 20 ml
DMDCS per 100 m? of surface area for the silica NPs. The modified silica NPs was
recovered from the Soxhlet extraction apparatus using 250 ml methanol. The modified

silica NPs and MCM-41 were denoted as mS and mMCM, respectively.

Fabrication of TFC and TFN membranes.

Prior to the membrane fabrication, PSF substrates (15 wt% in DMF) were prepared by
phase inversion based on our previous method.?® To synthesis the TFC membrane, an
IP reaction was performed on the PSF substrate. Briefly, the PSF substrate was
immersed in an MPD/DI water solution (2 wt%) for 3 mins. The extra solution was
removed by a rubber roller. Then, a TMC/hexane solution (0.15 wt%) was poured
onto the MPD-saturated substrate to initiate the IP reaction. The reaction time was
terminated after 2 mins by rinsing the membrane with hexane. Subsequently, the
membrane was placed in an oven at 80 °C for 5 mins in order to enhance the
cross-linking process. The membrane was then taken out and stored in DI water at 4

°C before use.

The synthesis procedure for TFN membranes was identical to that of TFC, except that

different amounts of silica NPs varied from 0.01 to 0.1 wt.% were added into the
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TMC/hexane solution before the IP reaction. The uniform dispersion of NPs in the
TMC-hexane solution was achieved by ultrasonication for 1 h. The TFN membranes
prepared in this study are denoted as TFN-X-n, where X stands for the type of
nanofiller used (S, mS, MCM, or mMMCM) and n stands for the wt% of the nanofiller
used (0.01, 0.025, 0.05 or 0.1). The approach to disperse NPs in organic phase for

fabricating TFN membrane has been well-documented in the literature. !t 1% 26

Material characterization and membrane performance tests.

Morphology of NPs was examined by TEM (JEOL 1400, JEOL Ltd., Peabody, MA).
Prior to the characterization, the as-prepared NPs were dispersed in ethanol solution
with sonication, and the NPs-ethanol solution was dropped onto a carbon-coated
copper TEM grid with drying at room temperature. The crystalline structures of
modified and unmodified MCM-41 (i.e., MCM and mMCM) were evaluated by fast
Fourier transform (FFT) of a scanning transmission electron microscope (STEM, FEI
Tecnai G2 20 S-TWIN). The specific surface areas, pore volume and pore size
distribution of the NPs were evaluated by Brunauer-Emmett-Teller (BET) method
and density functional theory (DFT) method, respectively, based on our previous
work.'® A scanning electron microscope (SEM) was applied to examine membrane
surface morphology. To increase the conductivity of samples, all membrane
specimens were coated with platinum using a sputter coater (20 mA, K575x, Emitech
Ltd., Kent, England) for 1 min. The TEM cross-sections of the TFC and TFN

membranes were prepared according to our previous study.*® 2" Briefly, membrane
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specimens were embedded in a resin (Eponate 12, Ted Pella, Inc., Redding, CA). The
resin block was cut onto a copper grid in the thickness of 100 nm using an Ultracut E

ultramicrotome (Reichert, Inc. Depew, NY) for TEM imaging.

Membrane surface functional groups were analyzed by attenuated total reflection
Fourier transform infrared (ATR-FTIR), and hydrophilicity of the membrane surface
were evaluated by contact angle measurement based on our previous work.% 25 28
Membrane water flux and NaCl rejection were evaluated by a home-designed
high-pressure cross-flow filtration system based on previous work.!® 2% 28 Membrane
water permeability coefficient A (L m2h bar?) and salt permeability coefficient B (L

m2h?) are calculated based on the references.® 2°
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RESULTS AND DISCUSSION

Properties of pristine and modified NPs

TEM images (Figure 1a-d) show that both MCM and S had a near-spherical shape
with comparable particle diameter (102.2 £ 9.8 nm vs. 105.7 £ 9.3 nm) and that the
hydrophobic modification did not result in noticeable changes in their size and shape.
Highly ordered hexagonal array and streak structure were observed for both the
pristine MCM and the modified mMCM, corresponding to the interior channels of
these porous nanofillers (Figure 1c,d) with mesopores of 3.5 - 3.6 nm in diameter
based on their FFT patterns. In contrast, such interior structures were not observed for
the solid NPs S and mS (Figure 1a,b). Figure 1e shows that the modified NPs mS and
MmMCM had significantly larger water contact angles (over 140°) compared to the
respective values for their pristine counterparts S and MCM (less than 10°),
confirming the successful hydrophobic modification by the surface grafting of

DMDCS (also see the FTIR results in Supporting Information Figure S1).
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172  Figure 1. TEM images of (a) solid silica NPs (S); (b) modified solid silica NPs (mS); (c)
173  MCM-41 NPs (MCM); (d) modified MCM-41 NPs (mMCM); and (e) water contact angle
174 results. The scale bar for all TEM images is 100 nm.
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Properties of TFC and TFN membranes.

FTIR results (Supporting information Figure S4) show the characteristic peaks at
1547 cm® (the Amide Il band), 1663 cm™ (amide I, C=0O stretching vibrations of
amide) and 1609 cm™* (N-H stretching of amide) for both TFC and TFN membranes,
confirming the formation of aromatic polyamide.®® These membranes present rough
surfaces with leaf-like morphologies (Supporting Information Figure S3) that are
typical for polyamide-based RO membranes.®" 32 Membrane surface hydrophilicity
was affected by the embedded NPs (Supporting information Figure S5), with the
hydrophilic NPs showing decreased water contact angles and the hydrophobic
counterparts showing the opposite. The result can be due to the exposure of the
aggregation of these NPs at the membrane’s surface (Supporting information Figure

S3), which is in good agreement with the literature.33 34

TEM cross-sectional micrographs (Figure 2a-c) also show these roughness features,
which are in concert with the SEM results. In addition, the TFN membranes
TFN-MCM-0.05 (Figure 2b) and TFN-mMCM-0.05 (Figure 2c) show clearly the
presence of MCM-41 NPs in the polyamide layer, confirming the successful
incorporation of NPs. Interestingly, interfacial gaps can be clearly observed between
the hydrophilic MCM-41 NPs and the polyamide matrix of the TFC-MCM-0.05
membrane (inset of Figure 2b), which was absent in the TEN-mMCM-0.05 embedded
with hydrophobically modified MCM-41 NPs (Figure 2c). The interfacial gaps in
TFC-MCM-0.05 can be attributed to the formation of exterior channels around the

hydrophilic NPs during the IP reaction. According to the literature,? 35 hydrophilic
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NPs can attract water molecules, which hydrolyzes TMC to inhibit the formation of
polyamide in the vicinity of these particles and therefore generate exterior channels
between NPs and the polyamide matrix in addition to any interior channels within the

NPs.

Rt o el : e

Figure' 2. TEM cross-sections of (a) the control TFC, (b) TFN-MCM-0.05 and (c)
TFN-mMCM-0.05 membranes. The scale bar for all TEM micrographs is 100 nm. Magnified
images of the pristine and modified MCM-41 NPs-incorporated TFN membranes are inserted
in the corresponding TEM micrographs with a scale bar of 50 nm.

Water transport properties of TFC and TFN membranes.

Figure 3a presents the water flux and NaCl rejection of TFN membranes incorporated
with hydrophilic or hydrophobic nonporous silica NPs, with the membrane
corresponding to 0 wt% NP loading representing the control TFC membrane. For the
TFN-mS series, increasing the loading of hydrophobic nonporous silica NPs up to 0.1
wt% had no major change in membrane water flux and NaCl rejection. In contrast, the
permeate flux increased significantly at increased loading of hydrophilic nonporous

silica NPs for the TFN-S series (e.g., 34.5 L + 1.8 L m?h for the TFN-S-0.05

membrane vs. 28.2 £ 1.5 for the control TFC membrane, corresponding to a 22.2%
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enhancement in flux). Compared to its TFN-mS counterpart, this enhancement in
water flux for TEN-S can be ascribed to the formation of exterior nanochannels
induced by the hydrophilic silica NPs, which serve as high permeability “aqueducts”
to reduce the overall hydraulic resistance of the membrane.?’ The absence of both
interior and exterior nanochannels of the TFN-mS membranes explains their
inefficiency in enhancing membrane water permeance. Indeed, a few studies
incorporating hydrophobic NPs3* 3 even report reduced water permeance due to the

blockage of water transport by these solid nanofillers.

Figure 3b shows that the NaCl rejection of TFN membranes incorporated with
hydrophilic MCM NPs (the TEN-MCM series) or hydrophobically modified mMCM
NPs (the TEN-mMCM series). The rejection was relatively constant at approximately
97-98%, regardless of the type and loading of NPs (Additional water/NaCl transport
properties can be found in the Supporting Information Figure S6). On the other hand,
increasing the loading of these porous nanofillers resulted in obviously higher water
fluxes. The TFN-mMCM-0.05 membrane containing hydrophobic porous mMCM
had a water flux of 35.2 L = 2.1 L m2h, which was 24.6% higher than that of the
control TFC membrane. The enhancement in flux for the TEN-mMCM series is in
direct contrast to the negligible effect for TFN-mS series. Therefore, we attribute this
enhancement to the interior channels of the mMCM NPs, which could provide
preferential pathways for water molecules.! ° The replacement of mMCM

nanofillers by their hydrophilic counterparts led to even greater enhancement in flux,
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with the TFN-MCM-0.1 showing a flux of 466 L + 1.1 L m?2 h! or 64.8%
enhancement over the control, thanks to the combined effects of exterior channels
(due to the hydrophilicity of the nanofillers) and interior channels of MCM NPs.
However, the over-dosed NPs (e.g., at 0.1 wt%) could result in marginal water flux
enhancement for the TFN membrane, and even some studies in the literature reported

decreased water flux at higher NPs loading,'® 3 potentially due to the severe NPs

aggregation and the percolation threshold of dense polyamide rejection layer.
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Figure 3. Membrane water flux and salt rejection of (a) TFN membranes with hydrophilic or
hydrophobic nonporous silica NPs; (b) TFN membranes with hydrophilic or hydrophobic
porous MCM-41, (c) normalized water permeability coefficient A and normalized water/NaCl
selectivity A/B of the TFN membranes (at the same NPs number density of 48 #/um?, 0.1 wt%
for TFN-(m)S and 0.025 wt% for TFN-(m)MCM, Supporting Information Figure S7) by the
control TFC membrane and the NaCl rejection of the TFN membranes and (d) schematic
diagram of the mechanism of hydrophilic silica or MCM-41 NPs induced nanochannels and
hydrophobic silica and MCM-41 NPs in the polyamide layer for efficient water transport. The
water flux and NaCl rejection results of TFN membranes with hydrophilic silica and
hydrophilic MCM-41 were obtained from our previous study.’* The experiments were
performed under a transmembrane pressure of 300 psi at 25 °C using a 2000 ppm NaCl
solution. All separation performances results are based on three replicate membranes.

It has long been debated in the literature what mechanism(s) could take credit for the
enhanced separation performance of TFN membranes.! 3841 In this study, we
answered this question in a simple but elegant manner by systematically varying the
properties of the nanofillers (porous vs. nonporous and hydrophilic vs. hydrophilic).
We show that hydrophilic nanofillers performed better than their hydrophobic
counterparts at the same number density of the loaded NPs (see TEN-S vs. TFN-mS
and TFN-MCM vs. TEN-mMCM, Figure 3c and Supporting Information Figure S7),
thanks to the exterior channels (or voids between NPs and polymer) induced by the
hydrophilic NPs (Figure 3d and Refs.? 1* 20), In addition, porous nanofillers had
better permeability than their nonporous counterparts (see TFN-MCM vs. TEN-S and
TEN-mMCM vs. TEN-mS, Figure 3c), underpinning the important role of interior
channels for providing additional water pathways. Therefore, the current study offers

convincing experimental evidence that both the exterior and interior channels

contribute to enhancing the permeate flux of the corresponding TFN membranes.



275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

These findings provide new insights into the advanced synthesis of TFN membranes

for desalination and water reuse applications.

As shown in Figure 3c, at same number density of the loaded NPs, the exterior and
interior channels appeared to have slightly different contributions to water flux
enhancement (26.9% enhancement for exterior channels and 18.3% enhancement for
interior channels). In addition to the absence of exterior channels, the slightly reduced
flux enhancement of TFN-mMCM membrane can be potentially due to the possible
formation of polyamide inside the NPs pores and the reduced pore volume of the
mMCM NPs (Supporting Information, Figure S2). Obviously, these contributions
would strongly depend on the properties of the nanofillers (e.g., the size, shape,
orientation, distribution, concentration and hydrophilicity of the NPs and their pore
size and structure). For example, NPs with high aspect ratios (e.g., nanofibers vs.
nanospheres) present greater interfacial areas and may have better chances to creates
more exterior channels.*> %3 In this study, the orientation of the loaded (m)MCM NPs
was random. Future study could explore the impact of pore orientation on affecting
membrane separation performance. It is also interesting to note that the combined
effects of both exterior and interior channels (TFN-MCM vs. the TFC control, 51.9%
enhancement) were greater than the sum of their individual contributions (26.9 +
18.3%), suggesting a potential synergistic effect possibly due to the increased
interconnectivity between these water channels. Furthermore, although the current

study shows little effect of nanofillers on membrane rejection (possibly due to the
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relatively small pores of ~3.5 nm in which electric double layer overlap could easily
occur), future studies need to further investigate the pore size of the interior channels
44,45 as well as the size of the induced exterior channels 2° on the selectivity of the

resulting TFN membranes.
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