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ABSTRACT

Surfactant-assisted interfacial polymerization (IP) has shown strong potential to
improve the separation performance of thin film composite polyamide membranes. A
common belief is that the enhanced performance is attributed to accelerated amine
diffusion induced by surfactant, which promotes the IP reaction. However, we show
enhanced membrane performance for Tween 80 (a common surfactant) even though it
decreased the amine diffusion. Indeed, the membrane performance is closely related to
its polyamide roughness features with numerous nanovoids. Inspired by the
nanofoaming theory that relates the roughness features to nanobubbles degassed during
the IP reaction, we hypothesize that the surfactant can stabilize the generated
nanobubbles to tailor the formation of nanovoids. Accordingly, we obtained enlarged
nanovoids when the surfactant was added below its critical micelle concentration
(CMC). In addition, both the membrane permeance and selectivity were enhanced
thanks to the enlarged nanovoids and reduced defects in the polyamide layer. Increasing
the concentration above CMC resulted in shrunken nanovoids and deteriorated
performance, which can be ascribed to the decreased stabilization effect caused by
micelle formation. Interestingly, better anti-fouling performance was also observed for
the surfactant-assisted membranes. Our current study provides mechanistic insights into
the critical role of surfactant during the IP reaction, which may have important

implications for more efficient membrane-based desalination and water reuse.

KEYWORDS: reverse osmosis (RO) membranes, polyamide nanovoids, surfactant,

stabilization effect, defects, membrane fouling
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Surfactant-assisted interfacial polymerization promotes larger nanovoids and minimize
defects in polyamide layer due to the stabilization effect, achieving enhanced membrane

separation performance and anti-fouling ability.
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INTRODUCTION

Thin film composite (TFC) reverse osmosis (RO) membranes have been widely applied
for desalination and water reuse,}* largely attributed to the excellent separation
property of their polyamide rejection layers.>° These polyamide layers are typically
fabricated on porous substrates by interfacial polymerization (IP) of amine (e.g., m-
phenylenediamine, MPD) in water and trimesoyl chloride (TMC) in hexane. Extensive
research efforts have been devoted to regulating the IP reaction to enhance membrane
performance, such as applying additives into the two phases.!*™*® Surfactant, as a
common additive, has been widely reported to significantly improve membrane
permeance and selectivity,' 12 1421 which attracts increasing research interests in

deciphering the underlying mechanisms.

A common belief is that the enhanced membrane permeance and/or selectivity by
surfactants is ascribed to the improved amine diffusion into the organic phase, which
can promote the IP reaction.’* 62 Specifically, some studies reported that the
facilitated diffusion could be explained by the reduced interfacial tension or increased
wetting of the substrate by surfactants.!®*® 2! Several researchers attributed the
accelerated diffusion to the opposite charge properties between the amine monomers
and surfactants.’® 2° Nevertheless, our preliminary experimental results show that
although three common surfactants (sodium dodecyl sulfate (SDS), Tween 80 (TW),
and cetyltrimethylammonium bromide (CTAB)) improved the membrane permeance
and selectivity, SDS increased amine diffusion while TW and CTAB decreased the
diffusion. This peculiar phenomenon prompts us to further investigate the exact
mechanism(s) on how surfactants regulate membrane performance. Indeed, the
membrane performance has been widely reported to be dependent on the nanovoids-

containing roughness feature of its polyamide layer.> 5 12 2226 Specifically, more
5
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prominent nanovoids could typically lead to higher membrane permeance thanks to the
increased filtration area?®?® and gutter effect.?” 2°3! Presumably, surfactants may
benefit the formation of nanovoids during the IP reaction to promote membrane

performance.

Herein, we provide an alternative interpretation on the role of surfactants. A recent
nanofoaming theory by Tang and co-workers?® 27 32-37 revealed that the nanovoids of
polyamide layer were formed by the interfacial degassing/vaporization. In this theory,
gas/vapor nanobubbles would be generated due to the H* and heat released from the IP
reaction. These nanobubbles could be further confined between the polyamide layer
and the substrate, leading to the formation of nanovoids-containing roughness feature
(Figure 1a). However, some nanobubbles may dissolve again or burst due to high
internal Laplace pressure®! or escape through the substrate pores®* %, which can
suppress the formation of nanovoids. Interestingly, surfactants are commonly used to
increase the stability of bubbles* 43 and have been reported to effectively stabilize
nanobubbles at a liquid-solid interface**4%. Therefore, we hypothesize that surfactants
can stabilize the generated nanobubbles at the IP reaction interface. This stabilization
effect of surfactants can contribute to forming more prominent nanovoids in the

polyamide layer toward enhanced membrane performance (Figure 1b).

To verify the hypothesis, we investigated the role of surfactant, particularly its
concentration, in tailoring the polyamide nanovoids and membrane permeance. In
addition, we further revealed the improved salt rejection and reduced fouling propensity
for the surfactant-assisted RO membranes. Our current study provides new mechanistic
insights into the role of surfactant during the IP reaction, which may have important

implications for more efficient membrane-based desalination and water reuse.
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Figure 1. Schematic diagrams of polyamide nanovoids formation under: (a) conventional IP process and
(b) surfactant-assisted IP process. See more details in Supporting Information S3.
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MATERIALS AND METHODS

Chemicals. m-phenylenediamine (MPD, 99%, Sigma-Aldrich), trimesoyl chloride
(TMC, 98%, Sigma-Aldrich), n-hexane (Sigma-Aldrich), and commercial polysulfone
(PSf) substrates (MWCO 67 kDa, Vontron Technology) were used to prepare
polyamide RO membranes through IP process. To investigate the role of surfactant in
membrane formation, three commonly used surfactants (Figure 2) were adopted: an
anionic surfactant sodium dodecyl sulfate (SDS, Ci2H2sNaSOs4, Mw ~ 288.4,
Dieckmann), a cationic surfactant cetyltrimethylammonium bromide (CTAB,
C16H33N(CHs)sBr, Mw ~ 364.5, Dieckmann), and a non-ionic surfactant Tween 80 (TW,
Ce4H124026, Mw ~ 1310, Dieckmann). Non-ionic TW was further selected as the model
surfactant to better resolve the effect of the stabilization effect from other potential
competing effects (e.g., changed MPD diffusion rate due to charge interaction). Sodium
chloride (NaCl, Dieckmann) and humic acid (HA, Sigma-Aldrich) were used for
membrane performance tests.

a O\\//O
/\/\/\/\/\/\O/S\O Na'

b 2
\

Figure 2. Chemical structures of (a) SDS, (b) TW and (c) CTAB.
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MPD diffusion into the organic phase. The MPD diffusion was measured by
recording the diffused MPD from the aqueous phase into the organic phase using an
ultraviolet—visible spectrophotometer (UV/VIS, UH5300, Hitachi).*” Briefly, 0.3 ml of
MPD solution with/without surfactant was added into the bottom of a quartz cuvette
(~3 ml capacity) with the height of the solution below the optical path of the
spectrophotometer. 2.7 mL of hexane was then gently added on top of the MPD solution.
The diffused MPD in the hexane phase, which is proportional to the absorbance
intensity, was recorded for 1 min (consistent with the IP reaction time) by the
spectrophotometer at the wavelength of 294 nm.

Preparation of TFC polyamide membranes. Conventional TFC membranes were
prepared by performing IP reaction between MPD (0.2-8 w/w%, dissolved in water)
with/without surfactant and TMC (0.1 w/w%, dissolved in hexane) on the PSf
substrates. Briefly, the MPD solution with/without surfactant was firstly used to
immerse the substrate for 2 min. After using a rubber roller to remove the excess MPD
solution, the TMC solution was then applied to immerse the substrate for 1 min to form
the polyamide film. Lastly, the resulting polyamide membrane was rinsed by hexane
and post-treated in 50 °C water for 10 min. The prepared TFC membranes were named
as TFC-MPD concentration surfactant concentration, e.g., TFC-0.5TWO0.001 for the
one prepared using 0.5 w/w% MPD with 0.001 w/w% TW.

Preparation of free-interface polyamide membranes. To further resolve the role of
surfactant, we prepared polyamide membranes through a free interface IP process.3 3"
4851 Briefly, a MPD solution (0.5 and 2 w/w%) with/without TW and a 0.1 w/w%
TMC/hexane solution were allowed to react for 1 min at a substrate-free interface. The
resulting polyamide layer was then loaded onto the PSf substrate under the assistance

of vacuum filtration.
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Characterizations of polyamide membranes. The top side structures of polyamide
membranes were characterized by Field-emission scanning electron microscopy (FE-
SEM, S-4800, Hitachi) at an accelerating voltage of 5.0 kV. All samples were dried,
and sputter coated with a thin layer of gold before SEM characterization. The cross-
sectional structures of the membranes were resolved by Transmission electron
microscopy (TEM, CM100, Philips) at an accelerating voltage of 100 kV. The
elemental composition of membrane surface was analyzed by X-ray photoelectron
spectroscopy (XPS, Thermo Fishier Scientific) using an X-ray source of Al Ko gun
with a spectra range of 0—1350 eV.

Membrane separation performance. Water flux and NaCl rejection of the membranes
were tested using a laboratory-scale crossflow RO filtration setup.®® Each membrane
coupon (a filtration area of 42.0 cm?) was pre-compacted at 17.0 bar for 1.5 h. The test
was then performed at 15.5 bar with a NaCl feed solution (2000 ppm) at a crossflow
velocity of 22.4 cm/s under room temperature (~25 °C). The water flux J, (L m2 h™?)

and water permeance A (L m™2 h™* bar™t) were calculated by:

_ Am
- Atxaxp

Jv M)

_ v
A= AP—AT )

where Am (kg) is the mass of permeate during a time interval of At (h), a (m?) is the
membrane filtration area, p (kg/m®) is the density of water, AP (bar) and A (bar) are
the transmembrane pressure and the transmembrane osmotic pressure, respectively.

NaCl rejection (R) and NaCl permeability coefficient (B) was calculated by:% 52 53

R ="y 100% ®3)
Cr

B=(-1)xJ (4)
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where Ct and Cp are NaCl concentrations in the feed and the permeate, respectively,
which were obtained based on conductivity measurements (Ultrameter Il, Myron L).
The water-NaCl perm-selectivity was represented by the A/B ratio.!t 53

Similarly, HA rejection was tested using a 100 ppm HA feed solution (pH at ~6.5) and
was also calculated by Equation (3). The concentrations of HA in the feed and the
permeate were measured by a total organic carbon (TOC) analyzer (TOC-L CPH,
SHIMADZU).

Membrane fouling tests. A membrane sample with a filtration area of 12 cm? was pre-
compacted with a 2000 ppm NaCl feed solution at 17.0 bar for 12 h with a crossflow
velocity of 11.2 cm/s at room temperature (~25 °C). To conduct the fouling test, the
initial flux was adjusted to 17 L m h** and 100 ppm HA was introduced to the feed
solution (the resultant pH was at ~6.5). Each fouling test was continued for 96 h. Fouled
membranes were immersed in 50 mL of 0.1 M sodium hydroxide in separate tubes.
These tubes were then shaken on an orbital shaker overnight to extract the deposited
HA on the membranes since HA can be easily dissolved at pH > 12.%* % Similar
extraction method was also reported in other studies.*” >%-°8 The HA concentration was
determined by an ultraviolet—visible spectrophotometer (UV/VIS, UH5300, Hitachi) at

the wavelength of 254 nm.*":%8
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RESULTS AND DISCUSSION

Effects of different surfactants on MPD diffusion and membrane performance.
Researchers commonly believe that surfactant addition can improve the amine diffusion
in the organic phase, thus promoting the IP reaction for enhanced membrane
performance.* 1621 This seems to be consistent with the increased MPD diffusion
(Figure 3a) and enhanced permeance (Figure 3b) as well as selectivity (Figure 3c) by
SDS in the current study. However, the addition of TW or CTAB could also improve
the membrane separation performance (Figure 3b and c) despite their significantly
decreased MPD diffusion (Figure 3a). The contradictory results between SDS, TW,
and CTAB were also observed at higher MPD concentration of 2 w/w% (Figure S1),
which indicated that the MPD diffusion alone is not sufficient to explain the role of
surfactants. We further found that all surfactants could enlarge the polyamide
nanovoids (Figure S2), which corresponded well with the enhanced membrane
permeance. These observations could be explained by our hypothesis that surfactants
can mitigate the dissolution/escape of nanobubbles by stabilizing them at the IP reaction
interface, leading to more prominent nanovoids and higher water permeance (Figure
1b). In the current study, all the three surfactants were able to significantly enhance
water permeance, revealing that the stabilization effect may play a dominant role.

To further reveal the stabilization effect of surfactant, we prepared polyamide films at
a substrate-free IP reaction interface with/without surfactant. According to the
nanofoaming theory, the generated nanobubbles would escape from the free interface
due to the lack of confinement effect of the substrate, leading to a smooth polyamide
film.34 36.37.47 Ag expected, we observed relatively smooth polyamide surfaces in the
absence of surfactant (Figure S3). In contrast, all surfactants investigated in the current

study were able to result in rougher polyamide films with more nodules and/or leaf-like

12
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structures (Figure S3), which may confirm that they can stabilize the generated

nanobubbles at the IP reaction interface to mitigate their escape.
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Figure 3. Effects of different surfactants (0.001 w/w% of SDS, TW, and CTAB, at MPD concentration
of 0.5 w/w%) on (a) diffused MPD in the organic phase, (b) membrane separation performance, and (c)
water-NaCl perm-selectivity.

Effects of TW concentration. To further investigate the stabilization effect of
surfactant, a series of TW concentrations (CMC of ~0.00157 w/w%) were applied.
Increased TW concentration resulted in monotonously decreased MPD diffusion
(Figure 4a), which could be ascribed to the steric hindrance of TW at the water/hexane
interface and thus reduced MPD diffusion.? Different from the trend of MPD diffusion,
the water permeance of membranes firstly increased then declined as increasing TW
concentration (Figure 4b and c), which corresponded well with their firstly enlarged
then shrunken nanovoids (Figure 5). Specifically, the enlarged nanovoids and
improved permeance of TFC-0.5TW0.001 and TFC-0.5TWO0.0015 compared to
TFC-0.5 can be attributed to the stabilization effect of TW. It is worth to note that
TFC-0.5TW0.0015 gave relatively smaller nanovoids and lower water permeance than
that of TFC-0.5TW0.001. In the current study, the addition of TW could result in two
opposing effects: (1) reduced MPD diffusion (Figure 4a), which tends to suppress the
formation of nanovoids due to less intensive IP reaction and (2) stabilization of
nanobubbles, which tends to promote the formation of nanovoids. The final result

depends on the competition of these two mechanisms. Further shrunken nanovoids and

13
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decreased water permeance were observed for TFC-0.5TWO0.003 despite its similar
MPD diffusion to TFC-0.5TWO0.0015 (Figure 4a). For TFC-0.5TWO0.003, the
corresponding TW concentration was above its CMC (~0.00157 w/w9%). The formation
of micelles under this condition can result in interfacial instabilities,® ¢ leading to
reduced stabilization effect of the surfactant during the IP reaction. Our results reveal

the critical importance to optimize the dosage of surfactant.
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Figure 4. Effects of TW concentration (at MPD concentration of 0.5 w/w%) on (a) diffused MPD in the
organic phase, (b) membrane separation performance, and (c) water-NaCl perm-selectivity.
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Figure 5. Effects of TW concentration on membrane surface structure (SEM top side view and TEM
cross section view, at MPD concentration of 0.5 w/w%).

Effects of TW at different MPD concentrations. In order to further investigate the
effects of TW on membrane performance and surface structure, different MPD
concentrations were employed. Generally, increased MPD concentration resulted in

promoted water permeance from TFC-0.2 to TFC-2 while declined permeance was
14
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observed for TFC-8 (Figure 6a). This trend is consistent with previous studies.?” 562
The increased permeance can be attributed to the enlarged nanovoids from TFC-0.2 to
TFC-2 (See the TEM graphs in Figure 7), which can be resulted from more generated
nanobubbles by their higher MPD storage.?’ Previous studies have shown that
nanovoids are effective in improving the water transport pathways in TFC membranes
due to their “gutter effect”.?” 231 On the other hand, the declined permeance for
TFC-8 can be explained by its thicker polyamide film (See the TEM graphs in Figure
7), which may offset the benefit of its larger nanovoids.?” The addition of TW generally
improved the water permeance compared to TFC membranes (Figure 6a) thanks to the
more prominent nanovoids of TFC-TW membranes (Figure 7). Interestingly, the
permeance enhancement by TW gradually decreased at higher MPD concentrations,
e.g., the water permeance of TFC-2TW was only marginally higher than that of TFC-2
(p =0.10). For the TFC membranes prepared at lower MPD concentrations (0.2 and 0.5
w/w%), the dissolution®®#! and escape®* ¥ of the degassed nanobubbles could
significantly suppress the formation of nanovoids when there were only a few
nanobubbles generated due to the low MPD availability. For these membranes, the
addition of TW could play a relatively more crucial role in forming larger nanovoids
by mitigating the dissolution and escape of the inadequate nanobubbles. In contrast, for
the TFC membranes prepared at higher MPD concentrations (2 and 8 w/w%), the
stabilization effect of TW could be negligible when there are sufficient nanobubbles
generated by high MPD availability. Indeed, the membranes without TW addition

(TFC-2 and TFC-8) also show extensive presence roughness features (Figure 7).
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Figure 6. Effects of MPD concentration (at 0.001 w/w% TW) on (a) water permeance, (b) NaCl rejection,
(c) HA rejection, and (d) water-NaCl perm-selectivity.

Moreover, the addition of TW could generally improve the salt rejection of membranes
(Figure 6b) despite the similar PA cross-linking degree (indicated by the O/N ratio
from XPS measurements in Figure S8a) and surface charge property (Figure S8b)
between TFC and TFC-TW membranes. This can be explained by the more stable IP
reaction interface due to the stabilization effect of TW, which can reduce the formation
of defects caused by interfacial instabilities during the IP reaction (Figure 1b).* In
order to further confirm the less defect formation by TW, humic acid (HA) filtration
tests were performed. According to Song and Zhou et al.,?® 83 HA, featuring small size
(approximately 1.1-5.4 nm) and soft property, could penetrate the defects instead of
transporting through the intact part of polyamide film. The incomplete rejection of HA

can be regarded as the evidence for the existence of defects. Generally, TFC-TW

16



292  membranes show enhanced HA rejection compared to TFC membranes (Figure 6c),
293 indicating that less defects were formed in their polyamide layers. Finally, thanks to the
294  enlarged nanovoids and less defects by TW, TFC-TW membranes show simultaneously
295 increased water permeance and selectivity, particularly at relatively low MPD
296  concentrations (Figure 6d).
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298  Figure 7. Effects of MPD concentration (at 0.001 w/w% TW) on PA structure (SEM top side view and
299  TEM cross section view). The intrinsic thickness (L) of the polyamide film on TEM figures was measured
300  using the software Image pro plus.
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ENVIRONMENTAL IMPLICATIONS

The current study demonstrated that the surfactant could stabilize the generated
nanobubbles at the IP reaction interface to promote the formation of more prominent
polyamide nanovoids with reduced defects. This stabilization effect could contribute to
the simultaneously enhanced membrane permeance and selectivity. However, when the
concentration of surfactant excessed its CMC, micelles formation may negate this
stabilization effect and thus deteriorate membrane performance. Future studies need to
further optimize the surfactant loading to enhance its stabilization effect for better
separation property. In addition, RO membranes often show unsatisfactory removal of
viruses and bacteria, possibly due to the defects in the polyamide film.2® %3 Surfactant-
assisted IP may act as a potential strategy for mitigating this penetration thanks to the

reduced defects, which calls for more investigations.

We further found that TW addition could reduce membrane fouling propensity—the
TFC-TW membrane experienced lower flux decline and less accumulation of HA on
its surface compared to the TFC membrane (Figure 8a and b). The reduced fouling
tendency can be attributed to the more prominent nanovoids in TFC-TW, which could
potentially regulate the water transport and flux distribution above its polyamide film.2®:
8L 47 Interestingly, TFC shows much sharper flux decline than TFC-TW at the initial
stage of fouling test, which can be ascribed to the more defects in its polyamide layer.
Since defects can result in hot spots of high localized flux, foulants would preferentially
deposit at these regions at the initial stage to accelerate membrane fouling.%® 6 |t is
worthwhile to note that the current study only investigated fouling tendency over
relatively short filtration duration (96 h). Further studies need to verify the fouling
behavior over longer duration. The potential reduction in fouling propensity together

with the simultaneously enhanced membrane permeance and selectivity endows the
18



327  surfactant-assisted IP strategy with strong potential for future membrane design and

328  optimization.
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330 Figure 8. Effects of TW (0.001% wi/w) on (a) fouling propensity using HA as a model foulant (100 ppm
331  HA in 2000 ppm NaCl as the feed solution with an initial flux of 17 L m2 h', pH at ~6.5) and (b) the
332 accumulation of HA on the membranes after fouling (at MPD concentration of 0.5 w/w%).
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