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Abstract

Intercalated structure and electrosprayed interfacial polymerization methods have
recently been proposed for permeability enhancement of polyamide membranes. In
this study, a Span 80 intercalated polyamide nanofiltration membrane was fabricated
through electrospray for simultaneously improving the surface structure, interfacial
stability and separation performance. The membrane obtained through electrosprayed
interfacial polymerization (EIP) showed a water flux of 83.0 L m? h! at an applied
pressure of 5.0 bar. The intercalated Span 80 severed as multifunctional layer for
simultaneously lowering surface roughness (RSa value of polyamide, 7 nm),
enhancing interfacial stability (better anti-backwashing ability) and separation
performance (enhanced water flux and BPA rejection). The current study provides
new opportunities for fabricating polyamide nanofiltration membrane with high
performance by combination of EIP and reactive interlayer strategy.

Keywords: Electrospary, Polyamide nanofiltration membrane; Interfacial

polymerization.



1. Introduction

Polyamide-based nanofiltration (NF) membrane extensively used for desalination and
wastewater reclamation, is a promising technology for addressing the water scarcity
issue [1-3]. A typical NF membrane is composed of a porous substrate and a dense
separation layer commonly fabricated through interfacial polymerization between
amine monomer and acyl chloride. The formed dense polyamide layer can reject
various solutes including metal ions and organic contaminants with molecular weight
in the range of 200-1000 Da [4]. Despite impressive progresses achieved in recent
years, the challenge still remains e.g. precise structure control of polyamide layer and

enhancement of the flux and rejection for organic compounds [5].

In order to improve the structure control and separation performance of polyamide
based nanofiltration membrane, many strategies have been developed by tuning
surface structure, surface chemistry and thickness of polyamide layer [6]. For
example, thin film nanocomposite (TFN) membranes with a variety of nanoparticles
incorporation (e.g., NaA zeolite, MCM-41, TiO2, Ag, SiO2, carbon nanotubes,
graphene oxide and MOF/COFs) have been reported [7-15]. However, aggregation
and ununiform dispersion of nanoparticles in polyamide layer remains as a critical
challenge. Interfacial polymerization at the free oil/water interface was also reported
for obtaining ultrathin and defect-free polyamide layer [16, 17]. However, the

subsequent transfer of this ultrathin film is challengeable. Recently, an interlayer



incorporation strategy was proposed as a promising strategy for high performance NF
membranes. NF membranes incorporating an interlayer of cadmium hydroxide
nanostrands, carbon nanotubes, polydopamine, polydopamine-Ag, ZIF-8, Tannic
acid/Fe**, cellulose nanocrystals or polyphenol show greatly improved water
permeability [18-25]. However, the relatively complicated synthesis processes or
post-removal of interlayer limited their applications. Moreover, interfacial stability

between polyamide and the support layer needs to be further demonstrated.

In parallel to interlayer strategy, more recently, electrosprayed interfacial
polymerization (EIP) was reported for fabricating polyamide reverse osmosis
membrane by using m-phenylenediamine and trimesoyl chloride for enhanced
separation performance [26-28]. In this process, surface structure, polyamide
thickness and surface morphology of polyamide layer can be precisely tuned in
analogy to 3D printing. Despite of the innovative method for reverse osmosis
membrane fabrication, to the best of our knowledge, nanofiltration fabrication through
electrosprayed interfacial polymerization has not been studied yet. The structure and
chemistry control of electrosprayed nanofiltration membrane, the formation

mechanism of polyamide and its separation performance is of great interest.

In this study, we fabricated a polyamide composite nanofiltration membrane with

high performance through electrosprayed interfacial polymerization. A thin



polyamide separation layer (about 20 nm) coupled with a Span 80 interlayer
contributed to interfacial stability, surface structure and separation performance
enhancement. A layer-by-layer assembly of polyamide layer and unique reaction
characteristic during electrospray was proposed and systematically studied. The
electrosprayed interfacial polymerization and reactive interlayer (Span 80) strategies

provide new insights for fabricating of high performance polyamide membranes.

2. Experimental section

Chemicals and Materials. Commercial polyether sulfone (PES) membrane was
used as substrate and purchased from RisingSun Membrane (China) with a molecule
weight cut-off of 20000. Hexane, acetone and ethanol of analytical grade were
purchased from Sinopharm Chemical Reagent Co., Ltd (China). Span 80, piperazine
(PIP, 99%), inorganic salts (NaxSO4, MgS04, MgCl and NaCl),
1,3,5-Benzenetricarbonyl trichloride (TMC 99%) and BPA were all bought from

Aladdin Industrial Corporation (China).

Electrospraying interfacial polymerization. An illustration of electrospraying
interfacial polymerization was presented in Figure 1. Specifically, PIP was dissolved
in deionized water with different weight concentration (0.06%, 0.12%, 0.24% and
0.48%). TMC was dissolved in hexane-acetone mixed solution (volume ratio of 4:1)

in order to increase the spinnability (Figure S1). Concentration ratio between TMC



and PIP was set as 1:3. PES membrane was flushed by deionized water and wiped by
dust-free paper, then fixed on rotating drum of electrospinning setup (SS-3556H,
Ucalery, China) with a constant rotating rate of 80 rpm. Freshly prepared PIP/water
and TMC/hexane-acetone solutions were loaded in two syringes respectively with
feed rate of 1.2 mL/h. Distance between PES membrane and spinnerets was kept at
6.0 cm. Applied voltage was about 9 kV. During electrospray, the spinnerets kept
horizontally moving (100 mm/min) from side to side for uniform formation of
polyamide. After certain time of electrospray, the membrane was peeled off and
heated at 60 °C for 10 min in an oven. Finally, the obtained membrane (denoted as
EIP membrane) were stored in deionized water. EIP membrane fabricated through
different electrospray time was denoted as EIP-X, where X stands for electrospray

time.

For fabrication of Span 80 intercalated composite polyamide, a Span 80 interlayer
was electrosprayed prior to the formation of polyamide. 10 g/L. of Span 80/ethanol
solution was electrosprayed on PES substrate. Electrospray details were as follows:
distance between spinneret and PES membrane was 10 cm; feed rate was set as 1.0
mL/h; applied voltage was about 10-11 kV. The obtained membranes were air dried
overnight before use and denote as S-PES. An illustration diagram for fabricating EIP

and S-EIP membrane can be found in Figure S2.



For comparison, a polyamide NF membrane made by conventional interfacial
polymerization was also prepared. Firstly, 50 mL of 0.24% PIP aqueous solution was
poured on a PES substrate, which was clamped in a home-made device, and kept for 3
min. And then PIP solution was carefully removed by a rubber roller. After that, 50
mL of 0.08% TMC/hexane solution was introduced to cover the PES membrane for 2
min. After reaction, the synthesized membrane was washed by hexane and cured in 60
°C oven for 10 min. Finally, the obtained membrane (denoted as CIP membrane) was

kept in deionized water.

Membrane Characterizations. Surface and cross-section morphologies of
membranes were investigated by scanning electron microscopy (Hitachi S4800,
FESEM) and transmission electron microscopy (Tecnai F20, TEM). Prior to SEM test,
a thin layer of platinum was coated. The roughness and 3D images of membrane
surfaces were measured by scanning probe microscope (Dimension 3100 Vecco) at a
scan rate of 1 Hz in tapping mode. The scanning probe microscope images were
analyzed by Nanoscope analysis 1.7 software. Zeta potential of prepared membranes
was evaluated by the electrolyte analyzer (SurPASS Anton Paar, GmbH) with ImM
KClI solutions as electrolyte solution. Chemical composition of different membranes

were tested by X-ray photoelectron spectroscopy (XPS, Shimadzu Axis Ultra DId).



Membrane Separation Performance. Membrane flux and rejection were tested
using a home-made cross-flow filtration apparatus. Effective filtration area of the cell
was 6.15 cm?. All NF membranes were filtrated at 6.0 bar for at least 2 h to stable
Membrane separation performance. Pure water flux and rejection (1.0 g/L for salts,
and 1.0 mg/L for BPA) performances of membranes were tested at 5.0 bar. All
experiments were carried out at least three times and the average data were reported.
For anti-backwashing evaluation experiments, membrane was firstly fixed in the
cross-flow filtration apparatus upside down (polyamide layer faced spacer), and then
pure water was used for filtration through this membrane at 6.0 bar for 1 h. After that
pure water flux and salt rejection of the backwashed membrane was tested again as
usual (polyamide layer faced feed solution). Rejection loss was the rejection
difference before and after backwashing.

Membrane flux (Jw) was calculated through equation 1:

Vv
S x At

w (1

where V, S and At presents the volume of permeate water (L), the effective area of

membranes (m?) and filtration time (h), respectively.

Removal efficiency (R) was calculated by equation 2:

C,-C
R=—"2 ® % 100% )

where Cp, and Cr are the concentration of permeate and feed solutions. Salt

concentrations were tested by electrical conductivity meter (DDSJ-308F, Shanghai
8



leici instruments). Concentrations of BPA was detected by high performance liquid
chromatography (1260, Agiilent Technologies Inc). Details about BPA analyze can be

found in supporting information.

Membrane water permeability A and salt permeability B were calculated by

equation 3 and 4:

_Jw
AP —-Arx

Jw
B=2—J, )

3)

where A (L m? h'! bar!) is the membrane water permeability, AP is the applied

pressure and Ax is the osmotic pressure between feed solution and filtrate.
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Figure 2. SEM and SPM images of different membranes, (a-c) CIP, (d-f) EIP (PIP
0.24%, TMC 0.08%), (g-i) PES substrate, (j-1) S-PES and (m-o) S-EIP (PIP 0.24%,

TMC 0.12%).

Morphology and structure of membranes. Interfacial polymerization has been
widely used for fabricating of polyamide based membranes and the formation
mechanism became clearer now [29, 30]. However, recently reported reverse osmosis
membrane prepared through electrosprayed interfacial polymerization has
revolutionized the traditional understanding of polyamide formation [27, 28]. The
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distinguished features of this strategy are including accurately controlled thickness

and controlled surface morphologies of polyamide layer.

Different from the intrinsic bulk-reaction nature of CIP, electrosprayed interfacial
polymerization simulates an additive manufacturing process with reciprocating scans
of monomer spray [26, 28]. Therefore, mechanism of polyamide formation was
different in EIP process compared with CIP. Figure 2a-b showed that typical
“ridge-and-valley” structured polyamide layer was obtained through CIP strategy,
RSa value of the membrane was 41.1 nm (Figure 2c). The roughness structure was
ascribed to the localized reaction heat and escape of nanobubbles [31]. However,
electrosprayed polyamide layer exhibited a relatively smooth surface (RSa = 15.3 nm,
Figure 2 d-f). This roughness value was comparable to that of the PES substrate
(RSa=9.7 nm, Figure 2g-i). Surface roughness can further decreased (RSa = 7.0 nm,
Figure 2m-o0) if a Span 80 interlayer was electrosprayed before electrosprayed
interfacial polymerization. The reason was might mainly due to the flexibility of Span
80 molecular, as it contains long aliphatic tail (16 carbon atoms). The flexible Span 80
layer smoothed PES membrane, as RSa value decreased from 9.7 nm (PES, Figure 21)
to 6.5 nm (S-PES, Figure 21). It was also not significantly affected by the PIP
concentration (Figure S3). In the EIP process, polyamide was growing layer by layer
with the scanning of sprayed monomer. For each scan, the interfacial polymerization
was relatively isolated and facilitated the dissipation of reaction heat.

11



The key advantage of EIP was thickness control during polyamide formation.
Compared to the relatively thick rejection layer of the CIP membrane (~ 125 nm,
Figure 2b), the electrosprayed polyamide layer was quite thin, with no clear boundary
between polyamide and PES substrate (Figure 2e). In addition, incorporation of an
interlayer (Span 80) between polyamide and the PES substrate reduced surface
roughness of both PES substrate (Figure 2j-i) and the obtained electrosprayed

polyamide layer (Figure 2m-o) .

50 nm

I'hickness (nm)
s

0.0 1.0 2.0 a0

Electrospray time (h)

Figure 3. TEM images of different membranes: (a) EIP-0.5, (b) EIP-1, (c) EIP-2 and
(d) EIP-3 (e). TEM image of electrosparyed polyamide membrane prepared by high
concentration (PIP: 1.44%; TMC: 0.48%). (f) Relationship between polyamide
thickness and electrospray time.
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TEM was applied to explore the structure of electrosprayed polyamide layer.
Results in Figure 3 showed that clear polyamide layer can be found on top of PES
substrate. Thickness of electrosprayed polyamide layer increased linearly with
electrospray time (Figure 3f), which can be controlled from 10 nm to 63 nm with
extending spray time from 0.5 h to 3.0 h (Figure 3a-d). A growth rate of 22 nm/h

(0.73 nm/scan) was obtained under current electrospray conditions.

Notably, a lamellar structure was clearly observed from the cross section of
electrosprayed polyamide layer (inset image of Figure 3e), which is distinctly
different from the isotropic structure of cross-linked polyamide matrix formed in CIP
process. Typical lamellar spacing with low density can be found between adjacent
polyamide layers, which can function as additional nano-channels for water
transportation. Therefore, both significantly reduced thickness and additional water
channels of EIP polyamide nanofiltration membranes could contributed enhanced flux

while maintaining high rejection.
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Figure 4. C 1s core level spectra of CIP (a), EIP (b) and S-EIP (c) membrane. EIP and

S-EIP membranes were fabricated using 0.24% PIP and 0.08% TMC.
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XPS results in Figure 4 verified the formation of amide bonds, and CIP, EIP and
S-EIP membranes exhibited similar chemical structure. -O—C=0/-N-C=0 peak at
288.1 eV and C-N peak at 286 eV were attributed to the typical polyamide structure,
which formed from the reaction between PIP and TMC [32]. The above results
confirmed that polyamide layer can be formed on the ultrafiltration substrate through

both CIP and EIP strategies.
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Figure 5. Flux and rejection performances of electrosprayed membranes using
different PIP concentrations (a, ratio of TMC/PIP was 1:3; electrospray time was 2 h)
and different electrospray time (b); water-salt permselectivity (A/B) vs. water
permeability (A) of polyamide membranes (c, EIP(x), x stands for PIP concentration).
Zeta potential properties of EIP, S-EIP and CIP membranes (d). Separation

performance of EIP-1 and S-EIP membrane for different salts ().
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Separation performance and formation mechanism of polyamide. Figure 5a
showed that PIP concentration during electrospray has a strong effect on separation
performance of membrane. As PIP concentration increased from 0.06% to 0.48%,
membrane flux decreased form 133.1 L m? h'! to 28.6 L m™ h''. Meanwhile, rejection
for Na2SO4 of the membrane was increased from 52.9% to 96.3%. Low monomer
concentration may cause a thin, loose or even incomplete polyamide layer, and ions
just go through the thin film layer with defects, which weakened the membrane
selectivity accordingly. These results were similar with the traditional interfacial
polymerization process as PIP concentration has a great effect on the formation of
selective layer and separation performance [20]. An optimal flux (62.5 L m? h'") and

rejection (96.3%) was obtained when PIP concentration was 0.24%.

As thinner polyamide can offer higher flux [33], thickness of polyamide layer was
tuned by electrospray time. Results in Figure 5b indicated that membrane flux
gradually decreased from 120.1 L m? h'! to 34.7 L m? h!' as electrospray time
increased from 0.5 h to 3 h. Meanwhile, rejection for Na2SOs was firstly increased
from 82.7% (0.5 h) to 95.5% (1 h) and then leveled off after 1 h of electrospray.
Membrane with 1 h of electrospray (EIP-1) exhibited a water flux of 83.0 L m™ h!
which was 33.0% improvement compared with membrane with 2 h of electrospray
(EIP-2). Therefore, 1 h of electrospray was considered as the optimal condition and
following membrane samples were fabricated based on this condition. A comparison
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of water-salt permselectivity (A/B) towards water permeability (A) was showed in
Figure 5c. According to the results in Figure 5c, EIP method can precisely manipulate
the water-salt permselectivity in a wide range, and endow membrane with higher A

value with comparable A/B value with CIP membrane.

Separation performance of membrane fabricated in this study was compared with
previous literatures reported membranes. As Table 1 showed that most of polyamide
based nanofiltration membranes (including commercially available NF270 membrane)
prepared with conventional interfacial polymerization exhibited a low permeability of
lower than or around 10 L m™ h'! bar! despite the difference of amine monomer and
acryl chloride monomer. However, the electrosprayed membrane (EIP-1) showed
significantly higher permeability (16.6 L m h'! bar''), which was nearly four times of
control CIP membrane (4.4 L m? h'! bar!) and 48.2% enhancement compared with
NF270 membrane. This enhancement of water permeability can be attributed to the
reduction of polyamide thickness through the electrospray strategy. However, Na2SO4
rejection of EIP membrane was slightly decreased compared with CIP membrane. The
reason might due to the slightly decreased crosslinking degree of EIP membrane as
discrete interfacial polymerization through electrospray. XPS results in Figure 4 also

showed slightly decreased —O—C=0/-N-C=0 component in EIP.

Table 1. Comparison of different membranes.
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Na2SOs4 rejection  Pure water permeability

Monomers Refs
(%) (L m? h'! bar)
PEI/PAA 98.3 5.5 [34]
PIP/DA 98 9.8 [35]
PIP/TMC/Si 97.4 7.8 [11]
PIP/mm-BTEC 95 10.3 [36]
PIP/CS 89.1 10.1 [37]
NF90 99.1 7.0 [23]
NF270 98.5 11.2 [23]
PIP/TMC (EIP) 95.5+0.7 16.6+0.4 This work
PIP/TMC (CIP) 98.1+0.15 4.4+0.2 This work

Donnan effect associated with polyamide chemistry influenced the partitioning and
transport of ions and solutes [38, 39]. In a typical CIP process, the occurrence of
interfacial polymerization was commonly considered in organic phase due to limited
solubility and diffusivity of TMC in water [40, 41]. However, situation was different
in EIP process. Figure 1 showed that organic phase (TMC/hexane/acetone) and water
phase (PIP/water) were ejected from two parallel needles with equal collection
distance (6 cm). The evaporation time of a microdroplet was closely related to its
surface tension, partial pressure and density etc [42]. Hexane/acetone solution was

completely evaporated during electrospray under current experimental conditions
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(Figure S4). However, water phase cannot be completely evaporated (Figure S4).
Therefore, electrosprayed interfacial polymerization reaction was actually occurred on
the interface of water rather than in organic phase, which resulted in enhanced
hydrolysis of acyl chloride [43]. Zeta potential results (Figure 5d) showed that
membrane fabricated through EIP strategy was more negatively charged compared
with CIP strategy. Relatively low rejection of MgSOs compared with Na2SO4 further
confirmed negatively charged property of electrosprayed polyamide membrane
(Figure 5e). Rejections for MgCl2 and NaCl were in the range of 20%-30% (Figure

6b).
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different membranes (c); Pure water flux and rejection loss (difference before and

after backwashing at 6 bar for 1 h) of S-EIP and EIP membrane (d).

Function of Span 80 interlayer. Interlayered polyamide composite structure was
recently developed for high performance nanofiltration membranes [7-13].
Permeability enhancement was commonly reported [44]. However, combination
stability between polyamide layer and support layer was often decreased. In this study,
a Span 80 interlayer was incorporated in electrospray process for strengthening the
combination between polyamide layer and support layer. Hydroxyl groups in Span 80
covalently bonded with acyl chloride (or hydrolyzed carboxyl groups) under the
catalysis of hydrogen chloride produced during interfacial polymerization (Figure 6a).
The occurrence of carbonyl ester peak at 1730 cm! for S-EIP (Figure 6b) verified this
reaction. Water contact angle of PES membrane increased from 56.5° to 65.3° after
Span 80 electrospray, which was mainly due to the hydrophobic nature of Span 80
(Figure 6¢). S-PES membrane increased the penetration resistance of water phase
compared with PES membrane. Therefore, more water can be available on S-PES
membrane surface in subsequent electrosprayed interfacial polymerization process,
which enhanced the hydrolysis of TMC molecules. The enhanced hydrolysis of TMC
endowed the S-EIP membrane with a relative small water contact angle (74.0°)
compare with EIP (79.7°, Figure 6¢). The aliphatic chain of Span 80 bonded with
support layer through hydrophobic interactions [45]. As some TMC molecules were
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consumed by Span 80, concentration of TMC was re-optimized. The S-EIP membrane
exhibited membrane permeability of 13.4+0.6 L m? h' bar! (Figure S6). The
backwashing results in Figure 6d indicated that pure water flux was nearly maintained,
while rejection loss (for Na2SQO4) of S-EIP was smaller than EIP membrane without
Span 80 interlayer. This was mainly due to the bridging effect of Span 80 between
polyamide and support layer. In addition, long-term separation performances of EIP

and S-EIP membranes in Figure S7 suggested their stability.

(a) 100 (b) 100 -
E‘ 80t % 80} 0 f
3 77 2 _
E o0f % % 60k
Tg 40 Z % 40 _E');p;\\-[m” Weshing Washing
s ’ o
: _ £
5 20} Z = 20}
0 120 240 360 480

=
]
w
i
i
-
o]
w
-
-~

Time (min)
Figure 7. BPA rejection performance of different membranes (a) and recycle

performance for BPA removal (b).

More interestingly, BPA rejection performances were increased after Span 80
incorporation despite of the support membrane or electrosprayed nanofiltration
membrane (Figure 7a). EIP membrane without Span 80 interlayer showed BPA
rejection of 81.6%, however, BPA rejection of S-EIP membrane with Span 80
interlayer was increased to 97.8%. Actually, common polyamide based nanofiltration
membranes can only reject 50%-80% of BPA depends on the membrane composition

20



[46]. Therefore, except for the reduction of surface roughness and enhancement of
interfacial stability, incorporated Span 80 can also benefit for BPA removal. The main
reason for BPA removal enhancement was might due to synergistic hydrophobic
interaction and hydrogen bonding attraction between Span 80 and BPA [47]. The
aliphatic hydrocarbon chain served as the hydrophobic groups in Span 80, and it can
easily attach with the two methyl groups in BPA due to similar solubility parameters
[45, 48]. Meanwhile, hydroxyl groups in both Span 80 and BPA facilitate the
hydrogen bonding between each other. In addition, BPA removal performance of
S-EIP membrane can be regenerated through a simple washing using ethanol solution
(Figure 7b). A comparison between the current study and previous literatures was
made (Table 2). The results indicated that membrane permeability of S-EIP was more
than two times of higher than some of the literatures reported membranes with

comparable BPA removal efficiency.

Table 2. Preparation conditions and performance of TFC membranes.

EDC Rejection Pure water permeability
Membrane Refs
(%) (L m2 h! bar)
NF90/PDA 99 (BPA) 3.9 [46]
PIP/DA 99 (BPA) 6.3 [49]
PIP/TMC/BA >80 6.1 [50]
99.7
TA/Fe 5.1 [51]
(benzylparaben)
PIP/TMC/MEA 90.8 6.5 [52]
PIP/TMC(S-EIP) 97.8+0.78 (BPA) 13.4+0.6 This work
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4. Conclusions

In this study, we fabricated a Span 80 intercalated polyamide composite
nanofiltration membrane with reduced surface roughness, enhanced flux, interfacial
stability (polyamide layer and support layer) and also BPA removal ability through
electrospray strategy. Electrosprayed interfacial polymerization (EIP) simulating
nano-scaled additive manufacturing process, offers distinguished features including
precise thickness control (several to dozens of nanometers), smoothed and negatively
charged surface and lamellar structured nano-channels. Reduced thickness and
additional lamellar spacing nano-channels are responsible for flux enhancement
compared to conventional interfacial polymerization (CIP). In addition, in order to
enhance the interfacial stability between polyamide and support layers, Span 80
interlayer was introduced. Span 80 interlayer exhibited several important features for
nanofiltration membrane fabrication, including more smoothed polyamide surface,
enhanced anti-backwashing ability and enhanced BPA removal efficiency. Strategy
proposed in the current study may provide more opportunity for polyamide

nanofiltration fabrication.
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