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ARTICLE INFO ABSTRACT

It is imperative to fabricate nanofiltration membrane with promising separation performance and stability for
desalination and wastewater treatment. In this work, inspired by polyphenol chemistry, composite nanofiltration
membrane is facilely manufactured by a combined strategy of epigallocatechin-3-gallate (EGCG)-poly-
etheylenimine (PEI) co-deposition and trimesoyl chloride (TMC) cross-linking on porous polytetrafluoroethylene
(PTFE) substrate. Separation performance of membrane was optimized by controlling EGCG-PEI coating time,
EGCG-PEI mass ratio and TMC concentration. Chemical structures and surface properties of the optimal mem-
brane were characterized systematically. It was found that a dense and defect-free selective layer was formed
with negatively charged surface and molecular weight cut off of 380 Da (stokes radius of 0.46 nm). Experimental
results showed that the optimal membrane yielded a pure water permeability of 9.15 L/(m*h-bar), high rejec-
tions of salts in a sequence of Na,SO4 (95.5%) > MgSO, (86.3%) > MgCl, (79.1%) > NaCl (61.4%) and
excellent rejections of dyes (99.9% for neutral red, methyl orange and crystal violet) at 0.2 MPa. Moreover, the
membrane exhibited favorable structural stability and long-term operation stability due to the strong EGCG-PEI
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adhesion property and robust interfacial interactions.

1. Introduction

Water scarcity is perceived as one of the most serious worldwide
challenges, as two-thirds of the global population undergo severe water
shortage at least one month a year [1,2]. Among the membrane-based
technologies for water treatment, nanofiltration (NF) has been of great
interest and increasing significance in water desalination and waste-
water reuse due to its high retention of multivalent ions and low-mo-
lecular-weight (< 1000 Da) organic molecules [3]. NF membrane is a
kind of pressure-driven membrane whose separation characteristics are
between those of ultrafiltration (UF) membrane and reverse osmosis
(RO) membrane with advantages of relatively high separation capacity
and low energy consumption [4,5]. Currently, interfacial polymeriza-
tion is the dominant technique to fabricate both commercial and la-
boratory NF membrane which comprises a polyamide selective layer
attached onto a porous substrate that is typically an ultrafiltration or a
microfiltration membrane [6]. However, the compatibility between the
selective layer and the support layer might not be good enough to
endow the membrane satisfactory structural stability in harsh condi-
tions [7], as there’s no chemical bonding force between these two
layers. To ensure the structural integrity of composite NF membrane
and confer attractive properties to the selective layer, surface coating
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with advanced functional building blocks followed by in-situ cross-
linking on porous substrate is proved to be an effective strategy [8,9].

Dopamine (DA), a kind of catecholamine, has been verified to be
self-polymerized spontaneously under aerobic and weak alkaline con-
ditions and form adhesive and functional coatings on various substrates
[10]. In the past decade, numerical studies have applied mussel-in-
spired coatings to fabricate composite NF membranes [7,11-14]. De-
spite of these inspiring studies, DA might encounter with drawbacks in
its practical application. It is susceptible to deterioration in storage due
to the coexistence of catechol and amine groups within one molecule
[15]. Besides, the dark color of the formed coatings further set limit on
its applicability. In this regard, it is desired to develop alternative
coating strategies for fabricating versatile membranes.

Plant polyphenols with high content of catechol/pyrogallol groups
have been verified to form multifunctional coatings ascribed to the
oxidative oligomerization of polyphenol precursors under mild condi-
tions as reported by Messersmith and co-workers [16]. They show great
potentials as green building blocks for material engineering, such as
modification of hydrogels [17], capsules [18], thin films and particles
[19]. In addition, polyphenol-inspired coatings not only retain the
merits of PDA coatings, but also exhibit better stability and light colors
[20]. Recently, the feasibility and superiority of employing polyphenol
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chemistry for developing NF membranes have been verified. Abdellah
et al. successfully fabricated a novel composite organic solvent nano-
filtration membrane via the interfacial polymerization of catechin and
terephthaloyl chloride on cellulose porous substrate [21]. Shao’s group
designed a novel Ni*>* -polyphenol network as an excellent bio-coating
to obtain NF membranes with unconventional high water flux and high
rejection for rose Bengal [22]. Xu and coworkers thoroughly in-
vestigated the catechol-amine reaction occurring on the active layer of
NF membrane [20]. Nonetheless, the utilization of polyphenol-inspired
coating strategy for fabricating NF membrane has not yet been ex-
tensively explored. There’s still great room for further investigation.
Epigallocatechin gallate (EGCG) is the most abundant natural poly-
phenol in green tea. And it is more available and less expensive than
other green tea catechins such as epicatechin, epicatechin gallate and
epigallocatechin (chemical structures of green tea catechins are shown
in Fig. S1). Previously, we found that EGCG could deposit with poly-
ethyleneimine (PEL, a commercially available polymer with abundant
amino groups) on membrane surface to form a hydrophilic and robust
selective layer by means of Michael addition/Schiff base reaction and
non-covalent interactions [23]. However, the as-prepared loose NF
membranes were aimed to separate dyes and salts in textile wastewater
rather than to desalinate water. Herein, EGCG involved coatings were
further employed to fabricate dense NF membranes by a combined
strategy of surface coating and cross-linking for water softening and
remediation.

In this work, we proposed a straightforward and effective method to
fabricate dense NF membranes for inorganic salt and dye removal via
the co-deposition of ECGG-PEI followed with cross-linking by trimesoyl
chloride (TMC) onto hydrophilic microporous polytetrafluoroethylene
(PTFE) substrate. The chemical structures, morphologies, hydro-
philicity and charge properties of the resultant membranes were sys-
temically studied. Effects of EGCG-PEI coating time, EGCG-PEI mass
ratio and TMC concentration on membrane separation performance
were also evaluated to obtain the optimal membrane. Moreover, the
separation efficiency towards different inorganic salts and relative low-
molecular-weight dyes along with the structural stability in ethanol and
long-term performance stability of the optimal membrane were as-
sessed. This work would offer useful insights into the designing of dense
NF membranes on basis of polyphenol chemistry for water softening
and recycling.

2. Experimental
2.1. Materials

Porous PTFE (both hydrophilic and hydrophobic, pore size:
0.22um), polyethersulfone (PES, pore size: 0.22um) and poly-
vinylidene fluoride (PVDF, pore size: 0.1 um and 0.22 pm) membranes
with diameter of 100 mm were supplied by Haining Zhongli Filtering
Equipment Factory (China). Epigallocatechin-3-gallate (EGCG, >95%)
was purchased from Dalian Meilun Biological Technology Co., Ltd.
(China). Bicine (99%) was purchased from Tianjin Heowns Biochem
LLC (China). Branched polyethyleneimine (PEI, 99%, M,, = 1800) was
provided by Shanghai Macklin Biochemical Co., Ltd. (China). Trimesoyl
chloride (TMC, 99%) was purchased from J&K LLC (China). NaCl
(98.0%), MgCl, (98.0%), Na,SO, (99.0%), MgSO, (99.5%), NaOH
(98.0%), diethylene glycol, polyethylene glycol (PEG, with different
molecular weights 200, 400, 600, 1000), ethanol and n-hexane were
supplied by Tianjin Kermel Chemical Reagent Co., Ltd. (China). Neutral
red, methyl orange and crystal violet were purchased from Tianjin
Yuanli Chemical Co., Ltd. (China). The basic properties of dyes are
shown in Table 1.The water used in the experiments was deionized (DI)
water.

Separation and Purification Technology 232 (2020) 115964

2.2. Fabrication of composite NF membranes

Prior to surface coating, hydrophilic PTFE substrates were immersed
in DI water for 4 h then thoroughly washed with DI water. The coating
solutions were prepared by dissolving EGCG at a fixed concentration of
0.5mg/mL and PEI at certain concentrations in buffered saline (pH
7.8). Then, PTFE substrates were immersed in the above coating solu-
tion for certain time in air at ambient temperature. Notably, only top
surfaces of PTFE membranes were exposed to the coating solutions in a
home-made device (see Fig. S2). Subsequently, the coated membranes
were washed thoroughly with DI water to remove unreacted chemicals.
After dried by filter paper, the top surfaces of membranes were im-
mersed into TMC solution (dissolved in n-hexane) for further cross-
linking at 60 °C for 20 min. Then, the membranes were thoroughly
washed with n-hexane to remove residual chemicals followed by post-
treatment in vacuum at 60 °C for 20 min. As a control, NF membranes
were also fabricated via direct interfacial polymerization of PEI and
TMC on PTFE substrates. Finally, the resultant NF membranes were
rinsed several times and preserved in DI water overnight before char-
acterization and evaluation. The surface modification strategy was also
applied to fabricate other composite NF membranes with porous PES,
PVDF and hydrophobic PTFE membranes as substrates.

2.3. Membrane characterization

All membrane samples were dried under vacuum at 40 °C for 24h
prior to characterization. Attenuated total reflectance Fourier transform
infrared (FTIR/ATR) spectroscopy (Bruker, Germany) analyzed the
chemical structures of membrane surfaces, while X-ray photoelectron
spectroscopy (XPS, Thermo, USA) characterized the compositions of
membrane surfaces. Membrane surface morphology was captured by a
field emission scanning electron microscopy (FESEM, Hitachi, S-4800,
Japan). Membrane surface roughness in terms of average roughness
(Ra) and root mean square roughness (Rq) was measured by an atom
force microscopy (AFM, NTEGRA Spectra, Russia). Water contact an-
gles of membrane samples were measured by a goniometer (Powereach,
JC 2000, China) at room temperature. Zeta potential of membranes
over a pH range of 3-9 was analyzed by an electrokinetic analyzer
(Anton Paar SurPASS 3, Austria) with 0.001 M KCl aqueous solution.

2.4. Evaluation of membrane separation performance

The molecular weight cut off (MWCO) of NF membrane was de-
termined by filtrating a series of neutral organic solutes (diethylene
glycol and PEG, 50 mg/L) with molecular weights ranging from 106 to
1000 Da at 0.2 MPa [24]. MWCO was obtained according to the mo-
lecular weight where the rejection is 90%. A total organic carbon
analyzer (TOC-L, SHIMADZU, Japan) was utilized to measure the
concentration of organic solute in the feed and permeate solution.
Stokes radius of neutral molecule can be calculated according to its
average molecular weight based on the following equation [25]:

rp = 16.73 X 10712 x M0357 @

where M and r;, are the molecular weight of solute and the Stokes ra-
dius, respectively.

Separation performance of NF membrane was evaluated by a la-
boratory dead-end filtration cell (effective area of 33.18 cm?) under
0.2 MPa at 25 °C. The membranes were pre-compacted with DI water
under 0.25 MPa to reach a steady flux. Water flux (J, L/m?h) of mem-
branes was calculated by the following equation:

14
J=—
A-At 2)
where V, A and /\t stand for the volume of permeate (L), the effective

membrane area (m?) and the operation time interval (h), respectively.
Rejection performance of NF membrane was determined using
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Table 1
Properties of dyes used in the experiments.
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Dye Molecular weight (g mol™1)

Molecular volume® (cm ™3 mol ~ %)

Diameter” (nm) Charge Optimized structure®

Neutral red 288.8 277.43

Methyl orange 327.3 176.65

Crystal violet 408.0 348.67

1.24 Positive @

1.48 Negative <4 el

1.39 Positive s 4

2 Data were given by the Gaussion 09 program at the B3LYP/6-311G+ + (d, p) level.

1000 mg/L salt (NaCl, Na,SO4, MgCl,, and MgSO,) solutions and
100 mg/L dye (natural red, methyl orange and crystal violet) solutions.
Rejection (R, %) for salts and dyes was calculated by Eq. (3):

(-2
R=|1-22]|x100
Cr ©)]

where C,, and Cy are the solute concentrations in the permeate and feed,
respectively. The concentrations of salt solutions and dye solutions
were measured with a conductivity meter (DDS-307A, Leici, China) and
a UV-vis spectrophotometer (UV-4802S, Unico, USA), respectively. All
results presented were repeated at least three times to ensure the re-
producibility.

2.5. Membrane stability tests

The fabricated composite NF membranes were immersed into ab-
solute ethanol for two weeks to study the structural stability. After a
certain time of immersion (every 48 h), the membranes were taken out
and washed thoroughly with deionized water. Then, the water flux and
rejections for Na,SO4 and neutral red were tested again.

To evaluate membrane long-term operation stability, the composite
NF membrane was tested continuously for 120h at 0.2 MPa with
1000 mg/L Na,SO, solution. The permeate flux and rejection of Na;SO4
were recorded every 12 h.

3. Results and discussion
3.1. Chemical structures of the membrane surfaces

Fig. 1 schematically illustrates the fabrication process of the dense
NF membrane. First, EGCG-PEI coating was formed on hydrophilic
microporous PTFE substrate and the resultant membrane was denomi-
nated as EGCG-PEI/PTFE. Then, the top layer was further densified by
in-situ cross-linking between TMC and PEI The final membrane was
denoted as EGCG-PEI-TMC/PTFE. Additionally, the chemical structures
of EGCG, PEI and TMC coupled with the possible reactions occurring on
the top layer are delineated in Fig. 1.

To reveal the reaction between EGCG and PEI, UV-vis analysis was
performed to monitor the absorbance of EGCG-PEI coating solution. As
a control, the absorbance spectra of sole EGCG (at neutral pH) and PEI
in buffered saline are also presented. As shown in Fig. 2(a), the char-
acteristic absorption peak of EGCG at 273 nm is observed for sole EGCG
solution. For EGCG-PEI solution, the emerged peak at 328 nm accounts

for the absorption of quinone structures [20,28], suggesting that the
pyrogallol-type phenols in EGCG can be oxidized into quinonoid species
under weak alkaline solution. The peak at around 450 nm might be
attributed to the cross-linked structures between quinone and amine
groups.

ATR-FTIR was applied to analyze chemical structures of the mem-
brane surfaces. As shown in Fig. 2(b), comparing the spectra of pristine
PTFE and EGCG-PEI/PTFE, the latter shows three new peaks at
1610cm ™!, 1360cm ™! and 1070cm ™! corresponding to the C=C
stretching vibration in the aromatic ring [29,30], C-NH—C stretching
and C—O—C stretching, respectively. The results indicate the successful
introduction of PEI and EGCG molecules on membrane surface. A new
peak emerges on the spectrum of EGCG-PEI-TMC/PTFE at 1545 cm ™!
attributed to N—H stretching (amide II). Moreover, the intensity of the
peak at 1610 cm ™! obviously increases possibly due to the newly in-
troduced C=C bond from TMC and N—H deformation vibration from
aromatic amide [31]. The changes confirm the formation of polyamide
in the active layer by cross-linking between TMC and PEI.

To further characterize the compositions of membrane surface, XPS
measurement was carried out and the results are shown in Fig. 2(c) and
Table 2. Of note, the spectrum of pristine PTFE contains C, F and O
elements. The appearance of O element might be ascribed to the hy-
drophilization of PTFE. It is found that the F content declines sig-
nificantly from 13.9% to 2.9% after co-deposition of EGCG-PEI on PTFE
substrate, due to the surface coverage of membrane by the newly
formed layer. In addition, compared to the pristine PTFE substrate, an
intense signal peak of N 1s with the element content of 10.2% appears
on the spectrum of the EGCG-PEI/PTFE, which is derived from PEI of
the coating layer. As shown in Fig. 2(d), the high-resolution of N 1s
spectrum of EGCG-PEI/PTFE presents C=N bond (at 400.4 eV), in-
dicating that EGCG was cross-linked by amine to form Schiff base [32].
Based on the characterizations and relevant research, it can be con-
jectured that EGCG, similar to polydopamine, catechol and tannic acid,
can be oxidized to a quinoid form and then cross-linked by the primary
amine groups of PEI through a Schiff base/Michael addition reaction in
an alkaline buffer solution [26,28,32-34]. After further cross-linked by
TMC, both the C/N ratio and O/N ratio increase, resulting from C and O
elements in TMC. Besides, the new peak at 400.0 eV on the spectrum of
EGCG-PEI-TMC/PTFE (Fig. 2(d)) is assigned to O=C—N [35,36], in-
dicating that the amidation reaction occurs between TMC and PEI. The
above results demonstrate that the PTFE substrates are successfully
coated by EGCG-PEI and then cross-linked by TMC.
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Fig. 1. (a) Fabrication process of composite NF membrane and (b) proposed reaction mechanism occurring on membrane surface [26,27].

3.2. Morphologies of the membranes

SEM served the analysis of membrane surface morphology. As
shown in Fig. 3(a), pristine PTFE substrate possesses reticular micro-
structures consisting of fibrils connected by nodes. After the first step of
EGCG-PEI co-deposition, some nano-size and micro-size aggregates
formed and well-distributed on the reticular structures of membrane
surface due to the adhesion property of EGCG as well as the reaction
between EGCG and PEI Consequently, the pores on the surface were
partially covered. Further cross-linking by TMC generated a dense and
defect-free surface layer on EGCG-PEI-TMC/PTFE, implying that poly-
amide was successfully formed by the cross-linking between TMC and
PEL The dense and uniform top layer, which fully covered the porous
substrate without visible defects, might favor the selectivity of the
composite NF membrane.

Fig. 3(b) shows the three-dimensional AFM images and the values of
average roughness (Ra) and root mean square roughness (Rq) for the
pristine PTFE, EGCG-PEI/PTFE and EGCG-PEI-TMC/PTFE. The Ra and
Rq values of the unmodified PTFE substrate are 84.9 nm and 109.7 nm,
respectively. After ECGG-PEI co-deposition, the values increase greatly
to 113.1 nm and 142.4 nm, respectively, which might be attributed to
the formed aggregates on membrane surface as shown in Fig. 3(a). After
TMC cross-linking, the membrane surface becomes smoother with Ra
and Rq values lower than those of PTFE substrate due to the coverage of
substrate surface by the newly formed layer. The changes of membrane
roughness correspond well to the changes of membrane morphology.

3.3. Surface properties of the membranes

Fig. 4 illustrates the static and time-dependent water contact angle
(WCA) of the membranes. Due to the hydrophilic and micrporous
nature of the PTFE substrate, it only takes 3.5s for WCA to decrease
from 52° to 0. With EGCG-PEI coating on membrane surface, the initial
WCA declines from 52° to 40°, as a result of the micro-nanostructures
coupled with the abundance of hydrophilic hydroxyl and amine func-
tional groups on membrane surface. However, the time for WCA of
EGCG-PEI/PTFE to decrease to zero is longer (~8.0s) than that of
pristine PTFE, which is attributed to the reduced surface pore size as
observed by SEM in Fig. 3(a). The cross-linking of amine in PEI with
acyl chloride in TMC resulted in EGCG-PEI-TMC/PTFE possessing a
higher contact angle (58°) due to the amide group formed by cross-
linking and the hydrophobic benzene group in TMC [11]. In addition,
the WCA of the membrane declines from 58° to 15° in 90 s. The relative
long time is mainly caused by the dense selective layer which hinders
water droplet to penetrate into membrane matrix.

Surface charge of NF membrane plays a crucial rule in the removing
efficiency of charged solutes based on Donnan exclusion and dielectric
effects [24,37]. Herein, the zeta potentials of EGCG-PEI coated mem-
brane and the resultant composite NF membrane are shown in Fig. 5. It
has been found that EGCG-PEI/PTFE is slightly positively-charged at
pH = 6.0 as a result of the pronated amine groups (—NHs;") and its
isoelectric point is about 6.68. However, the isoelectric point of EGCG-
PEI-TMC/PTFE decreases dramatically to 4.71, mainly due to the hy-
drolysis of acyl chloride groups into carboxylic groups in the selective
layer. The negatively charged surface of EGCG-PEI-TMC/PTFE at neu-
tral and basic conditions would benefit for the separation of negatively



N. Zhang, et al.

Separation and Purification Technology 232 (2020) 115964

@ ] (©)
=== PEl in buffered saline
EGCG at neutral pH £ Wl
\ —— EGCG-PE! in buffered saline = == 1 J k
3 - E\ EGCO-PEI-TMCPTFE]
& EOC0PELTIG
=
8 ! 273 nm 2 |
c ! = V| ecenraumre
E 241 : I o
o g |
§ 328 nm s | Y |
14 ree"""\| rstnaFrrE
450 nm tana T
okt T T T T T T
¥ ‘ 8O0 700 600 500 400 300 200 100
o s Binding energy (eV)
(d) EGCG-PEIFPTFE
T T 1 T T T 1
250 300 350 400 450 500 550 600
Wavelength (nm) ]
.'. C-N
(b) < akF
Pristine PTFE N &
o Sk NN
EGCG-PEVPTFE e —_—
—— S 08 0 402 400 308 38 a0
© EGCG-PELTMC/PTFE Binding energy (eV)
% EGCG-PE-TMC/PTFE
o
e
=]
w
o
<
e e I
4000 3500 3000 2500 2000 1500 1000 500 - T —_——
5 406 404 402 400 398 305 304
Wavenumber (cm™) Binding energy (eV)

Fig. 2. (a) UV-vis spectra of 8-fold diluted sole PEI solution, sole EGCG solution, and EGCG-PEI coating solution after 6 h, (b) ATR-FTIR spectra, (c) XPS spectra of
pristine PTFE, EGCG-PEI/PTFE and EGCG-PEI-TMC/PTFE and (d) de-convoluted high-resolution N 1s spectra of EGCG-PEI/PTFE and EGCG-PEI-TMC/PTFE.

charged components in solution.

3.4. Preparation condition optimization of the composite NF membranes

The effects of EGCG-PEI coating time, EGCG-PEI mass ratio and
TMC concentration on the separation performance of the as-prepared
composite NF membranes were investigated systematically to optimize
membrane fabrication conditions. In this work, the coating time of
EGCG and PEI had significant impact on membrane properties. As
shown in Fig. 6(a), when the coating time increased from O to 6 h, the
water flux decreased dramatically from 52.4 L/m?h to 9.4 L/m?h while
the rejection of Na,SO, increased significantly from 18.4% to 95.5%,
which was ascribed to the formation of thicker and denser active layer
with the prolonging of coating time. However, with the coating time
further increasing, both the water flux and the rejection decreased to a
small extent. It’s possibly because that the coating of EGCG and PEI
reached an optimum state at 6 h for the following cross-linking and
membrane performance cannot be enhanced further with longer time.
Similar results have also been reported in the literature [7]. Therefore,
6h, the optimized coating time of EGCG and PEI, was chosen in the

Table 2

following investigation.

The mass ratio of EGCG and PEI in the coating solution also pre-
dominantly determined the resultant membrane performance. Fig. 6(b)
illustrates that as the mass ratio of EGCG and PEI increased from 1:0.5
to 1:4, the water flux decreased gradually, meanwhile the rejection of
Na,S0O, first increases to the maximum value of 95.5% (at the mass
ratio of 1:2) then decreases. The thickness and denseness variations of
coating layers on porous substrates might be accounted for the results
[7]. Simultaneously taking into consideration of membrane perme-
ability and selectivity, 1:2 was the proper EGCG-PEI mass ratio for
constructing NF membrane with decent performance.

Fig. 6(c) exhibits the effect of TMC concentration on the filtration
performance of the composite membranes. Obviously, the rejection of
Na,SO, first increased from 80.3% to 95.5% with the increase of TMC
concentration from 0.1 wt% to 0.2 wt% and then decreased to 71.7% as
TMC concentration further increased to 1.0 wt%. Meanwhile, the water
flux showed an inverse tendency. At lower TMC concentration, the
degree of cross-linking on membrane surface was low ascribed to the
insufficient acyl chloride groups, so that the active layer was relatively
thinner and looser, leading to the lower salt rejection and higher water

Surface elemental compositions of pristine PTFE, EGCG-PEI/PTFE and EGCG-PEI-TMC/PTFE by XPS.

Membranes Element content (atom.%) Element ratio

C1s Fls O1s N 1s C/N O/N
Pristine PTFE 59.1 = 0.3 139 = 0.4 27.0 = 0.5
EGCG-PEI/PTFE 65.3 = 0.3 29 = 0.1 21.6 = 0.4 10.2 = 0.3 6.4 + 0.2 2.1 = 0.0
EGCG-PEI-TMC/PTFE 66.4 = 0.5 1.2 £ 0.2 23.2 = 0.3 9.2 = 0.2 7.2 = 0.1 25 * 0.0
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Fig. 3. (a) SEM and (b) AFM images of pristine PTFE, EGCG-PEI/PTFE and EGCG-PEI-TMC/PTFE.
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flux. When the TMC concentration reaches to 0.2 wt%, the cross-linking
reaction is the most adequate. However, at further increased TMC
concentration, swelling action might occur, which caused the decreased
rejection and increased water flux [38,39]. From the above, the opti-
mized EGCG-PEI coating time, EGCG-PEI mass ratio and TMC con-
centration were fixed at 6 h, 1:2 and 0.2 wt%, respectively. And the NF
membrane (EGCG-PEI-TMC/PTFE) prepared at the optimized condi-
tions was employed to evaluate its potential applications in the fol-
lowing section.

3.5. Separation performance of the optimal EGCG-PEI-TMC/PTFE

3.5.1. MWCO and pore size

MWCO and effective surface pore size of EGCG-PEI-TMC/PTFE were
determined through permeation tests to neutral organic solutes with
different molecular weights. As shown in Fig. 7, as the molecular
weight increases, the solute rejection of the NF membrane increases
owing to the steric effect. The MWCO of EGCG-PEI-TMC/PTFE is ap-
proximately 380 Da, which corresponds to an effective pore radius of
about 0.46 nm according to Eq. (1), demonstrating that the fabricated
membrane falls into the category of NF membrane.

3.5.2. Pure water permeability and rejection of salts and dyes

Fig. 8 illustrates pure water flux of EGCG-PEI-TMC/PTFE membrane
over operating pressure. Apparently, pure water flux increases linearly
as operating pressure increases, which is well consistent with the
Spiegler-Kedem model [40]. And the pure water permeability obtained
from the linear fit of experiment data is 91.5 L/(m? h-MPa).

Fig. 9(a) shows the rejection of EGCG-PEI-TMC/PTFE towards four
types of salt solutions. It’s widely accepted that the rejection of NF
membrane is mainly dominated by Donnan replusion and steric hin-
drance. The negative charge on the surface of the NF membrane (shown
in Fig. 5) would attract cations and repulse anions, resulting in a higher
rejection to bivalent anion SO,2~ while a lower rejection to bivalent
cation Mg?*. Besides, the hydrated ionic radius follows the order of
Mg®*  (0.43nm) > SO,>~ (0.38nm) > Na* (0.36nm) > Cl~
(0.33nm) [41]. Therefore, as a result of the synergistic effect of Donna
repulsion and size exclusion, EGCG-PEI-TMC/PTFE exhibits the fol-
lowing rejection order to salts: Na,SO; (95.5%) > MgSO4
(86.3%) > MgCl, (79.1%) > NacCl (61.4%). Fig. 9(b) shows the effect
of salt concentration on membrane rejection. Apparently, the salt re-
jection decreases gradually from 95.5% to 83.2% with NaySO4
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concentration increasing from 1000 mg/L to 5000 mg/L. At high salt
concentrations, the excessive salt ions would diffuse on membrane
surface to shield the electrostatic repulsion by neutralizing the negative
charged surface, leading to lower rejection of anions [40,42]. The result
verifies that the salt rejection of charged NF membranes has a de-
pendency on the feed concentration.

Three different types of dye (neutral red, methyl orange and crystal
violet) solutions were employed to evaluate dye removal efficiency of
the fabricated NF membrane. Dye properties (including molecular
weight, molecular volume, diameter, charge and optimized structure)
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are presented in Table 1. As illustrated in Fig. 10, the membrane ex-
hibits outstanding dye rejections (99.9% for all three dyes) despite of
the difference in dye properties. The influence of size exclusion plays a
primary role in dye removal due to the large molecular weight of dye
molecules [43]. Although the molecular weights of neutral red and
methyl orange are smaller than the MWCO (380 Da) of EGCG-PEI-TMC/
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PTFE, the dye molecules could still be excluded by the membrane. The
results are reasonable because dye aggregation also plays a role in the
separation process. It has been found that dye molecules often exhibit a
limited diffusivity and are prone to form large molecules and clusters
via inter-molecular hydrogen bonding and/or the hydrophobic inter-
actions between the aromatic rings of adjacent molecules, leading to
the increase in actual size of a dye molecule in aqueous solution
[25,44,45].

3.5.3. The influence of microporous substrates on membrane performance

In this work, besides hydrophilic PTFE substrates, PES, PVDF and
hydrophobic PTFE membranes were selected as porous substrates to
fabricate NF membranes as well. The properties including pore size and
wettability of the substrates are shown in Table 3. For better compar-
ison, the preparation conditions of all composite NF membranes are
identical to those of the optimal membrane (EGCG-PEI-TMC/PTFE).
The general applicability of our strategy was demonstrated by the
corresponding variations of membrane morphologies as observed by
SEM (see Fig. S3), suggesting the successful formation of a top layer on
different porous substrate. However, the integrity and uniformity of top
layer varied with different substrate, leading to the difference in water
flux and rejection properties of the resultant NF membranes, as shown
in Table 3. It can be concluded that pore size, pore structure as well as
hydrophilicity of porous substrates could significantly affect the cross-
linking process, thus influencing membrane separation performance.
Notably, hydrophilic PTFE substrate is most suitable for fabricating NF
membrane under present conditions.

3.6. Stability of the optimal EGCG-PEI-TMC/PTFE

3.6.1. Structural stability

EGCG-PEI-TMC/PTFE was immersed in absolute ethanol for 14 days
to evaluate its structural stability. Fig. 11(a) shows that after 96 h im-
mersion, pure water flux increases from 9.4 L/m>h to 20.8 L/m?h, while

Table 3
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the rejection of Na;SO,4 decreases by about 27%. The increase in water
flux and decrease in salt rejection at the initial stage of immersion
might be that a small fraction of EGCG-PEI aggregates and/or poly-
amide fragments with low molecular weight have dissolved in ethanol,
unblocking the membrane pores to some extent [46,47]. However, the
pure water flux and rejection for Na,SO4 remain almost unchanged
from 96 h to 336 h, demonstrating that the membrane structure keeps
stable. For comparison, composite NF membrane was also prepared via
direct interfacial polymerization of PEI and TMC, assigned as PEI-TMC-
EGCG. PEI-TMC-EGCG exhibits satisfying separation properties as
shown in Table S1. However, in the long-term ethanol treatment, the
water flux of PEI-TMC-EGCG increases steadily while the rejection of
Na,SO, decreases sharply as shown in Fig. 11(b), indicating that PEI-
TMC-EGCG has much poorer structural stability than EGCG-PEI-TMC/
PTFE. The results confirm that the existence of EGCG evidently im-
proves the structural stability of composite NF membrane by enhancing
the interaction between active layer and substrate. Notably, the rejec-
tions of neutral red for both EGCG-PEI-TMC/PTFE and PEI-TMC/PTFE
maintain high during the entire stability test, suggesting that ethanol
treatment could swell polymeric membrane but not seriously damage
its structure.

3.6.2. Long-term operation stability

To evaluate the long-term operation stability of EGCG-PEI-TMC/
PTFE, 120 h continuous filtration of 1000 mg/L Na,SO, solution was
carried out. As shown in Fig. 12, there’s no obvious degradation in
permeate flux during 120 h and Na,SO, rejection can keep about 93.5%
after a stable running period, demonstrating that the fabricated NF
membrane possesses good durability and long-term stability. It’s pro-
posed that the good stability of membrane relies on the good compat-
ibility between membrane selective layer and porous substrate, re-
sulting from the strong adhesion ability of EGCG and the robust
interactions among EGCG, PEI and TMC through covalent bindings. It
can be seen from Fig. S4 that the morphology and surface chemistry of
EGCG-PEI-TMC/PTFE have no apparent variation after being rinsed by
pure water for 20 days, demonstrating the robust adhesion and inter-
facial interactions on the skin layer.

4. Conclusions

In summary, this work opens a simple avenue to construct compo-
site NF membrane with the assistance of polyphenol chemistry for
water desalination and reuse. The NF membrane (EGCG-PEI-TMC/
PTFE) was successfully prepared via EGCG-PEI co-deposition on porous
hydrophilic PTFE substrate followed by TMC cross-linking, as con-
firmed by ATR-FTIR, XPS, SEM and AFM analysis. The optimal NF
membrane prepared at EGCG-PEI coating time of 6 h, EGCG-PEI mass
ratio of 1:2 and TMC concentration of 0.2 wt% possessed a defect-free
and negatively-charged selective layer with stokes radius of 0.46 nm,
which contributed to the desirable rejections of salts (e.g. 95.5% for
Na,SO,4) and superior rejections of dyes (e.g. 99.9% for neutral red).
Moreover, the membrane exhibited good structural stability when
treated by ethanol as well as good long-term performance stability due
to the strong interfacial interaction between the selective layer and

Performance of composite NF membranes fabricated with different porous substrates.

Membrane PWF L/(m? h) Rejection (%) Properties of the substrate

NaySO4 Methyl orange WCA () Pore size (um)
EGCG-PEI-TMC-PES 358 + 0.4 115 = 1.2 57.6 + 0.2 49 = 1 ~0.22
EGCG-PEI-TMC-PVDF 1325 + 32 - - 124 = 2 ~0.22
EGCG-PEI-TMC-PVDF, ¢ 27.5 £ 0.5 183 =+ 1.5 76.4 = 0.8 110 = 2 ~0.1
EGCG-PEI-TMC-PTFEpydrophobic 9.6 + 0.7 85.7 + 0.4 98.6 + 0.7 143 + 2 ~0.22
EGCG-PEI-TMC-PTFE 9.4 + 0.4 95.5 + 1.8 99.9 + 0.1 52 £ 1 ~0.22
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porous substrate. This work broadens the scope of applying polyphenol
chemistry in fabricating dense NF membranes to be potentially used in
water softening and small organic contaminants removal.
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