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ABSTRACT

Hydrophilic nanofiltration membranes with single-layered or double-layered poly(ethylene
glycol) (PEG) based structure were fabricated by two-step interfacial polymerization (IP) to
enhance antifouling property. O,O’-bis(2-aminopropyl) polypropylene glycol-block-polyethylene
glycol-block-polypropylene glycol (jeffamine) was used as monomer and modifier in both layers. The
antifouling performance against bovine serum albumin (BSA) for the nascent polyamide membrane
with single PEG-based layer was not satisfactory with a highest water flux recovery ratio (FRR) of
75.9%. Therefore, a second IP was performed between jeffamine and the residual unreacted chlo-
roformyl group in selective layer to form an additional PEG-based layer, which demonstrated the
two-end-linked structure when jeffamine 2003 was used and the linear suspension structure when jef-
famine 600 was used. The results showed that the flux and rejection of membranes with double-layered
PEG-based structure had little variation compared with that of single-layered membranes, while the
antifouling performance against BSA was significantly improved by the additional PEG-based layer.
Moreover, the additional linear suspension PEG-based layer contributed more to antifouling perfor-
mance than the additional two-end-linked PEG-based structure. The membrane with the additional
linear suspension PEG-based layer displayed a highest water FRR of 99.6%, while the membrane with
the additional two-end-linked PEG-based layer displayed a highest water FRR of 83.6%.

Keywords: Antifouling; Poly(ethylene glycol) based; Linear suspension; Two-end-linked; Two-step
interfacial polymerization

1. Introduction

Water treatment by membrane technology has been
widely used in various applications. Nanofiltration (NF)
has been a hot spot over the last decade because of excellent
permeation-separation performance such as high water flux,

* Corresponding authors.

high rejection to multivalent salts and organic molecules
(molecular weights above 150), and relatively lower oper-
ating pressure compared with reverse osmosis (RO) [1].
However, in NF process, membrane fouling caused by var-
ious foulants often results in a sharp decline in flux and an
increase in maintenance and operation cost. A substantial
effort has been devoted to improve the antifouling prop-
erty of NF membranes. Increasing hydrophilicity is widely
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accepted because many foulants such as proteins are hydro-
phobic in nature [2]. Polyethylene glycol and its derivatives
with C-C-O segment (poly(ethylene glycol) (PEG)-based
structure) as effective hydrophilic modifiers and protein-
resistant agents are widely used in the surface modification
for enhancing antifouling property due to their extraor-
dinary antifouling abilities [2—4]. PEG-based antifouling
layer on selective layer can be obtained by dip coating [5],
electrospray [6], layer-by-layer assembly [7], grafting [8,9],
etc., which incorporate an additional layer on the selective
layer, resulting in a decrease in flux, since the additional
layer increases the mass transfer resistance. Therefore, the
membrane with a PEG-based selective layer rather than
the membrane with an additional PEG-based antifouling
layer on the selective layer has been fabricated to avoid the
decrease in flux in recent years. Akthakul et al. [10] coated
poly (vinylidene fluoride)-g-poly(oxyethylene methacry-
late) copolymer on poly(vinylidene fluoride) substrate. The
resulting membrane showed no detectable fouling over the
course of the 90- min filtration using oleic acid and trietha-
nolamine as the foulant. Gol et al. [11-13] introduced C-C-O
segment into polyamide (PA) selective layer of composite
membranes by in situ PEGylation of monomers or mixing
alkyl-amine-terminated PEG in interfacial polymerization
(IP). The resulting membranes showed improved anti-
fouling performance against bovine serum albumin (BSA,
250 mg L) with a lowest water decline of 7.5% after 20 h.
Zhao et al. [14] prepared polypiperazine-amide NF com-
posite membrane through trimesoyl chloride (TMC) react-
ing with piperazine (PIP) and O,O’-bis(2-aminopropyl)
polypropylene  glycol-block-polyethylene  glycol-block-
polypropylene glycol (jeffamine). The resulting membrane
showed improved antifouling performance in electrodi-
alysis concentrate treatment with almost complete water
flux recovery after hydraulic cleaning. Cheng et al. [15,16]
fabricated PEG-based selective layer by IP of linear amino-
functional PEG and TMC on polyethersulfone substrate,
containing the hydrophilic two-end-linked C-C-O segment
in the main chain of selective layer molecules. The result-
ing membrane demonstrated a high pure water flux of
66 L m™ h™ at 0.5 MPa with MgSO, rejection of 80.2% [15].
This membrane also displayed excellent antifouling perfor-
mance against BSA with a water decline of 68% and a water
flux recovery of 90.2% [16], but it could not match the mem-
brane with C-C-O segment in the side chain of the selective
layer acting as a grafted brush layer (comb-like structure/
linear suspension structure) at the membrane. For example,
composite NF membrane coated with the amphiphilic graft
copolymer poly(vinylidene fluoride)-graft-poly(oxyeth-
ylene) methacrylate displayed a slow water decline in
1,000 mg L BSA solution (13% after 10 d) [17]. These
results may indicate that the C-C-O segment in side chain
makes more significant contribution to the improvement of
the antifouling performance against BSA than the C-C-O
segment in main chain.

In this study, in order to investigate the contribution of
the two different structures (C—-C-O segment in side chain:
linearity suspension structure or C-C-O segment in main
chain: two-end-linked structure) to the improvement of
antifouling performance, we fabricated composite PA NF
membranes with single-layered PEG-based structure by

one-step IP and membranes with double-layered PEG-based
structure by two-step IP for systematic comparison. The
first PEG-based layer was synthesized by IP between TMC
and jeffamine on porous polysulfone (PSf) substrate, which
acted as the selective layer with modest antifouling property.
The second PEG-based layer was synthesized by another IP
between the residual unreacted chloroformyl group in the
first selective layer and jeffamine. Three different jeffamine
monomers with different chain length were used to form
the different structure in the second PEG-based layer. The
surface chemistry, morphology, and physical characters,
such as hydrophilicity and electronegativity, were charac-
terized. The permeation-separation performance and anti-
fouling performance of composite membranes were also
reported. The difference between the contributions of two
different structures to the improvement of the antifouling
performance was investigated and discussed.

2. Experimental
2.1. Materials

PSf (P-3500) was purchased from Solvay Co., Ltd.
(Shanghai, China). Jeffamine (ED600, ED900, ED2003 with
an average molecular weight of 600, 900, and 2,003, respec-
tively) were purchased from Aldrich Chemical Co. (Shanghai,
China). Magnesium sulfate (MgSO,, AR) were purchased
from Guangfu Fine Chemical Research Institute (Tianjin,
China). Disodium hydrogen phosphate (Na,HPO,, AR) and
sodium dihydrogen phosphate (NaH,PO, AR) were pur-
chased from Kermel Chemical Reagent Co., Ltd. (Tianjin,
China). TMC (98%) was purchased from Aladdin Reagent Co.
(Shanghai, China). The chemical structures of monomers are
shown in Fig. 1. The solvents N,N-dimethylformamide (DMFE,
99.5%), ethanol (99%), n-hexane (98%), and 1-methyl-2-pyr-
rolidinone (NMP, 99%) were purchased from Fengchuan
Chemical Reagent Technology Co., Ltd. (Tianjin, China).
BSA (95%) as foulant was purchased from Solarbio Science
and Technology Co., Ltd. (Beijing, China). Rhodamine B
(M, =479.68 g mol™), Bromophenol blue (M, = 670 g mol™),
and Congo red (M, = 697 g mol”) were purchased from
Tianjin Guangfu Fine Chemical Research Institute (Shanghai,
China). All the chemicals were used as received.

2.2. Membrane fabrication

PSf substrate was fabricated by nonsolvent-induced
phase separation. PSf was dissolved in the mixture of NMP
and DMF. After degassed, the casting solution was cast on
nonwoven fabrics with a uniform thickness of 250 pum and
then immersed into water. The as-fabricated membrane
was subsequently washed in the running water for 24 h to
remove the residual solvent and then kept in water prior to
usage. The substrate membrane displayed a pure water flux
of 328.7 L m? h™' at 0.1 MPa with a molecular weight cutoff
(MWCO) of 40 kDa.

The selective PEG-based layer of the composite mem-
brane was synthesized on the PSf substrate membrane by
IP. Jeffamine (ED600) was used in the aqueous solution.
The aqueous solution (1 wt.%) was poured onto the top
surface of substrate membranes for 5 min, and the excess
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Fig. 1. Chemical structures of monomers.

solution on the surface was carefully removed by a rubber
roller. Subsequently, 0.15% (m v~') TMC/n-hexane solution
was poured onto the substrate membrane soaked by aque-
ous solution to form the selective layer. After being washed
in n-hexane to remove the unreacted TMC, some nascent
composite membrane was heated in vacuum oven at 60°C
for 3 min to obtain the composite membrane with single
PEG-based layer, identified as XX-Com-S, where XX was
the aqueous monomer used in the first IP to form the selec-
tive layer. Some nascent composite membranes with single-
layered PEG-based structure were modified by a second
IP to form the composite membrane with double-layered
PEG-based structure, where the residual unreacted chloro-
formyl group from the first cross-linked layer reacted with
amino group in jeffamine. This method had been used in
modification of RO membranes [18] and forward osmosis
(FO) membranes [19], details were not displayed here for
brevity. After being washed in deionized water, ethanol,
and n-hexane successively, the composite membrane was
also heated in vacuum oven at 60°C for 3 min to obtain
the composite membrane with double-layered PEG-based
structure, identified as YY-XX-Com-D, where YY was the
aqueous monomer used in the second IP. The whole process
is presented in Fig. 2.

2.3. Membrane characterization

Attenuated total reflection Fourier transform infrared
spectroscopy (FTIR, Bruker Vector-22, Germany) was used to
confirm the reaction between TMC and jeffamine. For each
measurement, the membrane sample was scanned at 4 cm™
resolution from 400 to 4,000 cm™ range. X-ray photoelectron
spectroscopy (XPS, Thermofisher, USA) was used to charac-
terize the surface elemental content of membranes using an
Al K alpha X-ray source, which was also used to confirm the
reaction between TMC and jeffamine. Field emission scan-
ning electron microscope (FESEM, Hitachi S-4800, Japan) was
used to study the surface and cross-sectional morphologies.
Atomic force microscopy (AFM, Nanoscope 3, Agilent, USA)
was used to determine the surface roughness quantified as
the root-mean-square roughness (R ) in tapping mode at a
scanning rate of 1.2 Hz. Zeta-potential analysis meter (Anton
Paar, SurPASS, Austria) was used to determine the surface
charge property of composite membranes quantified as
zeta-potential (mv). The measurements were conducted at
pH 7 and 25°C. Contact-angle meter (SL200KB, USA) was
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Fig. 2. The two-step IP process used to fabricate composite
membranes with single-layered or double-layered PEG-based
structure.

used to measure the contact angle (°) of the pure water on the
membrane surface, characterizing the hydrophilicity of the
membrane surface.

2.4. Flux and rejection measurement

The flux and rejection measurements were performed in
a stainless permeation cell at room temperature and 0.5 MPa.
Before test, membranes were placed in the permeation cell
and operated under 0.5 MPa for 0.5 h to make sure the stabil-
ity of the test. The flux (J, L m™ h™) was calculated using the
following equation:



12 X. Ding et al. / Desalination and Water Treatment 144 (2019) 9-25

v
C Axt M

where V (L) is the water volume collected in the permeate
side, fixed at 10 L x 10 L in this study, A (m?) is the active
membrane area, fixed at 1.96 m? x 102 m? in this study, and
t (h) is the collection time.

The rejection (R) was calculated using the following
equation:

C
R:(lprloO% @)
C

f

where C (mol L) and G (mol L) are the salt concentrations
in the permeate and feed solution, respectively, determined
from the conductivity measured by an electrical conductivity
(DDS-11A, Shanghai Hongyi Instrument Co., Ltd., China).

2.5. MWCO determination

Aqueous solutions of dyes were filtered through mem-
branes to determine the MWCO (Da) at 0.5 MPa. These dye
solutions were prepared by dissolving dyes at a concentra-
tion of 50 mg L in deionized water. The concentration of
dyes was determined by ultraviolet spectrophotometer
(Beijing Puxi, T6). The MWCO is defined as the solute molar
mass at which the rejection is more than 90%.

2.6. Fouling resistance testing

BSA was dissolved in the phosphate-buffered saline
solution (pH = 7.4) with the concentration of 1,000 mg L
as foulant, which was kept in an ice water bath to prevent
the protein inactivation. The test was operated at room
temperature and at 0.5 MPa. The fouling resistance test was
conducted in three steps: (1) pure water flux test for 1 h, (2)
fouling process: water flux test with BSA solution for 8 h,
and (3) water backwashing process for 1.5 h. Normalized
flux (J,) was used to evaluate the flux change of composite
membranes, calculated by the following equation:

Ji
Jo

where ], (L m™ h™) is the initial water flux, calculated after
the first 10-mL collection, and ], (L m™ h™) is the real-time
water flux. The total water flux decline ratio (DRt, %) and
water flux recovery ratio (FRR, %) were used to evaluate the
antifouling performance of composite membranes. The DRt
caused by BSA fouling was defined and calculated using the
following equation:

Jn= ®)

]u,1_]

DRt = 2 %100% 4)

wl

where | (L m™h) isthe water flux tested at the end of step
(1) before BSA solution feeding and ], (L m™ h) is the water
flux tested after BSA solution feedmg for 8 h.

Water FRR was defined and calculated using the following
equation:

Jur

wl

FRR =2 x100% 5)
where | , (L m™ h™) is the water flux tested after water
backwashing for 1.5 h.

The ratio of reversible fouling over the total fouling
(R, %) and the ratio of irreversible fouling over the total
fouling (R, %) were defined and calculated using the
following equations, respectively:

R = []“:]*’] x100% 6)
R = {]wl__]wz] x100% @)

3. Results and discussion
3.1. Surface chemistry

The FTIR spectra of ED600-Com-S, ED600-ED600-
Com-D, ED900-ED600-Com-D, and ED2003-ED600-Com-D
are shown in Fig. 3. The characteristic peak of ED600 amide
at 1,660 cm™ (C=O stretching vibration) could be found
on ED600-Com-S and ED600-ED600-Com-D. The spectra
showed broad characteristic peaks in the range of 2,880-
3,000 cm™ (-CH,-) because of C-C-O repeat units in jef-
famine [20]. There was no obvious difference between the
spectrum of ED600-Com-S and membranes with double PEG
layers, which indicated that no definite evidence existed in
FTIR spectra to support the second IP.

XPS analysis was conducted to further determine the
surface elemental compositions of composite membranes
and then support the second IP. As shown in Fig. 4, the
intense signs of XPS peaks for oxygen, carbon, and nitrogen
elements appeared in the spectra of PSf substrate, ED600-
Com-S, ED600-ED600-Com-D, ED900-ED600-Com-D, and
ED2003-ED600-Com-D. Compared with PSf substrate,
the composite membrane contained a higher proportion

—— ED600-Com-S

e EDSOO ED600-Com-D

WWM/M

= ED900 ED600-Com-D

| \ ——— ED2003-ED600-Com-D
! L |J L 1 E. 1 1 1 13 i n 1

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm'1)

Fig. 3. FTIR spectra for composite membranes.
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Fig. 4. XPS spectra for PSf substrate (a), ED600-Com-S (b),
ED600-ED600-Com-D (c), ED900-ED600-Com-D (d), and
ED2003-ED600-Com-D (e).

of oxygen and a lower proportion of carbon (Table 1). The
increases in oxygen content and O/C ratio were the result of
higher proportion of oxygen in jeffamine. With the increase
in C-C-O repetitive units in jeffamine, the oxygen content
increased; ED2003-ED600-Com-D contained the highest
oxygen content, while ED900-ED600-Com-D contained the
highest O/C ratio probably due to the different structure of
C-C-O segment introduced in the second IP. ED600 with rel-
ative short chain might form the linear suspension structure
in the second PEG-based layer as shown in Fig. 2. That is
to say, one amino group in one jeffamine reacted with one
chloroformyl group in second IP due to the relative short
chain since the residual chloroformyl groups were not close
enough to form two-end-linked structure. When ED2003
was used, the relative long chain probably made two amino
groups in one jeffamine react with two chloroformyl groups.
That is to say, ED2003 in membranes might form two-end-
linked structure as shown in Fig. 2. The obvious decrease in
nitrogen content for ED2003-ED600-Com-D might support
this contention. When ED900 was used, some formed

Table 1
XPS results of membranes

Membranes Atomic percent (%)  Atomic ratio
(@) N C O/N O/C
PSf substrate 1692 1.30* 78.39 13.02 0.216
ED600-Com-S 2470 396 7078 623 0.350
ED600-ED600-Com-D  24.87 3.86 7080 6.44 0.350
ED900-ED600-Com-D 2547 395 70.16 6.42 0.363
ED2003-ED600-Com-D 2553 3,51 7096  7.27 0.359

aFrom the residual solvent.

two-end-linked structures and some formed linear suspen-
sion structures. The peak for sulfur element was absent in the
spectra of the composite membrane, indicating the complete
coverage of the PSf substrate by the PA layer and the long
PEG-based chain. The change in surface elemental compo-
sitions for membranes confirmed that jeffamine molecules
were introduced into the composite membranes. The first
and second IP processes were successful.

The high-resolution Cls spectra are shown in Fig. 5. The
area percentage of peak at about 285 eV assigned to C-C
bond decreased from 63.65% for PSf substrate to 26.28% for
ED600-Com-S due to abundant C-C-O units in jeffamine
and also decreased with the increase in C-C-O repetitive
units in jeffamine used in the second IP. Compared with PSf
substrate, the peaks at about 288 eV assigned to C=O bonds
occur in composite membranes, indicating the successful
reaction between chloroformyl group and amino group on
PSf substrate. The peaks at about 287 eV assigned to C-O and
C-N bonds occurred in composite membranes, indicating
the successful introduction of C—-C-O chain. Compared with
ED600-Com-S, the area percentage of C—-O/C-N bonds and
the area ratio of C-O/C-N over C=O for membranes with the
second IP increased, which further increased as the C-C-O
repetitive units increased in jeffamine used in the second IF,
indicating the successful proceeding of the second IP.

3.2. Morphology

The surface and cross-sectional morphologies of
membranes are shown in Figs. 6 and 7. All the composite
membranes were asymmetric structures, containing finger-
like voids and dense skins. The cross-sectional morphology
has no distinguished difference between membranes with
single-layered PEG-based structure and membranes with
double-layered PEG-based structure. As shown in Fig. 7,
porous structure with a diameter of about 0.35 pm was
observed in PSf substrate, while after IP, surface pores
were covered by the selective layers and dense skins were
observed in composite membranes. It could also be found
that the composite membrane had the rougher skin com-
pared with the PSf substrate. The grainy surface was the typ-
ical structure of PA on flat sheet NF membranes formed by IP
when using aliphatic amines [21,22]. And after the second IP,
nodules became larger, which was caused by the formation
of new regular nodules due to the connection or aggrega-
tion of grafted PEG chains in dry state [23]. Moreover, this
phenomenon was more distinct for long-chain ED2003 than
that of short-chain ED600.

AFM images are also presented in Fig. 8 in order to more
intuitively observe the stereo structure and obtain the rough-
ness of membrane surface. The results showed an increase
in the roughness of membrane surface after the first IP due
to the formation of the grainy structure. Compared with the
membranes with single-layered PEG-based structure, the
membranes with double-layered PEG-based structure had
smoother surface with a noticeably reduced surface rough-
ness after the second IP for grafting the PEG-based brush
layer in most cases, which were consistent with the results
in some other reports [24]. The smooth surface is generally
considered favorable to the alleviation of the adsorptions of
foulants on membrane surface [25].
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Fig. 5. High-resolution Cl1s spectra of detection for PSf substrate (a), ED600-Com-S (b), ED600-ED600-Com-D (c), ED900-ED600-Com-D

(d), and ED2003-ED600-Com-D (e).



X. Ding et al. / Desalination and Water Treatment 144 (2019) 9-25

ED900-ED600-Com-D

15

PSf substrate |
[r‘ .._' '_'

1.00um

ED600-ED600-Com-D

Fig. 6. Cross-sectional FESEM images of PSf substrate and composite membranes.

3.3. Surface hydrophilicity and charge characteristics

Surface hydrophilicity of membranes was characterized
by contact angle as shown in Fig. 9. All the composite mem-
branes had lower contact angles compared with PSf substrate
due to the introduction of C-C-O segment from jeffamine. All
the composite membranes with double-layered PEG-based

structure had lower contact angles compared with the
corresponding composite membranes with single-layered
PEG-based structure due to higher coverage of C-C-O
segment. ED2003-ED600-Com-D had lower contact angles
compared with ED900-ED600-Com-D and ED600-ED600-
Com-D, which was also due to higher coverage of C-C-O
segment confirmed by the XPS results in Fig. 5 and Table 1.
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Fig. 7. Surface FESEM images of PSf substrate and composite membranes.

Surface change character of membranes was characterized
by surface zeta-potential as shown in Fig. 10. Compared
with PSf substrate, ED600-Com-S had higher negative zeta-
potential due to the deprotonation of -COOH groups from
the partial hydrolysis of the chloroformyl group of TMC that
occurred after the first IP [26].

3.4. Permeation-separation properties of composite membranes

The permeation-separation properties of composite
membranes were evaluated by using pure water flux and
MgSO, rejection, and the results are shown in Figs. 11 and 12.
Using aliphatic amine (jeffamine) in the first IP resulted in
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Fig. 8. AFM images of PSf substrate and composite membranes.

the low MgSO, rejection. Combination with other small
molecule aqueous monomer (e.g. tris(2-aminoethyl)amine,
metaphenylene diamine, and PIP) in the first IP can increase
the rejection of MgSO,, as illustrated in supplemental
information. We also tested the dye rejection to determine
the MWCO of composite membranes; the rejections of
Rhodamine B for all the composite membranes were about
18%, the rejections for Bromophenol blue are about 30%,
and those for Congo red were about 93%, indicating that the
MWCO should be about 697 Da.

In this study, an interesting result was found that both of
the pure water flux and rejection of composite membranes
with double-layered PEG-based structure increased slightly
compared with those of composite membranes with single-
layered PEG-based structure, except ED900-ED600-Com-D.

Even for ED900-ED600-Com-D, the decreases in pure water
flux (2.8%) and rejection (0.25%) were tiny. It indicated that
the second PEG-based layer made little contribution to the
mass transfer resistance. The slight increase in pure water
flux was mainly contributed by the increase in hydrophilicity.
Although the zeta-potential increased, meaning the decrease
in surface change, the composite membranes with double-
layered PEG-based structure had slight higher rejections than
composite membranes with single-layered PEG-based struc-
ture as a result of the slight increase in water flux. Entirely
different results had previously been reported about RO/FO
membranes modified with PEG-based layer, where the water
flux was shown to decrease by up to 35%-50% upon surface
PEG grafting [19,23,27]. The increase in rejection confirmed
that the second IP did not destroy the compactness and
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Fig. 9. Contact angles of PSf substrate and composite membranes.
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Fig. 12. MgSO, rejections of composite membranes.

integrity of the selective layer, which also indicated that this
totally different result about the water flux might be obtained
from the different graft density. As seen in Table 1, the oxy-
gen content and O/C ratio increased slightly (0.69%, 3.1%, and
4.2% for oxygen content; 0%, 3.7%, and 2.6% for O/C ratio)
after the second IP in this study, indicating low graft density.
In other cases, the oxygen content and O/C ratio increased
evidently after grafting (8.5% for O/C ratio [19], 29.1% for O/C
ratio, and 24.7% for oxygen content [23]), indicating higher
graft density, which led to an increase in mass transfer resis-
tance and then a decrease in water flux. The performances of
some similar state-of-the-art membranes are shown in Table 2
for comparison. Obviously, the composite membrane in this
study showed an excellent property.

3.5. Antifouling properties of composite membranes

The process for measuring the antifouling performance
of the composite membranes with single-layered or double-
layered PEG-based structure and the change of water flux are
shown in Fig. 13. The DRt and water FRR of the fabricated
composite membranes are summarized in Figs. 14 and 15.
When using the pure water as the feed solution in the first
procedure during the first 60 min, the water flux declines
slightly for all composite membranes with double PEG-based
layers. In some cases, the water fluxes increased slightly.
The worst flux recession occurred in ED600-Com-S with a
decrease by about 10%. However, the water flux decreased
significantly when the pure water was replaced by the BSA
solution. As shown in Figs. 14 and 15, composite membranes
with double-layered PEG-based structure had lower DRt
and higher FRR than that with single-layered PEG-based
structure, indicating that the double-layered PEG-based
structure enhanced the antifouling properties.

We also found that composite membranes used ED600
and ED900 in the second IP had better antifouling perfor-
mances compared with composite membranes that used
ED2003. As we mentioned before, ED2003 formed the two-
end-linked structure in the second IP as shown in Fig. 2,
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Table 2

Comparison of separation performances for nanofiltration membranes

Modifier Membrane Water flux Operate Rejection Ref.
structure (Lm?h') pressure (MPa)
Zwitterionic polyelectrolyte Composite 91.6 1.6 97% (NaCl) [28]
Carboxyl groups Composite 49 0.6 44% (MgS0,) [29]
Graphene oxide Composite 38.4 0.8 80% (MgSO,) [30]
Ce(NO,), nanoparticles Composite 60.8 0.4 96.9% (methyl blue) [31]
Triethylenetetramine functionalized L-S asymmetric  97.7 1.0 46% (MgS0,) [32]
multiwall carbon nanotube
Zeolitic imidazolate framework-8 Composite 55.0 0.6 95% (Na,SO,) [33]
PEG segment Composite 78.1 0.5 46% (MgS0,) This study
41.8 0.5 85% (MgS0,) This study?
°In supplemental information.
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Fig. 13. The process of the fouling experiments and the time
dependence of water fluxes of fabricated composite membranes.
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Fig. 14. Total flux decline ratio of water for fabricated composite
membranes.

Fig. 15. Water flux recovery ratio for fabricated composite mem-
branes.

while ED600 formed the linear suspension structure. For
ED900, some might form two-end-linked structure and some
might form linear suspension structure. It indicated that the
linear suspension PEG-based layer improved the antifouling
properties more than the two-end-linked layer. The ratio of
reversible fouling over total fouling and the ratio of irrevers-
ible fouling over total fouling for composite membranes are
shown in Fig. 16. It was obvious that the composite mem-
branes with double-layered PEG-based structure had the
higher ratio of reversible fouling than the corresponding com-
posite membranes with single-layered PEG-based structure,
except ED2003-ED600-Com-D. And the ratio of reversible
fouling decreased as the increase in chain length used in the
second IP. As mentioned before, the second PEG-based layer
in ED2003-ED600-Com-D was also two-end-linked struc-
ture, but not linear suspension structure, which might be the
reason for the lowest ratio of reversible fouling. It indicated
that the linear suspension structure was responsible for the
reversible fouling. On the whole, membranes using ED600
in the second IP had the best antifouling performance, no
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Fouling ratio (%)

Fig. 16. The ratio of reversible fouling over total fouling and
the ratio of irreversible fouling over total fouling for composite
membranes.

matter from DRt, FRR, and the ratio of reversible fouling,
and then the membranes using ED900. Therefore, it could
be concluded that the linear suspension PEG-based structure
improved the antifouling properties significantly.

4. Conclusion

In this study, composite membranes with single-layered
or double-layered PEG-based structure were fabricated by
one-step or two-step IP with jeffamine as the antifouling
modifier. The hydrophilic C-C-O segment was in the main
chain in the selective layer synthesized by the first IP. By
using different monomers with different chain lengths in the
second IP, C-C-O segment formed linear suspension struc-
ture or two-end-linked structure in the additional PEG-based
layer. The additional layer improved the surface hydrophilic-
ity and reduced the surface roughness. The second IP did
not destroy the selective layer with almost no decrease in the
rejection of MgSO,. The additional layer did not increase the
mass transfer resistance with almost no loss of the pure water
flux. And in some cases, the pure water flux and rejection
even increased slightly. The PEG-based structure improved
the antifouling performance, especially the additional layer
which decreased the BSA fouling and led to lower water flux
decline ratio and higher water FRR compared with the cor-
responding composite membranes with single PEG-based
layer. And the linear suspension PEG-based structure was
more efficient to improve the antifouling properties than the
two-end-linked structure. The additional PEG-based layer
with linear suspension structure increased the reversible
fouling ratio, which finally led to the highest water FRR of
99.6% after pure water cleaning.
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The cross-linking between the aliphatic monomer
(jeffamine) and trimesoyl chloride resulted in the low
rejection; in this section, some other small molecule aque-
ous monomers (piperazine (PIP), m-phenylenediamide
(MPD), and tris(2-aminoethyl)amine) (TAEA) were mixed
with jeffamine to improve the rejection with the ratio of 3:7
(W/W). The characterization and performance are presented
in Figs. S1-S11.
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Fig. S1. FTIR spectra for composite membranes. After PIP and TAEA were incorporated into the polyamide matrix, the peak of
amide shifted from 1,660 cm™ to the lower wavenumber at 1,638 cm™ for ED600/PIP-Com-S and 1,656 cm™ for ED600/TAEA-Com-S.
And after MPD was incorporated into the polyamide matrix, the peak of amide shifted from 1,660 cm™ to the higher wavenumber
at 1,663 cm™ for ED600/MPD-Com-S due to the conjugation effect. All spectra showed broad characteristic peaks in the range of
2,880-3,000 cm™ (-CH,~), because of C-C-O repeat units in jeffamine.
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Fig. S2. Cross-sectional FESEM images of composite membranes.
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Fig. S3. Surface FESEM images of composite membranes. When incorporating MPD, a unique and characteristic ridge-and-valley
structure was observed, which was the typical structure of PA surface when using aromatic amines. When incorporating PIP, nodular
structure with a few dish-like bulges was observed, which was the typical characteristic of PA surface obtained from the polycon-
densation of TMC and PIP. When incorporating TAEA, “multi-layered” PA structure was observed, which contained a raised circular
structure on PSf substrate and a widespread PA layer.



24 X. Ding et al. / Desalination and Water Treatment 144 (2019) 9-25

MPD/ED600-Com-S (Rps=91.9 nm)  ED600-MPD/ED600-Com-D (Ris=45.4 nm)

Fig. S4. AFM images of composite membranes.
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Fig. 5. Contact angles of composite membranes. Fig. S6. Surface zeta-potentials of composite membranes.
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membranes.
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Fig. S8. The process of the fouling experiments and the time
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100

90
80
70
60
£
&= 50
S
40
30
20
10
0 - 0
ﬁ\' orty 0
00~ GO Q‘,QQ o 600’0 00,0
0% ©
Rl ?\p\E PENE NED P o
o 600 el
0

Fig. S9. Total flux decline ratio of water for composite membranes.
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Fig. S11. The ratio of reversible fouling over total fouling and
the ratio of irreversible fouling over total fouling for composite
membranes.
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