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Abstract-Inspired by the specific amino acid sequence Asn-Pro-Ala (NPA) of water channel aquaporins (AQPs), we
fabricated polyamide (PA) nanofiltration (NF) membranes by introducing reduced glutathione (GSH) in interfacial
polymerization (IP) method. Fourier transform infrared spectroscopy (ATR-FTIR), X-ray photoelectron spectrometry
(XPS), scanning electron microscope (SEM), atomic force microscopy (AFM), zeta potential and static water contact
angle measurement were employed to characterize the chemical composition, morphology, electronegativity and
hydrophilicity of the NF membranes. The water flux of GSH/PIP-TMC NF membrane reached 32.00L m™> h™" at
0.2 MPa, which was approximately twice than that of pristine PIP-TMC NF membrane when the ratio of GHS to pip-
erazidine (PIP) was 40% during IP process. More water channels were built as GSH was embedded into PA layer. The
fabricated NF membranes also took on potent rejection for dyes and Na,SO,. This study presents a simple and facile
method to simulate water channels-based biological materials which may find potential application in water treatment.
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INTRODUCTION

Water scarcity counts as one of the largest global issues due to pop-
ulation growth, misuse, industrialization and climate change [1,2].
To tackle this issue, efficient and sustainable technologies are urgently
required for the supply of fresh water in considerable amount. In
recent years, the membrane-based process has aroused much atten-
tion in water purification and desalination processes [3,4]. Aquapo-
rins (AQPs), membrane proteins ubiquitous in the cells of organisms,
take on notably high water permeability and rejection of protons,
ions and neutral solutes. Due to its potent selectivity, different types
of AQPs biomimetic membranes with high selectivity and perme-
ability have been fabricated by introducing proteoliposomes or pro-
teopolymersomes onto the supporting membranes.

Polymeric membranes were prepared by Kumar et al. [5] by
introducing Aquaporin Z (AqpZ) into amphiphilic triblock-poly-
mer vesicle. The as-prepared membranes took on a water perme-
ation flux that was approximately one order of magnitude higher
than the existing membranes and complete rejection of glucose, glyc-
erol, salt and urea. By using immobilized AqpZ lipid bilayer (SLB)
as filler material, Wang et al. [6] successfully applied layer-by-layer
(LbL) method to fabricate a novel nanofiltration (NF) membrane.
The resultant membranes displayed a huge flux and excellent rejec-
tion to univalent and multivalent salts. Zhao et al. [7] reported reverse
osmosis (RO) membranes via interfacial polymerization (IP) be-
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tween m-phenylene diamine (MPD) and trimesoyl chloride (TMC)
with AQP-based proteoliposomes as aqueous solution additive,
which exhibited superior water permeability and were approximately
40% higher than the commercial RO membrane. The operational
complexity and high cost make it impossible for large-scale appli-
cations, though AQPs-based biomimetic membranes have shown
unexceptionable permeability and selectivity [8-10]. To solve this
problem, simple compounds such as biologic materials can be se-
lected to systematically design biomimetic membranes.

Reduced glutathione consists of glutamic acid, cysteine and gly-
cine, which plays multiple critical functions in vivo, such as detoxi-
fication to some heavy metals, transport of cysteine and gene ex-
pression [11-13]. GHS has a similar amino acid sequence with selec-
tivity filters of AQP1. The interactions between amino acid and water
molecules notably affect the process of water transport in the fil-
ters of AQP1. Besides, Asn-Pro-Ala (NPA) and aromatic-arginine
(ar/R) constrictions are formed in the selectivity filters of AQPI,
which are critical for selective permeation of water molecules, ions
and protons [14]. Besides, the transport of water in the AQP1 also
depends on the hydrogen-bond-forming groups, which primarily
originate from residues histidine (H) 182, arginine (R) 192 and car-
bonyl oxygens of residues G190, C191 and G192 [15].

Recently; several approaches, such as solution casting [16,17], solu-
tion coating [18], IP [19,20], have been employed to fabricate NF
membranes. Solution casting is a conventional process where mul-
tifunctional nanomaterial or macromolecule is blended into poly-
mer matrix, followed by phase inversion method to form NF mem-
brane. Nevertheless, the polymer matrix and inorganic material are
often poorly compatible, leading to poor dispersion and aggrega-
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Fig. 1. The ball-stick model of GHS molecule.

tion of nanoparticles, which is detrimental to phase inversion pro-
cess as decreasing the separation performance of membrane [21].
Normally, solution coating is a strategy by which viscous solution is
coated onto the surface of the supporting membrane to construct
a selective layer. However, coating solution may permeate into the
macropores of the supporting membrane rather than forming a
selective layer [22]. Besides, the thickness of the separation layer
could be tens of micrometers, which could hinder the penetration
of water molecules through the membrane. Accordingly; a low flux
is caused. IP is an economical method to fabricate NF membrane
as compared with solution casting and solution coating, by which
polymerization takes place at the interface between water and organic
phases under mild conditions [23]. To obtain superb separation
performance, the thin layer and supporting membrane can be de-
signed independently [24]. To our best knowledge, no work has
been reported about embedding biomaterial-peptide into NF mem-
brane.

Given this, we introduced GHS into polyamide (PA) membranes
via IP method as inspired by the special amino acid sequence NPA
of AQPs, and filtration efficiency of the GHS/PIP-TMC NF mem-
branes was increased. The difference between this work and the
previous one primarily lies in two aspects. On the one hand, we
embedded parallel structure-GHS into PA layer in the IP process
as inspired by the superstructures of AQPs, which was expected to
increase the performance of the membrane. On the other hand,
GHS could disturb the formation of dense PA network formed by
crosslinking between PIP and TMC. This could cause the NF mem-
branes to possess a comparatively loose PA layer, and subsequently
increase the permeation performance of the membrane. Yet the
addition of GHS did not cause evident structural defect of the
active layer.

EXPERIMENTS

1. Materials

Polyethersulfone (PES, Mw=29,000) was offered by BASF Co.
(Germany) and pretreated in the vacuum oven at 110°C for 24
hours before us; Poly (ethylene glycol) (PEG, Mw=2,000), Trimes-
oyl chloride (TMC, Mw=265.43) and Orange GII (orange G, Mw=
452.37) were purchased from Aladdin Reagent Database Inc. (Shang-
hai, China). Piperazidine (PIP, Mw=_86.14), Congo red (Mw=696.68),
Methyl blue (Mw=799.81), NaCl, Na,SO,, MgCl, and MgSO, were
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supplied by Guangfu Fine Chemical Technology Institute (Tian-
jin, China). N, N-dimethylformamide (DMF) and n-heptane were
obtained from the Institute of Jiangtian Chemical Technology (Tian-
jin, China). Reduced glutathione (GSH, Mw=307.33) was procured
from Heowns Biochem Technologies LLC (Tianjin, China). The
ball-stick model of GHS molecule is presented in Fig. 1. All the
data (inclusive of generic names, chemical names, structures, CAS
numbers, purities and molecular weights) of the used dyes are listed
in Table S1 and S2 (as provided in the supplementary materials).
Deionized water was prepared by water purification systems in the
lab.
2. Preparation of Nanofiltration Membranes

PES ultrafiltration membranes were first prepared by non-sol-
vent induced phase separation (NIPS) method [25], as reported in
our previous study. Polyamide (PA) NF membranes were produced
following IP method. First, the PES supporting membranes were
soaked into PIP aqueous solution for 10 min. GHS was also dis-
solved into amine monomer aqueous solution as additive. Next,
impregnated membranes were extracted from amine monomers
solutions, following eliminating excess solutions with filter papers.
Then, the PIP- and GHS-saturated PES membranes were added
to TMC solution to perform IP and the reaction time ranged from
0.5 to 3 min. The concentration of TMC in n-hexane ranged from
0.1 to 0.3 wt%. The NF membranes were dried in the vacuum oven
at 60 °C for 15 min after the IP process to further react and fully
evaporate n-hexane to form a dense PA layer. Eventually; the resul-
tant membranes were stored in deionized water before use. Mem-
branes were synthesized with 0.1 wt% concentration of TMC for
ATR-FTIR, XPS, SEM, AEM, zeta potential and static water con-

Table 1. Static water contact angle of GHS/PIP-TMC NF membranes
with different concentrations of water phase additive GHS

Membranes TMC PIP  Ratio of GHS Static water
(Wt%) (wt%) to PIP (wt%) contact angle (°)
M, 0.1 0.1 0 58.2+0.4
M, 0.1 0.1 10 52.1x1.7
M, 0.1 0.1 15 48.8+0.6
M, 0.1 0.1 20 26.3+0.8
M, 0.1 0.1 25 22.2+0.5
M; 0.1 0.1 30 16.7+0.3
M 0.1 0.1 40 13.7+0.1
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tact angle analysis, and reaction time was 2 min. These NF mem-
branes are denoted in Table 1 to conveniently describe and study.
3. Characterization of Membranes

Surface chemical structures and functional groups of the mem-
branes were anatomized using Fourier transform infrared spectros-
copy (ATR-FTIR, Vector 22 FTIR spectrometer, Bruker Optics)
running with air as background. Transmittance spectra were attained
in the region of 4,000-500 cm ™ with resolution of 4 cm ™" for 64 scans.

X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD)
served to measure the surface compositions of membranes by
employing Al Ko (1,486.6 €V) as the radiation source. By using an
aperture slot of 300 umx700 pm, all XPS spectra were recorded,
and the collected survey spectra ranged from 0 eV to 1,100 eV. The
takeoff angle of the photoelectron was set at 90°.

Field emission scanning electron microscope (FESEM, Nanosem
430) was used to characterize the surface and cross-section mor-
phologies of the NF membranes. The membranes were frozen
through vacuum freeze-drying and sputtered with gold before SEM
observation. Surface roughness in 10 pmx10 pum area of the mem-
brane surface was measured following atomic force microscopy
(AFM, Multimode 3, Bruker Co.) as operated in a contact mode.

The hydrophilicity of the membrane surface was measured by
static contact angle measurement (JC2000C Contact Angle Meter,
Powereach Co., Shanghai, China). First, filter papers were used to
dry the surface of the membrane, then a droplet of deionized water
was dropped with volume of 4 mL on the membrane surface. At
least five sites contact angles at one sample were measured, and
the average was referenced to acquire a reliable value.

To measure the surface charge of the membranes, Electro Kinetic
Analyzer (Austria/Anton Paar KG, Austria) was used at pH=6.0+
0.2 with KClI solution (0.001 M) circulating through the measur-
ing cell, and the value of the zeta potential was calculated by using
the Helmholtz-Smoluchowski equation.

4. Separation Properties of NF Membranes

The separation properties of the fabricated NF membranes were

studied by using laboratory scale dead-end filtration system con-
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sisting of a filtration cell (model 8200, Millipore Co.). This filtra-
tion cell is equipped with a volume capacity of 200 mL solution
reservoir and connected with a nitrogen gas cylinder. The filtra-
tion area of this system reaches 28.7 cm’. The filtration cell setup is
illustrated in Fig. S1 (as presented in the supplementary materials).
To acquire stable value of the water flux before test, each mem-
brane was prepressed with deionized water under 0.25 MPa for
30 min. Next, the pressure was adjusted at 0.2 MPa to evaluate the
properties of the NF membranes. The concentrations of inorganic
salts (NaCl, Na,SO,, MgCl,, MgSO,) and dyes (Orange GII, Congo
red, Methyl blue) in aqueous solutions were 1.0g L™ and 0.1g L,
respectively. The equation below was used to calculate the flux of
the membrane:

.

AAt @

where ] (L m™ h™") denotes the water flux and V (L) represents the
volume of permeated water. A (m’) refers to the membrane area,
and At denotes the permeation time.

The value of rejection (R) was calculated by the equation as fol-
lows:

C
R:(1—Eﬂ)x100% )

C, and C; refer to the concentrations of permeate and feed solu-
tions. The concentrations of inorganic salts and dyes were meas-
ured by electrical conductivity (DDS-11A, Shanghai Leichi Instru-
ment Co., Shanghai, China) and UV-vis spectrophotometer (Hita-
chi UV-2800, Hitachi Co., Japan), respectively.

RESULTS AND DISCUSSION

1. Characterization of NF Membranes

To a certain extent, the specific amino acid sequence of GSH
resembled NPA of AQPs. A simple and facile method was proposed
to simulate water channels. GHS/PIP-TMC NF membranes were

~

9

gn |

>N %

o

""=-nED"<

A o
o o
/ 2

L ]

Fig. 2. Schematic diagram to explicate the preparation process of GHS/PIP-TMC NF membranes.
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Fig. 3. (a) XPS wide-scan spectra of PIP-TMC NF membrane (M,)
and GHS/PIP-TMC NF membrane (M;); High-resolution C
1s core level spectra of (b) PIP-TMC NF membrane (M,), (c)
GHS/PIP-TMC NF membrane (Ms).

fabricated by introducing GSH via IP method. A schematic dia-
gram to explicate the preparation process of GHS/PIP-TMC NF
membranes is presented in Fig. 2. The PES supporting membrane
was first immersed into PIP aqueous solution with GHS as the co-
reactant. Polyamide (PA) layers were then fabricated on the sur-
face of the immersed membrane through cross-linking reaction.
The introduction of GSH formed more water channels in the PA
thin layer.

The variations in chemical structures of the active layer of the
NF membranes were followed by ATR-FTIR, as presented in Fig.
S2 (as provided in the supplementary materials). A characteristic
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Table 2. Surface atomic compositions of PIP-TMC NF membrane
(M,) and GHS/PIP-TMC NF membrane (M;)

Atomic composition (at%)

Membranes
C (0] N S
M, 75.38 15.03 9.59 0
M, 73.16 15.74 8.96 2.14

peak appeared at 1,625 cm ™ of PIP-TMC (M,) and GHS/PIP-TMC
NF membranes (M, M;), which was consistent with the stretch-
ing vibration peak of C=O bond of the amide group. To further
characterize the surface compositions and element contents of the
membranes, XPS was adopted. XPS wide-scan spectra of the PIP-
TMC NF membrane (M,) and GHS/PIP-TMC NF membrane
(M) are presented in Fig. 3(a), and the element contents are listed
in Table 2. A new element S appeared in the GHS/PIP-TMC NF
membrane (M;) compared with PIP-TMC NF membrane (M,),
which demonstrated that GHS was successfully embedded into
the PA layer. Given that detection deepness of XPS technology was
about 10 nm [26] which was thinner than the PA layer, no S element
in the supporting membrane was found in the spectra of PIP-TMC
NF membrane (M,).

Results of high-resolution C 1s core level spectra are illustrated
in Fig. 3(b) and (c). These suggested the possible interaction be-
tween GHS and PA layer, and evaluated the variation of cross-link-
ing degree of PA layer. The deconvolution of N1s and Ols is also
presented in Fig. S3 (as provided in the supplementary materials).
The deconvolution of C 1s peak generated three characteristic
peaks at 284.6, 285.7 and 287.3 eV in terms of PIP-TMC NF mem-
brane (M,), denoting C-C, C-N and C=0 bonds, respectively. Simi-
lar peaks were found in the C 1s core level spectra of GHS/PIP-
TMC NF membrane (M;) except at 291.6 eV and corresponded to
O-C=0 bond, which might stem from the carboxyl group on
GHS. The notable decrease of C-N bond content (from 36.96% of
M; to less than 26.98% of M) implied the decline of cross-linking
degree of PA layer as GHS interfered the reaction between PIP
and TMC (through forming covalent bond), which formed the com-
paratively loose NF membrane.

The surface and cross-section morphologies of the membranes
were observed by SEM. The surface of PIP-TMC NF membrane
took on typical nodular structure, which was attributed to the macro-
molecules formed by crosslinking between PIP and TMC [27], as
presented in Fig. 4(a)-(b). Visible nodular and spherical globule
structures would become more obvious on the surface of mem-
branes from M, to M;, as the doping concentration of GHS in-
creased. Zhu et al. [20] also reported a similar structure on the sur-
face of PIP-TMC NF membrane. This might stem from the embed-
ment of hydrophilic GHS, which generated the intermolecular hy-
drogen bonding in the cross-linking PA chains, and the intermo-
lecular hydrogen bonding played a dominant role in the formation
of the spherical globule structure [28]. Particularly, highly stacked
cobble structures were uniformly distributed on the surface of the
resultant membrane (M) under the ratio of GHS to PIP as 40%,
as also observed by previous research as well [29]. However, in Fig.
4(b), no notable variation of the cross-section morphology was ob-
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(a)
Fig. 4. Surface and cross-section morphologies of the PIP-TMC NF membrane (M,) and GHS/PIP-TMC NF membranes (M,, Ms, M).

served after the GHS was introduced into the PA layer, which was
encompassed by the PA layer and porous PES supporting mem-
brane.

AFM analysis was performed to further measure the surface
roughness of the NF membranes, and the 3D images are presented
in Fig. 4(c). The PIP-TMC NF membrane (M,) took on the lowest
surface roughness and the value of the root mean square rough-
ness (RMS) was 8.71 nm. The RMS value rose from 12.9 to 22.8
nm as the ratio of GHS to PIP increased from 10 to 40%. In previ-
ous study, the surface roughness of NF membrane was associated

Rq= 12.90 nm

Rg= 1830 nm

Rq=21.80 nm

(b) (c)

with the structure of the PA layer, and the surface structure and
interfacial properties of the membrane were bound by the chemi-
cal structure, concentration, diffusivity and solubility of amine mono-
mer [24]. GHS has not only asymmetric reactive amino and sulf-
hydryl groups, but also a long chain as compared with alicyclic amine
monomer PIB, which can react with TMC and yield PA layer with
a comparatively low cross-linking degree. Besides, the multi-orien-
tation and free amide groups in the cross-linked PA chains also
increased surface roughness [28], which led to the increase of the
surface area, thus enhancing the water flux of membranes [30].

Korean J. Chem. Eng.(Vol. 35, No. 12)
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Fig. 5. (a) Zeta potential of GHS/PIP-TMC NF membranes with different concentrations additive GHS, (b) effect of pH on the zeta potential
of PIP-TMC NF membrane (M,) and GHS/PIP-TMC NF membrane (Ms).

The hydrophilicity of the membrane surface was measured by
static contact angle measurement [20,29], and the result is presented
in Table 1. With the increasing addition of GHS, the values of the
static water contact angle of the NF membranes decreased. The
initial hydrophilic PIP-TMC NF membrane possessed low static
water contact angle with the value of 58.2+0.4°. The lowest static
water contact angle was attained by GHS/PIP-TMC NF membrane
(Mg) and the value reached 13.7+0.1° under the ratio of GHS to
PIP as 40%, which demonstrates that GHS was successfully doped
into the PA layer. Moreover, zwitterionic pairs were rich in the cross-
linked PA chains, which bound free water molecules via strong
electrostatic interaction and formed hydration layer [31-33]. Fur-
thermore, the intermolecular hydrogen bonding in the cross-linked
PA chains might also increase hydrophilicity of the membrane,
which complied with the surface morphology of the GHS/PIP-
TMC NF membranes.

The surface charge was confirmed by zeta potential measure-
ment, and the values are presented in Fig. 5. All the GHS/PIP-TMC
NF membranes took on negative charges at the pH=6.0+0.2, due
to the deprotonation of the carboxyl groups that were generated
from hydrolysis of acyl chloride groups of TMC [34], as Fig. 5(a)
presents. The value of the zeta potential increased dramatically from
initial —73.38 mV of the PIP-TMC NF membrane (M,) to —59.24
mV of the GHS/PIP-TMC NF membrane (M;). Zeta potential
curves of this shape were explicated as follows. PIP and GHS could
react with TMC and generate hydrogen chloride that probably pro-
tonated amine groups, thus increasing zeta potential value of the
membrane. Nevertheless, with the ratio of GHS to PIP increasing
from 20% to 40%, the value of zeta potential decreased from —59.24
mV to —80.37 mV. This was primarily attributed to the compara-
tively high addition of GHS carrying a large number of carboxylic
groups, and deprotonation of carboxylic groups would be attributed
to the falling of zeta potential. Besides, GHS endowed the cross-
linked PA chains with more pendent carboxylic groups, also caus-
ing more negative charges of the membrane. pHy, of the fabricated
membrane was taken by varying the pH of the solution which
flowed through the surface of membranes. Zeta potential of NF
membranes decreased with the increase of pH from 2.79 to 9.49,
the isoelectric point of PIP-TMC and GHS/PIP-TMC NF mem-
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Fig. 6. Pure water flux and three different dyes rejections of GHS/
PIP-TMC NF membranes with different concentrations of
water phase additive GHS.

branes was at pH 3.69 and 3.90, respectively; as presented in Fig. 5(b).
2. Effect of Preparation Conditions on the Separation Perfor-
mance of NF Membranes

Permeability and selectivity count as two crucial parameters of
NF membranes. Preparation conditions notably impact the sepa-
ration performance of NF membranes, such as monomer concen-
tration and reaction time. Thus, a series of experiments were per-
formed to investigate these factors (TMC concentration and reac-
tion time were fixed at 0.1 wt% and 2 min). The results are presented
in Fig. 6. The PIP-TMC NF membrane exhibited low water flux
with the value of 17.56 L m > h™". The water flux of GHS/PIP-TMC
NF membrane increased almost twice, when the ratio of GHS to
PIP was 40%. This could be attributed to the introduction of hy-
drophilic groups of carboxyl, amino, sulthydryl and zwitterionic pair
into the PA layer, which could better form a hydrated layer and
build water channels in the PA layer.

In the NPA of AQPs, asparagine counts as a hydrogen bond
donor and offers chemical groups transferring hydration of a cer-
tain water molecules and promoting water transportation. Herein,
the function of GHS is just like asparagine in the NPA of AQPs.
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Furthermore, GHS with carboxyl and amino groups is considered
as zwitterion in the aqueous solution (pH=7.0). In this study, GHS
could readily form typical structure of zwitterion after introducing
GHS into the NF membranes, causing zwitterionic pair to arise in
the cross-linking chains of the PA layer. Then, more water mole-
cules covered the surface of the membrane via electrostatic inter-
actions, which contributed to the formation of water channels and
the transport of water molecules [35,36].

The rejection of dyes has undergone a decrease-increase-decrease
process, which differs from the constant increase of water flux with
the increasing addition of GHS. The pristine PIP-TMC NF mem-
brane with high cross-linking degree had high rejection of dyes,
which could be interpreted by steric hindrance effect [37]. The re-
jection of dyes decreased slowly as the ratio of GHS to PIP in-
creased from 10 to 20%, which was attributed to continual decline
of the extent of cross-linking of the PA layer. The rejection of dyes
progressively increased until the ratio of GHS to PIP was 20%. This
could be probably explicated that the cross-linking degree of GHS/
PIP-TMC NF membranes increased under a comparatively high
concentration of GHS. However, the rejection of Orange GII was
high with the value of 92.74% under the ratio of GHS to PIP as
30%, and then the rejection of dyes started to decrease once again.
The underlying cause is that GHS competed with PIP and reacted
with TMC to form cross-linking structure, and the competition
became strong under high concentration of GHS. Whereas, that
GHS reacted with TMC could not form a dense PA layer com-
pared with PIP. The ratio of GHS was fixed to PIP at 30% in the fol-
lowing experiments given the proper permeability and separation
properties of GHS/PIP-TMC NF membranes.

Furthermore, the performance of NF membranes was impacted
by TMC concentration in the organic phase. As shown in Fig. 7,
the water flux decreased dramatically as the concentration of TMC
increased from 0.05 to 0.1 wt%, then no obvious fluctuation appeared
with the concentration of TMC further increasing to 0.3 wt%. While
the rejection of Orange GII rose steadily from 76.41 to 98.27%,
until the concentration of TMC reached 0.1 wt%, the rejection of
Orange GII remained approximately constant with the further in-
creasing concentration of TMC, which might be due to the fact
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Fig. 7. Effect of TMC concentration on the performance of GHS/
PIP-TMC NF membranes at 0.2 MPa.
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that the extent of cross-linking of GHS/PIP-TMC NF membrane
kept invariable under a comparatively high concentration of TMC.
According to the result, the optimal concentration of TMC was
0.1 wt%.

Permeability and selectivity of the NF membranes were also
affected by reaction time in the IP process. With the reaction time
increasing from 0.5 to 2 min, the rejection of Orange GII increased
slightly from 83.69 to 91.71%, as presented in Fig. 8. The rejection
remained nearly unchanged when the reaction time was over 2 min.
While water flux declined from 33.86 to 23.62L m > h™' with the
reaction time prolonging from 0.5 to 3 min. The reason for this
phenomenon could be described as follows. To our knowledge, IP
process depends on the diffusion rate of amine monomer from the
aqueous phase to the organic phase, which is self-inhibited [38,39].
Cross-linking degree of PA layer of the pristine NF membrane was
low for a short time, which made this NF membrane high in per-
meability and poor in selectivity. The cross-linking degree increased,
and the thickness of the PA layer became thick with the prolonged

100
90 i
80 h
70 h
60 -
50 -

ZZNaC\ [ Na SO, [ MeC\, Z] MgSO,

4

Rejection (%)

L]
=}
SRR

Membranes

Fig. 9. Salt rejection performance of GHS/PIP-TMC NF membranes
with different concentrations of additive GHS in the water
phase.
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Table 3. Performance comparisons among various modifiers for the fabrication of NF membranes in the previous reports and in this work

Membranes Operation pressure (MPa) ~ Water flux L m>h™")  Salt rejection (%)  Dye rejection (%) Ref.
GHS/PIP-TMC 0.2 32.0 Na,SO, (80.0) Congo Red (99.7) This work
PIP/NH,-PEG-NH, 0.6 349 Na,SO, (99.5) - [41]
NFM-AEPPS 0.6 43.1 K,SO, (97.0) - [42]
CFGO/PA 1.0 1104 Na,SO, (84.0) New Coccine (95.1) [43]
NF-Jeffamine 04 355 MgSO, (73.0) DOC (98.0) [44]
NE-PSSNa/PVA 0.5 41.7 MgSO, (98.3) Congo Red (99.7) [45]
NE-Al(OH), 0.7 47.0 MgSO, (97.0) . [46]
TEN-MG-60 06 493 Na,SO, (97.6) . [47]
TEN-NH,-TNTs 0.7 525 Na,SO, (96.4) - (48]
TFC-mm-BTEC 0.5 515 Na,SO, (95.0) - [49]
mMSN/PA TEN 0.6 324 Na,SO, (80.0) - (50]

reaction time, which caused consecutive decrease of the water flux
and increase of the rejection ratio. Yet cross-linking degree and
thickness of the PA layer did not increase with reaction time beyond
2 min owing to a self-limiting phenomenon. Thus, the optimal reac-
tion time of this experiment was 2 min. The optimum preparation
conditions in this experiment were as follows: TMC concentration,
reaction time and the ratio of GHS to PIP were 0.1 wt%, 2 min and
30%, respectively.

The rejection of different salts of the GHS/PIP-TMC NF mem-
branes is presented in Fig. 9. Rejection ratios of salt increased fol-
lowing the sequence of MgCl,<NaCl<MgSO,<Na,SO, and could
be explicated by Donnan exclusion theory [40], which complied
with the values of zeta potential of the GHS/PIP-TMC NF mem-
branes presenting negative charge under the experience condition.
In this regard, electrostatic repulsive interaction between SO}~ and
electronegative GHS/PIP-TMC NF membranes was stronger than
that between CI” and these electronegative NF membranes. The
potent rejection of Na,SO, was realized, and the rejection reached
approximately 80% under the ratio of GHS to PIP as 30%.

NF membranes modified by GHS in this work were compared
with several reported membranes. Our membranes could be oper-
ated at an appropriate pressure, and improvement of water flux and
comparable rejection of dyes and salts was observed, which would
greatly cut costs in the industrial application, as suggested from
Table 3. In conclusion, filtration efficiency of this NF membrane in
terms of simultaneously obtaining proper permeability and selec-
tivity was elevated by introducing GHS into the PA layers. Further-
more, these successfully fabricated bio-inspired membranes with
biomimetic material would better develop artificial water channels
and be introduced in the wastewater treatment.

CONCLUSIONS

A facile method to synthesize bio-inspired membranes was devel-
oped by introducing GHS into the PA layers following IP method.
The function of GHS is just like asparagine in the NPA of AQPs,
which promotes water transport in the PA layer. The permeate flux
of the resultant NF membranes was twofold that of incipient mem-
branes, and high rejection of dyes and salts was also realized. In
brief, the incorporation of GHS into PA layer was beneficial to the

December, 2018

enhancement of filtration efficiency of NF membranes. We hope
this research will promote more materials for simulating the struc-
ture of AQPs to improve the performance of membranes.
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Table S1. Molecular weights, CAS numbers and purities of used dyes

Mol - -
Generic name olecular Yelght CAS number Purity
(g mol ) (%)
Orange GII 452.37 1936-15-8 95
Congo Red 696.67 573-58-0 75
Methyl blue 799.80 28983-56-4 90

Table S2. Chemical names and structures of dyes used in the exper-

iment

Generic .
Chemical name
name

Chemical structure

Orange GII 1-Phenylazo-2-
naphthol-6,8-disul-
fonic acid diso-
dium salt

Congo red Disodium 4-amino-
3-[4-[4-[(1-amino-
4-sulfonato-2-
naphthyl)azo]phe-
nyl]phenyl]azo-
naphthalene-1-
sulfonate

Methyl blue Sodium triphenyl-p-
rosanilne trisulfon-
ate
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OH

Na0 S

NH,

0o s 0
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I
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Fig. S1. Schematic illustration of the filtration cell setup.
1. Nitrogen cylinder 5. Filtration cell
2. Precise pressure gauge 6. Electronic scale
3. Pressure buffer 7. Beaker
4. Magnetic stirrer

Transmittance (%)

1 " 1 " 1 M 1 " 1
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Fig. S2. FTIR spectra of PES, PIP-TMC NF membrane (M,) and

GHS/PIP-TMC NF membranes (M; with the addition of
GHS was 20%, M; with the addition of GHS was 30%).
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Fig. S3. High-resolution O 1s core level spectra of (a) PIP-TMC NF membrane (M,), (b) GHS/PIP-TMC NF membrane (M), and high-reso-
lution N 1s core level spectra of (c) PIP-TMC NF membrane (M,), (d) GHS/PIP-TMC NF membrane (M;).

ATR-FTIR was applied to measure the changes in chemical struc-
tures of the active layers of the NF membranes, Fig. S2 shows the
ATR-FTIR spectra of FES, PIP-TMC (M,), GHS/PIP-TMC NF
membranes (M, M;), all the membranes exhibited almost identi-
cal stretching vibration at 1,578 cm™’, 1,487 cm ™' and 1,242 cm™’,
which were attributed to the stretching vibration of benzene ring,
C-C bond and aromatic ether bond, respectively [1,2]. A charac-
teristic peak appeared at 1,625cm ™" of M, M, and M; membranes,
corresponding to the stretching vibration peak of C=O bond in
the amide group [3]. However, the -S-C=0 deformation vibration
was not obvious enough so that no sufficient evidence verified the
existing of -S-C=0 bond in the polyamide active layers of GHS/PIP-
TMC NF membranes from ATR-FTIR spectra. Therefor this result
could not confirm that successful incorporation of GHS into the
polyamide active layer.

The O 1s core-level spectrum of PIP-TMC NF membrane (M,)
and GHS/PIP-TMC NF membrane (M;) are shown in Fig. S3(a)
and Fig. S3(b), only one peak appeared at 531.1 eV in the decon-
volution of O 1s in PIP-TMC NF membrane (M,), representing

O=C bond. While in the deconvolution of O 1s in GHS/PIP-TMC
NF membrane (M), the binding energy at 531.1 and 532.9 eV could
be assigned to the O in the O=C and O-H bonds. As shown in Fig.
S3(c), the N 1s score-level spectrum of PIP-TMC NF membrane
(M,) contained one main peak at 399.7 eV, according to the elec-
tron-withdrawing ability of the elements, the peak of 399.7 eV cor-
responded to N-C bond. As exhibited in the Fig. S3(d), the N 1s
spectrum of GHS/PIP-TMC NF membrane (M;) was deconvo-
luted into two peaks with the binding energy of 399.7 and 401.4
eV, which were attributed to the nitrogen atoms in the N-C, N-H
bonds and protonated nitrogen atoms.

REFERENCES

1. A. Rahimpour, Desalination, 265, 93 (2011).

2.K.R. Reddy, K. P. Lee and A.1. Gopalan, J. Appl. Polym. Sci., 106,
1181 (2007).

3.Y. Li, Y. Su, J. Li, X. Zhao, R. Zhang, X. Fan, J. Zhu, Y. Ma, Y. Liu
and Z. Jiang, J. Membr. Sci., 476, 10 (2015).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


