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nd simple method for preparing
highly permeable and chlorine-resistant reverse
osmosis membranes with potential commercial
applications†

Junqing Sun,a Qianwen Zhang,b Wenjing Xue,a Wande Ding, *ac Kefeng Zhanga

and Shan Wang*a

The improvement in the overall efficiency of thin-film composite (TFC) reverse osmosis (RO) membranes is

limited by their low permeability and sensitivity to degradation by chlorine. In the present study,

polypiperazine (PIP), the commonly used amine monomer in preparing commercial TFC nanofiltration

(NF) membranes, was used to regulate the m-phenylenediamine (MPD) based interfacial polymerization

(IP) process. The results showed that addition of PIP optimized the micro-structure and surface

properties of the polyamide (PA) layer. When the MPD and PIP mass ratio was 1 : 1, the TFCW-1:1

membrane exhibited 70% flux enhancement compared to pure MPD-based TFCW-1:0 membranes.

Besides, the TFCW-1:1 membrane exhibited better chlorine-resistant performance since the NaCl

rejection declined to just 3.8% while it was 11.3% for TFCW-1:0 membranes after immersion in 500 ppm

NaClO solution for 48 h. Such improvement can be attributed to the increased number of unreacted

amine groups and the thickness of the PA layer that PIP brought, which provided a sacrificial protective

layer to consume the active chlorine, and thus maintain the integrity of the inner rejection layer. In all,

the novelty and purpose of the present work is to find a more simple and scalable method to fabricate

high-performance TFC RO membranes by using commonly, cheaply and frequently used materials.
Introduction

Membrane separation technology, especially for reverse
osmosis (RO) desalination, has become a promising method in
addressing water shortages around the world due to its simple
operation and high efficiency as well as the smaller footprint.1,2

As the heart of RO, a high-performance membrane plays the
most important role in determining the separation efficiency.
Currently, thin lm composite membranes (TFC) are the
commonly used type of commercial RO membrane because of
their reasonable water ux and superior rejection for mono-
valent ions. This type of membrane is generally synthesized via
the interfacial polymerization (IP) method, in which a dense
polyamide layer (PA) is constructed on the porous ultraltration
support through the reaction between m-phenylenediamine
(MPD) and trimesoyl chloride (TMC).3,4 To date, continuous
effort has been devoted by researchers to the improvement of
membrane properties to promote their further development,
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the Royal Society of Chemistry
and RO technology has already been widely applied in the elds
of brackish water desalination, seawater desalination and
wastewater reuse, etc.5,6

TFC membranes have dominated the RO membrane market
for decades, however, their disadvantages have gradually
become apparent meanwhile. One of the basic limitations is the
‘trade-off’ effect between selectivity and permeability.7 To break
this inherent limitation, scientists have developed many
approaches to prepare high-performance RO membranes with
both high water permeability and high salt selectivity, which
can be classed into three categories: (1) manipulating IP
parameters, such as using novel reaction monomer and
adjusting IP reaction conditions; (2) incorporating nano-
material within PA layer in improving membrane properties
and constructing nanochannel; and (3) constructing interme-
diate layer and regulate the PA layer structure by using its
domain limiting effect.8,9 Li et al. designed and synthesized
a novel amine monomer (4-morpholinobenzene-1,3-diamine
(MpMPD)) with a morpholine group, and then it was reacted
with TMC to prepare the PA layer. The zwitterionic surface and
thinner thickness of the PA layer contributed to 24% ux
enhancement with relatively high (97.8%) NaCl rejection
compared to the MPD-based TFC membranes.10 Besides, since
the rst literature of thin lm nanocomposite membrane (TFN)
RSC Adv., 2023, 13, 32083–32096 | 32083
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published by Hoek et al.,11 in which zeolite nanoparticles were
introduced in the PA layer, various types of nanomaterials (e.g.
SiO2, TiO2, carbon nanotube (CNT), graphene oxide (GO),
metal–organic frameworks (MOFs)) were gradually applied in
the fabrication of polyamide membranes with specic proper-
ties, such as high permeability and selectivity, antifouling and
antibacterial capacity.12 Liu et al. loaded 2D-MOF nanosheets in
the TFC membrane rejection layer, and the improved hydro-
philicity and extra water channel induced 250% ux enhance-
ment with 99.2% NaCl rejection of the TFN membranes.
Meanwhile, 96.9% ux recovery ratio aer the humic acid (HA)
pollution implied the achievement of an outstanding anti-
fouling property of the modied TFN membranes.1 Further-
more, based on the spatial shielding effect and interaction with
MPD molecules, Zhao et al. constructed a multifunctional
crown ether interlayer on the ultraltration membrane for the
purpose of reducing the diffusion of amines to the water-oil
reaction interface. Resultingly, a thinner PA layer (∼50 nm)
with a uniform and regular morphology was achieved. The
change of PA layer structure resulted in a 3.64 times higher
water ux accompanied by a satised NaCl rejection compared
to pristine TFC membrane.4 All the three modication methods
possessed the potential in breaking the ‘trade-off’ effect, which
provided a broad choice in preparing highly permeable and
selective RO membranes.

Another basic limitation of TFC membranes was the chlorine-
instability during the RO process. Generally, the amide bond is
the most important group in the PA layer, which determines the
separation performance of TFC membranes. However, it was
easily attacked by active chlorine through the reversible N-chlori-
nation on the amide bond (N–H) and the irreversible aromatic
ring-chlorination via Orton rearrangement, which would destroy
the integrity of the rejection layer and deteriorate the membrane
separation performance.13–15 Based on the methods of improving
the membrane permeability, chlorine-resistant TFC membranes
can also be obtained meanwhile. Yu et al. synthesized TFC RO
membranes by using two novel reaction monomers of m-
phenylenediamine-4-methyl (MMPD) in aqueous phase and
cyclohexane-1,3,5-tricarbonyl chloride (HTC) in organic phase.
Except for the better permeability about 53.0 L m−2 h−1 compared
to commercial MPD-based polyamide membrane, an excellent
chlorine-resistance performance was also investigated under 3000
ppmhCl, which wasmainly ascribed to the reduced probability of
N-chlorination and Orton-rearrangement by using monomer
MMPD.16 Li et al. introduced 4,40-((5-(chlorocarbonyl)-1,3-
phenylene) bis(thiodiyl))dibenzoyl chloride (T-TDC) in the TMC
organic phase and reacted with MPD to prepare TFC membranes.
They were satised to nd that the rejection of the membrane
with T-TDC were all much larger than MPD/TMC-based poly-
amide membrane aer the chlorination test, suggesting that the
introduction of thioether groups provided effective chlorine
capture for avoiding the attacking of amide bonds from being
chlorinated.13 Furthermore, Asempour. et al. graed halloysite
nanotubes (HNTs) with poly(amidoamine) PAMAM dendrimers
and then were incorporated in the PA layer. The improved prop-
erties of membrane surface, extra water channel as well as the
extra amine and amide groups supplied by the PAMAM
32084 | RSC Adv., 2023, 13, 32083–32096
functionalized HNTsmade a contribution to not only the doubled
water ux, but also a higher chlorination-resistance of the TFN
membranes, since no statistically signicant change was detected
in terms of the salt rejection and water ux under the chlorine
exposure of 12 000 ppm h.17 Similarly, Chae et al. fabricated TFN
membranes by incorporating GO in the PA layer, and the main-
tained NaCl rejection of the TFNmembranes suggested the better
chlorine-resistant compared to the pristine TFC membrane,
which resulted from the formation of hydrogen bonding between
amide bond and GO that hindered the attack of chlorine to the
amidic hydrogen (i.e., the rst step of the chlorination process).18

As discussed above, various modication methods have been
extensively explored by researchers in improving the performance
(separation performance, antifouling performance, antibacterial
performance and chlorine-resistant performance) of TFC
membranes up to now. Among them, using two kinds of amine
monomers to tailor the structure of PA layer and providing extra
reaction site for active chlorine in improving both separation
performance and chlorine-resistance of the MPD/TMC-based TFC
membranes are believed to possess the most potential value on the
industrial-scale membrane production because of its excellent
compatibility.19,20 Compared to other novel amine monomers,
piperazine (PIP) was a simple heterocyclic aminemolecule, which is
the most commonly used monomer in preparing TFC NF
membranes and exhibited amuch loosen PA structure compared to
MPD/TMC-based TFC RO membranes, thus inducing higher water
ux but relative low rejection for NaCl.9,21 Besides, PIP-based poly-
amide membranes consist of tertiary amide linkages together with
nonaromatic, aliphatic diamines, which are believed to provide
favorable resistance towards N- and ring-chlorination and hence
improve the chlorine-resistant of TFCmembranes.22 These features
of PIP monomer well match the requirement of the strategy in
regulating the membrane properties by mixing PIP and MPD as
aqueous phase, which may develop a simpler and cheaper method
in constructing high-performance (better permeability with excel-
lent rejection for NaCl, better chlorine-resistant) RO membranes.
However, no systematic study was performed to prove this.

Therefore, in this work, MPD and PIP mixture in the aqueous
phase was used for providing the amine monomers to react with
TMC in the organic phase, and the relationships between
membrane property and the ratio of MPD and PIP were investi-
gated thoroughly, which was tended to analyze the inuence of
PIP on the structure and properties of the PA layer. By using XPS,
SEM, AFM and contact angle e.g., the change of membrane
morphology, hydrophilicity, roughness and functional groups
induced by PIP was determined. Besides, the effect of PIP on the
separation performance and chlorine-resistant performance of
the TFC membranes was also evaluated. The novelty and purpose
of the present work is to nd a more simple and scalable method
to fabricate high-performance TFC RO membranes by using
commonly, cheaply and frequently used materials.

Materials and methods
Materials

Polysulfone ultraltration membrane (PS, Mw = 50 000 Da) was
purchased from Beijing Originwater Technology Co., Ltd (China).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Morphenediamine (MPD, 99.5%), piperazine (PIP, 99%), tri-
mesoyl chloride (TMC, 98%) and isopropyl alcohol (99.7%) were
obtained from Shanghai Aladdin Reagent Co., Ltd (China).
Sodium hypochlorite (NaClO, 4.0%) and sodium dodecyl sulfate
(SDS, 99%) were supplied by Shanghai Maclin Biochemical
Technology Co., Ltd (China). Hexane (98%), and NaCl (99%) were
provided by Shanghai Sinopharm Chemical Reagent Co., Ltd
(China). All chemical reagents were used without further treat-
ment and deionized (DI) water was used throughout the experi-
mental study.
Preparation of the TFC membranes

Before the formation of TFC membranes, PS ultraltration
membrane was rst treated by 50% isopropyl alcohol solution
for 6 h. Then, the MPD/PIP-TMC TFC membranes were
prepared through the IP method by adjusting the monomer
composition of aqueous phase. Briey, aqueous phase solution
containing 2 wt% MPD/PIP mixed monomer and 0.15 wt% SDS
were poured on the top surface of PS substrate and maintained
the immersion for 120 seconds. The MPD and PIP mass ratio
was specically divided into 1 : 0, 4 : 1, 2 : 1, 1 : 1, 1 : 2, 1 : 4 and
0 : 1. Aer removing the excess solution using N2, the amine
monomer contained surface of the PS substrate was then
immersed in 0.1 w/v% TMC–n-hexane solution to continue the
IP process for 60 seconds. Finally, the resultant membrane was
washed thoroughly with n-hexane and heat-treated for 5 min at
80 °C. Fig. 1 illustrated the preparation procedure of TFC
membranes and the different membranes were denoted as
TFCW-1:0, TFCW-4:1, TFCW-2:1, TFCW-1:1, TFCW-1:2, TFCW-1:4 and
TFCW-0:1, respectively.
Characterization

Prior to the characterization, all the membranes were oven-
dried overnight at 50 °C. Surface functional groups of the TFC
membranes were determined by the Fourier transform infrared
(FTIR) equipped with attenuated total reection (ATR) stage
(Tensor 27, Bruker, Germany). In order to conrm the element
composition of the PA layer, X-ray photoelectron spectrometer
Fig. 1 The preparation procedure of TFC membranes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
(XPS, ESCALAB 250Xi, Thermo Scientic, USA) was used. By
peak tting of different chemical elements, specic functional
groups with accurate content percentages can be obtained.
Besides, cross-linking degree (D) was an important parameter in
analyzing the separation performance, and it can be calculated
according to the oxygen and nitrogen atomic ratio (RO/N) as the
following equations:1,2

RO=N ¼ 4N þ 3M

2N þ 3M
(1)

Cross-linking degreeðDÞ ¼ M

M þN
� 100% (2)

where N was on behalf of the percent of linear structure and M
represent the percent of the network cross-linked structure in
the PA layer, respectively.

Scanning electron microscopy (SEM, GeminiSEM 300, Zeiss,
Germany) was used to observe the surface morphology and
cross-section structure of the PA layer. For the cross-section
samples, the nonwoven fabrics of the membrane were rst
manually peeled off from the back side. Aer that, the
membrane was frozen in liquid nitrogen and then cracked
quickly. It was worth noting that all samples were gold-
sputtered for 120 s to enhance their conductivity prior to the
SEM investigation. To determine the accurate thickness of the
PA layer, the membrane samples were embedded in epoxy resin
and the resin capsules were subjected to curing at 60 °C for 24 h.
Then, approximately 60 nm thick sections were sectioned by an
ultramicrotome (EM UC7, Leica, Germany) with a diamond
knife and transferred to copper grids for transmission electron
microscope (TEM, Thermo Fisher, Talos F200S G2, USA)
observation. By using in situ atomic force microscopy (AFM,
Dimension Icon, Bruker, Germany), surface roughness (dened
by three parameters Ra, Rq, Rz) and specic surface morphology
can be conrmed. The surface hydrophilicity reected by the
contact angles can be measured through a contact angle meter
(DSA100, Kruss, Germany). Each sample measurement was
repeated for three times to obtain the average contact angle
value. Membrane potential was characterized by a solid surface
RSC Adv., 2023, 13, 32083–32096 | 32085
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potential analyzer (Surpass3, Anton Paar, Austria) at the pH
ranging from 2 to 10.

The diffusion rate of MPD and PIP monomers into the
organic phase was measured by the following procedure.23 First,
50 mL of 2.0 wt% MPD/PIP mixed solution (MPD/PIP mass
ration ranging from 1 : 0 to 0 : 1) was poured into a 250 mL
beaker, and 50 mL of 0.15 wt% TMC/n-hexane was carefully
injected into the aqueous phase. Aer 60 s duration, 3 mL of
water containing MPD/PIP was removed from the aqueous and
organic interface and placed in quartz cuvettes. The diffusion
rate of PIP from the aqueous phase to the interface was studied
using a UV-vis spectrophotometer (Specord 200 Plus, Analy-
tikjena, Germany). For the two monomers MPD and PIP, the
absorption peaks at 320 nm and 247 nm were selected to
calculate the diffusion concentration of the aqueous monomer
per unit time, that is, the diffusion rate of the mixed monomer
(Fig. S1†).

By using stopped-ow mass spectrometry (SFMS) (SX20,
Applied Photophysics), the effect of PIP concentration on the
reaction rate between aqueous phase and organic phase was
studied.24 Briey, aqueous phase and organic phase are rapidly
mixed together and then ‘stopped’ in an observation cell. The
sample cell is irradiated with monochromatic light and as the
reaction proceeds the change in the recorded signal, usually
a uorescence signal or absorbance at a specic wavelength, is
recorded as a function of time. Finally, the reaction rate can be
determined by analyzing the generated kinetic transients.
Separation performance of TFC membranes

The water ux and salt rejection of TFC membranes were tested
using RO evaluation equipment (FlowMen-0021-HP, China, as
shown in Fig. S2†) with three 24 cm2 parallel ltration cells.
2000 ppm NaCl and Na2SO4 solution were used as the feed
solution to evaluate the rejection of the TFC membrane for
monovalent and divalent ions, respectively. Before the collec-
tion of ltration data at 16 bar, TFC membranes should be pre-
compressed under 18 bar for at least 0.5 h to achieve a stable
water permeance. The specic calculation formulas of water
ux (J, L m−2 h−1), water permeability (A, L m−2 h bar), salt
rejection (R, %) and separation selectivity (a) of NaCl to Na2SO4

of the TFC membranes were as follows:24,25

J ¼ DV

Am$Dt
(3)

A ¼ J

DP� Dp
(4)

R ¼ 1� Cp

Cf

(5)

a ¼ 1� RNaCl

RNa2SO4

(6)

where DV (L) is the permeated water volume over the measuring
time interval of Dt, Am (m2) is the effective membrane area, Cp (g
L−1) is the permeate salt concentration, Cf (g L−1) is the feed
solution concentration, DP (bar) is the transmembrane
32086 | RSC Adv., 2023, 13, 32083–32096
pressure, Dp (bar) is the osmotic pressure of the feed solution,
respectively.
Chlorine-resistant performance of the TFC membranes

The chlorine-resistant property evaluation was conducted under
a static chlorination test. Briey, the TFC membranes were
immersed in 500 ppm NaClO solution for 12 h, 24 h and 48 h to
conduct the chlorination process. Aer that, all the chlorinated
membranes were rinsed thoroughly and then stored in DI water
for 48 h. Finally, the stabilized water ux and salt rejection of
the chlorinated TFC membranes were re-evaluated by the RO
ltration unit and then the effect of PIP on the chlorine-
resistant performance of the TFC membranes could be
analyzed.
Results and discussion
Surface functional groups, diffusion rate of mixed amine and
IP reaction rate of TFCW membranes

Surface functional groups of TFCW membranes were detected
by ATR-FTIR analysis. In Fig. 2a, TFCW-1:0 membranes showed
characteristic peaks at 1663 cm−1, 1604 cm−1 and 1546 cm−1,
which was corresponding to the C]O stretching vibration of
amide I band, C]C ring stretching vibration of aromatic amide
band and N–H in-plane exural vibration of amide II band,
indicating the successful construction of the aromatic PA layer
on the ultraltration membrane.26,27 Aer addition of PIP, the
peak intensity at 1663 cm−1 and 1546 cm−1 gradually declined
with the increased loading concentration of PIP till completely
disappeared for the TFCW-0:1 membrane. Furthermore, the peak
at 1604 cm−1 happened to blue shi to 1620 cm−1, and above
changes suggested the transformation of the PA layer from
‘fully-aromatic’ PA structure to ‘semi-aromatic’ PA structure.28

Besides, the peak at 1443 cm−1 was detected in all membranes,
which was mainly attributed to the O–H vibration that origi-
nated from the hydrolysis of the unreacted acyl chlorides in the
PA layer.29

Fig. 2b displayed the diffusion rate of the mixed amine from
the aqueous solution to the organic phase. As for pure MPD, the
diffusion rate was very fast, which would result in the fast
formation of the initial dense PA layer and hinder the further
penetration of MPD molecules to the organic phase.30 With the
loading concentration of PIP increased, the diffusion rate of
MPD toward the organic phase gradually declined while the
diffusion rate of PIP enhanced. Generally, the reaction between
MPD or PIP and TMC in a same system kept a competitive
relationship, and would lead to a different PA structure. It was
seen that before the 1 : 1 mass ratio between MPD and PIP, the
diffusion rate of MPD was always higher than that of PIP,
indicating MPDmolecules run faster to the interface of aqueous
solution and organic phase. At this time, the IP process was
believed dominated by the reaction between MPD and TMC.
When further increased PIP content surpassed MPD/PIP mass
ratio about 1 : 1, the diffusion rate of PIP gradually exceeded
MPD. We speculated that PIP would gradually replace the
dominant position of MPD to react with TMC, and more PIP
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06015b


Fig. 2 (a) ATR-FTIR spectra of TFCW membranes, (b) diffusion rate of mixed amine from aqueous phase to the organic phase, and (c) IP reaction
rate of mixed amine and TMC.
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molecules would participate in the IP process with the
increased loading concentration. These changes could help to
change the reaction rate of IP process and further control the
morphology and performance of PA lms.31

In order to further understand the effect of PIP on con-
structing PA active layer, IP reaction rate between aqueous
phase containing mixed amines and organic phase was moni-
tored using SFMS, and the results were shown in Fig. 2c.
Obviously, the fastest reaction rate reected by the higher signal
strength of PA was induced by the reaction between MPD and
TMC, which could contribute a greater amount of PA in unit
time. With the introduction of PIP, the signal strength of PA
gradually decreased, implying that PIP lowered the total reac-
tion rate of the IP process compared to MPD in unit time. Of
note, the TFCW-1:1 membrane exhibited the lowest reaction rate
for the most likely reason of the lowest total diffusion rate of
mixed amine as proved in Fig. 2b. Furthermore, it was seen that
IP reaction achieved equilibrium in a very short time since the
absorbance of PA became stable aer 4 s. Extension of reaction
time gradually brought decline of the reaction rate, which
further provided the evidence of the self-termination effect of
© 2023 The Author(s). Published by the Royal Society of Chemistry
the IP.32 As a result, the reaction rate between amine monomers
and TMC could be mitigated by the addition of PIP, which
would ultimately affect the membrane structure and properties
of the resultant membrane.
Morphological characterizations of the TFCW membranes

Surface morphology and roughness of TFCw membranes were
investigated by SEM and AFM as presented in Fig. 3 and the 3D
AFM images were shown in Fig. S3.† For TFCW-1:0 membranes, it
showed the typical “ridge-valley” structure with a mean rough-
ness about 112.00 nm induced by the conventional IP methods
on the top of ultraltration support.33 Furthermore, the “ridge-
valley” structure became smaller and transformed into a ring
structure accompanied by a smoother membrane surface with
the introduction of PIP in aqueous phase (Fig. 3b–g). When
MPD/PIP mass ratio was 4 : 1, a small and uniform ring struc-
ture presented on the TFCW-4:1 membrane surface and its
surface roughness was 69.8 nm as summarized in Table 1. As
the increment of PIP concentration, the ring structure became
much clearer with the enlarged ring size. Till the MPD/PIP mass
ratio reached 0 : 1, more at and incomplete ring structure
RSC Adv., 2023, 13, 32083–32096 | 32087
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Fig. 3 Surface morphology and roughness of TFCw membranes under different loading content of PIP in aqueous phase.
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occurred on the TFCW-0:1 membrane surface. Table 1 summa-
rized the surface roughness parameter of TFCW membranes, in
which it showed a decreased trend in surface roughness for the
TFCW membranes, which was in accordance with the
membrane morphology.

Fig. 4 presented the corresponding cross-section images of
TFCW-1:0, TFCW-1:1 and TFCW-0:1 membrane through SEM and
TEM. It was obvious that the membrane consisted of a dense
PA layer and a porous support layer. Aer the addition of PIP,
the thickness of the PA layer was visibly increased (Fig. 4b and
c). Based on the TEM images, the thickness of the PA layer for
Table 1 The surface roughness parameter of the TFCW membranes

TFCW

Surface roughness parameter

Rq (nm) Ra (nm) Rz (nm)

TFCW-1:0 112.00 89.90 855.00
TFCW-4:1 69.80 51.80 554.00
TFCW-2:1 30.50 23.70 217.00
TFCW-1:1 25.60 19.60 213.00
TFCW-1:2 19.00 14.40 176.00
TFCW-1:4 17.50 13.30 202.00
TFCW-0:1 5.77 4.63 52.40

32088 | RSC Adv., 2023, 13, 32083–32096
TFCW-1:0, TFCW-1:1 and TFCW-0:1 membrane can be accurately
measured as 194.8 nm, 267.8 nm and 592.7 nm, respectively.
The structure change for both membrane surface and cross-
section was mainly attributed to the formation mechanism
of the PA layer through IP on the membrane surface. Gener-
ally, amine monomers in aqueous were rst diffused across
the water–oil interface and underwent polycondensation with
acyl chloride monomer in organic phase, named as the fast
incipient lm formation, followed by the lm growth
controlled by the diffusion of amines across the initially-
formed lm.34 For TFCW-1:0 membrane, the fastest diffusion
of MPD leads to the rapid formation of a highly cross-linked,
dense incipient layer, which would greatly inhibit the MPD
diffusion and lm growth, resulting in the rougher and
thinner PA layer as displayed in Fig. 5a. However, when mixed
MPD solution with PIP, the IP process was greatly interfered
due to the lower diffusion of amine monomers, lower reaction
rate of aqueous phase and organic and lower activity of PIP
compared to MPD, which induced a relatively loosen incipient
lm. The structure change provided the opportunity to allow
more MPD and PIP molecules to transport across the incip-
ient lm and penetrate deeply into the organic phase to react
with TMC, which was then adhered to the basal PA layer and
made the PA layer change from rough to relatively at
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cross-sectional images of TFCW-1:0 (a) and (d), TFCW-1:1 (b) and (e) and TFCW-0:1 (c) and (f) membranes detected by SEM and TEM.
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structure as illustrated in Fig. 5b.35 Furthermore, the
increased PIP concentration gradually allowed more amine
monomers to combine with the TMC through the initial
sparse amide layer, which led to the formation of the obvious
ring structure. Especially for the TFCW membrane that PIP
content surpassed 50%, the incipient lm was gradually
dominated by the reaction between PIP and TMC, and more
loosen incipient lm was constructed compared to that
dominated by MPD. Resultingly, more penetrated PIP mole-
cules participate in the expanded IP process, thus the thick-
ness of PA layer further increased as exhibited in Fig. 5c.
Fig. 5 Formation mechanism of the PA layer of TFCW-1:0 membrane (a), T

© 2023 The Author(s). Published by the Royal Society of Chemistry
Surface element composition of TFCW membranes

XPS measurement was further used to determine the element
composition and the cross-linking degree of PA layer. Three
peaks belonging to C 1s, N 1s and O 1s were detected at
284.8 eV, 400.0 eV and 531.0 eV as displayed in Fig. 6a, and the
relative content was summarized in Table 2. Through the
calculation, TFCW-1:0 membrane showed the highest cross-
linking degree about 0.96, indicating the formation of
a denser rejection layer that composed of an amount of network
cross-linking structure (RO/N = 1.03). For the TFCW membrane
prepared by the mixed amine (MPD/PIP) and TMC, due to the
FCW-4:1 membrane (b) and TFCW-1:4 membrane (c) through IP method.

RSC Adv., 2023, 13, 32083–32096 | 32089
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Table 2 Surface element composition of TFCW membranes

Membrane C (at%) N (at%) O (at%) O/N D (%)

TFCW-1:0 72.12 13.75 14.12 1.03 0.96
TFCW-4:1 71.40 13.21 15.39 1.17 0.77
TFCW-1:1 71.90 12.84 15.26 1.19 0.74
TFCW-1:4 70.62 13.85 15.52 1.12 0.83
TFCW-0:1 71.18 13.77 15.05 1.09 0.87
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participation of PIP in the reaction with TMC, the PA layer
gradually composited of both ‘fully-aromatic’ structure and
‘semi-aromatic’ structure, and the network cross-linking struc-
ture occurred to be replaced by part linear structure.36,37 TFCW-

1:1 membrane exhibited the lowest cross-linking degree that was
related to the lowest diffusion rate of amine in aqueous phase
toward organic phases and the lowest reaction rate of IP.
However, it was noticed that when the concentration of PIP
exceeded 50%, the cross-linking degree began to increase. This
can be explained by the following: (1) increased diffusion rate of
mixed amine towards reaction interface accelerates the IP
reaction rate; (2) when the content of PIP was higher than MPD,
the reaction between PIP and TMC gradually controlled the IP
process, and the initial PA layer would become more loosen
than that formed by MPD and TMC. Consequently, more amine
molecules penetrated through the initial PA layer and reacted
with TMC, and hence contributed to the increased cross-linking
degree.

The content of carboxyl group in the PA layer originated from
the hydrolyzation of the unreacted acyl chloride groups was
another important parameter in determining the membrane
surface hydrophilicity. To quantitatively evaluate the contents of
carboxyl group on the membrane surfaces, the O 1s of the TFCW

membranes were decomposed into three peaks at ∼531.1 eV,
∼532.1 eV, ∼533.5 eV, which was corresponding to N–C]O*/O–
C]O*, H–*O–C/C–*O–C and O]C–*O groups,28 as presented in
Fig. 6. In detail, the content of carboxyl groupwas 13.2% for TFCW-

1:0 membrane, 16.8% for TFCW-4:1 membrane, 20.1% for TFCW-1:1

membrane, 15.6% for TFCW-1:4 membrane and 10.1% for TFCW-0:1
Fig. 6 XPS spectra of all the TFCW membranes (a), O 1s deconvoluted pe
TFCW-1:1 membrane (d), TFCW-1:4 membrane (e) and TFCW-0:1 membran

32090 | RSC Adv., 2023, 13, 32083–32096
membrane, respectively. Generally, the higher carboxyl group
content the membrane surface possessed, the better hydrophi-
licity themembrane surface was, which was believed to benet for
themembrane permeability. It should bementioned that the core-
level C 1s aer deconvolution and the corresponding chemical
species in the nanolm were displayed and summarized in Fig. S4
and Table S1.†

The content of the unreacted amine (–NH, –NH2, –NH2
+ and –

NH3
+) in the PA layer played a signicant role in providing extra

sites to react with the active Cl, which may decrease the direct
attack of active Cl to amide group and thus maintain the
membrane integrity.38 Through the peak tting of N 1s in TFCW

membranes, the N-related peaks were detected at 400.0 eV,
389.9 eV and 401.3 eV, which belonged to the O]C–NH group, C–
NH/C–NH2 group and C–NH2

+/C–NH3
+ group as illustrated in

Fig. 7. The content percentage of O]C–NH groups matched the
changing trend with the cross-linking degree of the TFCW

membranes. For the TFCWmembranes based on the introduction
of PIP, the loose PA layer allowed more amines to diffuse through
the crosslinked structure of the nanolm formed at the interface,
aks in XPS spectra of TFCW-1:0 membrane (b), TFCW-4:1 membrane (c),
e (f).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and hence remained partially unreacted amine inside or on the
surface of the nanolm.28 Specically, the total percentage of
unreacted amine were 19.7%, 23.4%, 25.2%, 24.8% and 22.9% for
TFCW-1:0, TFCW-4:1, TFCW-1:1, TFCW-1:4 and TFCW-0:1 membrane,
respectively. Similarly, when the PIP loading concentration sur-
passed 50%, the increased cross-linking degree indicated the
more consumption of amine group, and hence decreased the
unreacted amine content in the membrane. The lowest content of
the unreacted amine was detected in TFCW-1:0 membrane, which
wasmainly caused by the fast reaction rate and the reaction rate of
IP process between TMC and MPD, and hence led to the highest
cross-linking degree.
Contact angle and membrane potential of TFCW membranes

The surface charge was a key parameter in separating different
salt solutions. As exhibited in Fig. 8a, TFCW membranes pre-
sented a gradually reduced negatively charged surface from pH
= 2 to pH= 10, which wasmainly resulted from the dissociation
of carboxyl acid groups.2,39 Under the condition of pH = 7.0, the
membrane potential was –12.83, −21.18, −25.50, −27.93 and
−35.88 mV for TFCW-0:1, TFCW-1:0, TFCW-4:1, TFCW-1:4 and TFCW-

1:1 membrane, respectively. As evidenced in Fig. 7, TFCW-1:1

possessed the highest content of the carboxyl acid groups when
MPD/PIP mass ratio reached 1 : 1, thus it exhibited the lowest
membrane potential compared to other TFCW membranes.
Notably, contents of O–C]O group not only induced the change
of the membrane charge, but also had a great inuence on the
surface hydrophilicity, which was one of the most important
factors determining the membrane permeability.
Fig. 7 N 1s deconvoluted peaks in XPS spectra.

© 2023 The Author(s). Published by the Royal Society of Chemistry
The surface hydrophilicity reected by the measured contact
angle values was displayed in Fig. 8b. For TFCW-1:0 membrane,
the contact angle was 53.45°. With the addition of PIP, all the
TFCW membranes showed lower contact angle than TFCW-1:0

membrane but exhibited a decrease-increase change trend.
When MPD and PIP mass ratio was 1 : 1, the membrane dis-
played the lowest contact angle. The interesting change was
likely induced by comprehensive factors, including surface
roughness, surface functional groups and surface charges.40,41

Through the analysis of the surface chemical structure,
moderate addition of PIP brought the increase of carboxyl group
content and decline of membrane potential, which could
contribute to the better hydrophilicity due to the affinity of
membrane surface to water molecules. Since the TFCW-1:1

membrane exhibited the lowest cross-linking degree,
membrane potential and highest carboxyl group content, it
contributed to the best hydrophilicity.
Separation performance of TFCW membranes

The separation performances of the TFCW membranes were
determined, including water ux and salt rejection. As seen in
Fig. 9a, TFCW membranes exhibited a gradually increased water
ux as the increment of PIP concentration when using NaCl and
Na2SO4 as the feed solution, and the form water ux (NaCl) was
slightly higher than the latter (Na2SO4) one. In detail, the water
permeability of TFCW-1:0, TFCW-4:1, TFCW-2:1, TFCW-1:1, TFCW-1:2,
TFCW-1:4 and TFCW-0:1 membrane for NaCl solution was 1.72,
2.23, 2.63, 2.93, 3.33, 3.73 and 4.23 L m−2 h bar, respectively.
The ux enhancement was mainly ascribed to the improved
RSC Adv., 2023, 13, 32083–32096 | 32091
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Fig. 8 (a) Membrane potential and contact angle (b) of TFCW membranes.
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surface chemistry property and structure, such as membrane
hydrophilicity, membrane potential and dense-degree of the PA
layer. Fig. 9b and c calculated the ux enhancement rate of the
TFCW membranes through the linear tting of the water ux. It
was clearly that both the ux enhancement rate increased from
6.477 to 6.838 for NaCl solution and from 5.693 to 8.693 for
Na2SO4 solution when the PIP concentration surpassed 50%. As
discussed above, as the incorporation of PIP in aqueous phase,
Fig. 9 (a) Separation of TFCW membranes for NaCl and Na2SO4, (b)
concentration below 50% and above 50% and (d) separation factor of N

32092 | RSC Adv., 2023, 13, 32083–32096
it gradually participated in the formation of the initial PA layer.
Specically, when the concentration of PIP was below 50%, the
initial PA layer was mainly controlled by the reaction between
MPD and TMC, thus it still tended to form a dense layer with
a gradually decreased dense degree with the addition of PIP.
Consequently, a moderate enhanced water ux achieved.
Nevertheless, once the concentration of PIP surpassed 50%, the
reaction between PIP and TMC gradually dominated the IP
and (c) flux enhancement rate of TFCW membranes with the PIP
aCl to Na2SO4.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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process, and induced amore loosen initial PA layer compared to
MPD, which made a less resistant to water molecules to pass
across the whole rejection layer. Thus, more obvious enhance-
ment rate in water ux was observed.

From Fig. 9a, it can be also seen that the TFCw membranes
exhibited greater rejection behaviors for Na2SO4 compared to
NaCl, which were all extended by 99.3% and agreed well with
the typical separation features for TFC-based RO and NF
membranes. The higher rejection may result in a higher
concentration of Na2SO4 compared to NaCl on the membrane
surface and induce amore serious concentration polarization to
weaken the effective driven force. Consequently, the water ux
of Na2SO4 was slightly lower than that of NaCl. For monovalent
salt, the rejection of NaCl was 99.4%, 99.1%, 98.5%, 98.1%,
94.3%, 90.9% and 71.8% for TFCW membranes under the MPD/
PIP mass ratio from 1 : 0 to 0 : 1, respectively. Obviously, the
rejection of NaCl displayed a turning point at theMPD/PIP mass
ratio about 1 : 1 with an unfavorable decline when further
increasing the PIP concentration. This change would be also
related to the different PA structures as discussed above.

The separation factor of NaCl to Na2SO4 was calculated
based on their salt rejections, and the result was presented in
Fig. 9d. The separation factor of NaCl to Na2SO4 increased from
1.81 to 47.79 with the increased loading concentration of PIP.
Generally, the higher the separation coefficient, the better the
selectivity of the membrane to monovalent and multivalent
salts.24 However, when systemic considering the water ux,
NaCl rejection and separation factor of NaCl to Na2SO4, the best
choice among all the TFCW membranes was the TFCW-1:1

membrane with a 70% ux enhancement accompanied by
a 98.1% NaCl rejection and relatively higher separation effi-
ciency of NaCl to Na2SO4. Table 3 compared the membranes
fabricated in this study with other mixed-amine-based
membranes, respectively. Of note, we roughly estimated the
cost of preparing 100 mL of monomers for the aqueous phase
based on previous references. It is observed that the membrane
synthesized in this study has a higher performance in both ux
and rejection than several other membranes. Only one
membrane, the TAB-MPD membrane has a higher water ux,
but it costs about 1.67 times higher to generate. In all, using PIP
to regulate the performance of MPD-based RO membranes
possessed great potential for commercial application.
Chlorine-resistant performance of TFCW membranes

NaCl rejection was the direct evidence in determining the
chlorine-resistant capacity of TFCW membranes when treated
Table 3 Comparison of the performance and cost of current membran

Membrane material Optimal ratio
Water permeability
(L m−2 h bar)

PIP-MPD 1 : 1 2.93
TAB-MPD 0.3 : 1.7 11.10
DABS-MPD 0.1 : 1.9 0.25
BAPA-MPD 0.1 : 1.9 1.13
DABA-MPD 0.25 : 1.75 2.77
PAR-MPD 0.015 : 3.485 1.40

© 2023 The Author(s). Published by the Royal Society of Chemistry
by 500 ppm NaClO solution. As shown in Fig. 10a, the TFCW

membranes exhibited different degradation degrees of the PA
layer by active chlorine since all the membranes showed slight
decline of NaCl rejection. Through the comparation between
TFCW-1:0 and TFCW-1:1 membrane, both of them could maintain
the integrity of PA layer aer 12 h immersion in 500 ppm NaClO
solution, since slight decrease of NaCl rejection for TFCW-1:0

membranes changed from the 99.4% to 98.5% and 98.1% to
96.8% for TFCW-1:1 membrane. However, when the immersion
time was further extended to 24 h, obvious decline of NaCl
rejection from 98.5% to 93.1% was detected for TFCW-1:0

membranes, indicating an aggravated attack of active chlorine
to PA layer, and 48 h immersion time induced more severe
degradation. Consequently, the TFCW-1:0 membrane displayed
an 88.1% rejection to NaCl. On the contrary, TFCW-1:1

membrane showed lower decline content of NaCl rejection aer
treatment of chlorin for 12 h and 48 h, and the nal rejection
was 94.3%, which was much higher than that of TFCW-1:0

membrane. This change suggested the improved the chlorine
resistant induced by the PIP addition in aqueous solution and
delayed the degradation rate of PA layer. Fig. 10b displayed the
Cl content detected by XPS in the membrane surface of the
TFCW membrane aer 48 h immersion in 500 ppm NaClO
solution. It was seen that TFCW-1:1 membrane possessed the
most content of Cl, which may be captured on the membrane
surface in two ways, one was the attack of active chlorine to
unreacted amine supplied by PIP and MPD molecules and the
other one was the attack of active chlorine to amide bond fol-
lowed by irreversible Orton rearrangement.

To further analyze the effect of PIP on the chlorine-resistant
performance, the peak of Cl 2p was deconvoluted for four
specic peaks at 197.1 eV (197.2 eV, 197.9 eV, 197.3 eV), 199.7 eV
(199.8 eV, 199.1 eV, 200.0 eV), 200.2 eV (200.2 eV, 200.3 eV, 200.4
eV) and 201.7 eV (201.8 eV, 201.9 eV, 201.9 eV) as shown in
Fig. 10c–f. Among them, the percentage of the two peaks at
200.6 eV and 202.2 eV represented C–Cl bond (organic Cl) was
mainly caused by the attack of active chlorine to the amide
bond.46,47 Obviously, the addition of PIP gradually weakened
this type of Cl attack. For TFCW-1:0 membrane, the organic Cl
occupied 87.0% of the total Cl, suggesting the severe deterio-
ration of the fully aromatic PA separating layer and thus
resulting in the visible decline of NaCl rejection. For TFCW-1:1

membrane, 52.5% organic Cl reected the decreased degrada-
tion of amide bond though it was unavoidably attacked by active
chlorine. Shintani et al. measured the retention ratio of
molecular weight (RRMW) aer the immersion in chlorine
es with those of other mixed amine membranes

NaCl rejection
(%)

Cost of 100 mL
aqueous (U) Ref.

98.1 6.28 This work
97.7 10.5 42
92.1 10.23 43
93.7 9.49 37
98.1 9.78 44
99.4 17.38 45

RSC Adv., 2023, 13, 32083–32096 | 32093
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Fig. 10 (a) NaCl rejection of TFCW membranes after immersion in 500 ppm NaClO solution, (b) chlorine content of TFCW membranes after 48 h
immersion detected by XPS, (c)–(f) Cl 2p deconvoluted peaks in XPS spectra.
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solution as one of the evaluations of chlorine resistance. They
found that the RRMW of PIP (0.65) was signicantly higher than
that of MPD (0.34), which may contribute to higher chemical
resistance of amide bond and difficulty to break.48 Besides, the
highest content of unreacted amines of TFCW-1:1 membrane
provided abundant of binding site to consume active Cl, re-
ected by the increased content of Cl− from 13.0% for TFCW-1:0

membrane to 47.5% for TFCW-1:1 membrane, and thus
providing a protecting layer for amide bond from been direct
attack.22 Furthermore, it should be not ignored that addition of
PIP increased the thickness of PA layer, and the extended PA
layer was believed to serve as a sacricial protective layer to
maintain the integrity of the inner rejection layer. Resultingly,
the TFCW-1:1 membrane exhibited a slight decline of NaCl
rejection aer immersion for 48 h in NaClO solution. In light of
the above analysis, addition of PIP in the aqueous solution
played a positive role in enhancing the chlorine-resistant
performance of TFC RO membranes.
32094 | RSC Adv., 2023, 13, 32083–32096
Conclusion

In present study, the effect of PIP on the separation perfor-
mance and chlorine-resistant of TFC RO membranes was eval-
uated. Addition of PIP in the aqueous solution interfered the IP
process, such as lowering the diffusion rate of the mixed amine
from the aqueous solution to the organic phase and lowering
the reaction rate between amines and TMC. The PA layer of TFC
RO transformed from ‘fully-aromatic’ PA structure to ‘semi-
aromatic’ PA structure with the appearance of a ring structure
on the membrane surface. When PIP and MPD mass ratio
reached 1 : 1, the diffusion of aminesmolecule and reaction rate
with TMC were both lower than other ratios. Besides, the TFCW-

1:1 membrane possessed the highest hydrophilicity and negative
charged membrane potential, which contributed to 70% ux
enhancement with 98.1% NaCl rejection and 99.4% Na2SO4

rejection. Of note, further increase of PIP concentration resul-
ted in sharp decrease of NaCl rejection. Last but not least, PIP
played a vital role in enhancing the chlorine-resistant of TFC RO
© 2023 The Author(s). Published by the Royal Society of Chemistry
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membranes, since the NaCl rejection of TFCW-1:0 membrane
declined from 99.4% to 88.1% (declined by 11.3%) and 98.1% to
94.3% for TFCW-1:1 membrane (just declined by 3.8%) aer
immersion in 500 ppm NaClO solution for 48 h. Such
improvement can be ascribed to the following two reasons, (1)
the increased number of unreacted amine groups and thickness
of PA layer that PIP brought could provide a sacricial protective
layer to consume the active chlorine, and thus maintain the
integrity of the inner rejection layer; and (2) PIP-amide
possessed no amidic hydrogen that caused higher difficulty to
attack by active chlorine, and thus contributed to further
improve of chlorine-resistant. MPD and PIP were the two
commonly used amines to prepare commercial RO and NF TFC
membranes. Experiments showed that it was an excellent
choice to regulation of MPD-based IP process by using mature,
cheaply and widely used PIP to improve the separation perfor-
mance and chlorine-resistant, which possessed the most
potential for the large-scale preparation of high-performance
RO membranes.
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