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of an efficient magnesium–
lithium separation thin film composite membrane
with dual aqueous-phase monomers (PIP and MPD)

Xin Cheng, a Qiaoming Pan,ab Huifen Tan,*a keke Chen,a Wenchao Liu,a

Yingying Shi,a Shengyu Dua and Baoku Zhu c

A series of thin film composite (TFC) membranes was prepared with piperazine (PIP) and m-

phenylenediamine (MPD) in different ratios, and the magnesium–lithium separation performance of TFC

membranes in salt-lake brine with the magnesium–lithium ratio of 28 were systematically compared.

The prepared TFC membranes exhibited high rejection of magnesium ions and negative rejection of

lithium ions with high water flux, enabling high magnesium–lithium separation efficiency. The

characterisation using FTIR spectroscopy, XPS, zeta potential measurements, and SEM techniques

indicated that the composition and surface morphology of the membrane prepared with dual aqueous

monomers were found to be different from those prepared with single aqueous monomers under the

similar conditions. The interfacial polymerization process of different monomers and the structure–

performance mechanism of TFC membranes were further discussed.
Introduction

In recent years, lithium has become a popular type of resource
in China. Over 71% of China's lithium resource is contained in
salt-lake brines on the Tibetan Plateau. Salt-lake brines in China
are mostly the sulphate subtype and their water quality is
featured by a high magnesium–lithium ratio. Due to similar
properties and close hydration radii of Mg2+ and Li+, lithium
extraction from brines in China poses great technical difficulty
with low extraction efficiency.1 Replacing the conventional
chemical precipitation method with the high-efficiency nano-
ltration (NF) membrane separation technology for magne-
sium–lithium separation will not only improve the efficiency of
lithium extraction but also greatly abate the environmental
problems caused by the use of chemical reagents.2

NF membranes are charged, with a pore size of less than
2 nm and a molecular weight cut-off between 200 and 1000 Da.
They can selectively allow permeation of monovalent ions and
reject divalent ions by virtue of the synergy of several effects,
such as the Donnan effect and pore-size sieving,3 and thus are
particularly suitable for magnesium–lithium separation in salt-
lake brines. Positively charged NF membranes are extensively
studied and developed for this purpose, owing to their higher
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rejection rate of magnesium ions than their negative counter-
parts. The presently reported studies on positively charged NF
membranes mainly use polyethyleneimine (PEI) with a high
amino density as the membrane monomer,4 or coat PEI on the
surface of negatively charged NF membranes for charge modi-
cation.5 However, the large molecular volume and uneven
stacking of so segments of PEI both increase the diffusion
resistance of water molecules, leading to a low permeation ux
under low operating pressure conditions. On the other hand,
the so segments rearrange under high-pressure conditions or
during long-time operation, giving rise to problems of unstable
separation performance or peeling of the coating layer.6

Monomers that have been published for preparing positively
charged NF membranes include quaternary ammonium
cationic monomers containing cyclic structures7 and small-
molecule aliphatic amine monomer N,N′-bis (3-aminopropyl)
methylamine (MIBPA).8 However, carrying positive charges, the
membrane surfaces are more likely to adsorb microorganisms
and natural organic matter, causing contamination. Therefore,
the practical application of this research direction is limited.

Previously, we reported the preparation of low-pressure high-
desalination NF membranes with dual-aqueous monomers (PIP
and MPD)9 and our subsequent study found that the membrane
enabled high magnesium–lithium separation efficiency in salt-
lake brine. In order to explore the optimal PIP : MPD ratio, the
magnesium–lithium separation performance of TFC
membranes prepared in a series of ratios was compared.
Aerwards, to explore the association between the separation
mechanism and microstructural characteristics of the TFC with
dual-aqueous monomers, membranes with a single aqueous-
RSC Adv., 2023, 13, 22113–22121 | 22113
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phase component of PIP or MPD were prepared under the same
conditions for comparison and reference. The pure water ux
values of the membranes and their rejection performance for
magnesium sulphate (MgSO4), sodium chloride (NaCl), and
magnesium chloride (MgCl2) aqueous solutions were tested,
and their capabilities for magnesium–lithium separation in
salt-lake brine were compared. Further, the structural compo-
sition andmorphological characteristics of the TFCmembranes
were examined using FTIR, XPS, zeta potential, and SEM tech-
niques. Finally, the different behaviours of PIP, MPD, and their
dual-monomer system in the interfacial polymerization
process, as well as the relationship between microstructural
characteristics and separation performance of the TFC
membranes are discussed.

Experimental
Preparation of TFC membranes

Polypiperazine amide composite NF membranes were prepared
by interfacial polymerization. The porous polysulfone (PSf)
substrate layer (molecular weight cut off is 50 000, manufac-
tured by the authors' company, preserved in 1 wt% sodium
bisulte aqueous solution) was xed on the epoxy resin frame
and immersed in deionized water. The aqueous phase was
5 wt% sodium phosphate (TSP) plus PIP or/and MPD, and the
organic phase was 0.1 wt% TMC dissolved in n-hexane. The
ambient temperature was 25 ± 1 °C.

First, the moist porous PSf substrate layer was placed hori-
zontally, and an 80 g aqueous solution was placed thereon for
60 s. Then, the excess solution was poured out and drained for
2–3 min. Next, 20 g organic phase solution was placed on the
porous PSf substrate layer impregnated with aqueous phase for
10 s, and drained for 30 s.10 The frame and membrane were
placed horizontally in an electric thermostat blast drying oven
(DHG9140A, Shanghai Bluepard Instruments Co., Ltd) at 40 °C
for 6 min. A series of NF membrane samples were prepared.
These samples were immersed in deionized water for more than
12 hours, and then placed in a constant temperature and
humidity chamber for more than 24 hours. Finally, they were
packed into sealed bags for testing (Fig. 1).

Separation performance of TFC membranes

Desalination performance test. MgSO4, NaCl, and MgCl2
aqueous solutions were used as the inuent. Operating pressure
was 0.5 MPa, the inlet water temperature was 25 ± 1 °C,
Fig. 1 Flow diagram of the experimental process for TFC membranes
by interfacial polymerization.
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concentrated water ow was 3.0 L min−1, the pH value was
controlled at 6.5–7.0, and the test was carried out aer 30
minutes of preloading. The membrane test system adopted
a cross-ow ltration mode, parallel 9 pools, and the single
membrane area was 12.5 cm2, designed by the authors'
company. According to formula (1) and (2), the salts rejection
rate Rj and ux J were calculated, respectively. V is the produc-
tion water volume, A is the effective membrane area, T is the test
time, C0 is the inuent salt concentration, and C1 is the
production concentration. The salt concentration was obtained
by conversion of the conductivity-salt concentration standard
curve.

J ¼ V

A� T
(1)

Rj ¼
�
1� C1

C0

�
� 100% (2)

Magnesium–lithium separation performance test. Qinghai
Yiliping Salt Lake brine diluted 10 times was used as the
inuent solution. The membranes were pre-pressed at 4.0 MPa
and 25 °C, and water samples were collected aer 30 min. For
each membrane, the produced water from 6 samples was mixed
as the nal produced water, and the concentrations of Mg2+ and
Li+ in the inuent and nal produced water were analysed using
ion chromatography (ICS-900, Thermo Fisher Scientic Inc.).
According to formula (1) and (2), the ion rejection rate Rj and
ux J were calculated, respectively. Separation factors were used
to characterize the separation degree of magnesium and
lithium. According to formula (3), the ratio of the concentration
of Li+ produced was divided by Mg2+'s, and the concentration of
Li+ in the inuent was divided by Mg2+'s. Obviously, the larger
the ratio, the higher the separation degree of Li+ and Mg2+, and
the better the separation effect of magnesium–lithium.

F ¼
CLi1

þ
.
CMg1

2þ

CLi0
þ
.
CMg0

2þ
(3)

Membrane structure and morphology test

Fourier transform infrared spectrometer (ATR-FTIR). Tensor
II, Bruker, USA. Samples were scanned by total reection using
zinc selenide indenter, and OPUS soware was used for data
acquisition and processing.

X-ray photoelectron spectroscopy (XPS). Escalab 250Xi,
Thermo Fisher Scientic, UK. AlKa with the photoelectron
energy of 1486.6 eV was used as the X-ray source.

Zeta potential analyser. SurPASS 3, Anton Paar, Austria.
Samples were cut into squares of appropriate size were tested in
the 0.001 M KCl solution at 25 °C and pH range of 3–6.

Field emission scanning electron microscope (FE-SEM). S-
4800, Hitachi, Japan. Samples were cut to a suitable size and
were dried and sputter-coated with a thin layer of gold before
SEM characterization, and attached to a test bench to observe
the surface morphology at an accelerating voltage of 3.0 kV.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
The optimal ratio of PIP and MPD

Our previous study was based on DOE design, and TFC
membranes with specic properties were prepared with PIP and
MPD.9 The interaction of ve inuencing factors on the two
response variables, sodium chloride rejection (RNaCl) and pure
water ux (J), of the TFC membranes were systematically ana-
lysed. The ve inuencing factors were the concentrations of
two aqueous monomers (PIP and MPD), sodium phosphate
(TSP), the organic monomer trimesoyl chloride (TMC), and the
heating temperature (T) during interfacial polymerization. On
this basis, the optimal aqueous and organic phase formulation
and process conditions for preparing NF membrane by inter-
facial polymerization were obtained through data tting,
simultaneously, achieving high NaCl rejection and high water
ux. Under the test condition of 0.5 MPa and 2000 ppm MgCl2,
the prepared NF membrane displayed an average rejection rate
(RMgCl2) of 94.1% (Fig. 2), which is comparable to that of some
reported positively charged NF membranes that can be used to
extract lithium from salt lakes.11

Firstly, under the condition of 0.1% PIP concentration, the
TFC membrane was prepared by PIP and MDP in the ratios of
1 : 10, 1 : 5, 1 : 1, 5 : 1, and 10 : 1, and the optimal ratio was
determined by the magnesium–lithium separation perfor-
mance test. Brine from Yiliping Salt Lake in Qinghai province of
China was diluted 10 times as the inlet water solution. The test
results are shown in Table 1.

It can be clearly seen from Table 1 that in the range of 10 : 1
to 1 : 5, the increase of MPD concentration, in the produced
water signicantly decreases the magnesium ion concentration
and slightly decreases the lithium-ion concentration, thus,
gradually increasing the separation degree of magnesium and
lithium. However, when the TFC membrane was prepared with
PIP andMDP in the ratio of 1 : 10, the lithium-ion concentration
was greatly reduced, which led to a decrease in the separation
degree. It can be preliminarily concluded that the optimal
magnesium–lithium separation efficiency was obtained at PIP :
MPD ratios of 1 : 5–1 : 10. In addition, combined with our
previous study,9 by comparing the performances of salt
Fig. 2 Magnesium–lithium separation performance of TFC
membranes prepared with aqueous monomer PIP and/or MPD.

© 2023 The Author(s). Published by the Royal Society of Chemistry
retention and water ux of the prepared composite membrane
the optimal ratio of PIP : MPD was set as 1 : 9, and the magne-
sium–lithium separation performance for salt lake brine is
shown in Table 2, which was the best observed in this study.
The performance of TFC membranes prepared with PIP and/
or MPD

For a direct comparison of structure and performance, a series
of TFC membranes using PIP and/or MPD as aqueous mono-
mers were prepared under the same conditions. Specically,
under the conditions of 5 wt% TSP in the aqueous phase,
0.1 wt% TMC dissolved in n-hexane, and oven temperature of
40 °C, the TFC prepared with the PIP concentration of 0.1 wt%
was labelled as TFC-PIP; the TFC prepared with MPD concen-
tration of 0.9 wt% was labelled as TFC-MPD; and the TFC
prepared with PIP concentration of 0.1 wt% and MPD concen-
tration of 0.9 wt% was labelled as TFC-PIP & MPD. Their
rejection performance for NaCl, MgCl2, and MgSO4, as well as
their pure water ux values were rst compared, and the data
are shown in Fig. 2.

TFC-PIP exhibited the typical separation characteristics of
NF membranes, RMgSO4

> RNaCl > RMgCl2. This is due to the
hydrolysis of a large number of acyl chloride groups in the
poly(piperazine-amide) membrane structure to form negative
charges, which hinder the permeation of anions, especially
high-valence ions, by virtue of the charge effect.12 In the MgSO4

solution, due to their large space volume, the divalent SO4
2−

ions are basically unable to permeate the membrane. Mean-
while, to maintain the charge balance, the divalent Mg2+ ions
are kept on the water inlet side, resulting in a rejection rate of
96.2%. In the NaCl system, Cl− is rejected by a small portion
due to a relatively weak charge effect, resulting in RNaCl at
38.5%. In the MgCl2 system, the divalent Mg2+ ions shield the
charge effect formed by the anions, allowing a higher perme-
ation ratio of Cl− than that in the NaCl system. Meanwhile,
Mg2+ combines more Cl− ions to permeate the membrane.
Therefore, RMgCl2 is the lowest at 19.8% among the rejection
rates for the three systems. TFC-MPD displayed typical separa-
tion characteristics of reverse osmosis (RO) membranes, RMgSO4

> RNaCl z RMgCl2. The separation is mainly achieved through the
sieving effect, i.e., water molecules and small ions are allowed to
pass through, while large ions are rejected. Therefore, RMgSO4

is
the highest at 99.8%. The salts in the NaCl and MgCl2 systems
were also mostly rejected. However, the MPD reaction concen-
tration set in this study was only 0.9%, which is much lower
than the monomer concentrations reported for the preparation
of reverse osmosis (RO) membranes,13 leaving defective struc-
ture causing partial salt penetration. This is reected in the
RNaCl value of only 90.8%. On the other hand, the osmotic
pressure of the MgCl2 system is higher than that of NaCl, and
water is slightly less permeated, which is reected in a higher
concentration of the permeated solution and a slightly lower
rejection rate at 89.2% (RMgCl2). It has been suggested that the
addition of a very small amount of MPD to the aqueous phase
system of PIP can alter the membrane performance.14 As shown
in Fig. 2, TFC-PIP & MPD exhibited altered separation
RSC Adv., 2023, 13, 22113–22121 | 22115



Table 1 Magnesium–lithium separation performance of TFC membranes prepared with PIP and MDP in different ratios

TFC prepared
by (PIP : MPD) Inuent solution

CMg2+ (mg L−1) CLi+ (mg L−1) CLi+/CMg2+

F11 131.4 398.5 0.0358

10 : 1 Produced water 1743 776.5 0.4455 12.44
5 : 1 Produced water 1167 755.5 0.6474 18.08
1 : 1 Produced water 662 761.4 1.1502 32.13
1 : 5 Produced water 378.8 756.6 1.9974 55.79
1 : 10 Produced water 277.2 448.5 1.6180 45.19
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performance for the three salts in comparison to the other two
TFC membranes, with RMgCl2 being the highest at 94.1%. RNaCl

and J for TFC-PIP & MPD follow the same trend, being lower
than that of TFC-MPD but much greater than that of TFC-PIP.
Meanwhile, RMgSO4

for TFC-PIP & MPD is very high, which is
comparable to that of TFC-MPD. Overall, the sieving size in the
TFC-PIP & MPD structure should be between that of the other
two membranes, with a force that hinders the permeation of
Mg2+ ions, resulting in a larger RMgCl2 and RMgSO4

than that of
TFC-MPD and TFC-PIP, respectively. Considering the possible
presence of both positive and negative charge effects, the
permeation rate of NaCl is not too high either, with RNaCl being
84.6%.

Water uxes of the three TFC membranes follow the
sequence JTFC-PIP > JTFC-PIP & MPD > JTFC-MPD. The water ux of
TFC-MPD is attributed to its low hydrophilicity and restricted
chain exibility. The benzene rings in the fully aromatic poly-
amide produced from the reaction of MPD and TMC present
a planar structure, as shown in the reaction eqn (4).

(4)

The dense stacking of layers leads to the compression of
water channels. Moreover, amino hydrogens in the structure
form hydrogen bonds, reducing the size of water channels and
thus leading to low ux and high rejection.15 The
poly(piperazine-amide) formed from the reaction of PIP and
TMC is different. PIP has a chair conformation, and thus form
macromolecules with large free volume via polymerization with
TMC. In addition, the structure is free from amino hydrogens,
and no hydrogen bonds can be formed. Therefore, the perme-
ation efficiency of water and low-valent ions is much greater
than that of TFC-MPD. The performance of TFC-PIP & MPD is
Table 2 Separation of magnesium–lithium in salt-lake brine by TFC me

CMg2+ (mg L−1)

Inuent solution 11 131.4
Produced water of TFC-PIP 2011.5
Produced water of TFC-PIP & MPD 166.1
Produced water of TFC-MPD 68.5
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in-between, which will be discussed subsequently in conjunc-
tion with the analysis of its structural characteristics.
Magnesium–lithium separation performance of TFC
membranes prepared with PIP and/or MPD

In this study, TFC-PIP and TFC-MPD were still used for
comparison. Under the same conditions, brine from Yiliping
Salt Lake in Qinghai diluted 10 times was used as the inlet
aqueous solution. The concentration of Mg2+ (CMg2+) was 11
131.4 mg L−1 and that of Li+ (CLi+) was 397.5 mg L−1, with
a magnesium–lithium ratio (CMg2+/CLi+) of 28. In addition, there
are SO4

2− and Cl− at around 3000 and 35 000 mg L−1, respec-
tively, and a small number of other cations including Na+ and
K+ in the test water. The complex composition may have an
impact on the magnesium–lithium separation performance of
the membranes. In Table 2, the Mg2+ and Li+ concentrations in
the nal produced water of these TFCmembranes differ greatly,
indicating the distinctly divergent magnesium–lithium separa-
tion performance of the membranes in salt-lake brine.

Based on the data presented in Table 2, the rejection of Mg2+

(RMg2+) and Li+ (RLi+) in salt-lake brine was calculated for the TFC
membranes using eqn (2), and the results are shown in Fig. 3A.
The nal produced water of TFC-PIP has the highest concen-
tration of Mg2+, with a rejection rate of only 81.93%. Despite the
compression of water channels under complex high-
concentration inuent and high-pressure conditions, which
leads to the rejection of most divalent ions, especially SO4

2−, in
the inuent, the high concentration of Mg2+ in the inuent
shields the charge effect of the membrane and a large number
of monovalent ions carry someMg2+ through the membrane. To
maintain the charge balance, Cl− on the produced water side
drives more Li+ to permeate, resulting in the negative rejection
of Li+ with RLi+ being−120.1%. The nal produced water of TFC-
MPD has the lowest concentrations of Mg2+ and Li+, which is
attributed to the sieving effect that basically rejects both ions,
with RMg2+ being 99.38%. The hydration diameters of Mg2+ and
mbranes prepared with PIP and/or MPD

CLi+ (mg L−1) CLi+/CMg2+ F

398.5 0.0358
877.2 0.4361 12.18
781.1 4.7026 131.36
297.9 4.3489 121.48

© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 Magnesium–lithium separation performance of TFC
membranes prepared with PIP and/or MPD: (A) salts rejection rate Rj,
(B) separation ratio of magnesium–lithium (F) and flux (J).
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Li+ are 0.856 and 0.764 nm, respectively, and Li+ ions are more
easily driven by Cl− on the produced water side to permeate the
membrane, thus RLi+ is lower than RMg2+ at 25.24%. The
concentrations of Mg2+ and Li+ in the nal produced water of
TFC-PIP & MPD were both between the above membranes.
Specically, in the produced water, CMg2+ was only 166.1 mg L−1,
which is much lower than that achieved using TFC-PIP. This
veried the analysis discussed in Section 2.1, i.e., the presence
of positive charges in TFC-PIP & MPD affects the permeation of
divalent cations, contributing to RMg2+ of 98.51%. However,
being different from the performance of TFC-MPD, TFC-PIP &
MPD displayed negative rejection of Li+ with an RLi+ value of
−96.01%, which indicates that the sieving size of themembrane
structure was larger than the hydration diameter of Li+.

The separation ratios of magnesium–lithium (F) were
calculated for the membranes using eqn (3), and the corre-
sponding separation efficiency were analysed comprehensively
combining water uxes (J) of the membranes. The results are
shown in Fig. 3B. Despite the highest JTFC-PIP at 36.7 L (m−2 h−1),
FTFC-PIP was the lowest at 12.18. This is because more Mg2+ ions
permeated to the produced water side and magnesium–lithium
separation was thus not achieved. There were almost no Mg2+

ions in the produced water of TFC-MPD, which means an ideal
magnesium–lithium separation, with an FTFC-MPD value of
121.4. However, the JTFC-MPD was only 10.2 L (m−2 h−1), indi-
cating a low separation efficiency. In comparison, FTFC-PIP & MPD

is the largest at 131.37, which is attributed to the membrane's
high rejection rate of Mg2+ and negative rejection of Li+ ions.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Meanwhile, the ux can reach 30.4 L (m−2 h−1). Both factors
make TFC-PIP & MPD the ideal candidates among the three
membranes in terms of magnesium–lithium separation effi-
ciency. Subsequent structural and surface morphology tests of
the TFC membranes were carried out to further analyse the
relationship between their separation performance and struc-
tural characteristics.

Membrane structure and morphology

Fig. 4 shows the ATR-FTIR absorption spectra of the TFC
membranes. The absorption peak of the polysulfone phenylene
ether groups (Ar–O–Ar, 1240 cm−1) in the substrate was selected
as the internal standard, and the spectra were normalized.16 The
range of 800–1800 cm−1 was regarded as the characteristic
region of the polyamide.17 Differences in the positions and
shapes of characteristic peaks in the range of 1500–1700 cm−1

were clearly identied for these TFC membranes.
The main chain of the polyamide prepared by interfacial

polymerization of MPD and TMC consists of an amide group
with two alternate benzene rings, featuring fully aromatic
polyamide, as shown in eqn (4). In the TFC-MPD spectrum
(Fig. 4), the peaks at 1660 and 1540 cm−1 mainly belonged to the
amide II absorption, corresponding to the vibrational absorp-
tion of the C]O and N–H bonds in amide, respectively.
Meanwhile, the absorption peaks of benzene rings in MPD and
TMC are located at 1607 and 1580 cm−1, respectively.18 The
main chain of the poly(piperazine-amide) prepared by interfa-
cial polymerization of PIP and TMC consists of an amide group
and a benzene ring alternately, as shown in eqn (5).

(5)

In the TFC-PIP spectrum (Fig. 4), the absorption peak of
benzene ring is at 1580 cm−1. However, instead of the rigid
Fig. 4 FTIR spectra of TFCmembranes preparedwith PIP and/orMPD.

RSC Adv., 2023, 13, 22113–22121 | 22117
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benzene structure of MPD, PIP has a steric chair conformation
which results in the looser structure of poly(piperazine-amide)
than fully aromatic polyamide, and the conjugation between
the benzene ring and the P electrons on the amide can be fully
reected. Therefore, in the TFC-PIP spectrum (Fig. 4), the
absorption peaks of Amide II and benzene ring interact with
each other, giving rise to the peak of Amide II at 1620 cm−1. PIP
is a secondary diamine and poly(piperazine-amide) is a tertiary
amine, so there is no peak corresponding to the N–H bond
around 1540 cm−1.

In the TFC-MPD and PIP spectra (Fig. 4), the absorption
peaks of the two benzene rings at 1607 and 1580 cm−1 were the
same as those of TFC-MPD. However, there was a weak broad
peak in the range of 1660–1607 cm−1, and the intensity of the
peak at 1540 cm−1 was also obviously weaker and even unrec-
ognizable. It was deduced that both PIP and MPD participated
in the polymerization reaction to form a complex polyamide
structure, as shown in Fig. 5. On the one hand, the incorpora-
tion of variable spatial conformations between regularly
arranged benzene ring layers in the fully aromatic polyamide
molecules disrupts the tight interlayer structure and weakens
the hydrogen bonds of the amino hydrogens. On the other
hand, the addition of rigid planar benzene rings to the poly(-
piperazine amide)-dominated structure leads to the formation
of a more dense network structure. These interactions weaken
the characteristic absorption of single molecular bonds, and the
amide II structure does not show characteristic vibrational
peaks over a wide range due to the enhanced conjugation of the
amide and the benzene ring.

XPS can quantitatively analyse the structural composition of
the membrane surface. However, the XPS electron energy has
a maximum analysis depth of only 10 nm,19 which cannot
penetrate the entire separation layer of the heterogeneous
composite membrane, so only differences in the structural
composition at the same depth of the surface layer of the
membrane can be analysed. Theoretically, if all three substitu-
ents of TMC are bonded to PIP or MPDmonomer to form amide
bonds in the interfacial polymerization process, the O/N molar
ratio will be 1 in the prepared membrane structure. Obviously,
the TFC-PIP sample in Table 3 is close to this ratio. However, as
Fig. 5 Molecular formula of polymerization products of PIP or MPD
with TMC.
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mentioned above, it is generally believed that there are more
unreacted acyl chloride groups on the surface of the composite
membrane, which are hydrolysed to form carboxyl groups,
resulting in an O/N ratio greater than 1. If only one of the TMC
substituents binds to form an amide group, and the other two
are hydrolysed to form a carboxyl group, the O/N ratio is close to
5. Obviously, the O/N ratio of the TFC-PIP & MPD sample in
Table 3 is the highest, which may be because it has the highest
concentration of aqueous monomers among the three
composite membrane samples, and the surface layer of the
prepared composite membrane has the highest hydrolysis of
acyl chloride groups within the thickness range of XPS
detection.

Fig. 6 shows the zeta potential curves of the membranes with
pH. Obviously, all three composite membranes were negatively
charged at neutral pH, and the isoelectric point of TFC-PIP was
the lowest (4.03), while the other two lms had a very close
isoelectric point of around 4.20. In the neutral pH range above
the isoelectric point, the absolute value of the zeta potential of
TFC-PIP & MPD was the highest, representing the largest
surface charge density,20 which is consistent with the analysis
results of XPS.

Under the neutral condition of pH > 6, the zeta potential
values of TFC-PIP and TFC-MPD were similar, but the O/N value
of TFC-MPD in XPS was much larger than that of TFC-PIP. This
may be due to the thick separation layer of TFC-MPD, and the
detection depth of XPS was only analysed to the relatively loose
hydrolysis layer on the surface. In contrast, the separation layer
of TFC-PIP was relatively thin, and the detection depth of XPS
involved the cross-linking layer with a high cross-linking
degree.

Fig. 7 shows the surface morphologies of membranes
prepared with different aqueous monomers. Among them, (A) is
the PSf substrate layer, featured by a smooth surface with
uniform distribution of pattern and occasional gaps of about
10 nm in size. (B) Is TFC-PIP, with a typical particle morphology
of poly(piperazine-amide). The particle size was in the range of
80–120 nm, with clear particle boundaries, presenting a smooth
surface. (D) Is TFC-MPD, with a leaf-like morphology. The
‘leaves’ varied in size and were partially interconnected, form-
ing a complex three-dimensional structure. The “leaves” closer
to the substrate were smaller in size with different heights. The
overall surface was rough. (C) Shows the surface of TFC-PIP and
MPD, which varied distinctly from (B) and (D), with two particle
sizes. Particles on the surface were large with a diameter
>150 nm and sparsely distributed with clear boundaries
between each other.

Particles in the lower layers close to the substrate were very
small with a diameter <50 nm. Their distribution follows the
Table 3 XPS data of TFC membranes prepared with PIP and/or MPD

Sample ID C (%) O (%) N (%) O/N

TFC-PIP 70.80 16.57 12.64 1.31
TFC-PIP & MPD 72.65 23.13 5.12 4.52
TFC-MPD 75.59 15.09 3.65 4.13

© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 Zeta potential test data of TFC membranes prepared with PIP
and/or MPD.

Fig. 7 SEM images ((A) PSf substrate, (B) TFC-PIP, (C) TFC-PIP & MPD,
and (D) TFC-MPD) under 800 00× magnification with the working
distance of 8.9 mm.
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texture of the substrate, suggesting particles cover the substrate
evenly. This is different from the morphologies reported for
membranes prepared by interfacial polymerization of MPD and
PIP with TMC,21 which may be due to the differences in char-
acteristics of the substrate, monomer concentration, and
interfacial polymerization temperature.22
Fig. 8 Schematic of the associations between the interfacial poly-
merization processes using PIP and/or MPD and the structure/
morphology of the TFC membranes.
Interfacial polymerization processes of different monomers
and structure–performance mechanism of TFC membranes

The current industrial process of TFC membranes is interfacial
polymerization. It allows easy adjustment of the composition
and thickness of the membrane, and the aqueousmonomer can
directly determine the performance of membranes. MPD is the
classic aqueous monomer for RO membrane preparation, and
PIP is the classic aqueous monomer for NF membranes. With
the rapid diffusion of aqueous monomers into the organic
phase, interfacial polymerization occurs, and the initial poly-
amide in turn inhibits the diffusion of monomers simulta-
neously. This is a self-inhibiting process, and the polyamide
© 2023 The Author(s). Published by the Royal Society of Chemistry
structure traces the diffusion of aqueous monomers to some
extent.23 On this basis, combining the above results, the asso-
ciations between interfacial polymerization processes of
different monomers and the structure/morphology of
membranes are discussed, as shown in Fig. 8.

It has been suggested that the partition coefficient of MPD is
much higher than that of PIP,24 i.e., MPD diffuses more quickly
to polymerize with TMC and forms a fully aromatic polyamide
with rigid molecular chains. This results in a thick layer with
leaf-like surface morphology and compact structure, as pre-
sented in this paper for TFC-MPD. It mainly relies on the sieving
effect for desalination but is not efficient for water permeation.
On the other hand, PIP with chair conformation polymerizes
with TMC to produce poly(piperazine-amide) with loose struc-
ture and particle surface morphology. It mainly relies on the
charge effect to reject high-valence ions of the same charge and
allows efficient permeation of monovalent ions and water. TFC-
PIP is thinner than TFC-MPD, suggesting that poly(piperazine-
amide) has a stronger diffusion inhibition ability than fully
aromatic polyamide. It has been reported that, with both MPD
and PIP in the aqueous phase, acid receptors inhibit the inter-
facial diffusion of MPD to reduce its partition coefficient, while
increasing the reaction rate of PIP.25 As seen from the FTIR
spectrum in Fig. 4, it is conrmed that both aqueous monomers
are involved in the formation of polyamide under the condi-
tions set in this study. On the surface of TFC-PIP &MPD, the ne
particles covering the substrate are mainly poly(piperazine-
amide). Although MPD diffuses faster than PIP, TSP acceler-
ates the formation of initial poly(piperazine-amide), which
immediately inhibits further diffusion of most MPD and PIP.
The excess of amine monomers results in a large amount of
unreacted amino groups in the polyamide structure close to the
RSC Adv., 2023, 13, 22113–22121 | 22119
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substrate, which hydrolyses to form a positive charge. Prior to
this, the escaped MPD polymerizes with TMC to form the initial
fully aromatic polyamide, which has a low degree of polymeri-
zation. The fully aromatic polyamide particles, as nucleation
sites, promote the diffusion of the two monomers for further
reaction and cut particles of the covering. Similarly, the MPD
will diffuse and polymerize rapidly, while the initial
poly(piperazine-amide) inhibits the diffusion simultaneously.
The diffusion and inhibition compete, and the surface
morphology of TFC-PIP and MPD eventually showed sporadic
distribution of large particles. Due to the excess of TMC in the
nal reaction, a large number of acyl chloride groups are
located on the outermost of the membrane and hydrolyses to
form negative charges.

In summary, the structure of TFC-PIP & MPD contains both
positive and negative charges, which blocks the permeation of
Mg2+ions. Due to the involvement of PIP in the structure
formation, the membrane has a looser structure than fully
aromatic polyamide, allowing the permeation of Li+ ions and
thus achieving negative rejection of Li+ in the diluted salt-lake
brine. Therefore, the efficient separation of Mg2+ and Li+ is
enabled. On the other hand, the involvement of MPD in the
process equips the membrane with a denser structure than that
of poly(piperazine-amide), which improves desalination. This is
conducive to lithium extraction from salt-lake brines. The ne
particles formed at the nucleation sites and the loose internal
structure provide abundant water channels for the efficient
separation of magnesium–lithium by the TFC.

Conclusions

To optimize the ratio of PIP and MPD in TFC membrane
preparation, we conducted additional control experiments
examining the performance of TFC membranes with varying
ratios of PIP and MPD (ranging from 10 : 1 to 1 : 10) in the brine
from Yiliping Salt Lake. Through analysis and comparison, the
optimal ratio is given. When the prepared NF was used in
magnesium–lithium separation in salt-lake brine (magnesium–

lithium ratio of 28), the rejection rates of Mg2+ and Li+ ions are
98.51% and −96.01%, respectively, and the water ux is 30.4 L
(m−2 h−1), achieving highly efficient magnesium–lithium
separation. Via characterization tests, the separation perfor-
mance, structure, and surface morphology of TFC-MPD&PIP are
determined to be different from those of TFC-PIP and TFC-
MPD. It is suggested that both PIP and MPD are involved in
the formation of polyamide structures in this study. Due to the
different partition coefficients and polymerization characteris-
tics of aqueous monomers, the formedmembrane has a specic
molecular composition and spatial structure, which effectively
hinder the permeation of Mg2+ via charge effect, but facilitate
the permeation of Li+ and water molecules during the separa-
tion process of salt-lake brines.
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