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Mg–Fe layered hydroxide (LDH) was synthesized by the double titration method and added to trimesoyl

chloride (TMC) to prepare an Mg–Fe LDH-modified polyamide nanofiltration (NF) membrane by

interfacial polymerization (IP). Compared to the pure polyamide NF membrane, the Mg–Fe LDH-

modified membrane presented a wrinkled structure and a comparatively smooth surface. Additionally,

the permeation flux and rejection rate of the modified NF membrane for 1000 mg L−1 Na2SO4 solution

were 61.7 L m−2 h−1 and 95.9%, respectively. When the Mg–Fe LDH modified NF membrane was used to

separate dye/NaCl mixed solutions, the rejection of NaCl was less than 17% and the rejection rate of

Coomassie Brilliant Blue (CBB) molecules was close to 100%. At the same time, the concentration of

CBB increased from 500 mg L−1 to 1151 mg L−1 which means that the LDH modified NF membrane

could separate CBB/NaCl effectively and could concentrate CBB at the same time.
1 Introduction

For decades, industrial wastewater treatment has been a very
important and widely studied issue. The more complex the
composition of wastewater, the more stable the pollutants are,
and the more difficult it is to treat, such as the textile industry's
wastewater. Approximately 70% of the wastewater in the entire
textile industry comes from printing and dyeing wastewater.1

Some of these dye molecules will migrate into the environment
through various dye production processes and use channels.
Due to their stable chemical properties and low level of
degradability, dyeing wastewater causes severe pollution to the
ecological environment, potentially harming animals, plants,
and even humans. Normally, dyeing wastewater contains high
concentrations of inorganic salts such as NaCl,2 which are used
to improve the absorption of dyes by fabrics,3 thus making the
biodegradation of dyeing wastewater more difficult and the
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treatment process more complex. If NaCl and dye molecules in
dye wastewater can be separated and recycled, not only will the
amount of wastewater be signicantly reduced, but the waste-
water will also be more easily biodegraded, which will achieve
greater economic benets.

Membrane separation technology has shown great advan-
tages in molecular separation and wastewater treatment due to
its high efficiency, energy savings, and environmental protec-
tion characteristics.4 Among them, nanoltration (NF)
membranes can retain organic compounds with 200–1000 Da
molecular weights through Donnan repulsion and pore-size
exclusion, exhibiting enormous potential in the separation of
dyes and salts for wastewater treatment.5 Jabbarvand Behrouz's
study showed that TFC-NF membranes have good desalination
performance at low pressure.6 LNMs membranes prepared
using polysulfone (PSF) membranes functionalized with L-
histidine amino acids showed good dye separation perfor-
mance.7 Simultaneously, the rejection rate of cationic dyes by
PEI-NF membranes in the treatment of dyeing wastewater is
more than 95%.7 The relative results indicated that NF
membranes could effectively remove relatively large dyeing
molecules from dyeing wastewater. However, Chen's studies
indicated that8 some dyeing molecules and inorganic salt
molecules were rejected at the same time and that dyeing
molecules could not be completely separated from NaCl mole-
cules. The effective separation of dyeing molecules and NaCl
molecules faces huge challenges.

Traditional NF membranes generally have low permeation
ux, poor antifouling properties, short service life, and poor
RSC Adv., 2024, 14, 24055–24065 | 24055
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NaCl and dye separation performance, which also limit the
development and application of NF membranes in dyeing
wastewater treatment.9 Thus, nanoparticles, such as ZnO/y-
FeOOH NPS,10 GO,11 sulfonated GO/ZnO nanocomposites,12 and
multiwall carbon nanotube (MWCNT),13 were utilized to
enhance the ux and antifouling properties of NF membranes.
Nanoparticle modied NF membranes improved their rejection
behavior for small organic molecules such as sulfamethoxazole,
and some modied NF membranes exhibited photocatalytic
properties in some degree. However, the modication still did
not realize the effective separation of dye and NaCl molecules.
Layered double hydroxide (LDH)14,15 has received increasing
attention in recent years due to its distinctive properties, such
as large specic surface area, nontoxicity, easy preparation, and
good stability.

LDH is an ionic compound with a layered structure. It is
a compound made up of interlayer anions and positively
charged layers that assemble in an ordered manner.14 The
chemical formula can be written as [M1−x

2+Mx
3+(OH)2]

x+(An−)x/
n$mH2O, and M2+ M3+, and An− are the divalent cation, trivalent
metal cation, and exchangeable intercalation anion, respec-
tively.16 By changing the types and proportions of metal ions
and the types of anions, the physical and chemical properties of
LDH are changed, which could lead to the change of NF
membranes properties. The antifouling ability and chlorine
resistance of NF membrane were signicantly enhanced by
blending MgAl–CO3 LDH nanomaterials.17 NiCo-LDH/PVDF
ultraltration composite membranes with novel high-
performance and grass-like structures were prepared which
could efficiently separate various oil-water emulsions.18 The
antifouling and photocatalytic properties of NF membranes
were improved by doping Zn/Al LDH into the polyamide layer
during the IP process.19 The permeation ux and rejection
behavior of PA NF membranes were improved by adding Cu/Al
LDH.20 To date, most studies on LDH have focused on
aluminum-containing or cobalt-containing (Co) LDH, such as
magnesium–aluminum,21 copper–aluminum, cobalt–nickel,18

and cobalt–aluminum.15,22 However, Al3+ in LDH may enter the
water body through isomorphous replacement, which may
cause potential harm to humans. Although Co is considered as
the most effective transition metal for pollutant degradation, it
precipitates readily from water bodies and is highly toxic and
harmful to ecosystems. Most importantly, magnesium and iron
are essential elements for human life activities, and Fe is envi-
ronmentally friendly, nontoxic and efficient. The use of Mg and
Fe to prepare double hydroxides has good ecological compati-
bility and is more suitable for green development. In addition,
Mg–Fe layered hydroxide (Mg–Fe LDH) has many positive
charges and abundant surface hydroxyl groups and interlayer
hydroxyl groups, which can interact with polymer molecules to
form an LDH-modied composite NF membrane with good
hydrophilicity and antifouling properties. Thus, NFmembranes
modied by Mg–Fe LDH may reject organic compounds with
200–1000 Da molecular weights such as dyes molecules effec-
tively through Donnan repulsion and pore-size exclusion and
can let NaCl molecules permeate through NF membrane real-
izing the effectively separation of dyes and NaCl for wastewater
24056 | RSC Adv., 2024, 14, 24055–24065
treatment. What's more, no Mg–Fe LDH-modied NF
membranes have been reported to date.

Mg–Fe LDH was synthesized and its morphology and struc-
ture were characterized by scanning electron microscopy (SEM),
X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), and X-ray photoelectron spectroscopy (XPS). Mg–Fe LDH
was added into trimesoyl chloride (TMC) to prepare Mg–Fe
LDH-modied polyamide NF membranes by IP. NF membrane
preparation conditions were optimized, and the surface
morphology of the prepared NF membranes was characterized
by SEM and atomic force microscopy (AFM). The surface
chemical structure and composition of the NF membranes were
analyzed by EDX, XPS and FTIR. Additionally, the hydrophilicity
and separation performance of NF membranes were also
studied.

2 Experimental
2.1 Material

Trimesoyl chloride (TMC) and Piperazine (PIP) were obtained
from Aladdin Reagent Co; N-hexane, absolute ethanol, and
sodium hydroxide (NaOH) were purchased from Chinese
Medicine Group Chemical Reagent Co., Ltd. (Beijing, China);
Polyethylene glycol (PEG, C.P. grade) were purchased from
Shanghai Qiangshun Chemical Reagent Co., Ltd.; ferric chlo-
ride hexahydrate (FeCl3$6H2O), magnesium sulfate (MgSO4),
sodium sulfate (Na2SO4,), magnesium chloride hexahydrate
(MgCl2$6H2O), sodium chloride (NaCl) and sodium carbonate
(Na2CO3) were obtained from Chengdu Kelong chemical
reagent Factory; Coomassie Brilliant Blue (C47H48N3NaO7S2,
CBB) has a relative molecular mass of 854.02 g mol−1 and
a maximum absorption wavelength is 584 nm. The water used
in the research is laboratory-made ultrapure water. Polysulfone
(PSF) ultraltration (UF) membrane (MWCO, 50 000) was
supplied by RisingSun Membrane Technology (Beijing) Co.,
Ltd. Unless otherwise noted, all compounds were analytical
grade and used without any further purication.

2.2 Preparation and characterization of Mg–Fe LDH

Mg–Fe LDH was prepared by the double titration method.
0.1 mol L−1 MgCl2$6H2O and 0.1 mol L−1 FeCl3$6H2O at
a volume ratio of 3 : 1 was mixed to make salt solution A.
0.4 mol L−1 NaOH and 0.2 mol L−1 Na2CO3 were mixed to make
alkali solution B. Then, alkali solution B was slowly added to
vigorously stirred solution A at 80 °C, and the nal pH was
controlled to be 11–12. Aer the titration was completed, the
mixture was stirred vigorously for 30 min, allowed to stand for 4
hours and then centrifuged. The precipitate was washed
repeatedly with pure water and absolute ethanol. The precipi-
tate was dried in an oven at 105 °C for 12 hours to obtain Mg–Fe
LDH. The sample was kept in a desiccator for further use.

2.3 Preparation and characterization of Mg–Fe LDH
composite NF membranes

A PSF at UF membrane was employed as a substrate to fabri-
cate Mg–Fe LDH-modied composite NF membrane. A 0.3 wt%
© 2024 The Author(s). Published by the Royal Society of Chemistry
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PIP aqueous solution (7 : 3, pure water to absolute ethanol) was
poured onto PSF UF surface and kept for approximately 10
minutes. The excess solution was then drained, and pure
nitrogen gas was used to dry the UFmembrane. Next, some Mg–
Fe LDH dispersed into a 0.15 wt% TMC/n-hexane solution, and
the mixture was contacted with the UF membrane surface for
50 s to obtain the LDH-modied composite NF membrane. The
new NF membranes were then dried and kept in deionized (DI)
water for further use. The optimization of NF membrane
preparation conditions is described in the Online Resource
(Table S1†). The effect of PIP concentration, TMC concentra-
tion, Mg–Fe LDH concentration and heat treatment conditions
on NF membrane properties were shown in ESI.†

SEM (SIRION-100, Holland FEI) was applied to analyze the
morphology of the composite NF membrane. All samples were
coated with a thin layer of gold under vacuum before observa-
tion. ATR-FTIR (Nicolet6700, American Thermo Fisher) was
used to analyze the chemical structure of the NF membranes.
All spectra were acquired from 450 to 4000 cm−1 with 32 scans
at a resolution of 2.0 cm−1. Using an Al X-ray source, XPS
(Thermo Fisher, USA) was used to examine the chemical
composition of the membrane. The water contact angle of
different membranes was measured with 1 mL of water at 25 °C
using a contact angle goniometer (CA, OCA20, Dataphysiscs,
Germany), and the measurements were repeated at least ve
times to assess the membrane's hydrophilicity. The surface
roughness was evaluated using atomic force microscopy (AFM,
SP13800N, American Veeco Precision Instrument Co., Ltd.). The
scanning area was 4 mm × 4 mm.

2.4 Separation performance characterization of the NF
membrane

2.4.1 NF membrane permeation performance. Cross-ow
ltration equipment was used to test NF membrane separa-
tion properties and the effective membrane area was 24 cm2. NF
membranes were stabilized using DI water for 0.5 hours at
0.4 MPa before testing. A feed of DI water or solutions con-
taining different solutes, such as MgSO4, Na2SO4, NaCl, MgCl2,
and PEG, were used to test the performance of the NF
membrane. The concentrations of the different solutions were
all 1000 mg L−1. The permeation and rejection solutions were
recycled back into the feed solution to keep the concentration
constant. The temperature was kept constant at 25.0 °C and
0.4 MPa for the entirety of NF separation performance. The
results of parallel experiments were repeated at least three times
to verify reproducibility.

According to eqn (1), the permeation ux of the NF
membrane was calculated.

F = V/(A × t) (1)

where F is the permeate ux, L m−2 h−1, t is the operation time
(h), A is the effective permeation area (m2), and V is the volume
of permeate (L).

Eqn (2) was used to determine the rejection rate.

R = (1 − Cp/Cf) × 100% (2)
© 2024 The Author(s). Published by the Royal Society of Chemistry
where CP and Cf (mg L−1) represent the feed and permeate
solution concentrations, respectively.

A total organic carbon analyzer was used to measure the PEG
solution concentrations (TOC-V CPN, Shimadzu, Japan). The
salt concentration is obtained by measuring the conductivity,
which can be acquired by the conductivity meter DDSJ-308A
(Shanghai Precision Scientic Instruments Co., Ltd., China).

2.4.2 Dye/salt separation properties of NF membrane. A
dye/salt mixed solution was used as simulated dyeing waste-
water to examine the separation performance of the NF
membrane for various dyeing wastewater. The NF membrane
was operated for 30 min with pure water at 0.4 MPa until the
membrane reached a stable state. The pH of the mixture was
approximately 7, and all NF separation performance was per-
formed at 0.4 MPa.

The mixture solutions of dye (Coomassie Brilliant Blue
(CBB)) and salt (NaCl) were 500 and 10 000 mg L−1, respectively.
The feed solution was divided into a permeate solution and
a concentrated solution by NF separation equipment. The
process lasted for approximately 4.5 h, and the permeate
volume, conductivity, and absorbance of the permeate solution
and the feed solution were tracked and measured every 30
minutes. A TU-1810 ultraviolet-visible spectrophotometer was
used to characterize the concentration of CBB.

2.4.3 Molecular weight cutoff (MWCO) and pore size
distribution. PEG with a known molecular weight was used to
characterize the membrane's molecular weight cutoff. The PEG
used in this study had molecular weights of 200, 400, 600, 800,
and 1000 Da, and its concentration was 1000 mg L−1. A total
organic carbon (TOC) analyzer was used to determine the
amount of PEG in the feed and permeate solution. The
following density function (eqn (3)) can be used to express the
pore size distribution of the NF membrane.23

dR
�
dp
��

d
�
dp
� ¼ 1

�
dp ln sp

ffiffiffiffiffiffi
2p

p
$exp

h�
ln dp � ln mp

�2.
2
�
ln sp

�2i

(3)

where dp represents the diameter of the membrane pore, nm; mp
represents the solute radius when the rejection rate was
50%, nm; sp represents the ratio of the solute radius when the
rejection rate was 83.14% to the solute radius when the rejec-
tion rate was 50%.

The rejection rate and the solute radius have the following
relationship (eqn (4)).

F(RT) = A + B ln rs (4)

where RT represents the solute rejection rate, %; rs represents
the radius of the solute, nm.

According to the above logarithmic curve, the values of sp and
mp can be calculated.Moreover, according to the research results of
Meireles et al.,24 eqn (5) provides the relationship between the
molecular weight of PEG and its molecular radius and the
molecular radius of different PEG are shown in Table S2.†

rs = 16.73 × 10−12 × M0.557
w (5)

Mw represents the relative molecular mass of PEG, g mol−1.
RSC Adv., 2024, 14, 24055–24065 | 24057
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3 Results and discussion
3.1 Characterization of Mg–Fe LDH and Mg–Fe LDHm

The morphological structure of the Mg–Fe LDH and Mg–Fe
LDH membrane (LDHm) were well characterized by scanning
electron microscopy (SEM). The surface morphology of Mg–Fe
LDH nanoparticles is shown in Fig. 1a and b. As it can be seen,
Mg–Fe LDH nanoparticles present a relative perfect sheet-like
structure with uniform crystal grain size and clearly bound-
aries. The elemental composition of Mg–Fe LDH was analyzed
by EDS, and the results showed that Mg, Fe, O and C were
uniformly distributed in the nanoparticles (Fig. S1†). The
results indicated that Mg–Fe LDH nanoparticles were synthe-
sized successfully and that Mg/Fe was uniformly distributed in
the synthesized nanomaterials.

Meanwhile, the surface and cross section morphologies of
different membranes were characterized and the results were
shown in Fig. 1c–f. PA-0 surface showed a granular modular
structure (Fig. 1c), which was the typical morphology of NF
membranes prepared by PIP and TMC.25,26 Noticeably, the PA-2
surface presented a wrinkled structure (Fig. 1d). Compared with
PA-0, a more complicated fold structure appears on the PA-2
surface, and the surface becomes relatively smoother. The
thickness of the selective layer of PA-2 was thinner than that of
PA-0, which was consistent with the change in membrane
surface structure (Fig. 1e and f). This phenomenon may be
attributed to the hydrophilicity of LDH. Due to the hydration
effect, LDH will swell in certain extent in water.27–29 When the
Fig. 1 (a and b) SEM image of Mg–Fe LDH; surface SEM images of (c) PA
mapping of PA-2 membrane with respect to Mg, Fe, O, N, and C.

24058 | RSC Adv., 2024, 14, 24055–24065
organic phase containing LDH and TMC contacts the water
phase containing PIP molecules, the hydration of LDH leads
some water molecules to penetrate into n-hexane, which
increases the diffusion coefficient of PIP molecules.30 Addi-
tionally, the diffusion of PIP monomers can be sped up by the
release of hydration heat.31 Therefore, the presence of LDH in
the organic phase during interfacial polymerization led to an
increase in the reaction area and endowed the membranes with
a leaf-like morphology. Additionally, Mg–Fe LDH interferes with
IP procedure and reduces the thickness of the functional layer.
The PA-2 membrane surface was analyzed by SEM-EDX to
investigate the distribution of Mg–Fe LDH nanoparticles in the
NF membrane selective layer and the results are shown in
Fig. 1g. Carbon (C), oxygen (O), nitrogen (N), magnesium (Mg),
and iron (Fe) are distributed uniformly on the PA-2 NF
membrane surface, which also proves that Mg–Fe LDH
distributed uniformly in the selective layer of NF membrane.

The crystal structure and phase composition of the prepared
Mg–Fe LDH were analyzed by X-ray diffraction (XRD), and the
symmetric and sharp diffraction peaks of the material can be
seen in Fig. 2a, which indicated that the synthesized Mg–Fe
LDH had high crystallinity. The degrees of the diffraction peaks
are 11.5°, 23.7°, 34.3°, 39.2°, 46.3°, 59.6°, and 61.5° correspond
to the (0 0 3), (0 0 6), (0 1 2), (0 1 5), (0 1 8), (1 1 0), and (1 1 3)
crystal planes, which are in agreement with the standard peaks
of the characteristic features of Mg–Fe LDH materials (JCPDS
no. 33-0869).14,25,32,33 The XRD characterization of Mg–Fe LDHm
presented the same signal peaks on the membrane surface,
-0 and (d) PA-2; cross-section image of (e) PA-0 and (f) PA-2; (g) EDS

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD pattern of Mg–Fe LDH and Mg–Fe LDHm; (b) FTIR spectroscopy of PSF UF substrate and NFmembranes, PA-0, PA-2; XPS spectra
of Mg–Fe LDH: (c) wide spectra; (d) Fe 2p; (e) O 1s; (f) C 1s.
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which indicated that Mg–Fe LDH was successfully composited
onto PSF-UF membrane surface by interfacial polymerization.

As seen in Fig. 2b, new characteristic peaks at 1653 cm−1 and
3420 cm−1 emerged in comparison to the PSF support
membrane. The peak at 1653 cm−1 was the stretching vibration
peak of the –CONH– group produced by the IP reaction, and the
broad absorption peak at 3420 cm−1 was due to the presence of
the –OH group.34 These results indicate that a new PA layer was
formed on PSF membrane surface. Mg–Fe LDH contains a large
number of hydrophilic –OH groups, which makes PA-2 present
a relative stronger absorption peak at 3420 cm−1, which favors
the hydrophilicity of the NF membrane. However, there are no
absorption peaks of Mg and Fe for PA-2. This may be due to Mg
and Fe are inorganic elements, and their absorption is not
obvious. On the other hand, the concentration of Mg–Fe LDH in
NF membranes is relatively low. The prepared Mg–Fe LDH was
also analyzed by FTIR spectroscopy (Fig. S2†) and the telescopic
vibrational peak observed at 3435 cm−1 can be attributed to the
hydroxyl groups (–OH) on the Mg–Fe LDH akes.14,35 In addi-
tion, the bending vibrational peak observed at 1640 cm−1

belongs to the –OH group in the crystal water, since water
molecules are adsorbed on the surface and between the layers of
Mg–Fe LDH.36 Another strong absorption band at 1000–
500 cm−1 corresponds to the stretching vibration of the inter-
layer carbonate anion in the LDH support. The low-frequency
absorption band is attributed to the metal–oxygen group. An
Mg–O bond absorption peak was formed at 1487 cm−1 and a Fe–
O bond absorption peak was showed at 580 cm−1.37,38

X-ray photoelectron spectroscopy (XPS) was used to charac-
terize the chemical composition and valence state of different
© 2024 The Author(s). Published by the Royal Society of Chemistry
elements in Mg–Fe LDH and the results are shown in Fig. 2c.
The photoelectron peaks of Mg 1s, Fe 2p, O 1s, and C 1s were
found in the survey spectrum. The split peak results of Fe 2p are
shown in Fig. 2d and two peaks appeared at 711.7 eV and
724.9 eV, which corresponded to the 2p3/2 and 2p1/2 states of
metallic Fe, respectively. The binding energy difference of
13.2 eV indicates that Fe in Mg–Fe LDH presented in the form of
+3 valence.39–41 As shown in Fig. 3e, the O 1s spectrum was
divided into three peaks at 530.9 eV, 531.8 eV, and 532.8 eV,
which represented O in the oxide (replaced by MO). The –OH
group on the surface is the physical or chemical structure of the
water in the sample.42 As shown in Fig. 3f, the C 1s high-
resolution spectrum show electron peaks at the binding ener-
gies of 284.6 eV and 289.8 eV, representing the contaminated
carbon and the C]O in the sample, respectively. Meanwhile,
the chemical compositions of the different membranes were
characterized by XPS. It can be seen from Fig. S3† that the PA-2
and PA-4 membranes had obvious characteristic peaks of Mg 1s
compared to PA-0, while the characteristic peaks of Fe 2p are
not obvious due to the lower concentration of Mg–Fe LDH. The
results showed in Fig. S3 and Table S3† indicated that Mg and
Fe are present on the surface of the NF membranes with a Mg :
Fe content ratio of about 3 : 1, suggesting that the Mg–Fe LDH
was successfully entrapped into the selective layer of the NF
membranes.

Three-dimensional morphology and surface roughness of
different membranes were investigated using atomic force
microscopy (AFM). The scanning area was 4 mm × 4 mm, and
Fig. 3 displayed 2D and 3D surface images of three NF
membranes. All NF membranes have the typical “peaks and
RSC Adv., 2024, 14, 24055–24065 | 24059
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Fig. 3 2D (a–c) and 3D (a1–c1) AFM surface images of the PA-0, PA-2 and PA-4.
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valleys” characteristic structure of polyamide NF membranes.
Average roughness (Ra) and root mean square roughness are
two metrics used to describe the surface roughness of the NF
membrane (RMS). Table S4† shown that the surface roughness
of the NF membrane gradually decreases as the Mg–Fe LDH
concentration increases. The Ra value decreased from 4.99 nm
to 2.43 nm, and the RMS value decreased from 6.58 nm to
2.98 nm. Compared to PA-0, the valleys likewise rose while the
hills were attened for PA-2 and PA-4. The decreased surface
roughness may be the result of hydrogen bonding between the
polyamide layer and the functional groups of the Mg–Fe LDH
composite. A smoother surface might also result from adding
Mg–Fe LDH to the surface's troughs or deeper areas.43,44 Addi-
tionally, the single ridge presented in PA-2 has a larger planer
area that corresponds to the leaf-like surfaces of the modied
membranes. This phenomenon was consistent with the results
of SEM characterization for different NF membrane surfaces. A
relatively smooth surface can reduce the adhesion and deposi-
tion of pollutants during wastewater treatment, which endows
the NF membrane with relatively stronger antifouling
performance.
24060 | RSC Adv., 2024, 14, 24055–24065
3.2 Apparent properties of Mg–Fe LDHm

The hydrophilicity of the different membranes was evaluated by
water contact angle measurements. As shown in Fig. 4a, the
water contact angle decreased from 35.5° to 10.7° with the
increase of Mg–Fe LDH concentration, which indicated that the
introducing of Mg–Fe LDH nanoparticles enhanced the hydro-
philicity of NF membrane. Hydrophilic NF membranes can
attract water molecules close to their surfaces and promote the
permeation of water molecules through the membranes.
Moreover, a hydration layer would be formed on the hydrophilic
membrane surface to resist the adhesion and deposition of
pollutants. This endows the modied NF membrane with rela-
tively better permeability and antifouling properties. The pure
water ux of different NFmembranes is shown in Fig. 4b. As the
concentration of Mg–Fe LDH increased from 0 to 0.20 wt%, the
pure water ux of the NF membrane increased from 30.1 L m−2

h−1 to 80.8 L m−2 h−1, and the pure water ux of PA-4 is
approximately 2.7 times that of PA-0. The increase in ux is
mainly due to the following three reasons. (1) The addition of
Mg–Fe LDH enhances the hydrophilicity of the NF membrane,
which lead the NF membrane surface can absorb more water
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Surface water contact angle of different NF membranes; (b) pure water flux of different NF membranes; (c) rejection rates of the
prepared PA-0, PA-2 and PA-4 membranes to PEG with different molecular weights; (d) probability density function curve for the bore diameter
of PA-0, PA-2 and PA-4 membranes.
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molecules resulting in easier penetration of water molecules; (2)
the unique layered structure of Mg–Fe LDH provided abundant
interlayer channels, which endows additional water molecule
transmission channels;45 (3) the fold structure shown on the
modied NF membrane surface enhances the ltration area
where water molecules can effectively contact the NF
membrane.

The molecular weight cut-off values of NF membranes were
obtained by measuring the rejection rates of different NF
membranes for different molecular weight PEGs. As shown in
Fig. 4c and Table S5,† the molecular weight cutoffs of PA-0, PA-
2, and PA-4 were 281, 385, and 597 Da, respectively. The average
effective pore size and pore size distribution were calculated
using the solute migration model, and the results showed that
the average effective pore size of the NF membranes increased
slightly with the increase of Mg–Fe LDH concentration (Fig. 4d
and Table S5†). This phenomenon was attributed to the fact
that embedding Mg–Fe LDH into the PA matrix interfered with
the reaction between the amine group and the acyl chloride
group, which decreased the cross-linking degree of the selective
layer. In addition, due to the incompatibility between Mg–Fe
LDH and polymers, some defects may be formed on the selec-
tive layer during the IP reaction. These results are consistent
with the XPS results.
3.3 Separation properties of Me–Fe LDHm

3.3.1 Separation performance of the NF membrane for
inorganic salts. Penetration ux and inorganic rejection rate
were used to evaluate the separation performance of different
© 2024 The Author(s). Published by the Royal Society of Chemistry
NF membrane. As shown in Fig. 5a, the permeation ux rose
constantly when the LDH concentration increased from 0 to
0.2 wt%. The rejection rate order of all NF membranes to four
inorganic salts is as follows: Na2SO4 > MgSO4 > MgCl2 > NaCl
(Fig. 5b). This rejection pattern suggested that the modied NF
membrane showed a negative charge.46 Compared with PA-0,
the rejection rate of the NF membrane modied by LDH
decreased slightly, and the decline degree also increased with
LDH concentration increasing. When the LDH concentration
was 0.2 wt% (PA-4), the rejection rates for Na2SO4 > MgSO4 >
MgCl2 > NaCl were 93.7%, 87.6%, 22.1%, and 19.1%, respec-
tively, which are close to that of PA-0. The introduction of LDH
increased the average pore size of the NFmembranes, which led
to an increase in the permeation ux and a decrease in the
rejection rate. Moreover, some defects in the selective layer of
the NFmembranemay be formed during the IP reaction process
due to the existence of LDH. Furthermore, LDH nanoparticles
embedded in the selective layer may be exposed on the NF
membrane surface and come into contact with the electrolyte
solution, leading to more positive charges on the membrane
surface.41 Therefore, the quantity of negative charges on the
modied membrane surface under neutral conditions is
reduced, which reduces the Donnan repulsion effect to a certain
extent.46 For PA-2, the permeation ux and rejection rate of
Na2SO4 was 60.6 L m−2 h−1 and 96.4%, respectively. Compared
with PA-0, the rejection rate for Na2SO4 did not change obvi-
ously, and the ux signicantly increased by approximately
255%.
RSC Adv., 2024, 14, 24055–24065 | 24061
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Fig. 5 Permeate flux (a) and rejection rates (b) of different NF membranes for inorganic salts.
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3.3.2 Operation stability of Mg–Fe LDH-modied NF
membrane. The stability of the NF membrane separation
performance determines whether it can be used in practical
applications. In Fig. 6a, the separation performance of the PA-
0 and PA-2 membranes was tested for 60 h continuously to
characterize the separation performance stability. The perme-
ation ux of PA-2 is 60 L m−2 h−1, and the rejection rate is 95%.
The permeation ux of PA-0 is 25 L m−2 h−1, and the rejection
rate is 99%. The PA-2 membrane has a similar rejection rate to
PA-0, but the permeation ux of PA-2 is 2.4 times that of PA-0.
Both membranes showed a very stable permeation ux and
rejection rate in the continuous 60 h operation, indicating that
the polyamide structure of the NF membrane was very stable
and the Mg–Fe LDH-modied NF membrane could be used in
practical applications.

The permeation ux and rejection rate of different
membranes to Na2SO4 are compared (Fig. 6b and Table S6†),
and the results showed that the Mg–Fe LDH-modied NF
membranes prepared in this study present apparent advantages
in permeability and rejection performance. The NF membrane
modied by adding Mg–Fe LDH to the organic phase n-hexane
presents higher rejection rate while maintaining better perme-
ation ux due to the special layered structure and the abundant
hydrophilic groups of Mg–Fe LDH. The modied NF membrane
fabricated in this study exhibits obvious advantages in perme-
ation ux and salt rejection compared to the modied NF
membrane described in the literature, indicating that the
modied NF membrane has good application potential in water
Fig. 6 (a) Separation performance stability of different NF membranes;

24062 | RSC Adv., 2024, 14, 24055–24065
treatment. Moreover, the permeation ux of NF270 (a
commercial NF membrane) under the same test conditions is
only 30.9 L m−2 h−1, and the rejection rate was 93.6%.47

3.3.3 Separation of dye/salt by NF membrane. Mg–Fe LDH
modied NF membrane shows a higher permeation ux and
a lower rejection rate for NaCl, which can be used to separate
dye/NaCl mixed solutions. PA-2 and PA-0 are used to treat CBB/
NaCl mixed solution, and the results are shown in Fig. 7. As
shown in Fig. 7a, the concentration of CBB in the feed solution
rose from 500 mg L−1 to 1151 mg L−1, and its concentration
increased by 2.3 times aer the mixed solution was treated for
4.5 hours using PA-2. Additionally, the concentration of NaCl in
the feed solution rose from 10 000 mg L−1 to 11 720 mg L−1.
Even aer 4.5 h of continuous concentration, the permeation
ux of the PA-2 membrane remained at approximately 55.0 L
m−2 h−1, the removal rate of CBB remained above 99.2%, and
the removal rate of NaCl remained below 17% (Fig. 7b). The
results showed that PA-2 can reject most CBB molecules and let
most NaCl molecules permeate through the NF membrane,
which means PA-2 can effectively separate the CBB/NaCl mixed
solution, and the separation performance can remain stable.
However, aer the mixed solution was treated with the PA-
0 membrane for 4.5 hours (Fig. 7c and d), the concentration
of CBB increased from 500 mg L−1 to 758 mg L−1, suggesting
that the concentration effect of CBB by PA-0 was not very
obvious. Moreover, during the whole operation process, the
permeation ux for PA-0 was only approximately 25 L m−2 h−1.
The permeation ux of PA-2 membrane was 2.2 times that of the
(b) Na2SO4 rejection rate comparison of different NF membranes.

© 2024 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/d4ra03366c


Fig. 7 Concentration change of feed solution and NF separation performance of different membranes during concentration process (4 bar, 25 °
C, 500 mg L−1 CBB and 10 000 mg L−1 NaCl): (a) and (b) for PA-2; (c) and (d) for PA-0.
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PA-0 membrane while showing a similar rejection rate with that
of the PA-0 membrane. PA-2 can effectively reject most CBB
molecules and let most NaCl molecules permeate through the
NF membrane and the separation performance can remain
stable. This indicated that the modied NF membrane has
a suitable pore size and pore size distribution, which guarantees
that when water and NaCl molecules penetrate through the NF
membrane, CBB molecules are effectively rejected. The results
show that the NF membrane modied by Mg–Fe LDH is more
suitable for separating dye/NaCl mixed solutions.

4. Conclusion

Mg–Fe LDH with a layered structure and many –OH groups was
synthesized by the double precipitation method, and Mg–Fe-LDH
was added to n-hexane to prepare a polyamide NF membrane by
the IP reaction process. When the concentration of Mg–Fe LDH is
0.1 wt% (PA-2), the prepared NF membrane shows the best
separation performance. The rejection rate of PA-2 to 1000mg L−1

Na2SO4 solution was 95.9%, and the permeation ux was 60.7 L
m−2 h−1. The modied NF membrane shows good operation
stability, and aer 60 hours of continuous operation, the
permeability and rejection performance of the NF membrane
remain unchanged. The Mg–Fe LDHmodied NFmembrane has
excellent NaCl/dye separation performance. The rejection rate of
the modied NF membrane for 500 mg L−1 CBB is close to 100%,
and the rejection rate for 10 000mg L−1 NaCl is less than 17%. NF
membranes' apparent rejection rate difference for dye and NaCl
molecules makes the modied NF membrane suitable for sepa-
rating NaCl and dye mixed solutions. This means that the Mg–Fe
LDH-modied polyamide NF membrane has good application
prospects in separating and reusing high-concentration NaCl/dye
wastewater.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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