
Facile fabrication of hierarchical PVDF/Mg–Al LDH/chitosan membrane
for textile wastewater remediation: role of LDH in anchoring chitosan

Downloaded from: https://research.chalmers.se, 2025-11-29 20:30 UTC

Citation for the original published paper (version of record):
Xue, Y., Shao, J., Lê, X. et al (2026). Facile fabrication of hierarchical PVDF/Mg–Al LDH/chitosan
membrane for textile wastewater
remediation: role of LDH in anchoring chitosan. Journal of Membrane Science, 739.
http://dx.doi.org/10.1016/j.memsci.2025.124914

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Facile fabrication of hierarchical PVDF/Mg–Al LDH/chitosan membrane for 
textile wastewater remediation: role of LDH in anchoring chitosan

Yongtao Xue , Jieling Shao , Huy Xuan Le , Jia Wei Chew *

Department of Chemistry and Chemical Engineering, Chalmers University of Technology, Gothenburg, 412 96, Sweden

A R T I C L E  I N F O

Keywords:
Layered double hydroxides
Chitosan
Hierarchical membrane
Textile wastewater
Structural bridging role

A B S T R A C T

Layered double hydroxides (LDHs), as two-dimensional nanomaterials with abundant hydroxyl groups and 
unique layered structures, have been shown to be promising candidates to improve membrane properties for 
enhancing textile wastewater remediation. In this study, a PVDF/Mg–Al LDH membrane was prepared through a 
non-solvent-induced phase separation method, and then the hierarchical PVDF/Mg–Al LDH/chitosan membrane 
was fabricated through a facile filtration process. The resulting optimized membrane demonstrated an acceptable 
water permeance (2.3 L m− 2 h− 1 bar− 1) and excellent separation efficiency for mixtures of dye and salt (i.e., 
rejections of 99.9 % for Congo red, 100 % for Methyl blue, and <20 % for NaCl). Notably, the separation factor of 
the PVDF/Mg–Al LDH/chitosan membrane for Congo red/NaCl reached up to 1934, surpassing most membranes 
reported in the literature. In addition, the hybrid membrane demonstrated outstanding antifouling performance 
(flux recovery ratio of 92.68 % for Methyl blue and 90.31 % for Congo red), and high stability under acidic and 
alkaline conditions. Characterization results and mechanism analysis indicate that the Mg–Al LDH nanoparticles 
not only improved the membrane’s hydrophilicity and modulated its structure, but also played a structural 
bridging role within the membrane to anchor chitosan through hydrogen bonding. Mechanistic studies confirm 
that the size-sieving and Donnan effects were responsible for the separation of dyes and salts. This study unveils 
the structural bridging role of Mg–Al LDH within the membrane and provides new insights into the facile 
fabrication of hybrid membranes for efficient textile wastewater remediation.

1. Introduction

Water pollution constitutes a significant impediment to sustainable 
development, with effluents from the textile industry representing a 
particularly acute concern, contributing approximately 20 % of the total 
global wastewater discharge [1,2]. In general, textile wastewater con
tains various hazardous and nonbiodegradable organic dyes, as well as 
relatively high concentrations of salts (e.g., NaCl), and directly releasing 
textile wastewater into the environment can result in severe ecological, 
environmental, and public health ramifications [3,4]. Therefore, effi
cient removal of dyes and salt recovery is urgently needed to achieve 
sustainable water recycling and resource circularity. To address this, 
membrane-filtration has been recognized as promising, mainly due to its 
inherent advantages including high selectivity and removal efficiency, 
environmental friendliness, relatively low energy consumption, and 
scalability [5–7].

Polyvinylidene difluoride (PVDF) is one of the most popular and 
commonly used materials for the fabrication of membranes due to its 

outstanding thermal and chemical stability, and superior mechanical 
properties [8]. However, PVDF are hydrophobic, leading to issues like 
poor water flux and increased fouling, restricting their wider application 
[9]. To enhance the hydrophilicity of PVDF membranes, various modi
fication strategies have been investigated [10–13]. Among these, the 
incorporation of hydrophilic nanoparticles into the membrane matrix to 
fabricate hybrid membranes has emerged as particularly promising, as it 
not only improves hydrophilicity but also optimizes membrane porosity 
and surface characteristics, thereby enhancing overall performance. 
Notably, layered double hydroxides (LDH), which are composed of 
positively charged metal cation layers and negatively charged interca
lated anion layers, have attracted considerable attention owing to their 
unique two-dimensional layered structure and tunable properties [14]. 
In addition, Mg–Al LDH is a relatively low-cost and environmentally 
friendly nanomaterial with abundant hydroxyl groups. In this study, the 
hypothesis is that the appropriate amount of Mg–Al LDH nanoparticles 
can improve hydrophilicity, increase the active sites, and adjust the pore 
structure of the membrane, enhancing the separation efficiency of dyes 
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and salts.
On the one hand, the intercalated anions of Mg–Al LDH are easily 

replaced by anionic dyes through anion exchange, resulting in excellent 
adsorption capacity for anionic dyes [15]. Moreover, the high adsorp
tion capacity causes serious membrane fouling, which reduces the life
time of the membrane and limits practical application. To balance the 
trade-off, optimization of Mg–Al LDH concentration and coating an 
effective separation layer on the membrane surface are efficient 
methods to simultaneously prevent membrane fouling and increase 
separation efficiency. Among the coating materials used for membrane 
modification, chitosan is popular due to it being a natural and green 
polymer with abundant amino and hydroxyl groups, along with its low 
cost and hydrophilicity [16]. As shown in Table S1, the coating of chi
tosan onto the membrane surface has mainly been achieved through 
cross-linking, polymerization, or electrospinning methods, which are 
complicated processes that require multiple chemicals or expensive 
equipment, and thus are difficult to scale up. To leverage the benefits, a 
scalable and facile method for the fabrication of PVDF/Mg–Al 
LDH/chitosan hybrid membranes is highly desired. Considering that 
both Mg–Al LDH and chitosan contain abundant hydroxyl groups, it 
appears a feasible strategy to immobilize chitosan onto the Mg–Al LDH 
membrane through hydrogen bonding effects. For instance, Lin et al. 
[17] confirmed that the hydrophilic covalent organic frameworks with 
abundant N, O electron donors and –OH groups could interact with –OH 
and –NH2 groups of chitosan through hydrogen bonding for the fabri
cation of dense and stable composite membrane. Li et al. [18] also 
observed that the strong hydrogen bonding effects between MXene and 
tannic-3-aminopropyltriethoxysilane promoted the structural stability 
of the obtained membrane. However, as summarized in Table S2, pre
vious studies on LDH-based membranes primarily utilized its hydro
philicity, surface charge, and layered structure to enhance membrane 
water permeance and anti-fouling performance for wastewater treat
ment. Hydrogen bonding between LDH –OH groups and chitosan 
–OH/-NH2 groups during the hybrid-membrane preparation has not 
been examined. In such hybrid membranes, LDH not only increases the 
hydrophilicity and regulates the structure of the membrane, but also 
plays a structural bridging role for the immobilization of chitosan. 
Hence, this study targeted deciphering the structural bridging role of 
LDH in the facile fabrication of hierarchical PVDF/Mg–Al LDH/chitosan 
membranes.

In this study, the optimized amount of Mg–Al LDH nanoparticles was 
integrated into the casting solution for the fabrication of the Mg–Al LDH 
membrane through a non-solvent-induced phase separation method. 
Subsequently, the chitosan layers were immobilized onto the Mg–Al 
LDH membrane through a facile filtration process for the construction of 
the hierarchical PVDF/Mg–Al LDH/chitosan membrane. The prepared 
membranes were systematically characterized in terms of porosity, pore 
size, thickness, morphology, chemical structure, and surface property. 
The separation efficiency of dyes/salts, antifouling performance, ther
mal stability, and longer-term stability of the PVDF/Mg–Al LDH/chito
san membranes were also investigated. Additionally, the separation 
mechanisms for dyes/salts and the structural bridging role of LDH 
within the PVDF/Mg–Al LDH/chitosan membrane were comprehen
sively discussed. The results are expected to provide an innovative and 
facile strategy for the fabrication of hierarchical membranes for efficient 
textile wastewater remediation.

2. Materials and methods

2.1. Preparation of Mg–Al LDH and membranes

All the chemicals were used directly without any further purification, 
and ultrapure water was used throughout the experiment. Detailed 
chemical descriptions are provided in Text S1 of the Supplementary 
Information. The Mg–Al LDH nanomaterials were synthesized according 
to the reported method [19]. In brief, 5.12 g of Mg(NO3)2⋅6H2O and 

3.75 g of Al(NO3)3⋅9H2O were dissolved in 100 mL water, and then 6 g of 
urea were added. The mixture was continuously stirred for 10 min at 
room temperature to obtain a homogenous solution (total volume 
around 110 mL, pH around 3). Subsequently, the solution was trans
ferred into a Teflon-lined autoclave (200 mL) and heated at 110 ◦C for 
24 h. The resulting products were washed with water through centri
fugation at 4000 rpm and dried at 80 ◦C overnight. The yield of Mg–Al 
LDH nanomaterials was approximately 83 %, and the detailed calcula
tion method is provided in Texts S2 of the Supplementary Information.

The PVDF/Mg–Al LDH membrane was fabricated through a non- 
solvent-induced phase separation method. Specifically, 16 wt% of 
PVDF and 2 wt% of polyethylene glycol (PEG) were dispersed into the 1- 
Methyl-2-pyrrolidone (NMP) solution (82 wt%), and then 0.25 wt% of 
Mg–Al LDH was added, after which the mixture was ultrasonicated for 5 
min. Subsequently, the mixture was heated at 50 ◦C for 6 h under 
continuously stirring conditions for the formation of a homogeneous 
casting solution. Finally, this solution was cast on a clean glass plate to a 
thickness of 200 μm (casting solution thickness) through a film appli
cator, and then the glass plate was immediately immersed in a water 
bath at room temperature for phase inversion. The pure PVDF mem
brane was also prepared using the same method without the addition of 
Mg–Al LDH.

The PVDF/Mg–Al LDH-chitosan membrane was also prepared 
through a facile filtration process (Fig. 1). First, 0.01 g of chitosan was 
completely dissolved in 100 mL acetic acid solution (2 wt%) and kept at 
continuously stirring conditions for 12 h to form a uniform solution. 
Next, 6 mL of chitosan solution was loaded on the surface of the PVDF/ 
Mg–Al LDH membrane via dead-end filtration (Sterlitech HP4750 cell) 
at 4 bar for 30 min to result in the PVDF/Mg–Al LDH-chitosan mem
brane. The concentrations of chitosan were selected to represent a 
typical range relevant to membrane surface modification. Based on 
preliminary experiments, four composite membranes were prepared 
using various chitosan concentrations - 0.01 wt% (0.041 mg/cm2), 0.03 
wt% (0.123 mg/cm2), 0.05 wt% (0.205 mg/cm2), 1 wt% (0.411 mg/ 
cm2)) - designated as LDH–CS–1, LDH–CS–3, LDH–CS–5, and 
LDH–CS–10, respectively. The applied chitosan concentrations ranged 
from relatively low (0.01 wt%) to high (1 wt%) levels, enabling a 
comprehensive evaluation of the influence of chitosan content on 
composite membrane performance. All the chitosan were completely 
dissolved under the experimental conditions; therefore, the potential 
effect of chitosan solubility at different pH levels on membrane unifor
mity was not considered during the filtration and deposition processes. 
All membranes used in the experiments were freshly fabricated, with a 
storage period not exceeding 24 h prior to testing. Separation perfor
mance measurements were conducted in triplicate, and the standard 
errors of the means are presented in the corresponding figures.

2.2. Characterization and measurements

The characterization, and separation and antifouling performance of 
the prepared membranes are detailed in Texts S3–S5 of the Supple
mentary Information.

3. Results and discussion

3.1. Structures and properties of Mg–Al LDH nanoparticles

The crystal structure and elemental composition of the prepared 
Mg–Al LDH were characterized by XRD. As illustrated in Fig. 2a, the 
characteristic diffraction peaks at 2θ = 11.5◦, 23.3◦, 34.7◦, 39.3◦, 47.0◦, 
53.3◦, 56.7◦, 60.8◦, 62.1◦, and 66.2◦correspond respectively to the 
(003), (006), (012), (015), (018), (1010), (0111), (110), (113), and 
(116) planes typical of Mg–Al LDH (JCPDS. 35–0964) [20]. The basal 
spacing (d) of 0.769 nm was observed for Mg–Al LDH from the (003) 
plane (2θ = 11.5◦), indicating the successful integration of CO3

2− anions 
in the layer [21]. The parameter a = 2 d (110) is related to the average 
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Fig. 1. Schematic diagram depicting the fabrication of the Mg–Al LDH-chitosan membrane.

Fig. 2. XRD patterns (a) and FTIR spectrum (b) of Mg–Al LDH nanoparticles, high-resolution XPS spectra of Al2p (c), Mg2p(d), and O1s (e) of Mg–Al LDH nano
particles, N2 adsorption and desorption isotherms and pore size distribution of Mg–Al LDH nanoparticles (f), SEM image (g) and elemental mapping images (h) of 
Mg–Al LDH nanoparticles.
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distance of cation-cation in the layer, and another parameter c = 3d 
(003) represents the electrostatic interaction between the layer and the 
interlayer [22]. Hence, the average distance of cation-cation (a) and the 
electrostatic interaction in layers (c) for the prepared Mg–Al LDH were 
calculated as 3.04 Å and 23.1 Å, respectively. In addition, the average 
crystal size of Mg–Al LDH was determined to be 26 nm. All the above 
results confirm the successful preparation of Mg–Al LDH nanomaterials, 
whose molecular formula has been identified as Mg4A
l2(OH)12CO3⋅nH2O. In addition, the functional groups of Mg–Al LDH 
were also identified through FTIR. In Fig. 2b, the broad peak is at 
approximately 3400 cm− 1, corresponding to the stretching vibrations of 
O–H and water molecules in the interlayer of Mg–Al LDH [23]. The peak 
around 1658 cm− 1 is ascribed to H–O–H bending vibrations of interlayer 
water [24]. The peak at 1358 cm− 1 is related to the CO3

2− groups, con
firming that CO3

2− as interlayer anions were intercalated into Mg–Al 
LDH [19]. Additionally, peaks between 800 and 400 cm− 1 are attributed 
to the vibrations of Al–O and Mg–O [25]. These observed peaks reveal 
the prepared Mg–Al LDH has a layered structure.

The chemical composition and valence state of Mg–Al LDH was 
explored by XPS. In Fig. S1a, the survey spectrum displays the charac
teristic peaks of C1s, O1s, Mg 2p, and Al 2p, confirming the presence of 
these elements in the Mg–Al LDH. In Fig. 2c–d, the characteristic peaks 
at 73.7 eV and 49.6 eV are ascribed to the Al 2p and Mg 2p within the 
Mg–Al LDH, respectively [26]. The C1s spectrum (Fig. S1b) shows three 
characteristic peaks at 284.8 eV, 287.1 eV, and 290.0 eV, which are 
attributed to the C–C band, C–O band, and CO3

2− , respectively [27]. The 
O1s spectrum (Fig. 2e) also displays three peaks around 530.2 eV, 531.7 
eV, and 533.6 eV, which are assigned to the lattice oxygen, hydroxide 
ionized oxygen, and adsorbed water, respectively [28]. These XPS re
sults further confirm the layered structure of Mg–Al LDH. Additionally, 
the specific surface area and pore structures of Mg–Al LDH were eval
uated through N2 adsorption and desorption isotherm. As illustrated in 
Fig. 2f, the prepared Mg–Al LDH exhibits a typical Type IV isotherm with 
an H3 type hysteresis loop at P/P0 of 0.4–0.8, indicating the presence of 

mesoporous structures [29]. The specific surface area and average pore 
size of Mg–Al LDH were calculated to be 81.71 m2/g and 2.81 nm, 
respectively. Moreover, the morphologies of Mg–Al LDH nanoparticles 
were investigated through SEM analysis. Fig. 2g shows that the Mg–Al 
LDH nanoparticles exhibited a hexagonal sheet structure with a certain 
degree of agglomeration, and the size of the hexagonal sheet was around 
2 μm. The elemental mapping (Fig. 2h) confirms the C, O, Mg, and Al 
elements were uniformly distributed, indicating the successful prepa
ration of Mg–Al LDH nanoparticles.

3.2. Characterization of the prepared membranes

The surface functional groups of fabricated membranes were inves
tigated through FTIR analysis. As illustrated in Fig. S2a, the pure PVDF 
powder displays three different crystalline phases including α phase, β 
phase, and γ phase. Specifically, the peaks at 839 cm− 1 and 1278 cm− 1 

are related to the β phase [30], while the peaks at 762 cm− 1 and 433 
cm− 1 are attributed to the α phase and γ phase, respectively [31]. The 
bending vibration of CH2 was also observed at 1401 cm− 1 and 873 cm− 1 

[32]. The stretching vibration of C–F was found at 1173 cm− 1 and 1069 
cm− 1, and the peak of 486 cm− 1 is associated with the bending vibra
tions of C–F [32]. For PEG (Fig. S2b), the peaks at 3468 cm− 1, 1278 
cm− 1, and 1242 cm− 1 are due to the stretching vibration of O–H bands, 
and the strong peak at 1100 cm− 1 indicates the stretching vibration of 
C–O [33]. The peaks at 2886 cm− 1, 1446 cm− 1, 1342 cm− 1, 960 cm− 1, 
and 842 cm− 1 are related to the vibrations of C–H [34]. In Fig. S2c, the 
broad peak at 3350 cm− 1 in chitosan is ascribed to the stretching vi
brations of O–H and N–H [35]. The peaks at 1654 cm− 1 and 1582 cm− 1 

represent the C––O vibrations of the amide I band and protonated amine 
II band, respectively [36]. The vibrations of C–H are tied to the peaks of 
2877 cm− 1, 1417 cm− 1, and 1378 cm− 1, while the stretching vibration 
of C–O was also observed at the peak of 1024 cm− 1 [37]. As shown in 
Fig. 3a, the main peak positions in the FTIR spectrum of the PVDF 
membrane closely resemble those of the PVDF powder. Specifically, 

Fig. 3. FTIR spectra (a) of prepared membranes, high-resolution XPS spectra of C1s (b), Al2p (c), and N1s (d) of LDH–CS–5 membrane, TGA curves (e) and water 
contact angle (f) of prepared membranes.
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characteristic peaks of PVDF were observed at 1398 cm− 1, 1178 cm− 1, 
876 cm− 1, and 488 cm− 1 in the membrane spectrum. In addition, no 
obvious peaks of PEG were found, revealing that PEG mainly contrib
uted to pore formation in the membrane structure [38]. A broad peak at 
3360 cm− 1 is related to the O–H band in the Mg–Al LDH membrane, 
indicating that Mg–Al LDH was successfully integrated into the mem
brane matrix. In addition, two peaks at 3360 cm− 1 and 1648 cm− 1 in the 
LDH–CS–5 are ascribed to the characteristic peaks of chitosan, con
firming the successful fabrication of the PVDF/Mg–Al LDH/chitosan 
membrane.

The surface chemical properties of prepared membranes were also 
explored through XPS analysis. In Fig. S3a, the survey spectrum of the 
PVDF membrane displays the characteristic peaks of C1s, O1s, and F1s. 
The C1s spectrum (Fig. S3b) is divided into four peaks at around 284.8 
eV, 286.2 eV, 287.8 eV, and 290.6 eV, which are attributed to the C–C, 
CH2, C––O, and CF2 bands, respectively [39]. In addition, the O1s 
(Fig. S3c) and F1s (Fig. S3d) spectra also confirm the presence of C––O 
and CF2 bands, respectively. These results prove the main composition 
of PVDF membrane was PVDF. After the addition of Mg–Al LDH 
(Fig. S4a), there were no obvious changes for C1s (Fig. S4b) and F1s 
(Fig. S4e) between the PVDF membrane and PVDF/Mg–Al LDH mem
brane. In Fig. S4c, three peaks at 530.0 eV, 531.5 eV, and 532.6 eV in 
O1s of the PVDF/Mg–Al LDH membrane are attributed to the lattice 
oxygen, C––O, and adsorbed water, respectively. Fig. S4d exhibits the 
characteristic peak of Al2p with relatively low intensity, suggesting that 
the Mg–Al LDH nanoparticles were successfully integrated into the 
PVDF/Mg–Al LDH membrane matrix. Meanwhile, the main structure of 
the PVDF membrane did not significantly change after the addition of 
Mg–Al LDH nanoparticles due to the low concentration of Mg–Al LDH 
nanoparticles. For the LDH–CS–5 membrane (Fig. S5), the relative in
tensities of CF2 in the C1s (Fig. 3b) and Al2p (Fig. 3c) spectra markedly 
decreased, which are primarily due to the chitosan surface coating 
partially masking the characteristic peaks of PVDF and Mg–Al LDH. The 
N1s spectrum of LDH–CS–5 membrane (Fig. 3d) shows two peaks at 
402.2 eV and 404.1 eV, corresponding to N–H and C–N, respectively 
[40]. In Fig. S5b, four peaks located at 530.6 eV, 532.0 eV, 533.0 eV, and 
534.0 eV are in accordance with lattice oxygen, C––O, O–H, and 
adsorbed water, respectively [41]. The presence of abundant O–H and 
N–H bands confirms the successful incorporation of chitosan into the 
LDH–CS–5 membrane. In addition, the C––O binding energy shifts from 
531.5 eV to 532.0 eV in the PVDF/Mg–Al LDH membrane relative to the 
LDH–CS–5 membrane, indicating the formation of hydrogen bonds be
tween LDH and chitosan. The upshift arises because interaction with 
electrophilic N–H/O–H protons decreases electron density of C––O, 
increasing its binding energy [17]. It should be also noted that the po
sitions of O–H and N–H bands in the LDH–CS–5 membrane are slightly 
higher compared to the existing literature, which may be related to the 
formation of hydrogen bonds between chitosan and LDH [42].

The thermal stability of the prepared membranes was evaluated 
through TGA analysis. In Fig. S6, the PVDF powder exhibits a remark
able weight loss after 400 ◦C, which is related to the decomposition of 
C–H and C–F bands [43]. For Mg–Al LDH powder, the rapid weight loss 
from 30 ◦C to 250 ◦C is attributed to removing the absorbed water and 
interlayer water, while the sustained weight loss from 250 ◦C to 500 ◦C is 
associated with decarbonization and dihydroxylation of Mg–Al LDH 
[44]. Two major weight losses of chitosan were also observed at 
30◦C–150 ◦C and 150◦C–400 ◦C, corresponding to the loss of adsorbed 
water and decomposition of organic functional groups, respectively 
[45]. As illustrated in Fig. 3e, all the prepared membranes demonstrate 
similar TGA curves as with PVDF powder, implying that the main 
composition of fabricated membranes was PVDF. The TGA curve of the 
Mg–Al LDH membrane was slightly shifted to lower temperatures 
compared to the PVDF membrane, revealing that the concentration of 
Mg–Al LDH nanoparticles was relatively low in the PVDF/Mg–Al LDH 
membrane. Although the LDH–CS–5 membrane exhibited the lowest 
decomposition temperature of 340 ◦C (370 ◦C for PVDF and Mg–Al LDH 

membranes) among all the prepared membranes, the thermal stability is 
still excellent since it remains stable below 300 ◦C.

In addition, the surface hydrophilicity of membranes was also 
studied through the water contact angle analysis. In Fig. 3f, the 
LDH–CS–5 membrane gave the lowest water contact angle (75.6◦) 
compared with the PVDF membrane (86.0◦) and PVDF/Mg–Al LDH 
membrane (83.7◦), indicating that the LDH–CS–5 membrane had the 
highest surface hydrophilicity among all the prepared membranes. The 
enhanced surface hydrophilicity of the LDH–CS–5 membrane is attrib
uted to the integration of abundant surface hydrophilic functional 
groups (e.g., O–H) of Mg–Al LDH and chitosan into the membrane ma
trix. Notably, the surface hydrophilicity not only facilitates the transport 
of water molecules through the membrane, but also improves the 
membrane’s fouling resistance through the formation of a water layer on 
the membrane surface [46]. The porosity and pore size are two key 
parameters that can significantly affect the membrane performance. 
Fig. S7 shows that the mean pore radius of the PVDF/Mg–Al LDH 
membrane slightly decreased compared to the PVDF membrane, indi
cating that the embedding of Mg–Al LDH nanoparticles into the mem
brane structures reduced the membrane pore size. The porosity and pore 
size of the LDH–CS–5 membrane were further reduced, revealing that 
chitosan partially obstructed the pores of the PVDF/Mg–Al LDH mem
brane. The specific surface area and pore size distribution of the 
LDH–CS–5 membrane were also measured through N2 adsorption and 
desorption isotherms. In Fig. S8, the specific surface area and average 
pore size of LDH–CS–5 membrane were determined to be 10.8 m2/g and 
4.85 nm, respectively, confirming the coexistence of micropores and 
mesopores in the membrane structure. In Fig. S9, the thicknesses of the 
as-prepared PVDF, Mg–Al LDH, and LDH–CS–5 membranes were 
measured using a micrometer as 110.5 μm, 111.2 μm, and 113.8 μm, 
respectively. Although Mg–Al LDH nanoparticles influence the phase 
separation rate during membrane fabrication, their relatively low 
loading in the casting solution had a negligible effect on membrane 
thickness and instead primarily modified the internal structure (e.g., 
pore size). Therefore, PVDF membrane and Mg–Al LDH membrane have 
similar thicknesses. As for the effect of chitosan on the membrane 
thickness, per the chitosan coating amount (0.205 mg/cm2) and density 
(1 g/cm3), the thickness of the chitosan layer deposited on the mem
brane surface would be 2.05 μm. That the LDH–CS–5 membrane was 
approximately 2 μm thicker is consistent with the deposition of chitosan 
on the surface.

The surface and cross-sectional morphologies of the prepared 
membranes are presented in Fig. 4. The PVDF membrane exhibited a flat 
surface with abundant nanopores (Fig. 4a), and the cross-sectional 
image shows the PVDF membrane had asymmetric structures and rela
tively high porosity (Fig. 4d). The incorporation of Mg–Al LDH nano
particles into the membrane matrix significantly changed the 
morphologies of the PVDF/Mg–Al LDH membrane. Fig. 4b and e show 
that the PVDF/Mg–Al LDH membrane exhibited mesh-like surfaces with 
some nanoparticles and sponge-like internal structures, and the pores of 
the membrane were also significantly reduced. The elemental mapping 
images (Fig. S10) of the PVDF/Mg–Al LDH membrane prove that the C, 
F, O, Mg, and Al elements were homogeneously distributed into the 
membrane matrix, suggesting that the Mg–Al LDH nanoparticles were 
successfully embedded into the membrane. As a hydrophilic nano
material, the integration of Mg–Al LDH nanoparticles into a casting 
solution can accelerate the exchange rate between water and organic 
solution (NMP) and further increase the phase separation rate. In this 
case, the enlargement of pores was inhibited due to the fast phase sep
aration rate and confinement effects, resulting in more small pores being 
generated within the membrane [47]. It should be also noted that the 
incorporation of nanoparticles into the casting solution normally in
creases the viscosity of the solution, which can reduce the phase sepa
ration rate [48]. However, the hydrophilic effects of Mg–Al LDH 
nanoparticles in the casting solution were predominant due to their 
relatively low concentration in this study. In Fig. 4c and f, the LDH–CS–5 

Y. Xue et al.                                                                                                                                                                                                                                      Journal of Membrane Science 739 (2026) 124914 

5 



Fig. 4. Top-view and cross-sectional SEM images of PVDF membrane (a, d), PVDF/Mg–Al LDH membrane (b, e), and LDH–CS–5 membrane (c, f), and elemental 
mapping images (g) of LDH–CS–5 membrane (cross-section).

Fig. 5. 2D and 3D AFM images of PVDF membrane (a, d), PVDF/Mg–Al LDH membrane (b, e), and LDH–CS–5 membrane (c, f).
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membrane displays similar surface morphologies to the PVDF/Mg–Al 
LDH membrane, while the morphologies of the cross-section are slightly 
changed, which is related to the integration of chitosan into the mem
brane structure. Fig. 4g shows the C, F, O, Mg, Al, and N elements were 
uniformly dispersed in the membrane matrix, indicating that chitosan 
was not only on the membrane surface but also dispersed in the internal 
structures of the membrane. In addition, the EDX line scan results of the 
top view (Fig. S11a–c) of the LDH–CS–5 membrane demonstrate that C 
and F are the main elements on the membrane surface, while the con
tents of Mg, Al, and N are relatively low. EDX line scanning results of the 
membrane cross-section (Fig. S11d–f) also indicate trace amounts of Mg, 
Al, and N elements, revealing that the Mg–Al LDH and chitosan were 
integrated into the membrane structure, which is consistent with the 
results of elemental mapping. According to the results, it can be 
concluded that Mg–Al LDH nanoparticles were uniformly distributed 
into the PVDF membrane matrix, while most of the chitosan molecules 
were deposited on the membrane surface. Therefore, the Mg–Al 
LDH/PVDF membrane primarily served as the support layer in the 
LDH–CS–5 membrane, while chitosan functioned as the surface sepa
ration layer.

Furthermore, the surface roughness of the prepared membranes was 
determined through arithmetic mean roughness (Ra) and root mean 
square roughness (Rq). As illustrated in Fig. 5 and Fig. S12, all the 
fabricated membranes exhibited wrinkled and valley-like structures. 
The PVDF/Mg–Al LDH membrane (Ra = 41.5 nm) had a rougher surface 
than the PVDF membrane (Ra = 37.8 nm). This phenomenon can be 
explained by two main mechanisms. Firstly, part of the Mg–Al LDH 
nanoparticles migrated to the membrane surface during the membrane 
formation process, thereby increasing the membrane surface roughness 
[49]. Secondly, the accelerated separation rate during the phase inver
sion process induced one-dimensional shrinkage of surface polymer 
chains in a non-solvent environment, resulting in the formation of 
spheres or nodules of polymer, which further augmented the surface 
roughness [50]. The LDH–CS–5 membrane had the highest surface 

roughness value (Ra = 45.5 nm) among all the prepared membranes, 
which is related to the agglomeration of chitosan molecules on the 
membrane surface. Past studies have demonstrated that rougher mem
brane surfaces can provide more effective surface areas, allowing for 
higher water permeance [51]. Nonetheless, the relatively rough mem
brane surface is associated with higher fouling tendencies, since pol
lutants are easily deposited in the valleys of the roughness elements 
[52]. In this study, the surface roughness of the LDH–CS–5 membrane 
slightly increased from 37.8 nm to 45.5 nm compared to the PVDF 
membrane, balancing the trade-off between increased water permeance 
and increased fouling, as demonstrated in the following section.

3.3. Separation performance for dyes and salt

The pure water permeance of the prepared membranes was assessed. 
As shown in Fig. 6a, the pure water permeance slightly decreased from 
23.1 L m− 2 h− 1 bar− 1 to 18.6 L m− 2 h− 1 bar− 1 after the addition of 
Mg–Al LDH nanoparticles. This is mainly due to the reduced pore size 
and increased thickness of the PVDF/Mg–Al LDH membrane, resulting 
in the increased resistance to water permeating through the membrane. 
The pure water permeance of LDH-CS membranes also gradually 
decreased with the increase of chitosan concentrations. This phenome
non is ascribed to the relatively high chitosan concentration, which not 
only blocked the pores of the membrane but also formed a dense surface 
chitosan layer, resulting in higher resistance to permeation. These re
sults were further confirmed through the investigation of dye rejection 
efficiency. In Fig. 6b–c, all the prepared membranes exhibited similar 
relative water permeance values in the presence of either MB or CR, but 
the water permeance of were lower compared to Fig. 6a. In addition, the 
PVDF/Mg–Al LDH membrane demonstrated higher rejections for MB 
(94.5 %) and CR (97 %) compared to the PVDF membrane (90.6 % and 
95.5 %, respectively). The LDH-CS membranes displayed excellent 
rejection efficiency for MB and CR, with LDH–CS–5 achieving complete 
rejection of MB and CR. Lower concentrations of chitosan were 

Fig. 6. Pure water permeance (a) and separation performance for (b) MB and CR (c) by prepared membranes, separation efficiency for MB and CR under different pH 
values by LDH–CS–5 (d), antifouling performance over 2 cycles of LDH–CS–5 for MB (e) and CR (f).
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insufficient to reduce the pore size and change the surface properties of 
the membrane, leading to relatively low rejection efficiency for MB and 
CR. The chemical stability of the LDH–CS–5 membrane was also 
examined through the separation of MB and CR under pH values ranging 
from 3 to 11. Fig. 6d shows complete rejections of MB and CR by the 
LDH–CS–5 membrane. The chemical stability of the prepared membrane 
was also evaluated using FTIR spectroscopy. As shown in Fig. S13, the 
membranes subjected to acid and alkali treatments exhibited spectra 
similar to those of the untreated samples, with no significant changes in 
characteristic absorption peaks, indicating excellent chemical stability.

Moreover, since membrane fouling is a serious problem that can 
significantly reduce the service life of membranes in real applications, 
practical membranes need to be equipped with excellent antifouling 
ability. The antifouling performance of the prepared membranes was 
investigated by using MB and CR as the target pollutants. As illustrated 
in Fig. 6e–f, the water permeance dramatically decreased upon the 
introduction of MB or CR to the feed, which is due to membrane fouling. 
After the used membrane was cleaned by pure water, water permeance 
recovered to different degrees. In Fig. S14, four parameters including 
flux recovery ratio (FRR), total fouling ratio (Rt), reversible fouling ratio 

(Rr), and irreversible fouling ratio (Rir) were applied to evaluate the 
antifouling performance of the membrane. Notably, the LDH–CS–5 
membrane exhibited high FRR (92.68 % for MB and 90.31 % for CR) and 
low Rir (7.32 % for MB and 9.69 % for CR) in the second cycle. To further 
simulate real wastewater conditions, antifouling experiments were 
performed using a mixture of CR and NaCl. As shown in Fig. S15, the 
LDH–CS–5 membrane exhibited a high FRR of 93 % during the second 
filtration cycle with the CR-NaCl mixture, indicating excellent anti
fouling performance. This is primarily ascribed to the enhanced surface 
hydrophilicity of the membrane promoting the formation of a hydration 
layer that alleviates the adhesion of dyes onto the membrane surface 
[53].

Generally, textile wastewater contains high concentrations of salts 
and dyes. Therefore, dye and salt mixtures were employed to assess the 
separation efficiency of the LDH–CS–5 membrane. As depicted in 
Fig. 7a, the LDH–CS–5 membrane exhibited excellent dye rejection 
(>99 %) and relatively low salt rejection efficiency (<20 %), and the 
separation factor for CR was calculated to be 1934. These results affirm 
that the LDH–CS–5 membrane is promising for the separation of dye and 
salt mixtures. Additionally, the comparation between the prepared 

Fig. 7. Separation performance of LDH–CS–5 membrane for dye/salt mixture solution (a), the performance comparison of LDH–CS–5 membrane with previously 
reported membranes (b–c), long-term stability of LDH–CS–5 membrane for the separation of MB (d) and CR (f), digital photo of the used membrane (e), schematic 
diagram of the prepared membranes (g–i).
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LDH–CS–5 membrane and reported membranes in the literature were 
summarized in Tables S4–S5 and Fig. 7b–c. As shown in Fig. 7b, 
although the water permeance of the prepared LDH–CS–5 membrane is 
relatively lower compared to earlier studies, its separation factor is 
exceptionally high, exceeding that of most membranes reported. In this 
study, the formation of a dense chitosan layer on the surface of the 
LDH–CS–5 membrane imparts greater permeation resistance while 
enhancing dye rejection efficiency, thereby yielding favorable separa
tion factors despite reduced water permeance. This observation un
derscores the intrinsic trade-off between selectivity and permeability. 
Future research should focus on optimizing the membrane pore struc
ture and hydrophilicity to improve water permeance without compro
mising selectivity. Fig. 7c indicates that the LDH–CS–5 membrane offers 
advantages in terms of reasonable antifouling performance at high dye 
concentrations.

Additionally, the long-term stability of the LDH–CS–5 membrane 
was assessed for the separation of MB and CR. Fig. 7d and f show that the 
LDH–CS–5 membrane displayed excellent rejection efficiency (near 100 
%) for MB and CR over 6 h, while the water permeance decreased more 
in the case of MB than CR. The decreased water permeance can be 
ascribed to two phenomena. Firstly, the chitosan layer on the surface 
was further compacted over time during the pressure-driven filtration, 
resulting in higher resistance to permeation. Secondly, the hydrophilic 
dye molecules have high affinity to the hydrophilic Mg–Al LDH and 
chitosan, increasing the fouling tendency. Nevertheless, the prepared 
membrane exhibited good antifouling properties, and thus the dye 
molecules on the membrane surface can be easily removed. As can be 
seen in Fig. 7e, the used membranes were only slightly colored after the 
6 h experiments, indicating that the membrane had good stability and 
antifouling properties. In addition, the LDH–CS–5 membrane main
tained 100 % removal efficiency for both MB and CR, as well as over 80 
% of its initial water permeance after five filtration cycles (Fig. S16). The 
excellent retention of separation performance demonstrates the 
LDH–CS–5 membrane’s durability and indicates its potential suitability 
for long-term operations and application in real textile wastewater 
treatment.

3.4. Mechanism analysis

Based on the results, the mechanism analysis is presented in 
Fig. 7g–i. The PVDF membrane (Fig. 7g) had large pore sizes and low 
hydrophilicity, resulting in relatively high water permeance and low 
rejection of dyes. With the uniform embedding of Mg–Al LDH nano
particles, Fig. 7h illustrates that pore sizes were reduced, and hydro
philicity and surface roughness of the PVDF/Mg–Al LDH membrane 
were increased. In the LDH–CS–5 membrane, most of the chitosan were 
deposited onto the membrane surface, while only a small fraction 
penetrating into the interior. In this configuration, Mg–Al LDH nano
particles not only enhanced the membrane’s hydrophilicity and modu
lated its structure, but also served as molecular bridges that anchor the 
chitosan molecules via hydrogen bonds (Fig. 7i), resulting in chitosan 
being stably immobilized in the PVDF/Mg–Al LDH membrane matrix. 
Evidence for hydrogen bonding is supported by FTIR and XPS analyses; 
while this interpretation is widely accepted, more direct confirmation 
(e.g., neutron diffraction) would be valuable in future studies. Incor
poration of chitosan further reduced pore size, increased membrane 
thickness, and enhanced hydrophilicity and surface roughness. In gen
eral, the dye separation mechanisms by membranes can be largely 
classified into size sieving, Donnan effect, and surface adsorption [54]. 
In this study, the LDH–CS–5 membrane had a relatively low specific 
surface area of 10.8 m2/g, and the slight coloring of the membranes after 
6 h of filtration suggests adsorption was not the dominant mechanism, 
due to chitosan alleviating the fouling extent. In the dye/salt mixture, 
the dispersion of dyes is improved due to the combination of high salt 
concentration and anionic dye [55], leading to the rejection efficiency of 
CR being slightly decreased. In addition, the low rejection of salt is 

ascribed to the molecular size of NaCl being much smaller than MB/CR, 
causing the size-sieving effect to be significantly reduced. Chitosan is 
generally regarded as positively charged due to the presence of abun
dant NH2 groups on its surface [56]. Additionally, the Donnan effect 
underlying electrostatic repulsion between the positively charged Na+

and positively charged chitosan on the membrane surface led to the 
improvement of salt rejection efficiency [57]. Therefore, the LDH–CS–5 
membrane demonstrated excellent separation factors for dye and salt 
mixtures. These results suggest that the size sieving effect and the 
Donnan effect governed the rejection of dyes, while the Donnan effect 
was the dominant mechanism for the rejection of salt. Moreover, the 
developed pore structures and hydrophilic surface of the membrane also 
promoted the transport of water molecules. In summary, the LDH–CS–5 
membrane, with excellent separation efficiency for dye/salt mixtures, is 
promising for real textile wastewater remediation.

4. Conclusions

In this study, the hierarchical PVDF/Mg–Al LDH/chitosan membrane 
was innovatively and systematically fabricated by utilizing the struc
tural bridging effect of Mg–Al LDH to immobilize chitosan. The char
acterization results demonstrate that the Mg–Al LDH nanoparticles were 
uniformly distributed into the PVDF membrane matrix, while most of 
the chitosan were deposited on the membrane surface. The resulting 
PVDF/Mg–Al LDH/chitosan membrane exhibited smaller pore sizes, 
increased thickness, higher hydrophilicity and higher surface roughness 
compared to pristine PVDF membrane, leading to excellent separation 
efficiency for dye and salt mixtures (namely, 99.9 % for Congo red, 100 
% for Methyl blue, and <20 % for NaCl). In addition, the optimized 
membrane exhibited a superior separation factor of 1934 for Congo red/ 
NaCl mixture, with size-sieving and Donnan effects identified as the 
dominant separation mechanisms. Moreover, the membrane also 
demonstrated excellent antifouling performance (flux recovery ratios of 
92.68 % for Methyl blue and 90.31 % for Congo red) and high stability in 
both acidic and alkaline media. This study provides a comprehensive 
evaluation of the respective roles of Mg–Al LDH and chitosan within the 
composite membrane, while also presenting a proof-of-concept strategy 
for the facile fabrication of hierarchical membranes. While the results 
are promising, they remain preliminary, and further systematic valida
tion is necessary before potential industrial implementation can be 
realized.
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