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Abstract
Graphene oxide (GO) membranes hold significant promise for the water purification. However, they also face the 
problem of structural swelling, which limits their use in water treatment applications. In this work, a novel dual-
modulated core-shell metal-organic framework@Chitosan (MOF@CS) was successfully synthesized and used as 
an intercalation cross-linker to optimize the interlayer spacing and stability of GO membranes. Molecular dynamics 
simulation confirms that MOF@CS, acting as an intercalator, accelerates the water diffusion rate within the 
channels of the GO layer compared to a pure GO layer. At the same time, Fourier Transform Infrared Spectroscopy 
analysis reveals that MOF@CS serves as a cross-linker for covalently cross-linking the GO layer. The nanofiltration 
performance and stability of the improved MOF@CS-GO composite membranes were significantly enhanced. 
Compared to the pure GO membranes, the MOF@CS-GO composite membranes exhibited enhanced Congo red 
rejection rates (from 76.5% to 95.6%) while maintaining a high pure water flux (34.5 L·m-2·h-1·bar-1) and good 
structural stability (stable dye removal performance over 120 h). This dual regulation strategy is expected to 
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their performance.

Keywords: Metal-organic framework, graphene oxide membrane, dual modulators, core-shell MOF@CS, dye 
separation

INTRODUCTION
Water is an essential resource for human life[1]. In recent years, the rapid growth of the textile industry has 
caused a significant discharge of wastewater from printing and dyeing, resulting in serious water 
pollution[2]. Organic dyes in water pose a severe threat to human health due to their high toxicity, 
mutagenicity, and carcinogenicity[3,4]. Therefore, developing high-performance dye removal technologies is 
an essential task in addressing the current water pollution problem[5]. Conventional dye separation methods, 
such as adsorption[6], coagulation, extraction, and biodegradation, are ineffective in terms of energy 
consumption[7]. Membrane separation technology is becoming a more energy-efficient means of water 
purification[8]. Achieving efficient dye separation heavily relies on using membrane materials possessing 
exceptional selectivity, permeability, and stability[9-12].

In recent years, graphene oxide (GO) has gained significant popularity as a membrane material for water 
treatment owing to its notable attributes such as high specific surface area and adjustable physicochemical 
properties[13]. The abundance of functional oxygen-containing groups on the surface and edges of GO 
membranes opens up the exciting potential for customizing and engineering them to achieve selective 
separation of specific dyes[14,15]. In general, GO membranes are composed of atomically thick GO 
nanosheets, assembled by hydrogen and π–π bonds, forming a layered stack structure[16,17]. Their transport 
channels are mainly formed by irregular folds[18], layer stacking[19], and structural defects. However, the 
stacking of GO nanosheets is dense, resulting in narrow interlayer channels, which affects the permeation 
flux[20-23]. Additionally, when GO nanosheets are in an aqueous solution, the hydration of the oxygen-
containing functional groups on the surface breaks the hydrogen bonds between the sheets, causing swelling 
and disintegration of the GO membrane, thereby affecting its stability[24]. Therefore, obtaining a GO-based 
membrane with high stability, selectivity, and permeability remains a challenge.

Recently, intercalation, cross-linking, modification, and thickness adjustment have been used to improve 
the separation properties of GO membranes. Among them, intercalation is a controllable method to adjust 
the distance between GO membrane layers[25], and the selection of intercalating agents is crucial. Metal-
organic frameworks (MOFs), as emerging porous crystalline materials, have been widely studied for their 
high porosity, designable structure, and adjustable pore size, which allows them to accurately regulate the 
GO layer spacing[26-28]. The introduction of MOFs into graphene nanosheets to form hybrid structures has 
recently attracted attention[29,30]. For example, Jiang et al. added FECUBDC bimetallic MOFs to GO 
nanosheets, which increased the interlayer spacing of the GO composite membrane and improved the 
efficiency of dye wastewater treatment[31]. In a similar study, Zeng et al. enhanced the membrane separation 
performance by embedding PAA@UiO-66-NH2 between GO sheets through vacuum filtration self-
assembly[32]. Although the introduction of MOFs has improved the performance of GO membranes, 
interface compatibility and GO swelling issues still exist due to the weak bonding between MOFs and 
GO[33]. One effective strategy to enhance the stability of GO layers is to introduce cross-linking agents. 
Chitosan (CS), with its high stability and ultra-high dye adsorption capacity, is a good choice for a cross-
linking agent[34,35]. For example, Lu et al. constructed CS-GO/polyacrylonitrile (PAN) nanofiber membranes 
by grafting CS onto GO. The CS, as a cross-linking agent, can form strong bonds with GO, improving the 
stability and dye adsorption capacity of the membrane[36]. However, the cross-linking agent alone tends to 

effectively solve the swelling problem of GO membranes in aqueous media and open up avenues for advancing 
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Scheme 1. Preparation of the MOF@CS-GO membrane. MOF@CS: Metal-organic framework@Chitosan; GO: Graphene oxide.

reduce the GO layer spacing, resulting in a lower flux[37]. Also, it is difficult to form an ordered layer spacing, 
which affects the screening capacity of the membrane[38]. Therefore, the rational design of the coupling of 
intercalating and cross-linking agents is of great significance for improving the performance of GO 
membranes.

In this work, a novel dual-modulated core-shell MOF@CS was successfully synthesized and utilized as an 
intercalation-cross-linker agent to optimize the interlayer spacing and stability of GO membranes 
[Scheme 1]. The abundant carboxyl groups on UiO-66-COOH and amino groups on CS can strongly 
interact to form a stable core-shell structure. On the one hand, the porous structure of MOF@CS core-shell 
nanoparticles is used to effectively expand the interlayer spacing between GO layers, providing a fast water 
transport channel. Further, the amino groups on CS can be chemically cross-linked with GO, which can 
greatly enhance the membrane stability. The GO membrane doped with MOF@CS core-shell nanoparticles 
prepared in this study has high water permeability and dye rejection. This strategy is expected to minimize 
the swelling of GO membranes and open up avenues for advancing the GO membrane performance.

EXPERIMENTAL
Chemicals
Polyethersulfone (PES) with a pore size of 0.1 μm was provided by Haiyan New Oriental Plastics 
Technology Co. GO (thickness of 0.8-1.2 nm) was purchased from the Institute of Coal Chemistry. CS and 
1,2,4-benzenetricarboxylic acid (C9H6O6, 98%) were provided by Aladdin Chemical Company. Zirconium 
chloride (ZrCl4, 99.95%) was supplied by Strem Chemical. N, N-dimethylformamide (DMF, ≥ 99.5%), acetic 
acid (HAc, ≥ 99.5%), crystalline violet (CV, 99%), methylene blue (MB, 98%), and Congo red (CR, 99%) 
were derived from Sinopharma Chemicals.
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Synthesis of UiO-66-COOH nanoparticles
UiO-66-COOH nanoparticles were prepared using the method reported previously[39]. Typically, 0.65 g 
ZrCl4, 7.56 g deionized water, and 0.557 g 1,2,4-benzenetricarboxylic acid were added to 160 mL DMF. The 
obtained solution was kept in an oven at 120 °C for 24 h. After cooling the mixture to room temperature, 
the precipitate was collected through centrifugation. The UiO-66-COOH nanoparticles obtained were 
washed several times with methanol and deionized water.

Synthesis of MOF@CS core-shell nanoparticles
The dispersion of UiO-66-COOH was prepared by directly diluting the UiO-66-COOH solid collected after 
centrifugal. A portion of UiO-66-COOH water dispersion was transferred to a beaker. Twice the amount of 
CS powder was incorporated into the beaker, which was then diluted with 40 mL of deionized water. To 
completely dissolve and disperse the CS, 2-3 drops of acetic acid were added to the beaker. After stirring for 
24 h, the solution was centrifuged and diluted with deionized water to obtain 0.1 wt% suspension of 
MOF@CS core-shell nanoparticles. The suspension was stirred for 6 h before storage.

Preparation of MOF@CS-GO composite membranes
GO suspension with a concentration of 0.025 mg·mL-1 was obtained by adding GO to deionized water. 
Then, 2 mL of the 0.1 wt% MOF@CS dispersion was diluted to 20 mL to obtain 0.01 wt% MOF@CS 
dispersion. The two suspensions were mixed according to the conditions provided in Table 1 and sonicated 
to form a homogeneous mixture. The MOF@CS-GO composite membranes were prepared on macropore 
PES substrates by vacuum filtration for 10 min. Finally, the MOF@CS-GO composite membranes were 
heated at 60 °C for 6 min to enhance the cross-linking between GO and MOF@CS. In addition, MOF/CS/
GO composite membranes were prepared by physically mixing equal proportions of CS and MOF.

Characterizations
UiO-66-COOH and MOF@CS core-shell nanoparticles were subjected to X-ray diffraction (XRD, Bruker 
D8 Advance) analysis to ascertain their structural characteristics. Scanning electron microscopy (SEM, 
JEOL 7900F) and scanning transmission electron microscopy (STEM, FEI Talos F200×200 kV) were used to 
observe the morphology of the MOF@CS core-shell nanoparticles and MOF@CS-GO composite 
membranes. Atomic force microscopy (AFM, SMP-9700, Shimadzu) characterized the roughness of the 
membranes. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR, IRTracer-
100, Shimadzu) further studied the membrane structure. The surface hydrophilicity of the MOF@CS-GO 
composite membrane was measured using a contact angle aberrometer (DSA-1, KRUSS). A Thermal 
Gravimetric Analyzer (TGA, METTLER TOLEDO) was employed to determine the proportion of each 
component of the MOF@CS composite materials.

Nanofiltration performance of MOF@CS-GO composite membranes
The nanofiltration (NF) properties of the membranes were evaluated using a cross-flow filtration device. 
Throughout the filtration procedure, the transmembrane pressure of all membranes was kept at 2 bar. The 
equipment was run for 30 min at 2 bar pressure until the membrane permeability reached a steady state. 
Then, 50 mg·L-1 of organic dye solutions (CR, MB, and crystal violet) were tested as the feed solution. The 
membrane had a test surface area of 4 cm2. The permeance J (L·m2·h-1·bar-1) is calculated by:

(1)
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Table 1. Preparation conditions of MOF@CS-GO composite membranes

Membrane 0.01 wt% MOF@CS (mL) 0.0025 wt% GO (mL)

M1 0 1.0

M2 1.0 1.0

M3 3.0 1.0

M4 6.0 1.0

M5 3.0 2.0

M6 3.0 3.0

MOF@CS: Metal-organic framework@Chitosan; GO: graphene oxide.

Where V (L) represents the volume of permeate water; A (m2) is the effective membrane area; t (h) is the 
permeation time; P (MPa) is the permeation pressure. The absorbance of the dye solutions in the 
wavelength range of 200-1,000 nm was measured by an ultraviolet (UV)-visible spectrophotometer (UV-
400, Shimadzu), and the remaining concentration of the dyes in the permeate solution was calculated 
according to the standard curve. The retention rate R (%) of the dye was calculated based on:

Where Cf (mg·L-1) is the dye concentration in the feed solution, and Cp (mg·L-1) represents that in the 
permeate solution.

RESULTS AND DISCUSSION
Characterization of UiO-66-COOH and MOF@CS core-shell nanoparticles
From the XRD pattern [Figure 1A], the main peak positions of the prepared UiO-66-COOH nanoparticles 
were consistent with the simulated UiO-66 XRD pattern, indicating the successful synthesis of UiO-66-
COOH. In addition, the characteristic peak of the UiO-66-COOH nanoparticles at 2θ = 7°-9° was broader, 
indicating that the size of UiO-66-COOH particles is relatively small[40,41]. This is crucial for preparing 
MOF@CS-GO composite membranes with suitable interlayer spacing. The MOF@CS core-shell 
nanoparticles showed the same main peak position as UiO-66-COOH but a lower peak intensity, indicating 
that the CS enwrapped the UiO-66-COOH surface without destroying its structure.

The FTIR spectra of CS, UiO-66-COOH, and MOF@CS are shown in Figure 1B. The absorption peak of 
UiO-66-COOH at 1,402 cm-1 is attributed to C=C on the benzene ring of H3BTC, while the absorption peak 
at 1,459 cm-1 is due to C–O vibration on the carboxyl group[42,43]. Furthermore, the peak observed at 658 cm-1 
represents the Zr–O bond in UiO-66-COOH[30,44]. These results prove the successful synthesis of UiO-66-
COOH nanoparticles[45,46]. For CS, the relatively strong peaks at 1,639 and 1,276 cm-1 can be attributed to the 
bending vibration of the -NH2 group. For the MOF@CS core-shell nanoparticles, in addition to the 
characteristic peaks of CS and UiO-66-COOH, the C–N formed by the reaction of the carboxyl group with 
the amino group at 1,630 cm-1 was observed, indicating that CS was successfully cross-linked chemically 
with UiO-66-COOH[47,48].

TGA analysis was used to further characterize the MOF@CS sample. As shown in Figure 1C, the 
decomposition of CS was mainly observed at 225-420 °C, while the decomposition temperature of MOF is 
at 420-600 °C. For MOF@CS, the first weight loss at < 150 °C comes mainly from the evaporation of water. 
The second weight loss of 18% at 225-420 °C can be attributed to the decomposition of CS. The third weight 
loss of 10% at 420-600 °C is due to the decomposition of UiO-66-COOH[49-51].

(2)
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Figure 1. (A) XRD pattern; (B) FTIR; and (C) TGA diagram spectrum of CS, UiO-66-COOH, and MOF@CS core-shell nanoparticles. XRD: 
X-ray diffraction; FTIR: Fourier transform infrared spectroscopy; TGA: thermal gravimetric analyzer; MOF@CS: metal-organic 
framework@Chitosan.

The SEM analysis shows that the particle size of UiO-66-COOH is ~30 nm [Figure 2], while the particle size 
of MOF@CS core-shell nanoparticles is ~90 nm. The particle size of MOF@CS is significantly larger than 
that of UiO-66-COOH, further confirming that the MOF is encapsulated within a shell of CS.

The element distribution of UiO-66-COOH and MOF@CS core-shell nanoparticles was analyzed by energy 
dispersive spectrometer (EDS) element mapping [Supplementary Figure 1]. The results showed that C, O, 
and Zr were uniformly distributed in UiO-66-COOH [Supplementary Figure 1A], and the presence of Zr 
was attributed to a large amount of UiO-66-COOH. In addition, C, O, N, and Zr were distributed in 
MOF@CS core-shell nanoparticles [Supplementary Figure 1B]. The N was derived from the CS. The 
coexistence of N and Zr demonstrates that this MOF@CS aggregate contains CS and UiO-66-COOH. The 
EDS mapping results provide evidence for the successful synthesis of MOF@CS nanoparticles. The EDS 
mapping, combined with XRD and SEM results [Figure 1A and Figure 2], demonstrates the successful 
synthesis of core-shell structure MOF@CS nanoparticles.

Characterization of MOF@CS-GO composite membranes
MOF@CS-GO composite membranes with varying MOF@CS amount
A series of MOF@CS-GO composite membranes with different MOF@CS amounts and GO contents were 
prepared on PES substrates through vacuum filtration [Table 1]. The FTIR spectra of M1-M6 membranes 
are shown in Figure 3. The characteristic peaks around 1,917, 1,703, and 1,579 cm-1 can be assigned to the 
C=O and C=C functional groups in GO[52], respectively. The peak observed at 770 cm-1 represents the Zr–O 
bond in UiO-66-COOH, demonstrating that the MOF structure is retained[30,45,46]. The characteristic peaks at 
1,650 and 1,680 cm-1 are attributed to the -CONH stretching vibration, implying that the functional groups 
in CS (-NH2) have reacted with -COOH in GO[53,54]. The observation of the characteristic peaks of CS, GO, 
and UiO-66-COOH and their interaction peaks demonstrated the successful incorporation of MOF@CS 
core-shell nanoparticles into GO-based composite membranes.

Figure 4 shows the morphology characteristics of M1-M4 membranes. For the M1 membrane [Figure 4A], 
the macroporous PES substrate [Supplementary Figure 2] was not coated by the GO nanosheets completely 
and many holes of different sizes (marked by white circles) were on the surface. In contrast, with the 
increase of MOF@CS concentrations, the M2-M4 membranes became increasingly denser and without 
holes and obvious defects [Figure 4B-D], indicating that MOF@CS formed a continuous membrane. From 
the cross-sectional SEM images of the membranes [Figure 4E-H], their thickness with low MOF@CS 
content (M2) is about 110 nm and increases to 120 nm with the increase of the MOF@CS content (M4).

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202405/cs3060-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202405/cs3060-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202405/cs3060-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202405/cs3060-SupplementaryMaterials.pdf
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Figure 2. SEM images and of (A) UiO-66-COOH; and (B) MOF@CS core-shell nanoparticles. SEM: Scanning electron microscopy; 
MOF@CS: metal-organic framework@Chitosan.

Figure 3. ATR-FTIR spectra of the GO (M1) and MOF@CS-GO (M2-M6) membranes. ATR-FTIR: Attenuated total reflection Fourier 
transform infrared spectroscopy; GO: graphene oxide; MOF@CS: metal-organic framework@Chitosan.

The surface roughness of the MOF@CS-GO membranes was characterized by AFM, and the results are 
summarized in Figure 5 and Table 2. The pure GO membrane has the smallest roughness (Ra = 12.9 nm, 
Rq = 17.775 nm), and the roughness for M2-M4 gradually increases with the inclusion of MOF@CS 
nanoparticles. The roughness variation is consistent with the surface morphology change of the MOF@CS-
GO composite membranes.

Measuring the surface hydrophilicity of the membrane was essential as it reflects the hydrophilicity of the 
membranes. For this purpose, we utilized a water contact angle drop gauge [Figure 5E-H and Table 2] for 
M1-M4. The water droplets rapidly diffused on the surface of the M1-M4 membranes and then 
spontaneously penetrated the membranes, demonstrating the excellent hydrophilicity of the MOF@CS-GO 
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Table 2. Surface roughness parameters (Ra and Rq) of M1-M4 (a-d) were measured using AFM, and the initial contact angle and 
retention time of water on the membrane surface for M1-M4 (e-h)

Membrane Ra (nm) Rq (nm) Contact angle (°) Time (s)

M1 12.904 17.775 31.1 ± 1.4 4 ± 1

M2 16.781 20.986 32.0 ± 0.8 4 ± 1

M3 18.908 23.723 40.09 ± 0.5 6 ± 3

M4 22.240 29.024 46.1 ± 1.1 8 ± 2

AFM: Atomic force microscopy.

Figure 4. Top surface (A-D) and cross-sectional (E-H) SEM images of MOF@CS-GO membranes with different MOF@CS contents (M1-
M4). SEM: Scanning electron microscopy; MOF@CS: metal-organic framework@Chitosan; GO: graphene oxide.

Figure 5. AFM images (A-D) and water contact angles of (E-H) MOF@CS-GO membranes with different MOF@CS contents (M1-M4). 
AFM: Atomic force microscopy; MOF@CS: metal-organic framework@Chitosan; GO: graphene oxide.

composite membranes. From M1 to M4, the initial contact angles are 31.1 ± 1.4, 32.0 ± 0.8, 40.09 ± 0.5, and 
46.1 ± 1.1, respectively. The reduced water contact angle of M1 compared to M2 can be explained by the 
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Figure 6. The top surface and cross-sectional SEM images of (A-F) MOF@CS-GO membranes with different GO contents (M3, M5, 
and M6). SEM: Scanning electron microscopy; MOF@CS: metal-organic framework@Chitosan; GO: graphene oxide.

presence of partial surface defects on M1, in accordance with the SEM image in Figure 4. For M2-M4, with 
the incorporation of MOF@CS nanoparticles, the contact angle showed an increasing trend. This is because 
the hydrophilicity of MOF@CS is weaker than that of GO [Supplementary Figure 3], resulting in the 
increase of the contact angle with higher MOF@CS content.

MOF@CS-GO composite membranes with varying GO amount
Figure 6 shows the morphology of a series of MOF@CS-GO composite membranes prepared with different 
GO contents and fixed MOF@CS content. With increasing GO content, the membrane surface becomes 
denser. Meanwhile, the wrinkling of GO can be seen from the enlarged images, indicating that GO covers a 
thin layer on the substrate surface. From the cross-sectional SEM images, the thickness of the membrane 
with a low GO content [M3, Figure 6D] is about 112 nm, and with increasing GO content, it increases to 
300 nm [M6, Figure 6F]. The layered stacking structure of GO and the uniform dispersion of MOF@CS 
core-shell nanoparticles between the GO layers can be observed, proving that MOF@CS inserted the GO 
layer successfully.

The AFM results from Figure 7A-C and Table 3 show that the roughness of the membranes changes with 
the GO content. The higher the content of GO, the rougher the membrane surface becomes (M3, M5, M6). 
This is because, at high GO concentrations, the interaction force between GO and MOF@CS is strong, 
resulting in the aggregation of MOF@CS-GO composite particles. Consequently, there is an increase in the 
roughness of the formed membrane. The water contact angle was measured for MOF@CS-GO composite 
membranes with different GO contents to determine the hydrophilicity of the membranes [Figure 7D-F and 
Table 3]. With rising GO concentration, the contact angle slightly decreased, indicating that the 
hydrophilicity of the composite membranes increased. This is corresponding to the roughness variation 
results of M3, M5, and M6[55].

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202405/cs3060-SupplementaryMaterials.pdf
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Table 3. Surface roughness parameters (Ra and Rq) of M3, M5, and M6 (a-c) were measured using AFM. And the initial contact 
angle and retention time of water on the membrane surface for M3, M5, and M6 (d-f)

Membrane Ra (nm) Rq (nm) Contact angle (°) Time (s)

M3 18.908 23.723 40.09 ± 0.5 4 ± 1

M5 18.945 23.748 40.0 ± 1.0 4 ± 1

M6 20.039 25.374 38.9 ± 0.5 6 ± 1

AFM: Atomic force microscopy.

Figure 7. AFM images (A-C) and water contact angles (D-F) of MOF@CS-GO membranes with different GO contents (M3, M5, and 
M6). AFM: Atomic force microscopy; MOF@CS: metal-organic framework@Chitosan; GO: graphene oxide.

Nanofiltration performance of MOF@CS-GO composite membranes
The NF performance of a series of MOF@CS-GO composite membranes was evaluated in the staggered 
flow mode with CR. Firstly, the role of MOF@CS in the NF process of M1-M4 was confirmed [Figure 8A]. 
The permeance of M1 without MOF@CS was 738 L·m-2·h-1·bar-1, but due to the defects in the membrane, the 
CR rejection was only 76.5%. In contrast, the permeance of the M2 membrane decreased from 738 to 
25.5 L·m-2·h-1·bar-1, but the rejection increased from 76.5% to 95.6%. This is because the pure GO membrane 
did not form a complete membrane in the absence of MOF@CS core-shell nanoparticles, which is 
consistent with the SEM results [Figure 4]. From M2 to M4, with the gradual increase of MOF@CS, the 
permeance of the MOF@CS-GO composite membrane goes through a maximum and then declines while 
the rejection remains relatively constant. This is attributed to the insertion of MOF@CS core-shell 
nanoparticles into the GO interlayer, which increases the interlayer spacing of GO, thereby enhancing the 
permeance of the composite membrane. However, the inherent resistance of the excessive MOF@CS 
particles limits the increase in water flux, hence the initial rise followed by a subsequent decrease in 
permeability[25].

In addition to MOF@CS, the influence of the GO amount on membrane performance has also been 
explored[56]. As shown in Figure 8B, the M3 prepared with low GO concentration had a high water 
permeance of 34.5 L·m-2·h-1·bar-1 and a rejection rate of 95.6%. As the GO concentration increased, the 
rejection for CR remained almost unchanged, but the permeance decreased significantly. This was primarily 
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Figure 8. Effect of (A) MOF@CS and (B) GO concentration; (C) different membranes [PES substrate, MOF@CS-GO (M3) and 
MOF/CS/GO membrane]; and (D) different dyes on water permeability and dyes rejection rate. MOF@CS: Metal-organic 
framework@Chitosan; GO: graphene oxide; PES: polyethersulfone.

attributed to the rise in membrane thickness, which, in turn, increased the resistance to water transfer. 
Importantly, M3 has the best NF properties due to the effect of MOF@CS core-shell nanoparticles on the 
GO interlayer spacing. Therefore, in the subsequent performance exploration, we choose it as the 
representative of MOF@CS-GO to conduct a series of performance tests.

According to the TGA results at MOF@CS, as mentioned earlier, preparing MOF/CS/GO composite 
membranes involved physical mixing of equal proportions of CS and MOF. As shown in Figure 8C, the 
permeability and rejection rate of MOF@CS-GO composite membranes are higher than those of MOF/CS/
GO composite membranes, indicating that GO composite membranes based on MOF@CS core-shell 
nanoparticles can improve the separation performance of GO membranes more effectively than the physical 
mixing of CS and MOF. To evaluate the NF performance of M3, several dyes with distinct charges and sizes, 
including crystal violet, MB, and CR, were used [Supplementary Table 1]. The rejection rates of M3 for CR, 
MB, and crystal violet aqueous solutions were 95.6%, 91.0%, and 60.6%, respectively [Figure 8D]. The 
MOF@CS-GO composite membrane exhibits a zeta potential of -22 mV at pH = 7 in aqueous solution 
[Supplementary Figure 4]. The negatively charged CR dye is almost completely rejected by the membrane, 
which is attributed to the effect of molecular sieving and electrostatic repulsion. However, the negative 
charge of the membrane partially attracts crystal violet with a positive charge, thus showing a relatively low 
rejection rate. The primary separation mechanism of MOF@CS-GO composite membranes is a 
combination of size exclusion and the Donnan effect. On the one hand, UiO-66-COOH, a novel class of 
porous crystalline materials, can effectively sieve dyes from water, while their nanometer-sized particle size 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202405/cs3060-SupplementaryMaterials.pdf
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Figure 9. (A) Stability test of M3 with operating pressure of 2 bar and Congo red concentration of 50 mg·L-1; and (B) pressure resistance 
test of M3 with increased pressure.

increases the layer distance of GO, which effectively improves the permeability of the membrane. On the 
other hand, cross-linking of CS can alleviate the non-selective voids between different species and the 
swelling problem of the GO layer, thus ensuring the stability of separation. Therefore, the MOF@CS core-
shell structure formed by CS-wrapped MOF can improve the membrane permeability and rejection rate 
while maintaining its stability.

The long-term separation stability of M3 was assessed by evaluating its NF performance for 120 h 
[Figure 9]. M3 maintained a desirable rejection rate of 96% and a high water permeability of 25-30 
L·m-2·h-1·bar-1. This long-term stability of the membrane was attributed to the cross-linking effect of CS, 
where the amino functional group on CS and the carboxyl functional group on GO and MOF strongly 
interacted. In addition, the surface and edges of GO in aqueous solution are rich in oxygen-containing 
groups, which make GO negatively charged. Thus, positively charged CS can easily adsorb on the highly 
negatively charged surface of GO through electrostatic interactions, which, in turn, lead to GO being 
modified and prevented from restacking[57]. This covalent interaction tightly connects GO, CS, and MOF, 
enhancing the overall stability of the MOF@CS-GO composite membrane. As a result, the membrane can 
maintain its performance over an extended period.

Additionally, as can be seen in Figure 9B, the pressure resistance of the M3 was evaluated by assessing its 
NF performance at 8 bar. With increasing operating pressure, M3 maintained a desirable rejection rate of 
96% and a high water permeance of 25-30 L·m-2·h-1·bar-1. MOF intercalated into GO interlayer as a 
microporous filler can improve the mechanical stability of the composite structure and the pressure 
resistance of GO membranes[52].

The anti-pollution properties of the MOF@CS-GO composite membrane by filtrating a 50 μg/g bovine 
serum albumin (BSA) solution are illustrated in Figure 10. As the testing time increased, the water fluxes of 
the membrane gradually decreased. After conducting a two-hour BSA antifouling test on the MOF@CS-GO 
composite membrane, it was observed that the flux-decline ratio (FDR) was 50.5%. However, the decreased 
permeate can be partly regained by cleansing the membrane surface with pure water. The flux-recovery 
ratio (FRR) of the membrane was 77.5%, which is consistent with the structural properties of MOF@CS-GO 
membranes. The optimized surface charge resulting from the MOF@CS interlayer provides the membrane 
with enhanced antifouling propensity and cleaning ability.
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Figure 10. (A) The water flux variation; and (B) FDR and FRR of MOF@CS-GO composite membrane. FDR: Flux-decline ratio; FRR: flux-
recovery ratio; MOF@CS: metal-organic framework@Chitosan; GO: graphene oxide.

Furthermore, as shown in Figure 11 and Supplementary Table 2, the performance of GO membranes with 
MOF@CS intercalation was also compared with other reported GO, CS, and MOF NF membranes. The 
comparison showed that the permeability and rejection of MOF@CS-GO composite membranes were 
superior to most NF membranes. Although the rejection of the MOF@CS-GO composite membranes can 
be further improved among the comparative membranes, their exceptional stability can greatly optimize 
their performance in practical applications. It is evident that these membranes exhibited excellent 
separation performance and stability.

Simulation of GO and MOF@CS-GO composite membranes
Molecular dynamics (MD) simulation was employed to investigate the water transport behavior in GO and 
MOF@CS-GO membranes [Figure 12 and Supplementary Figure 5] (see the details in Supplementary 
Materials for simulation). The mean square displacement (MSD) of water molecules in the two-channel 
models was calculated respectively [Figure 12A]. The results show that the MSD in the interlayer channel 
containing MOF@CS is higher than that of pure GO. Based on the Einstein relationship, the diffusion 
coefficients [Figure 12B] of the H2O molecules in two transport channels were calculated from the MSD 
curves. The results showed that the diffusion rate of H2O is 0.567 × 10-9 m2·s-1 in the pure GO membrane. In 
contrast, in the MOF@CS-GO membrane, it (1.713 × 10-9 m2·s-1) was three times higher than that of the pure 
GO membrane, which confirmed our predictions in the interpretation of the high permeability of 
MOF@CS-GO membranes.

CONCLUSIONS
To summarize, MOF@CS core-shell nanomaterials with dual regulatory effects were prepared and inserted 
into GO interlayers to optimize the separation performance, stability and pressure resistance of the GO 
membranes. As an intercalating agent, MOF@CS provided more permeation channels for the transport of 
H2O molecules, while as a cross-linking agent, MOF@CS reduced the channel swelling between GO 
interlayers and effectively improved the stability of the membrane. The NF performance and stability of the 
improved MOF@CS-GO composite membranes were significantly enhanced. Compared to the pure GO 
membranes, the MOF@CS-GO composite membranes exhibited enhanced CR rejection rates (from 76.5% 
to 95.6%) while maintaining a high pure water flux (34.5 L·m-2·h-1·bar-1) and excellent structural stability 
(stable dye removal performance over 120 h). Implementing this dual regulation strategy is expected to 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202405/cs3060-SupplementaryMaterials.pdf
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Figure 11. Comparison of nanofiltration performance between M3 with other reported results. The detailed date can be queried in 
Supplementary Table 2.

Figure 12. (A) The MSD of water molecules in the pure GO and MOF@CS-GO membranes; (B) The diffusion coefficients of the H2O 
molecules in the pure GO and MOF@CS-GO membranes. MSD: Mean square displacement; GO: graphene oxide; MOF@CS: metal-
organic framework@Chitosan.

effectively address the issue of GO membrane swelling in aqueous environments, presenting promising 
opportunities for developing high-performance GO membranes in water treatment applications.
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