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Abstract 6 

GO membranes with well-defined sub-nanometer channels are optimal for desalination 7 

and wastewater purification. However, the inherent instability of the interlayer structure 8 

and the severe trade-off between selectivity and permeability pose a significant 9 

challenge for GO membranes to be effectively applied to nanofiltration. Herein, we 10 

synthesized a series of PSSNa-GO-EDA/Al2O3 membranes by embedding poly(sodium 11 

4-styrenesulfonate) (PSSNa) into ethylenediamine-crosslinked GO interlayers. The 12 

resultant membranes exhibited greater interlayer structures, in which new hydrophilic 13 

confined nanostructures were constructed. Effective nanofiltration performance was 14 

achieved through electrostatic-induced ion-confined partitioning. The PSSNa-GO-15 

EDA-1/Al2O3 (PGE-1) membrane showed high rejection rates of 86.0% for Na2SO4 16 

and 53.8% for NaCl while maintaining competitive pure water permeance of 10.85 17 

LMH/bar, which is 12.1 times higher than that of the pristine GO membrane. More 18 

importantly, after immersion in pure water for 680 hours, this membrane retained 19 

commendable separation performance. Overall, our work provides an effective strategy 20 

to finely fabricate confined nanostructures in lamellar GO-based nanofiltration 21 

membranes featuring excellent separation performance. 22 

Keywords：Graphene oxide membrane; PSSNa; Confined nanostructures; Desalination 23 
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 2 

1. Introduction 1 

Owing to accelerated industrialization, population expansion, and freshwater 2 

pollution, the scarcity of clean water has emerged as one of the greatest humanitarian 3 

crises worldwide[1, 2]. To solve the issue of water scarcity, a range of separation and 4 

purification technologies have been developed. In contrast to traditional purification 5 

techniques such as distillation and electrodialysis, membrane separation technology has 6 

demonstrated excellent application prospects due to its benefits of lower energy 7 

consumption, higher efficiency, and eco-friendliness [3-5]. 8 

Graphene oxide, a kind of novel two-dimensional material, has drawn significant 9 

attention due to its atomic thickness, outstanding physicochemical properties, and 10 

easily functionalized surface characteristics[6-9]. Additionally, self-supported GO 11 

membranes could be directly synthesized through the stacking of GO nanosheets[10]. 12 

Nevertheless, the self-supported GO membrane faces numerous difficulties in practical 13 

applications. Simultaneously, on account of its swelling property, it is difficult for the 14 

GO membrane to ensure the stability of the laminar structure in water [11, 12]. Even 15 

more seriously, the laminar GO membranes possess tortuous, narrow, and lengthy 16 

transport channels, which have high solute rejection rates but are often accompanied by 17 

extremely low water permeability. This situation severely restricts the application of 18 

GO membranes due to the selectivity-permeability trade-off[13, 14]. 19 

In response to the challenges in the applications of GO membranes, numerous 20 

methods have been developed over the past two decades[15, 16], such as physical 21 

confinement, thermal or chemical reduction, and cross-linking. For example, Abraham 22 

et al. [17] achieved the adjustment of the interlayer distance of laminar GO membranes 23 

from 9.8 Å to 6.4 Å by employing epoxy resin for encapsulation. On the other hand, an 24 

extensive array of crosslinkers with diverse chemical properties and functionalities has 25 

been extensively employed to overcome the swelling of GO membranes. Molecules or 26 

polymers containing amine groups are regarded as ideal crosslinkers for GO 27 

membranes, such as polydopamine [18], polyethyleneimine [19], amino acids[20], 28 

Jo
urn

al 
Pre-

pro
of



 3 

ginger plant extractive [21], and ethylenediamine [22]. For instance, Jin et al. [23] put 1 

forward a method of constructing "molecular bridges" which they rationally built and 2 

tuned to stabilize the GO membranes. The molecular-bridged GO membranes 3 

demonstrated exceptional durability under severe operating conditions. Consequently, 4 

the molecular-bridged GO membranes had an outstanding dye removal rate of over 5 

99%. Its ion rejection, however, was not satisfactory. 6 

Naturally, the covalent or non-covalent cross-linking method is not limited to the 7 

application of a single cross-linker but is also widely employed for double cross-linkers 8 

[24, 25]. For example, Xu et al. [26] used metal-polyphenol double-crosslinked GO 9 

membranes for dye/salt separation. Their results indicated that the membrane not only 10 

showed a larger interlayer spacing and superior hydrophilicity, but its surface negative 11 

charge also exhibited a decreasing tendency. Hence, the membranes exhibited an 12 

exceptional removal rate for organic dyes, reaching 99% or more, and a high 13 

permeability of 61.2 LMH per bar.  14 

For two-dimensional laminar GO membranes, regulating the interlayer distance 15 

and modifying the surface chemical characteristics or interlayer can be effective ways 16 

to achieve excellent separation performance. Shao et al. [27] designed a novel 17 

coordination complex as the modifier to fabricate hydrophilic GO membranes. The 18 

interaction between the Fe3+-phytic acid coordination complex and the GO nanosheets 19 

modulated the interlayer distance of the GO membranes. As a result, this complex 20 

enhanced the hydrophilic characteristics of GO membrane surfaces, improved the 21 

composite membrane's water sorption capacity and facilitated rapid water transport. 22 

Moreover, Dai et al. [28] stabilized the stacked laminar GO membrane structure by 23 

introducing sodium polystyrene sulfonate into the interlayer of the GO membrane. Due 24 

to the exceptional properties of the sulfonic acid groups, the modified structure is both 25 

hydrophilic and charged in the interlayer structure, providing a favorable hydrophilic 26 

microenvironment to facilitate selective water molecule transport. Their results 27 

revealed that the PSSNa/GO membrane fabricated with this strategy demonstrates 28 

Jo
urn

al 
Pre-

pro
of



 4 

exceptional pervaporation separation properties. 1 

Therefore, the enhancement of the stability of the laminar structure of GO 2 

membranes, coupled with the establishment of chemically distinct environments or 3 

microregions with specialized confinement functions on the surface or within the 4 

interlayers, represents a pivotal strategy for optimizing the performance of lamellar GO 5 

membranes in water.  6 

In this paper, we incorporated sodium polystyrene sulfonate into the amine-7 

crosslinked GO membrane interlayer and deposited GO-based nanosheets onto the 8 

inner tube ceramic membranes via the pressure-assisted deposition approach. The 9 

resultant GO composite ceramic nanofiltration membranes were prepared as depicted 10 

in Fig. 1. We have developed a new approach to creating hydrophilic confined 11 

nanostructures within the interlayer of GO membranes. This method has the potential 12 

to stabilize the laminar structures of these membranes and increase interlayer spacing, 13 

which could enhance pure water permeability. Additionally, it may be effective in 14 

confining ions in saline solutions via ion electrostatic induction forces. This mechanism 15 

significantly mitigates the synergistic transport effects between cations and anions, 16 

thereby improving rejection rates. The results demonstrate that the PSSNa-GO-EDA-17 

1/Al2O3 (PGE-1) membrane achieves rejection rates of 86.0% for Na2SO4 and 56.4% 18 

for NaCl while maintaining competitive water permeability of 10.85 LMH per bar 19 

(12.1-fold higher than that of pristine GO membrane). Moreover, the PSSNa-GO-EDA-20 

1/Al2O3 membrane demonstrates outstanding stability during long-term filtration 21 

processes. Thus, we are confident that this approach will significantly enhance practical 22 

applications of GO membranes in water purification. 23 

2. Experimental 24 

2.1. Materials 25 

GO nanosheets (lateral size: 500–5000 nm, 1 mg⋅ml−1, XFNANO), Tris 26 

(hydroxymethyl) aminomethane hydrochloride (Tris-HCl, 99%, Aladdin), 27 
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 5 

Hydrochloric acid (HCl, 36% (mass), Lingfeng)， poly(sodium 4-styrenesulfonate) 1 

(PSSNa, MW=70000, 99%, Aladdin), Anhydrous ethylenediamine (EDA, 99%, 2 

Adamas), Na2SO4, NaCl, MgSO4, and MgCl2 (99%, Lingfeng), Dopamine 3 

hydrochloride (98%, Aladdin) were used without additional purification. 110-mm-long 4 

tubular Al2O3 ceramic membranes with inner and outer diameters of 8 and 12 mm (pore 5 

size: 20 nm) were obtained from Hongyi (Nanjing, China). 6 

2.2 Preparation of PDA- pre-treated tubular Al2O3 ceramic membranes 7 

First of all, 2 mg/ml aqueous solution of dopamine hydrochloride was mixed with 8 

10 mM Tris-HCl solution stirring at 25 °C. After thoroughly mixing the solution, the 9 

tubular Al2O3 membranes were subsequently treated with this solution at 25 °C for 20 10 

hours to promote the self-polymerization of polydopamine in a dark environment. 11 

Following this, the membranes were rinsed with pure water to remove any residual 12 

dopamine from the inner surface of the tubular Al2O3 membranes. Finally, the tubular 13 

ceramic membranes were dried in an electric-heated constant-temperature air-14 

circulating drying oven at 60 °C for two hours to obtain polydopamine-modified Al2O3 15 

membranes, hereafter referred to as the PDA-Al2O3 membranes. 16 

2.3 Preparation of pristine GO and GO-based membranes 17 

First, 0.2 ml of GO dispersion was diluted to 200 ml with pure water, and the 18 

single-layer GO nanosheets were completely dispersed in the 200 ml dilution by 19 

sonication for 10 min. After that, to prepare the GO-EDA (GE) suspension, 13.5 µl of 20 

EDA was added to the GO solution. After thoroughly mixing the solution, the mixture 21 

was stirred at 80 °C for 60 min. Subsequently, the prepared GE suspension was mixed 22 

with a specific quantity of sodium polystyrene sulfonate aqueous solution and sonicated 23 

for 15 minutes to form a homogeneous PSSNa-GO-EDA (PGE)solution. 24 

The suspensions with different amounts of PSSNa were loaded onto the internal 25 

surface of the prepared PDA-Al2O3 membrane under pressurized nitrogen at 1 bar. 26 

Finally, the fabricated membranes were dried at 45 °C overnight in an electric-heated 27 

constant-temperature air-circulating drying oven to obtain PSSNa-GO-EDA/Al2O3 28 
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 6 

membranes. The resulting PSSNa-GO-EDA/Al2O3 membranes were labeled PGE-x (x 1 

= 1, 2, 3). The theoretical mass ratios of GO and PSSNa are 1:150, 1:250, and 1:400, 2 

and the composite membranes are named PGE-1, PGE-2, and PGE-3, respectively. 3 

Pristine GO and GO-EDA membranes were fabricated following the same strategy, 4 

except that EDA and PSSNa were not added. The preparation process of the PGE 5 

membranes is illustrated in Fig. 1. 6 

7 

Fig. 1. Schematic diagram of the preparation processes of PGE membranes 8 

2.4 Characterizations of GO and GO-based membranes 9 

Zeta potential of the prepared membrane samples was tested by Zetasizer analyzer 10 

(Nano ZS-90). Fourier transform infrared spectrometer (FT-IR, Nicolet 8700), X-ray 11 

photoelectron spectroscopy (XPS, Al Kα, ESCALAB 250), X-ray diffraction (XRD, 12 

Cu Kα, Mini Flex 600), and Scanning electron microscopy (SEM, Sigma 360) were 13 

performed to investigate the chemical composition, the interlayer structure and the 14 

morphologies of the prepared membrane samples, respectively. The contact angles (CA) 15 

of the prepared membrane samples were measured using a contact angle tester (Drop 16 

Meter A-100P). 17 

2.5 Evaluation of the membrane performance 18 

The prepared membrane separation performance was evaluated using 1 mmol·L−1 19 

single-component salt solutions (Na2SO4, MgSO4, NaCl, MgCl2) under 5 bar on a self-20 
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 7 

built cross-flow filtration device at 25 °C. The stability of the GO-based membranes 1 

was tested through a long-term water immersion test. The pure water permeance of GO-2 

based membranes were tested continuously for 4 h. The salt rejection performance test 3 

was conducted after the system was stabilized for 40 minutes. Subsequently, to ensure 4 

data accuracy, the permeate was collected at 5-minute intervals for a total of four 5 

collections. 6 

After soaking the GO-based membranes in pure water for different periods of time 7 

(170, 340, 510 and 680 h), the rejection of the above four single-component salt 8 

solutions was measured under the corresponding soaking time. The pure water 9 

permeance J (LMH/bar) and the salt rejection R are calculated with the following 10 

equations: 11 

 𝐽 =
𝑉

𝐴𝑡𝛥𝑃
  (1) 12 

 𝑅 = (1 −
𝐶𝑝

𝐶𝑓
) × 100%  (2) 13 

where V (L) is the volume of permeate; A (m2) is the effective membrane area; t (h) is 14 

permeation time; ΔP (bar) is the operating pressure. Cf  and Cp are the feed and 15 

permeate concentrations of salt solutions. 16 

3. Results and discussion 17 

3.1 Performance of the PDA-Al2O3 tubular membrane 18 

The morphologies of Al2O3 and PDA-Al2O3 membranes were analyzed using SEM. 19 

As shown in Fig. 2, the alumina particles are evenly dispersed on the surface of the 20 

Al2O3 membrane, and the surface of PDA-Al2O3 membrane is obviously covered with 21 

a material layer. It is also evident from the optical images that the membrane surface 22 

turns black following PDA modification. From Fig. 2(b), (d), the PDA is closely 23 

covered on the Al2O3 membrane without obvious boundary. The pure water flux of the 24 

Al2O3 and PDA-Al2O3 membranes was evaluated. It can be seen from Fig. 3 that the 25 

modified membrane exhibits a 20.8% reduction in pure water permeance (82.8 26 
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 8 

LMH/bar) compared with that before modification. Furthermore, the rejection rates of 1 

the Al2O3 and PDA-Al2O3 membranes for the four salt solutions are all below the 2 

detection limit of the conductivity meter (the rejection rates can be regarded as zero). 3 

The results indicate that PDA was successfully grafted on the Al2O3 membrane via self-4 

polymerization [29]. 5 

 6 

Fig. 2. SEM images of (a, c) surfaces, (b, d) cross-sections of the Al2O3 and PDA-7 

Al2O3 membranes 8 

  9 

Fig. 3. Pure water flux of Al2O3 and PDA-Al2O3 tubular membranes 10 

3.2 Characterizations of GO-based membranes 11 

The well-dispersible GO suspension constitutes a prerequisite for preparing 12 
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separation membranes with excellent performance. As shown in Fig. 4, the zeta 1 

potential of the five membrane-forming suspensions is all negative, and the lowest zeta 2 

potential is witnessed in the PGE-1. This is attributed to the abundant negatively 3 

charged ionized sulfonic acid groups in PSSNa, which gives rise to a reduction in the 4 

zeta potential of the suspensions containing PSSNa. The lower the zeta potential is, the 5 

better the dispersibility of the suspension becomes. This is conducive to depositing 6 

nanosheets on the tubular ceramic membrane in preparing GO-based separation 7 

membranes with good laminar structure. 8 

 9 

Fig. 4. Zeta potential of pristine GO, GE, PGE membrane-forming suspension 10 

Fig. 5 shows the FTIR spectra of PSSNa, pristine GO, GE, and PGE membranes; 11 

the characteristic peaks of the pristine GO membrane located at ~3443, ~1729, ~1625, 12 

~1406, and ~1226 cm−1 were assigned to —OH, C═O, C═C, C—OH, and C—O—13 

C, respectively. These values are in agreement with the previous report [30]. When the 14 

GO nanosheets were crosslinked with EDA, the characteristic peaks of carboxyl and 15 

epoxy groups were no longer observed due to the existence of EDA [31]. Besides, there 16 

are two peaks at ~1583 and ~1481 cm−1, which can be attributed to amine (N—H) and 17 

amide (C—N) respectively [32]. This occurs due to the covalent reaction of the amine 18 

groups in EDA with the oxygenated groups on the GO laminar nanosheets[33], thus 19 

proving the successful introduction of EDA into the GO membranes. For PGE 20 
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membranes, there are two additional distinct peaks located at ~1129 and ~1191 cm-1 

1[28]. These peaks indicate the stretching vibration of S═O of —SO3
−, which 2 

substantiates the incorporation of PSSNa into the two-dimensional interlayer channel 3 

of GO-based membranes. Furthermore, the XPS full-spectrum in Fig. 6 shows that the 4 

novel peaks at 400 eV were identified in both GE and PGE membranes, corresponding 5 

to the N 1s convolution peak [31]. Meanwhile, new peaks at 168 eV were detected in 6 

the PGE membranes. Further fitting of the S 2p curve reveals that the two additional 7 

distinct peaks at 167.8 eV and 169.0 eV represent the oxidized sulfur in the —SO3
−, 8 

which was attached to the benzene structure within PSSNa [28, 34]. These findings 9 

demonstrate that EDA and PSSNa have effectively introduced two-dimensional 10 

interlayer channels into GO membranes. 11 

 12 

Fig. 5. FTIR spectra of PSSNa, GO, GE, and PGE membranes 13 

 14 

 15 
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 1 

Fig. 6. (a) XPS full-scan spectra of GO, GE, and PGE membranes; (b) S 2p 2 

spectra of PGE-1 membrane 3 

For lamellar separation membranes, a complete and defect-free membrane 4 

structure is of crucial significance for their application. As shown in Fig. 7, the surfaces 5 

of the GO, GE, and PGE membranes are smooth and continuous, and all of them 6 

possess typical wrinkles, suggesting that the GO-based membranes have been 7 

successfully coated onto the tubular ceramic support. Furthermore, the thickness of the 8 

pristine GO membrane layer was 72 nm according to Fig. 7(a2), while those of the GE, 9 

PGE-1, PGE-2, and PGE-3 membranes increased to 86, 152, 183, and 205 nm, 10 

respectively, with the intercalation of EDA and PSSNa into the interlayer structure. 11 

Additionally, all five membranes maintain excellent interlayer structures. 12 

 13 

Fig. 7. SEM images of (a1) GO, (b1) GE, (c1) PGE-1, (d1) PGE-2, (e1) PGE-3 14 

membrane surfaces and (a2) GO, (b2) GE, (c2) PGE-1, (d2) PGE-2, (e2) PGE-3 15 

membrane cross-sections  16 
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Normally, water molecules exposed to the membrane surface will be absorbed into 1 

the membrane by the chemical potential difference [35, 36]. Consequently, as the 2 

membrane layer becomes more hydrophilic, water molecules are able to penetrate the 3 

membrane more readily. Therefore, to evaluate the hydrophilicity of the membrane, we 4 

measured the water contact angle (WCA) of the GO, GE, and PGE membranes. As 5 

illustrated in Fig. 8, the WCA of the pristine GO membrane is 57.8°; this finding is in 6 

agreement with the results presented in the prior study [33] and indicates that the 7 

membrane is of a hydrophilic nature. With the crosslinking of EDA, the WCA of the 8 

GE membrane reduced, as the diamine groups crosslinked on the GE membrane layer 9 

are hydrophilic and prone to forming hydrophilic regions. This effect could enhance the 10 

hydrophilicity of the GE membrane layer [32, 33]. For the PGE-1, PGE-2, and PGE-3 11 

membrane, the WCA decreased from 44.7° to 37.3°. PSSNa contains a significant 12 

number of hydrophilic sulfonic acid groups, and incorporating PSSNa into lamellar GO 13 

membranes can enhance the ability of PGE membranes to attract water molecules. 14 

 15 

Fig. 8. WCA of GO, GE, and PGE membranes  16 

The laminar interlayer structures of the GO, GE, and PGE membranes were 17 

analyzed by XRD. Fig. 9 presents the XRD patterns of GO, GE, and PGE membranes.  18 

There is a diffraction peak at 11.02° for the pristine GO membrane, corresponding to 19 

an interlayer spacing of 0.803 nm. This is consistent with the Ref. [37]. For the GE 20 

membrane, the diffraction peak shifts to a lower angle (2θ=10.50°), indicating an 21 
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expanded interlayer spacing of 0.842 nm. This phenomenon can be attributed to the 1 

incorporation of EDA molecules, which induces an expansion of the interlayer spacing 2 

in the GO membrane. In comparison with the pristine GO and GE membranes, with the 3 

increase of PSSNa crosslinking amount, the diffraction peaks of the PGE-1, PGE-2, 4 

and PGE-3 membranes shift to even lower angles (2θ=9.48°, 9.14°, and 8.58°, 5 

respectively), corresponding to interlayer spacings of 0.933, 0.968 and 1.031 nm, 6 

respectively. These findings indicate a further expansion of the interlayer spacing in the 7 

GO membrane, which facilitates reduced mass transfer resistance and significantly 8 

enhances water permeability. Furthermore, we performed XRD measurements on GO-9 

based membranes in their wet states and systematically compared the variations in 10 

interlayer spacing between the dry and wet conditions. The results demonstrate that the 11 

swelling ratio of the interlayer spacing for the pristine GO membrane in the wet state is 12 

57.2%. After EDA intercalation, the swelling ratio decreases to 41.9%. With the 13 

addition of PSSNa, the swelling behavior of the GO membrane is further limited. 14 

Collectively, these results suggest that the interlayer structural stability of the GO 15 

membrane is significantly improved under the synergistic effects of EDA and PSSNa. 16 

 17 

Fig. 9. XRD patterns of the GO-based membranes in the (a) dry and (b) wet states; (c) 18 

d-spacing and swelling percentage of GO-based membranes in dry and wet conditions 19 

3.3 Pure water permeability of GO-based membranes 20 

The pure water permeance of GO, GE, PGE-1, PGE-2, and PGE-3 was tested 21 

continuously for 4 h a custom-built cross-flow filtration device, and the results are 22 
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shown in Fig. 10. As the operation time increased, the permeation of GO, GE, PGE-1, 1 

PGE-2, PGE-3 membrane initially decreased before stabilizing. Pure water permeance 2 

in a stable state of GO, GE, PGE-1, PGE-2, and PGE-3 was 0.90, 1.46, 10.85, 4.59, and 3 

4.12 LMH/bar. This result can be explained by the relatively loose structure and 4 

incomplete stacking of the GO nanosheets at the initial stage of filtration, which creates 5 

wide transport channels that facilitate the flow of water molecules [38]. However, as 6 

cross-flow time increases, the pressure gradually compresses this loose microstructure, 7 

reducing the available water transport pathways and decreasing permeance. The 8 

permeance of the GE membrane was found to be higher than that of the pristine GO 9 

membrane. This can be attributed to the increased interlayer distance resulting from the 10 

addition of EDA. Compared with pristine GO membrane, it can also be found that the 11 

permeability of PGE membranes (PGE-1, PGE-2, and PGE-3) was increased by 12.1, 12 

5.1, and 4.6 times, respectively. The improvement in permeance can be attributed to the 13 

increase in interlayer distance of the PGE membranes caused by the introduction of 14 

EDA and PSSNa. Furthermore, the hydrophilic sulfonic acid groups, crosslinked within 15 

the interlayer of PGE membranes, could capture water molecules more effectively, thus 16 

creating additional pathways for water molecule transport. Consequently, the 17 

permeance of PGE membranes was greatly improved. The permeability of the PGE-1 18 

membrane is higher than that of PGE-2 and PGE-3 membrane, which may be due to 19 

the following reasons. First, the thickness of PGE-2 and PGE-3 membrane increases, 20 

resulting in an increased mass transfer path and higher resistance for water molecules. 21 

Second, the excessive insertion of PSSNa could expand the interlayer spacing positively. 22 

Meanwhile, it also occupies a large amount of interlayer space to some extent, 23 

subsequently leading to a decrease in the permeation rate of the PGE-2 and PGE-3 24 

membranes. 25 

Jo
urn

al 
Pre-

pro
of



 15 

 1 
Fig. 10. Pure water permeance of pristine GO, GE, and PGE membranes 2 

3.4 Desalination performance of GO-based membranes 3 

To investigate the desalination performance of GO, GE, PGE-1, PGE- PGE-2, and 4 

PGE-3 membrane, the salt permeability and rejection were evaluated using four single-5 

component salt solutions (Na2SO4, NaCl, MgSO4, MgCl2). Fig. 11 provides a visual 6 

representation of the results. The experimental results show that the rejection rates of 7 

the pristine GO membrane for Na2SO4, NaCl, MgSO4, and MgCl2 are 79.8%, 47.0%, 8 

72.7%, and 23.2%, respectively, indicating a varied performance for different solutes. 9 

This finding is in agreement with those of previous studies [2, 12]. After crosslinking 10 

of the EDA, a decrease in salt rejection was observed, which agrees with the previous 11 

report [39]. The rejection rates of GO and GE membranes for the four single-component 12 

salt solutions are ranked as follows: Na2SO4 > MgSO4 >NaCl >MgCl2, due to the 13 

synergistic effects of Donnan exclusion and size sieving[40].  14 

In detail, based on the zeta potential results discussed above, GO and GE 15 

membranes are negatively charged. These membranes preferentially repel ions with the 16 

same charge as the GO membrane and attract ions with the opposite charge to the GO 17 

membrane, thereby ensuring the maintenance of charge neutrality throughout the entire 18 

system. This result can be attributed to the Donnan exclusion theory, as expressed in 19 
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Eq. (3): 1 

/1 1 ( ) B A

m
Z ZB BB

m m

B B B X

Z CC
R

C Z C C
= − = −

+
                    (3) 2 

According to Eq. (3), the expected salt rejection order is R(Na2SO4) > R(NaCl) ≈3 

R(MgSO4) > R(MgCl2). However, experimental results indicated that the rejection of 4 

MgSO4 exceeded that of NaCl. This result can be ascribed to the varying hydration 5 

diameters of the respective ions, as evidenced by the hydration diameters of the ions: 6 

Mg²⁺ (8.6 Å) > SO₄²⁻ (7.6 Å) > Na⁺ > Cl⁻ (6.6 Å) [41]. Thus, the hydration diameters 7 

of Mg2+ and SO4
2⁻ are larger compared to those of Na+ and Cl⁻, the latter of which are 8 

more readily rejected. 9 

10 

11 
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1 

 2 

Fig. 11. Permeance and separation performance of GO and GE and PGE membranes 3 

towards four single-component salt solutions (a) Na2SO4, (b) NaCl, (c) MgSO4, (d) 4 

MgCl2   5 

With regard to the PGE (PGE-1, PGE-2, PGE-3) membranes, the high permeability was 6 

sustained while a high salt rejection rate was also maintained, as shown in Fig. 11. 7 

Interestingly, the permeability of the salt solutions of the PGE membranes (PGE-1, 8 

PGE-2, PGE-3) was found to exceed that of the steady-state pure water of the PGE 9 

membranes (PGE-1, PGE-2, PGE-3). This was attributed to the fact that, during the 10 

testing of salt rejection, the permeate was collected immediately after stabilization for 11 

40 min. Based on the osmotic pressure formula proposed by van't Hoff, osmotic 12 

pressure is directly proportional to the molar concentration of solute in the solution [42]. 13 

Salt solutions, which contain a high concentration of solutes, exhibit significantly 14 
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higher osmotic pressures compared to pure water. During nanofiltration, the osmotic 1 

pressure of the solution generates a counteracting force opposing the driving force, 2 

thereby impeding the permeation of water molecules from the feed side through the 3 

membrane. In contrast, pure water, devoid of osmotic pressure, enables water molecules 4 

to pass through the nanofiltration membrane more efficiently under identical operating 5 

conditions, thus demonstrating superior permeability. Moreover, the viscosity of salt 6 

solutions is generally greater than that of pure water, increasing flow resistance and 7 

consequently resulting in lower permeability for salt solutions compared to pure water. 8 

The relationship is given by Eq. (4): 9 

                             𝛱 = 𝑖𝑐𝑅𝑇                               (4) 10 

Where Π (Pa) is the osmotic pressure; i is the van't Hoff factor; c (mol⋅m−3) is the molar 11 

concentration of the solute; R is the ideal gas constant, R=8.314J⋅mol−1⋅K−1; T (K) is 12 

the thermodynamic temperature.  13 

After the same stabilization time, the slightly lower salt solution permeance compared 14 

to pure water permeance might be the consequence of higher osmotic pressure 15 

difference across the membrane and higher viscosity in the salt solution [43]. In addition, 16 

the rejection rates of PGE (PGE-1, PGE-2, PGE-3) membranes to Na2SO4 were 86.0%, 17 

85.8%, and 86.9%, and those to NaCl were 53.8%, 57.9%, and 60.3%, respectively, 18 

which were all improved compared with those of GO and GE membranes.  19 

Overall, the results demonstrate that PGE membranes (PGE-1, PGE-2, PGE-3) 20 

exhibit superior water permeability compared to most GO-based membranes while 21 

sustaining high salt rejection. This performance can primarily be attributed to two key 22 

factors, as illustrated in Fig. 12. 23 

When a salt ion traverses a separation membrane to maintain electrical neutrality 24 

within the entire system, the salt ion is unable to permeate the membrane unassisted. 25 

Instead, it must form an electrically neutral ion-pair (i.e., in the form of a salt molecule) 26 

with a counter-ion (also known as the equilibrium ion), which together with the pores 27 

from the membrane, enables its permeation through the membrane. Similarly, ions 28 
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cannot be retained by the membrane alone; in order to ensure the electrical neutrality 1 

of the system, the ion must be retained by the membrane in an ion pair with its counter-2 

ion (the equilibrium ion) [44, 45]. Moreover, the transport of individual ions through 3 

nanometer or sub-nanometer membrane pores has been shown to be controlled by the 4 

intra-pore diffusion of ions [45, 46], which is influenced by interactions between the 5 

ions and the pore wall [47]. These interactions, typically electrostatic in nature, 6 

encompass both attractive and repulsive forces between the fixed charges on the 7 

membrane surface and the ions [48]. This underlines the significance of ion-pore 8 

interactions and intra-pore cation/anion modulation. 9 

In contrast, the diffusion of ions in the lamellar channels of the PGE membrane is 10 

not only affected by the interactions of GO nanosheets on both sides of the nano-11 

channels, but most importantly affected by the interactions between the ions and the 12 

PSSNa inserted in the interlayer. Consequently, the PGE membrane can achieve a high 13 

salt removal rate due to the introduction of poly(sodium 4-styrenesulfonate) polymer 14 

chains into the lamellar GO membrane, which leads to the formation of a hydrophilic 15 

nano-confined structure. The sulfonic groups within this structure then draw in ions 16 

through electrostatic induction, effectively confining them within the interlayer 17 

structure of the PGE membrane [49]. Thus, when salt ions traverse the membrane, they 18 

are affected by the aforementioned mechanism and are unable to pass through the 19 

membrane in the form of ion pairs with their equilibrium ions, thereby weakening their 20 

synergistic transport effect and achieving desalination. Additionally, the rejection of the 21 

PGE membranes to the four single-component salt solutions is also consistent with the 22 

R(Na2SO4) > R(NaCl) > R(MgSO4) > R(MgCl2) order, which is in line with the Donnan 23 

effect theory. This indicates that the Donnan exclusion effect also contributes 24 

significantly  25 
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 1 

Fig. 12. Schematic illustration of separation mechanism through PGE membranes 2 

nanochannel. 3 

3.5 Synergistic mechanism of EDA and PSSNa 4 

Figure 13 and Table 1 show the comparison of the nanofiltration performance 5 

between GO-EDA, PSSNa-GO, and PSSNa-GO-EDA-1 membranes (GO: 6 

PSSNa=1:150). It was observed that the nanofiltration performance of GO-EDA and 7 

PSSNa-GO membranes was significantly inferior to that of PSSNa-GO-EDA-1 8 

membranes. This suggests that the trade-off between selectivity and permeability can 9 

effectively be overcome only when EDA and PSSNa are simultaneously intercalated 10 

and crosslinked in GO membranes. The permeability of the membrane is enhanced by 11 

an order of magnitude (12 times higher than that of pristine GO membranes), while 12 

maintaining a high salt rejection rate. This improvement can be attributed to the 13 

synergistic effect of EDA and PSSNa, which not only further enhances the stability of 14 

GO membranes in water environments (Figure 9(c)), but also establishes hydrophilic 15 

nanoconfined microregions between GO layers by leveraging the unique properties of 16 

PSSNa. Such hydrophilic nanoconfined microregions facilitate the rapid and selective 17 

transport of water molecules and meanwhile improve the rejection of charged ions by 18 

GO membranes.  19 
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 1 

Fig. 13. Nanofiltration performance of GO-EDA, PSSNa-GO, PSSNa-GO-EDA-1 2 

membrane (a) Pure water permeance (b) rejection performance for four salt solutions 3 

 4 

Table 1 Nanofiltration performance of GO-EDA, PSSNa-GO, and PSSNa-GO-EDA-5 

1 membrane 6 

Membrane 
J/ R/% 

/LMH·bar−1 Na2SO4 NaCl MgSO4 MgCl2 

GO-EDA 1.46 48.8 18.4 32.3 12.8 

PSSNa-GO-

EDA-1 
10.85 86.0 53.8 41.4 17.8 

PSSNa-GO 3.65 75.4 43.7 40.2 18.6 

3.6 Stability of GO-based membranes 7 

The practical application of GO, GE, and PGE membranes is significantly 8 

hindered by their instability. Therefore, the application stability of the GO, GE, and 9 

PGE-1, PGE-2, PGE-3 membranes was tested by immersing them in pure water for 10 

varying periods of time. From Fig. 14, the permeance of the five GO-based membranes 11 

exhibits a slight decrease as the immersion time extends, whereas the rejection rates for 12 

the four salt solutions exhibit an increasing trend. After being immersed in water for 13 

680 hours, the rejection rates of GO, GE, PGE-1, PGE-2, PGE-3 membranes to Na2SO4 14 

reached 79.7%, 76.1%, 83.8%, 91.3% and 86.9%, respectively. The rejection rates of 15 

PGE membranes to four single-component salts exhibited minimal fluctuation within a 16 
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defined range and slight change with the prolongation of immersion time. This finding 1 

indicates that the prepared membranes maintain remarkable stability in aqueous 2 

solutions. The reason may lie in the fact that the residual cation ions between layers 3 

produced cross-linking reactions with the GO nanosheets after many salt retention tests 4 

[11], increasing the density of the membrane.  5 

 6 

 7 
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 1 

 2 

 3 

Fig. 14. Stability of GO and GE and PGE membranes (a) GO, (b) GE, (c) PGE-1, (d) 4 

PGE-2, (e) PGE-3 5 
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The mechanical stability of PGE-1 membrane is essential in industrial separation 1 

applications. Consequently, we also tested the mechanical stability of the PGE-1 2 

membrane under higher operating pressure. With the escalation of the operating 3 

pressure, the permeability of the PGE-1 membrane approximates a linear increase, and 4 

the rejection rate of Na2SO4 also shows an ascending tendency (as shown in Fig. 15.). 5 

At 25 bar, the salt permeability reaches 295 L·m−2·h−1, with a Na2SO4 rejection rate of 6 

95.2%. Under high pressure, the PGE-1 lamellar membrane still exhibits outstanding 7 

nanofiltration performance, thereby demonstrating its stable microstructure and high-8 

pressure resistance. Under high-pressure circumstances, the performance of the 9 

membrane shows an upward trend. This trend can be analyzed by the dissolution-10 

diffusion theory [50]. The salt permeance is determined by the difference in salt 11 

concentrations across the membrane. With the increase of pressure, the net pressure 12 

difference across the membrane rises, intensifying the concentration polarization of the 13 

membrane and consequently leading to elevated salt permeance. The salt rejection rate 14 

is dependent upon the concentration of salt in the permeate. If the rate of salt permeation 15 

exceeds that of water permeation, the salt rejection efficiency diminishes. Conversely, 16 

when the water permeation rate surpasses that of salt permeation, the salt rejection 17 

efficiency is enhanced. 18 

 19 

Fig. 15. Rejection of PGE-1 membrane towards 1 mmol·L−1 Na2SO4 solution under 20 

5, 10, 15, 20, 25 bar 21 
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Compared with the GO nanofiltration membranes reported in previous reports, the 1 

PGE-1 membrane in this paper still has highly competitive performance, as summarized 2 

in Table 1. 3 

Table 2. Comparison of performance for PGE-1membrane with literature data for 4 

other membranes. 5 

Membrane Support Feed condition 
Testing 

condition 

Water 

permeance 

/LMH·bar−1 

Rejection 

/% 
Ref. 

Pristine GO α-Al2O3 
Na2SO4, MgSO4 

MgCl2, NaCl 

0.01% 

5 bar 
3.68 

72.6, 58.4 

23.7, 45.8 
[12] 

RGO PVDF 
Na2SO4, NaCl 

MgSO4, MgCl2 

20 mmol·L−1 

5 bar 
3.3 

~60,~ 30 

~20, ~40 
[51] 

RGO/sGO 

 
PVDF 

Na2SO4, NaCl     

MgSO4, MgCl2 

1 mmol·L−1 

2 bar 
3.78 

86.3,60.5 

40.9,35.7 
[52] 

RGO/g-C3N4 MCE 
Na2SO4,NaCl 

 

10 mmol·L−1 

1 bar 
2.0 89.2, 67.5 [53] 

GO-PEI PAN 
Na2SO4, MgCl2, 

NaCl 

10 mmol·L−1 

3 bar 
4.0 

30, 72 

20 
[54] 

MoS2/GO PVDF 
Na2SO4, NaCl 

MgSO4, MgCl2 

1 mmol·L−1 

2 bar 
10.2 

65.2, 43.2 

24.3, 26.5 
[55] 

Commercial 

NF1 
PS Na2SO4, NaCl 

/ 

20 bar 
3.45 98, 51 [56] 

Commercial 

NF2 
PAM Na2SO4, NaCl 

/ 

20 bar 
6.5 99, 44 [56] 

Osmonics DK / NaCl 

0.059−5.85 

g·L−1 

/ 

3.05 22.0~75.6 [57] 

Osmonics CK / NaCl 

0.059−5.85 

g·L−1 

/ 

2.42 45.5~77.7 [57] 

PGE-1 Al2O3 Na2SO4, NaCl 
1 mmol·L−1 

5 bar 
10.85 86.0, 53.8 

This 

work 

4. Conclusion 6 

In this paper, PSSNa-GO-EDA/Al2O3 membranes were successfully prepared by 7 

embedding PSSNa into amine-crosslinked GO interlayers using a pressure-driven 8 

deposition technique on tubular Al2O3 ultrafiltration membranes. The introduction of 9 

hydrophilic PSSNa polymer chains between GO interlayers not only enhances the 10 
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regulation of interlayer spacing but also improves the chemical microenvironment. The 1 

introduced sulfonic acid groups significantly augment the hydrophilicity of the 2 

membrane, enhance its selective transportation of water molecules, and greatly boost 3 

its permeability. Furthermore, a nanoconfinement structure was fabricated in the 4 

laminar GO membranes by long-chain polystyrene sulfonic acid, which confines ions 5 

within the interlayer channels via the electrostatic attraction between sulfonic acid 6 

groups and ions. This breaks the correlation of anions and cations to suppress anion-7 

cation co-transport, substantially improving the nanofiltration performance of the GO-8 

based membranes. Of the GO, GE, and PGE membranes, the PGE-1 membrane 9 

maintains high salt rejection rates and increases water permeability by more than 10 

tenfold, and thus it demonstrates excellent separation performance and desalination 11 

stability. It also maintains favorable long-term stability, retaining high desalination 12 

performance even after being immersed in pure water for 680 hours. In conclusion, the 13 

construction of specialized domain-confined structures and targeted chemical 14 

microenvironments between the 2D membrane interlayers could be an effective 15 

strategy for achieving the ultrahigh nanofiltration performance of GO-based 16 

membranes and for applying them to real systems.  17 
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