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A B S T R A C T

Graphene oxide (GO) membranes were first explored for the advanced desalination of pretreated oilfield pro
duced water. Herein, ethylenediamine (EDA) and poly(diallyldimethylammonium chloride) (PDDA) were co- 
intercalated into the GO membrane interlayers, where EDA mainly served as a structural crosslinker and 
PDDA regulated the interlayer charge density and hydrophilic microenvironment. This not only enhanced the 
membrane hydrophilicity and accelerated the selective transport of water molecules but also improved sepa
ration performance and high-temperature resistance. The prepared PDDA-GO-EDA-2/Al2O3 membrane exhibits 
exceptionally high water permeance, reaching 14.3 l⋅m− 2⋅h− 1⋅bar− 1. It demonstrates rejection rates of 95.0% and 
96.0% for CaCl2 and MgCl2, respectively. Notably, after 680 hour immersion in pure water, the PDDA-GO-EDA/ 
Al2O3 membrane retained high separation performance. In the simulated treatment of high-temperature and 
high-salinity produced water, the rejection rates of CaCl2 and MgCl2 remained above 90%. In summary, our work 
provides an effective strategy for fabricating high temperature resistant GO membranes with superior separation 
performance.

1. Introduction

Large volumes of produced water are generated during oil and gas 
production, containing complex organic and inorganic pollutants that 
pose significant environmental risks [1,2]. Global freshwater scarcity 
and environmental pressures are driving demand for the resource re
covery of produced water, yet existing technologies are hindered by 
intrinsically low processing efficiency, prohibitively high operational 
costs, and the potential for secondary environmental contamination 
[3–5]. In addition, conventional treatment methods often prove inef
fective in meeting the stringent regulatory requirements for reuse or 
discharge of the produced water, particularly concerning the removal of 
high salinity and recalcitrant pollutants [6,7].

Compared with traditional purification techniques (such as chemical 
precipitation [8], chemical oxidation [9], adsorption [10], and thermal 
distillation [11]), membrane separation technology holds significant 
promise for practical implementation, owing to its inherent advantages, 
including a compact physical footprint, low specific energy demand, 
high separation selectivity and permeance, and operation without the 
need for chemical additives or reactive reagents [12–14].

Graphene oxide (GO) has emerged as a material of significant in
terest due to its remarkable mechanical strength and outstanding 
physicochemical properties [15,16]. Stacked GO membranes possess 
nanoscale and sub-nanoscale mass-transfer channels, which enable high 
solute rejection. However, their low water permeance often severely 
limits practical application [17,18].

A promising strategy to address this challenge involves tailoring the 
interlayer structure and chemical microenvironment of GO membranes. 
Zhang et al. [19] put forward an interlayer molecular bridge strategy. By 
rationally constructing and modulating these molecular bridges, the 
fabricated GO-based membranes not only resist swelling in aqueous 
environments but also exhibit outstanding stability under demanding 
operational conditions. Furthermore, Dai et al. [20] introduced sodium 
polystyrene sulfonate (PSSNa) into the GO membrane interlayers. This 
dual modification not only stabilized the stacked GO laminates but also 
established a high-density hydrophilic microenvironment within the 
interlayers, thereby promoting selective water permeation. Liu et al. 
[21] introduced diverse polyelectrolytes between MXene membrane 
layers to modulate the physicochemical properties of the interlayer 
structure, and achieved outstanding pervaporation dehydration of 
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isopropanol/water mixtures. Liu et al. [22] reported an atomic-scale 
“chemical microenvironment engineering” strategy, which enabled 
precise customization of COF membrane edge structures. “Chemical 
microenvironment engineering” strategy enhances improves the water- 
affinity of confined nanochannels, creating low-resistance water trans
port pathways that improve separation efficiency. Wu et al. [23]
developed positively charged MXene membranes by intercalating poly 
(diallyl dimethyl ammonium chloride) (PDDA) into the MXene in
terlayers. The incorporation of PDDA enhanced the Donnan exclusion 
effect and significantly boosted Li+/Mg2+ selectivity.

Therefore, a critical approach to enhancing GO membrane separa
tion efficiency is improving the stability of the GO membrane lamellar 
structure while simultaneously establishing distinct chemical environ
ments and specialized functional structures between the layers.

To address the intrinsic drawbacks of GO membranes in produced 
water treatment, including interlayer swelling, insufficient structural 
stability, and the difficulty in simultaneously achieving high perme
ability and selectivity, an interlayer chemical microenvironment engi
neering strategy was proposed in this work. Ethylenediamine (EDA) and 
poly(diallyldimethylammonium chloride) (PDDA) were co-intercalated 
into the GO galleries as dual-functional regulators. Specifically, EDA 
was used as an interlayer crosslinking agent to reinforce the GO lamellar 
structure and suppress swelling, while PDDA was introduced as a 
cationic hydrophilic polymer to regulate the interlayer charge density 
and hydrophilic microenvironment. Through this design, two- 
dimensional confined channels integrating network-like sieving struc
tures with hydrophilic chemical microdomains were constructed, and 
the lamellar structure of the GO membrane was expected to be rein
forced, thereby suppressing interlayer swelling and structural deterio
ration under aqueous and high-temperature conditions. Meanwhile, by 
tailoring the interlayer charge environment and transport microstruc
ture, the synergistic effects of Donnan exclusion and interlayer sieving 
were expected to be strengthened, enabling the integration of fast water 
transport with highly selective ion separation. On this basis, this study 
aims to develop a GO-based composite nanofiltration membrane for the 
deep desalination of pretreated high-temperature and high-salinity oil
field produced water, with enhanced permeability, improved salt 

rejection, and robust thermal stability. The fabrication route is illus
trated in Fig. 1.

2. Experimental

2.1. Materials

Al2O3 tubular ceramic substrates (porosity: ~35%; inner diameters: 
8 mm; outer diameters: 12 mm; length: 12 cm; average pore size: 20 nm) 
and deionized water (conductivity: 5 μS⋅cm− 1) were provided by Nanj
ing Hongyi Ceramic Nanofiltration Membrane Co., Ltd. The GO disper
sion (concentration: 1 mg⋅ml− 1, flake sizes: 0.5–5 μm) was obtained 
from Nanjing XF Nanomaterials Technology. Tris(hydroxymethyl)ami
nomethane (Tris, C4H11NO3, 121.14 Da), Dopamine hydrochloride 
(C8H12ClNO2, 189.64 Da), and poly (diallyl dimethyl ammonium chlo
ride) (PDDA, Mw 200 k–350 k) were procured from Shanghai Aladdin 
Bio-Chem Technology Co., Ltd. Ethylenediamine (EDA, C2H8N2, 60.10 
Da), Hydrochloric acid (HCl, 36 wt%), and inorganic salts (NaCl, CaCl2, 
MgCl2) were obtained from Shanghai Experimental Reagent Co., Ltd.

2.2. Preparation of PDA-Al2O3 substrate

PDA-Al2O3 substrate was prepared by immersing the tubular Al2O3 
ceramic support in a dopamine-containing Tris-HCl aqueous solution to 
allow the self-polymerization and deposition of polydopamine on the 
substrate surface. After rinsing with deionized water and drying, the 
obtained membrane was denoted as PDA-Al2O3. Detailed preparation 
conditions are provided in the Supporting Information.

2.3. Preparation of GO-based membranes

First, the GO dispersion was diluted to a concentration of 0.001 
mg⋅ml− 1. Subsequently, 200 ml of the GO dispersion were measured 
after 5 min ultrasonication. Different amounts of EDA (0.5, 1.0, and 1.5 
mmol) were then added into the GO dispersion, followed by stirring in 
an 80 ◦C constant-temperature water bath for 60 min to obtain the GO- 
EDA membrane-forming solution. The detailed membrane separation 

Fig. 1. Fabrication process of the PDDA-GO-EDA-x/Al2O3 membranes.

J. Huang et al.                                                                                                                                                                                                                                   Journal of Water Process Engineering 91 (2026) 110419 

2 



performances under different EDA dosages are provided in Fig. S1. 
Based on the comprehensive evaluation of water permeance and salt 
rejection, 1 millimole EDA was selected for the following membrane 
fabrication unless otherwise specified. Finally, coating was performed 
using the coating apparatus (Fig. S2), followed by drying overnight at 
40 ◦C to produce the GO-EDA membrane (abbreviated as GE 
membrane).

A defined volume of PDDA solution was added to the GO-EDA 
membrane-forming solution prepared in Step 1, followed by ultra
sonication for 15 min to obtain poly (diallyl dimethyl ammonium 
chloride)-graphene oxide-ethylenediamine membrane-forming solution. 
PDDA-GO-EDA/Al2O3 membranes were obtained via identical coating 
and drying procedures. Theoretical mass ratios of GO to PDDA were set 
at 1:200, 1:350, and 1:500, with the composite films labelled PDDA-GO- 
EDA-1/Al2O3 (abbreviated as PGE-1 membrane), PDDA-GO-EDA-2/ 
Al2O3 (abbreviated as PGE-2 membrane), and PDDA-GO-EDA-3/Al2O3 
(abbreviated as PGE-3 membrane), respectively.

The PDDA-GO membrane-forming solution was prepared by adding 
a measured amount of PDDA to 200 ml of GO dispersion, followed by 
sonication for 15 min. The PDDA-GO/Al2O3 membrane, denoted as PG 
membrane, was then fabricated using the same coating and drying 
procedures.

2.4. Characterizations

Fourier transform infrared spectroscopy (FT-IR, Nicolet 8700) and X- 
ray photoelectron spectroscopy (XPS, ESCALAB 250) were performed to 
investigate the chemical composition of the membranes. X-ray diffrac
tion (XRD, Mini Flex 600) was performed at 40 kV and 15 mA with Cu- 
Kα radiation (λ = 0.154 nm) to determine the interlayer spacing of the 
GO-based membranes. The microscopic morphology of GO-based 
membranes was characterized by scanning electron microscopy (SEM, 
S-4800). Raman spectroscopy was performed using a DXR2xi Raman 
imaging microscope (Thermo Fisher Scientific, USA) to characterize the 
structural features of the original GO nanosheets. The thickness of GO 
nanosheets was studied by an atomic force microscope (AFM, XE-100, 
Park SYSTEMS, Korea). The zeta potentials of the membrane-forming 
dispersions were measured using a zeta-sizer instrument (DLS, ZS-90). 
Water contact angles (WCA) of the GO-based membranes were ob
tained using a contact angle tester (Drop Meter A-100P). Determination 
of the conductivity of ions in salt solutions was performed using a 
conductivity meter (DDS-307).

2.5. Separation performance of GO-based membranes

GO-based membranes were tested for their pure water permeance, 
salt rejection, long-term desalination and high-temperature desalination 
performance using the apparatus as described in Fig. S3. The membrane 
was tested at a constant transmembrane pressure difference (0.5 MPa), 
crossflow velocity (1.3 m⋅s− 1), and temperature (25 ◦C or 85 ◦C). To test 
the pure water permeance of GO-based membrane, permeate was 
collected every 5 min over a continuous 4-h period. The pure water 
permeance rate (J) was calculated using Eq. (1).

For the salt rejection testing involving three salts (1 mM CaCl2, 
MgCl2, NaCl), permeate was collected at five-minute intervals following 
40 min of system stabilization, yielding a total of four samples. Con
ductivity was measured with a conductivity meter, and salt rejection 
rates (R) were calculated using Eq. (2). The GO-based membrane was 
immersed in pure water for 170, 340, 510, and 680 h, respectively. After 
each immersion period, its retention of the three salts was retested to 
characterize the desalination stability. For high-temperature testing, the 
filtration system temperature was elevated to 85 ◦C. Following a 40-min 
stabilization period, permeate samples were collected at 10-min 
intervals.

The pure water permeance J (l⋅m− 2⋅h− 1⋅bar− 1) and the salt rejection 
R are calculated with Eqs. (1) and (2): 

J =
V

AtΔP
(1) 

where V (L) is the permeate volume, A (m2) is the effective membrane 
area, t (h) is the permeation time, and ΔP (bar) is the operating pressure. 

R =

(

1 −
Cp

Cf

)

×100% (2) 

where Cf and Cp are the feed and permeate salt concentrations, 
respectively.

3. Results and discussion

3.1. Characterizations of GO nanosheets

GO nanosheets serve as the fundamental building blocks of the 
membrane. Characterization of the GO nanosheets showed that they 
possessed large lateral dimensions and atomic-scale thickness, which 
facilitated their assembly into a lamellar membrane structure. As shown 
in Fig. 2c, characteristic peaks appeared at approximately 3390, 1730, 
1625, and 1052 cm− 1, corresponding to hydroxyl, carbonyl, aromatic 
C––C, and epoxy groups, respectively. These peaks are assigned to the 
characteristic vibrations of graphene oxide. Raman spectroscopy was 
further employed to characterize the structural features of the original 
GO nanosheets, and the corresponding result is provided in Fig. S4. Two 
typical peaks appear at approximately 1350 and 1590 cm− 1, corre
sponding to the D band and G band of GO, respectively. The presence of 
these two characteristic bands further confirms the defect-containing 
graphitic framework of the GO nanosheets, supporting their use as 
building blocks for lamellar membrane construction.

3.2. Characterizations of PDA-Al2O3 substrate

Self-supporting GO membranes are challenging to deploy in practical 
applications, underscoring the need to deposit them onto ceramic 
membranes with their inherent advantages. Visual inspection (Fig. 3a, 
b) revealed a clear color change after PDA modification, indicating the 
successful deposition of a PDA coating formed via dopamine self- 
polymerization on the ceramic substrate surface [24]. In addition, the 
surface morphology of the substrate became slightly rougher after PDA 
modification, further suggesting the formation of a PDA layer. To 
evaluate the impact of PDA modification on the substrate, both pristine 
and PDA-modified ceramic substrates were tested for permeability and 
salt rejection. The results (Fig. S5 and Table S1) show that PDA modi
fication caused only a minor reduction in permeability (from 268.9 to 
242.4 l⋅m− 2⋅h− 1⋅bar− 1) and had no influence on salt rejection, as evi
denced by zero rejection of all three salts.

3.3. Characterizations of GO-based membranes

For separation membranes, an intact membrane laminar structure is 
crucial. The surfaces of the five prepared GO-based membranes exhibit 
no defects (Fig. 4a–e), thereby providing the necessary conditions for 
achieving superior separation performance. The layer thicknesses of the 
five GO-based membranes were 55, 94, 184, 204, and 236 nm, respec
tively (Fig. 4f–j). We further characterized the PGE-2 membrane surface 
by SEM-EDS mapping, which revealed the spatial distribution of Al, C, 
N, O, and Cl elements on the membrane surface (Fig. 4k–o).

The chemical properties of the five GO-based membranes were 
further analyzed by FT-IR and XPS. The pristine GO membrane dis
played characteristic peaks at ~3390, ~1730, ~1625, and ~ 1052 cm− 1 

(Fig. 5a), corresponding to hydroxyl, carbonyl, aromatic, and epoxy 
groups, respectively, consistent with the previous report [25].

Apart from the bands derived from GO, new characteristic peaks 
were observed at ~1580 and ~ 1475 cm− 1, corresponding to N–H and 
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C-N/N+-R4 respectively [19,26]. These results provide evidence that the 
amine monomers undergo chemical reactions with the oxygen- 
containing groups on GO nanosheets. These reactions establish cova
lent crosslinks via two distinct mechanisms: condensation and nucleo
philic addition [27].

Additionally, in contrast to the pristine GO membrane, new N 1 s 
peaks at ~400 eV were observed for the other four membranes (Fig. 5b), 
confirming the presence of nitrogen-containing groups [28]. In contrast 
to the GO and GE membranes, the PGE membranes exhibited an 

additional Cl 2p peak at ~198 eV [29]. Deconvolution of the N 1 s 
spectrum for the PGE membranes (Fig. 5c–e) revealed two peaks at 
~402.0 eV and ~ 399.0 eV. The higher binding energy peak is attributed 
to the positively charged quaternary ammonium group, while the lower 
binding energy peak corresponds to the uncharged amine or amide 
group. Combined with infrared spectroscopy analysis, surface element 
distribution mapping, and detailed N 1 s spectrum analysis, these results 
provide strong evidence for the successful incorporation of EDA and 
PDDA into the GO membrane, thereby regulating the interlayer 

Fig. 2. Characterizations of GO nanosheets. (a) AFM image, (b) corresponding height, and (c) FTIR spectrum.

Fig. 3. SEM images of (a) pristine Al2O3 substrate and (b) PDA-modified Al2O3 substrate surface.

Fig. 4. SEM images of GO (a, f), GE (b, g), PGE-1 (c, h), PGE-2 (d, i), and PGE-3 (e, j) membranes; (k–o) SEM-EDS elemental mappings of the PGE-2 mem
brane surface.
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chemical environment and transport channels.
Given the critical role of the Donnan exclusion effect in nano

filtration performance, we measured the zeta potential of the five 
membrane-forming dispersions (Fig. 5f). The addition of EDA resulted in 
a decrease in absolute zeta potential, while subsequent incorporation of 
PDDA led to a marked increase. This trend reflects the underlying 
chemistry: EDA consumes oxygenated groups on GO via covalent re
actions, reducing negative charge density; conversely, PDDA contributes 
quaternary ammonium groups with permanent positive charges, 
enhancing the net positive charge. The pH-dependent zeta potentials of 
GO, GO-EDA, and PGE-2 membrane-forming dispersions are provided in 
Fig. S6. The results show that GO and GO-EDA dispersions remained 
negatively charged over most of the tested pH range, while the PGE-2 
dispersion exhibited positive zeta potentials due to the quaternary 
ammonium groups of PDDA. These results further confirm the charge- 
regulation effect of PDDA in the GO-based system. The excellent dis
persibility of all five membrane-forming solutions facilitates the homo
geneous assembly of GO nanosheets onto tubular ceramic substrates, 
ultimately producing membranes with well-defined lamellar structures.

Surface hydrophilicity plays a crucial role in the performance of 
separation membranes, as it governs water permeation behavior by 
promoting favorable interactions between the membrane surface and 
water molecules. To assess this property, we measured the water contact 
angle for each of the five fabricated membranes. A consistent reduction 

in contact angles across the series indicates a systematic improvement in 
surface wettability (Fig. 6d). This enhancement can be attributed to the 
incorporation of hydrophilic diamine and quaternary ammonium 
groups, which create hydrophilic domains on the membrane surface, 
promoting stronger interactions with water molecules.

Additionally, the diffraction peak at 10.93◦ was observed for the 
pristine GO membrane in the XRD patterns of the dry GO-based mem
branes (Fig. 6a), corresponding to an interlayer spacing of 0.805 nm, in 
agreement with the literature [30]. For four other membranes, the 
diffraction peaks shifted toward lower angles, indicating progressively 
larger interlayer spacings. The swelling resistance of the five GO mem
branes in aqueous environments was evaluated. After thorough wetting 
in pure water, the diffraction peaks of the pristine GO membrane shifted 
toward lower angles, indicating an increase in interlayer spacing to 
1.282 nm (Fig. 6b–c). The increased interlayer spacing under wet con
ditions is due to water intercalation, which disrupts inter-nanosheet 
hydrogen bonds and π-π interactions, causing the GO laminates to 
swell. The dry/wet XRD results provide direct evidence for the interlayer 
regulation and swelling resistance of the EDA/PDDA-modified GO 
membranes.

For both GE and PGE membranes, the relative change in interlayer 
spacing was comparatively smaller, attributable to the following three 
synergistic factors: (i) the formation of covalent C–N bonds; (ii) elec
trostatic interactions between the quaternary ammonium groups of 

Fig. 5. Chemical characterization of the five GO membranes. (a) ATR-FTIR spectra, (b) XPS survey spectra, (c–e) high-resolution N 1s spectra of PGE-1, PGE-2, and 
PGE-3 membrane, and (f) zeta potential.

Fig. 6. XRD patterns of the five GO membranes in the (a) dry and (b) wet states, (c) corresponding d-spacing values under dry and wet states, (d) water contact 
angles of the five GO membranes.
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PDDA and oxygen-containing functional groups on GO nanosheets; and 
(iii) the hierarchical network architecture arising from the near- 
perpendicular orientation of C–N covalent bonds [31] and the near- 
parallel alignment of PDDA polymer chains [23].

The enhanced structural stability of the GO membrane is attributed 
to the effective mitigation of its swelling tendency, which preserves a 
more robust two-dimensional lamellar structure relative to the pristine 
GO membrane.

3.4. Permeability of GO-based membranes

First, we conducted a continuous 4-hour test to determine the water 
permeance of the five GO membranes. The water permeabilities of the 
five GO membranes were 1.2, 2.6, 18.6, 14.3, and 9.1 l⋅m− 2⋅h− 1⋅bar− 1 

(Fig. 7a–b). The intercalation and crosslinking of EDA increased the d- 
spacing of the GE membrane, resulting in enhanced permeability.

Concurrently, with the increase of the PDDA doping content, the 
permeability of the PGE membranes improved by 15.5-fold, 11.9-fold, 
and 7.6-fold relative to the pristine GO membrane, albeit with a 
diminishing enhancement trend. This behavior can be attributed to the 
formation of a high-density network of hydrophilic domains within the 
GO interlayers, which creates additional pathways for water transport. 
The permanently positively charged quaternary ammonium groups in 
PDDA exhibit a strong affinity for water molecules, enabling the 
adsorbed water to maintain high mobility and facilitating rapid water 
transport along the PDDA chains confined within the nanochannels.

Consequently, the permeability of the PGE series membranes with 
different contents of PDDA is significantly enhanced. However, 
compared to the PDDA-GO-EDA-1 membrane, the PDDA-GO-EDA-2 and 
PDDA-GO-EDA-3 membranes contain more intercalated PDDA between 
interlayers, forming increasingly complex reticular structures. This re
sults in tortuous and prolonged water transport pathways, along with 
progressively thicker membrane layers, thereby increasing the transfer 
resistance encountered by water molecules. Hence, the permeability 
enhancement observed in the other two PGE membranes is less pro
nounced than that observed in the PGE-1 membrane.

3.5. Separation performance of GO-based membranes

Due to the presence of significant amounts of Ca2+, Mg2+, Na+, Cl− , 
and other ions in produced water from offshore oilfields, we primarily 
conducted desalination tests on three inorganic salts: CaCl2, MgCl2, and 
NaCl. The rejection order of the three salts by GO and GE membranes 
follows R(CaCl2) > R(NaCl) > R(MgCl2) (Fig. 8a, b, c), which can be 
attributed to the combined effects of Donnan exclusion, size sieving, ion 
hydration, and ion-specific charge-screening behavior. For the GE 
membrane, Mg2+ may more effectively screen the membrane charge and 
weaken the electrostatic exclusion of Cl− , leading to a lower apparent 

rejection of MgCl2 than NaCl [32]. The rejection rates of the PGE 
membranes for CaCl2, MgCl2, and NaCl were as follows: 89%, 88%, and 
70% for PGE-1; 95%, 96%, and 70% for PGE-2; 92%, 90%, and 73% for 
PGE-3. The PGE series membranes demonstrated significantly higher 
retention of all three salts compared to the pristine GO membrane. This 
improvement can be mainly attributed to the incorporation of positively 
charged PDDA into the GO interlayers, which enhances the Donnan 
exclusion effect. Meanwhile, EDA-mediated interlayer connections may 
help stabilize the confined GO lamellar structure, while PDDA polymer 
chains further regulate the interlayer transport pathways and strengthen 
the combined effects of interlayer sieving and electrostatic exclusion. In 
contrast, the PGE-1 membrane contains a lower PDDA content, resulting 
in weaker Donnan and size-exclusion effects. Consequently, the salt 
rejection rates of PDDA-GO-EDA-1 for the three salts are slightly lower 
than those of the other two PGE membranes. Although the PDDA-GO- 
EDA-2 and PDDA-GO-EDA-3 membranes exhibited comparable salt 
rejection performance, the PDDA-GO-EDA-2 membrane demonstrated 
superior water permeance, thus rendering it the most promising GO- 
based membrane for practical applications. The potential separation 
mechanism of the PDDA-GO-EDA membrane is proposed (Fig. 8d). In 
addition, the effects of operating pressure and crossflow velocity on the 
separation performance of the optimized PGE-2 membrane were further 
investigated. As shown in Fig. S7, increasing the operating pressure 
enhanced the water flux and slightly improved the salt rejection, while 
increasing the crossflow velocity improved the membrane permeance 
and salt rejection by mitigating concentration polarization and 
enhancing mass transfer near the membrane surface. These results 
indicate that the PGE-2 membrane has good operational adaptability 
under different operating conditions. Additional salt rejection tests 
using representative salts with different valences and ionic strengths 
were further conducted for the optimized PGE-2 membrane, and the 
corresponding results are provided in Fig. S8 and Table S2. These results 
further support that the salt rejection behavior of the PGE-2 membrane 
is associated with the combined effects of size sieving, Donnan exclu
sion, ion hydration, charge screening, and the positively charged/hy
drophilic interlayer microenvironment introduced by PDDA.

3.6. Stability of GO-based membranes

Membrane stability is a key factor in determining its suitability for 
practical applications. To assess this, we investigated the stability of five 
GO membranes in aqueous solutions. The results (Figs. 9 and S9) reveal 
that the rejection performance of the GO, GE, and PGE-2 membranes 
toward the three salt solutions remained relatively stable, with only 
minor fluctuations and no significant decline after prolonged immer
sion. Specifically, the PGE-2 membrane consistently maintained a 
rejection rate of ~90% for both CaCl2 and MgCl2. By contrast, although 
the PGE-1 and PGE-3 membranes exhibited increased permeability, 

Fig. 7. Water permeance of the five GO membranes.

J. Huang et al.                                                                                                                                                                                                                                   Journal of Water Process Engineering 91 (2026) 110419 

6 



Fig. 8. Nanofiltration performance of (a) PGE-1, (b) PGE-2, (c) PGE-3 membrane, (d) potential separation mechanism of the PDDA-GO-EDA-x membrane.
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their rejection rates decreased. This indicates that the PGE-2 membrane 
exhibits a combination of exceptional stability and high nanofiltration 
performance in aqueous solutions.

3.7. Synergistic mechanism of EDA and PDDA

We investigated the synergistic effect between EDA and PDDA by 
focusing on the PGE-2 membrane, which demonstrated the optimal 
nanofiltration performance. For comparison, we prepared PDDA-GO 

membranes using the same coating and drying methods after uni
formly mixing PDDA with GO. The PDDA-GO membrane exhibited a 3.1- 
fold enhancement in permeability and increased rejection rates (53% for 
CaCl2, 70% for MgCl2, and 13% for NaCl) compared to the GO-EDA 
membrane (Fig. 10a–b and Table S3). However, the enhancements 
observed in this instance were considerably less substantial compared to 
those evident in the PGE-2 membrane. The superior performance of the 
PGE-2 membrane comes from its unique interlayer architecture. The 
combination of hydrophilic EDA and highly hydrophilic PDDA endows 
the PGE-2 membrane with greater overall hydrophilicity compared to 
the singly crosslinked GO-EDA and PDDA-GO membranes, thereby 
enhancing its water permeance. Furthermore, the PGE-2 membrane 
possesses a more intricate interlayer network. Specifically, EDA mole
cules are likely to connect adjacent GO nanosheets, while the long and 
flexible PDDA chains may regulate the interlayer transport pathways 
within the GO galleries.

Based on the FT-IR, XPS, XRD, and separation results, we propose 
that EDA-mediated interlayer connections and PDDA-assisted polymer- 
chain regulation jointly contribute to the formation of a stable and se
lective network-like transport structure within the GO interlayers. This 
synergistic interlayer structure may enhance the salt selectivity of the 
PGE-2 membrane and account for its improved rejection performance, 
as schematically illustrated in Fig. 10c.

3.8. Temperature resistance of the PGE-2 membrane

Oilfield produced water treatment is commonly carried out under 
elevated temperatures (80–96 ◦C), with calcium and magnesium con
centrations typically ranging from 91 to 874 mg⋅l− 1 and 11 to 202 
mg⋅l− 1, respectively. In the present experimental setup, CaCl2 and MgCl2 
feed solutions were tested at 85 ◦C, with Ca2+ and Mg2+ concentrations 
of 800 mg⋅l− 1 and 200 mg⋅l− 1, respectively.

The membrane's performance was evaluated under simulated pro
duced water conditions at a pressure of 5 bar (Fig. 10d and Table S4). 
After the cross-flow filtration system reached a steady state (40 min of 
operation), the permeate was immediately collected for conductivity 
measurement. Compared with operation at ambient temperature, the 
membrane exhibited a higher permeation flux at elevated temperature, 
which was mainly attributed to the reduced solution viscosity and 
enhanced mass transfer. Notably, despite the combined effects of 
elevated temperature and high ionic strength, the membrane still 
maintained high rejection rates of 90% for CaCl2 and 91% for MgCl2, 
with only slight fluctuations, demonstrating excellent structural stability 
and ion-sieving capability.

Mechanistically, elevated temperature generally enhances polymer 
chain mobility and increases the interlayer free volume, which may 
induce thermally driven structural relaxation and weaken size-sieving 
effects. Meanwhile, high concentrations of divalent ions (Ca2+ and 
Mg2+) can cause charge screening, thereby reducing electrostatic 
repulsion and potentially lowering ion rejection. However, the negli
gible decline in rejection observed in this study suggests that the 
membrane possesses strong resistance to thermal swelling and structural 
degradation. This can be attributed to the synergistic effect between 
EDA and PDDA within the GO interlayers. Specifically, EDA acts as a 
crosslinking agent that restricts excessive interlayer expansion via co
valent or hydrogen-bond interactions, while PDDA introduces cationic 
polymer chains that enhance electrostatic interactions and steric hin
drance. These combined effects stabilize the lamellar architecture and 
suppress pore enlargement under harsh conditions, thereby preserving 
high separation performance.

In addition to the high-temperature desalination test, a total-recycle 
filtration experiment was further conducted to evaluate the operational 
stability of the PGE-2 membrane under elevated-temperature condi
tions. As shown in Fig. S10, the rejection of CaCl2 and MgCl2 remained 
stable during the 30 h test, with no obvious continuous decline. This 
result further demonstrates the thermal adaptability and high- 

Fig. 9. Nanofiltration performance stability of (a) PGE-1, (b) PGE-2, and (c) 
PGE-3 membrane.
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Fig. 10. Synergistic effect of EDA and PDDA and temperature-resistant performance of the PGE-2 membrane: (a) water permeance and (b) salt rejection of GO-EDA, 
PDDA-GO, and PGE-2 membranes; (c) schematic illustration of the potential synergistic mechanism between EDA and PDDA; and (d) temperature-resistant desa
lination performance of the PGE-2 membrane.
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temperature operational stability of the PGE-2 membrane under 
laboratory-scale filtration conditions. To further highlight its potential 
for high-temperature desalination applications, the performance of the 
present membrane was compared with representative commercial NF/ 
RO membranes, as summarized in Table S5.

4. Conclusion

In this work, a rational interlayer chemical microenvironment en
gineering strategy was developed for GO-based nanofiltration mem
branes by co-intercalating EDA and PDDA into the GO galleries. Rather 
than merely increasing membrane permeability or rejection individu
ally, this dual-functional design simultaneously stabilized the lamellar 
structure and optimized the interlayer transport environment. Specif
ically, EDA acted mainly as a molecular bridge to suppress interlayer 
swelling and reinforce the structural stability of GO laminates, while 
PDDA introduced hydrophilic and positively charged microdomains that 
promoted water transport and enhanced Donnan exclusion toward salt 
ions. The synergistic effect of these two components enabled the con
struction of stable, hydrated, and ion-selective nanochannels within the 
GO membrane. The resulting PGE-2 membrane delivers an outstanding 
permeability of 14.3 l⋅m− 2⋅h− 1⋅bar− 1, coupled with excellent divalent 
salt rejection (95.0% for CaCl2 and 96.0% for MgCl2). More importantly, 
the membrane maintained stable separation performance after 680 h 
immersion in water and preserved high divalent-salt rejection under 
85 ◦C simulated produced-water conditions, demonstrating its strong 
resistance to structural relaxation and thermal degradation. These re
sults indicate that the simultaneous regulation of lamellar stability and 
interlayer chemical environment is an effective route for overcoming the 
conventional permeability–selectivity trade-off of GO membranes.

From an application perspective, the present membrane shows 
promising potential for the advanced desalination of pretreated high- 
temperature and high-salinity oilfield produced water. Therefore, this 
ceramic-supported GO membrane may provide a potential route to 
replace or complement conventional polymeric NF/RO membranes in 
the advanced desalination step, particularly under high-temperature 
operating conditions. Nevertheless, further studies are still required to 
evaluate its antifouling behavior, long-term continuous operation sta
bility, and treatment performance toward real produced water con
taining oils, organics, and suspended solids.
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