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Development of an EOR-produced
petroleumwastewater treatment system
through integrated polyacrylonitrile
membrane and ZrO2/sericin technologies:
revelation of interactive mechanism based
on synchrotron and XDLVO analyses
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Ultrafiltration technology is one of the most efficient methods to address the issues of enhanced oil
recovery-produced petroleumwastewater (EOR-PW) treatment. However, membrane fouling significantly
impairs the efficiency of PW treatment. Moreover, the impacts of the complex components (e.g., salt ions,
heavy metal ions, and pH level) in PW on membrane performance and the underlying mechanisms (i.e.,
fouling modes and interactive force) need further exploration. Herin, a novel ZrO2/sericin polyacrylonitrile
(ZrSS) ultrafiltration membrane was developed for PW treatment, and the impacts and mechanisms of
contaminants in PW on membrane filtration performance were systematically investigated using
synchrotron-based technologyandextendedDerjaguin–Landau–Verwey–Overbeek (XDLVO)analysis.The
synchrotron-based characterization results indicate the successful fabrication of the ZrSSmembrane and
the uniform distribution of ZrO2/sericin nanocomposites (ZrSS NCs) within the membrane matrix.
Optimization results show that the 3ZrSSmembrane exhibits the highest water flux of 337.21 LMH and oil
rejection of 99.80%. There are 67.58% and 11.04% improvements compared to the pristine PAN
(polyacrylonitrile)membrane.UnderalkalinepH,highsalt ion (NaCl) strength, and lowheavymetal ion (Ba2+)
concentration, the 3ZrSS membrane experienced the least fouling (22.68% water flux decline). XDLVO
theory elucidates that, under such conditions, there is a strong repulsive UTOT (total interaction force)
between oil droplets and the 3ZrSS membrane, which is demonstrated via the strong repulsive EL
(electrostatic double layer) force. The 3ZrSS membrane maintained 84.84% of its initial water flux after a
72 h long-term filtration. After four cycled filtration, the 3ZrSSmembrane kept an extremely high FRR (flux
recovery rate) of 98.83%. This study is anticipated to offer technical, theoretical, and practical insights for
the on-demand PW treatment.

Producedwater (PW) is the largest byproduct in oil and gas production. It is
a toxic and complexmixture containing oil, organics, inorganic salts,metals,
persistent organicpollutants, etc1,2.Globally, the daily volumeofPWreaches
nearly 50 million cubic meters1. Directly discharge of PW into the envir-
onment can cause serious detriment to human health and the ecosystem,

such as toxicity to aquatic life, and potential carcinogenic effects on humans
through bioaccumulation in the food chain3,4. After removing oil droplets
and harmful substances, PW can be reused for various purposes, including
irrigation, dust control, and vehicle washing5. Reusing PWnot only reduces
waste discharge but also alleviates water scarcity, making it more aligned
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with the United Nations Sustainable Development Goals (SDGs)6. Most
traditional techniques, such asflocculation, gravity separation,flotation, and
adsorption, can only separate oil in PW with large oil droplets and are
inefficient for treating emulsified oil with a small droplet size of less than
10 µm. These small oil droplets, often stabilized by surfactants can penetrate
deeper into aquatic ecosystems, causing long-term ecological damage7. The
polycyclic aromatic hydrocarbon (PAH) concentration in these small
droplets did not decreasemuchwith increasing distance from the discharge
point8. Membrane separation (e.g., microfiltration and ultrafiltration) can
potentially address this challenge owing to its high separation efficiency,
satisfactory environmental sustainability, and ready availability9–11. Never-
theless, it still encounters membrane fouling and flux decrease problems
caused by the accumulation of oil droplets near a membrane surface12–14.
This promotes the development of novel membranes with improved anti-
fouling performance for effectively separating diverse oil/water (O/W)
emulsions.

Modification ofmembraneswithnanomaterials has been demonstrated
as an effective method to improve the antifouling performance of a mem-
brane. A variety of nanomaterials have been exploited for membrane mod-
ification, suchas titaniumdioxide (TiO2), silicadioxide (SiO2), andzirconium
dioxide (ZrO2)

15–17. Among them, ZrO2 nanomaterials have attracted
increasing interest attributed to their distinctive properties, including cor-
rosion resistance, thermodynamical stability, mechanical strength, low toxi-
city, and low cost18. Wang et al. proposed a ZrO2 ceramic membrane with
stable water flux (about 130 LMH) and high oil rejection (>99.7%) for oil
emulsion separation19. This membrane exhibited hydrophilicity in air and
superoleophobicity underwater due to the abundance of hydroxyl groups,
and these properties remain unchanged under alkaline conditions. In addi-
tion, theZrO2 ceramicmembrane showed excellent antifoulingperformance,
unchanged surface morphology, pore size, porosity, and membrane mass
after aprolonged experiment.Thedominant foulingmechanismfor theZrO2

ceramic membrane was combined with intermediate blocking and cake fil-
tration. This membrane was negatively charged under alkaline conditions;
thus, it was speculated that the improved fouling resistance under alkaline
solutionswasattributed to the electrical double-layer interactionsbetween the
zirconia membrane and the oil droplets. Coelho et al. fabricated a ZrO2/SiC
ultrafiltration membrane via coating ZrO2 slurry on the surface of a SiC
support20. TheZrO2/SiCmembrane showed99.91%oily emulsion separation
efficiency and a highwaterflux of 360 LHM/bar. The surface of the ZrO2/SiC
membranewas negatively charged for pH values higher than 4, attributing to
rich OH groups of the ZrO2. Such a membrane can separate a quite small
molecule (Indigo blue 0.262 kDa). It is inferred that the ZrO₂/SiCmembrane
does not rely solely on a simple sieving effect for separation, but rather that
electrostatic interactions and dispersion forces contribute significantly to the
separation process. The pore size distribution of the ZrO₂/SiC membrane
remained almost unaffected after being submerged underNaOH andH2SO4

solutions for several weeks, indicating its resistance to acid and alkaline
corrosion. Wen et al. modified ceramic support with different ZrO2 disper-
sions through the dip-coating method21. The pore size distributions of the
ZrO2-coated ceramic membrane were controlled by adjusting the sintering
temperature. The membrane sintered at the range of 400–600 °C showed
almost 100% bovine serum albumin rejection and a water flux of 80 LMH/
bar.Qin et al. decoratedα-Al2O3 supportwith yttria-ZrO2-sol (YSZ) through
dip-coatingmethod22. The obtainedYSZmembrane exhibited awater flux of
4.2 LMH/bar and an 82% removal rate for carbofuran.

Most of the previous studies were focused on the introduction of ZrO2

into ceramic material within the calcination process for fabricating ZrO2

ceramic membranes to mitigate their contamination. Limited progress was
made in introducing ZrO2 to polymer membranes, where ZrO2 nanoma-
terials were directly blended into a casting solution (i.e., membrane-forming
polymers). However, excessive agglomeration of ZrO2 within the casting
solution and its poor compatibility with membrane-forming polymers may
result in undesired effects on membrane properties and performances. It is
thus desired that improved additives be developed to prevent such effects.
Silk sericin (SS) is a natural protein extracted from silkworm cocoons. It has

abundant hydrophilic functional groups (e.g., amino, hydroxyl, and carboxyl
groups) and exhibits high hydrophilicity, biocompatibility, and antioxidant
activities23,24. These functional groups enable the binding of SS to ZrO2, and
the resulting nanocomposite particles are anticipated to improve both the
dispersion and stabilization of ZrO2 nanoparticles, preventing their
agglomeration in the casting solution and within the membrane matrix.

Therefore, the objective of this study is to develop a ZrO2/sericin
polyacrylonitrile (ZrSS) membrane for PW treatment, possessing excellent
antifouling performance. In detail, this objective entails: (1) development of
ZrSS membrane through incorporating synthesized hydrophilic ZrO2/ser-
icin nanocomposites (ZrSS NCs) into a polyacrylonitrile (PAN) casting
solution based on a nonsolvent-induced phase separation (NIPS) approach;
the developed ZrSS membrane will be able to not only reduce the
agglomeration of ZrO2, but also improve the compatibility of ZrSS NCs to
membrane-forming polymers (PAN); (2) investigation for themorphology,
structure, physicochemical properties, and formation mechanism of the
developedZrSSmembrane, through synchrotron-basedHXMA,VESPERS,
FTIR, and regular XPS, AFM, and SEM technologies; (3) assessment of the
effects fromanumber of environmental factors (e.g., pH, ionic strength (salt
stress), heave metals, and organics) and their interactions on the PW
treatment through the developed ZrSS membrane; (4) examination of the
performance of the ZrSS membrane for PW treatment in terms of anti-
fouling capacity, membranemechanical endurability (towards physical and
chemical stresses), and real-world applicability underanumberof treatment
conditions; and (5) explorationof theworkingmechanismsof thedeveloped
ZrSS membrane under different conditions based on the Hermia and
XDLVO theory. This study will offer technical, theoretical, and practical
insights into the on-demand PW treatment.

Materials and methods
Fabrication of ZrSS membranes
The PAN membrane was fabricated through the NIPS method (Fig. S1).
First, 15 wt% PAN powder was dissolved in DMF (dimethylformamide) at
85 °C to obtain a casting solution. This casting solution was degassed in an
atmospheric environment for 24 h. Then, the casting solution was spread
evenly onto non-woven fabric using an automatic membrane applicator,
with a thickness of 100 µm. After casting, the fabric was slowly immersed in
deionized (DI) water to obtain the PAN membrane. The ZrSS NCs were
synthesized through a wet chemistry method. First, 0.5 g of sericin silk
powder was dissolved in 150mL DI water, and then 0.5 g of ZrO2 nano-
particles were dispersed in the above solution. The obtained mixture was
stirred at 80 °C for 5 h, followed by centrifugation at 5000 rpm for 15min
and freeze-drying to obtain the ZrSS NCs. The ZrSS membranes were
developed by incorporating various amounts of ZrSS NCs (i.e., 0.1 wt%,
0.2 wt%, 0.3 wt%, and 0.5 wt%) into the casting solution. The detailed
composition of PAN and xZrSS membranes is listed in Table S1.

Characterization of ZrSS membranes
The surface morphology and roughness of nanocomposites and mem-
branes were evaluated through scanning electron microscopy (SEM, TES-
CAN MIRA4, Czech) and atomic force microscopy (AFM, Asylum
Research, USA), respectively. The hydrophilicity of the membrane surface
was evaluated using a contact angle analyzer (OCA20, DataPhysics
Instruments, USA). The chemical compositions of ZrSS nanocomposites
and membranes were analyzed using X-ray photoelectron spectroscopy
(XPS, Thermo Scientific,USA). Zeta potentials of the ZrSS nanocomposites
and surface electrical charges of membranes were determined using a Zeta
Potential Analyzer and SurPass3 (Anton Paar, Austria). Synchrotron-based
VESPERS (Very Sensitive Elemental and Structural Probe Employing
Radiation from a Synchrotron), Mid-IR (Mid Infrared), and HXMA (Hard
X-rayMicro-Analysis) technologies at Canadian Light Source were applied
to examine the chemical distribution and structure of the ZrSS nano-
composites in membranes. Detailed information on membrane character-
ization methods, including synchrotron-based HXMA, VESPERS, and
FTIR technologies, was provided in Supplementary Information (SI).
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Performance evaluation and mechanism exploration of ZrSS
membranes
Performances of the developed PAN and ZrSS membranes were evaluated
with a cross-flow filtration system (Fig. S2). Before each filtration test, the
membrane was pressurized at a transmembrane pressure of 0.6MPa for
0.5 h. The filtration experiments were then conducted at a transmembrane
pressure of 0.3MPa. The oil/water emulsionwas prepared bymixing 10mL
of diesel oil with 1 L of DI water, followed by ultrasonication for 30min and
stirring for 10 h.

The membrane water flux (J, L m−2 h−1, LMH) and oil rejection (%)
were determined using Eqs. 1–2 25:

J ¼ ΔV
A×Δt

ð1Þ

R ¼ Cf � CP

Cf
× 100 ð2Þ

whereΔV is the volume of permeatewater (L),A is the operativemembrane
area (m2),Δt is thepermeation time (h),Cf andCpdenote the concentrations
of oil in the feed and permeate solution (mg/L), respectively.

The normalized water flux was calculated by Eq. 3:

NWF ¼ J
J0

ð3Þ

where J0 is the pure water flux (i.e., water flux during deionized water
filtration), and J is the water flux during PW filtration.

A 2k factorial design experiment was employed to assess the separation
and antifouling performance of the developed ZrSS membranes. Four fac-
tors (i.e., pH level, salinity, heavy metal concentration, and PAH con-
centration) were chosen to explore their individual effects and interactions
on membrane performances. The detailed experimental design is listed in
Table S3. The antifouling performances and mechanisms of ZrSS mem-
branes to the treatment of various simulated PW were comprehensively
analyzed by Hermia model and XDLVO theory. Detailed information was
provided in SI (Texts S4 and S5).

Antifouling performances of membranes were evaluated through a
repeated cycle filtration test. A cycle consisted of three steps: (a) 1 h of
deionized water filtration to obtain the initial pure water flux (J0), (b) 3 h of
synthesized PW filtration to obtain the water flux J, and (c) 2 h of deionized
water backwashing formembrane cleaning. The total flux decline rate (FT),
flux recovery rate (FRR), and flux irreversible decline rate (FIR) of mem-
branes in four repeated cycle filtration tests were calculated by equations
S18–S20 (SI). A long-term PW filtration test was performed with synthe-
sized PW as the feed solution for 72 h.

Results and discussion
Properties of the ZrSS nanocomposites
Figure 1a shows the morphology of the synthesized ZrSS NCs, and most of
the particles are nearly spherical-shaped, with a size distribution con-
centrated around 45 nm. The chemical properties of the ZrSS NCs were
characterized byATR-FTIR (Fig. 1b). There are two newpeaks at 1633 cm–1

and 1076 cm–1 that correspond to the Amide I and C–OH stretching in the
ZrSS NCs spectrum, compared to the spectrum of ZrO2 nanoparticles
(NPs)26,27. These two peaks validate that sericin silk (SS) was successfully
graftedon the surfaceof theZrO2NPs. In addition, compared to theAmide I
and C–OH stretching peaks in SS, the positions of these two peaks in ZrSS
NCs have blue-shifted. This shift could be attributed to the formation of
hydrogen bonds between ZrO2 NPs and SS9,25. The chemical properties of
the ZrSS NCs were further confirmed by the XPS (X-ray Photoelectron
Spectroscopy) technique.As shown inFig. S3, peaks corresponding toZr,O,
C, and N elements are clearly recognized on the ZrSS NCs spectrum. The
presence ofN further confirms the effectivemodificationof SSonZrO2NPs.
Deconvolution of O1s core-level spectrum of ZrO2 NPs and ZrSS NCs are

depicted in Fig. 1c. In the spectrum of ZrO2 NPs, the binding energies for
Zr–O–Zr and Zr–O–H are 529.3 eV and 531.07 eV, respectively 28. There is
also a binding energy for H–O–H at 532.7 eV, which may be caused by the
absorption of moisture from the air. Compared to the ZrO2 NPs, the
spectrumofZrSSNCs exhibits a newpeak at 532.3 eV, corresponding to the
O–C=O and O–C=N group, demonstrating the presence of SS in the ZrSS
NCs29. Moreover, the peaks of Zr–O–Zr and Zr–O–H have shifted towards
lower binding energies. This shift is hypothesized to be ascribed to inter-
actions between the amino (–NH₂) and hydroxyl (–OH) groups in SS and
the oxygen atoms in the ZrO2 NPs, which increases the electron density
around the oxygen atoms30.

The crystal structure of the ZrO2NPs is mainly in the tetragonal phase
(labeledwith ‘T’ in Fig. 1d), with the presence of amonoclinic phase (labeled
with ‘M’ in Fig. 1d)31,32. The ZrSSNCs keep the same crystal structure as the
ZrO2 NPs. The incorporation of SS slightly widens the plane T(101). These
results demonstrate that the crystal structure of ZrO2was not altered during
the SSmodification process. X-ray absorption near edge structure (XANES)
of Zr K-edge in the illustration of Fig. 1e shows that both the ZrO2 NPs and
ZrSS NCs exhibit a narrow white line with a mild negative slope. These
characteristics are a combination of the strong negative slope from the
monoclinic phase and the double peak from the tetragonal phase, resulting
in a broad single peak with a mild negative slope30,33. In addition, at the pre-
edge (18,002.5 eV), there is a characteristic of the tetragonal phase, which is
the 1s→ 4d transition30. The XANES results also demonstrate that the
structure of ZrO2 NPs is primarily in the tetragonal phase, with a small
amount of the monoclinic phase present. Figure 1e shows the Fourier
transforms of Zr extended X-ray absorption fine structure (EXAFS). The
peaks at 1.47 Å and 1.56Å correspond to the Zr–O shell in the ZrO2 NPs
and ZrSS NCs, respectively. The peaks at 3.28 Å are Zr–Zr shell. This
indicates that in ZrSS NCs, the first coordination shell around the Zr atoms
is O and the second coordination shell is Zr, with the coordination number
ofO remaining unchanged compared toZrO2NPs. In otherwords, it can be
speculated that the functional groups of SS do not form new bonds with Zr
in the ZrSS NCs. However, compared to ZrO2 NPs, the Zr-O shell peak
position of ZrSS NCs is slightly shifted and its intensity is reduced, which is
supposed to be influenced by SS incorporation. In addition, the zeta
potential results (Fig. 1f) show that ZrSS NCs exhibit a reduced positive
potential and an enhanced negative potential in the whole pH range,
compared to ZrO2 NPs.

Properties and performances of the ZrSS membranes
The ZrSS membrane was fabricated through the NIPS method by incor-
porating synthesized ZrSS NCs into the PAN casting solution. To confirm
the successful integration of the ZrSS NCs into the PAN membrane, XPS
and synchrotron-based technologies (i.e., VESPERS, HXMA, andMID-IR,
Fig. S3) were employed to characterize the synthesized PAN and ZrSS
membranes. The surface chemical properties of the ZrSS and PAN mem-
braneswere studied viaXPSas illustrated inFig. 2a, b.Thehigh-resolutionN
1s spectrum shows a primary peak at 398.7 eV, corresponding to the pre-
dominant nitrile group (–C≡N) in PAN, and a peak at 400.4 eV from the
–NCH3 group due to residual DMF solvent in the membrane34. Compared
to thePANmembrane, theN1s spectrumof theZrSSmembrane shows two
new peaks at 398.4 eV and 399.6 eV, corresponding to the –C–NH2 and
O=C–N–C groups, respectively, which are predominant in SS35. Addi-
tionally, the –NCH3 group disappears in the N 1s spectrum of the ZrSS
membrane, indicatingnoDMFresidue. This suggests that the incorporation
of ZrSSNCs accelerates the phase transfer rate, leading to a nearly complete
exchange of DMF with water molecules during the membrane-forming
process. In the high-resolutionO 1s spectrum of the ZrSSmembrane, peaks
at 527 eV, 531.1 eV, 533.6 eV, and 535.8 eV correspond to O–Zr, N–C=O/
O–C=O, C–O, and O–H groups, respectively 36. These XPS results confirm
the successful fabrication of the ZrSSmembrane. Importantly, compared to
theO–Zr (528.9 eV), N–C=O/O–C=O (400.6 eV), and –C–NH2 (399.4 eV)
groups in the ZrSS NCs (Figs. 1c and S4), the binding energy of these
functional groups in the ZrSS membrane are red-shifted (527 eV, 399.6 eV,
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and 398.4 eV). This shift is speculated to be attributed to the hydrogen
bonding between the nitrile groups in PAN and ZrSS NCs.

Thehigh brightness andhigh resolution of the synchrotron-based light
sources are highly sensitive to the elemental and chemical composition of

materials, providing detailed information about the structure andproperties
of the sample. The synchrotron-based X-ray Fluorescence (XRF)mappings
of the zirconium (Zr) element distributions within the cross-section and on
the surface of the ZrSS membrane are shown in Fig. 2c. It can be observed

Fig. 1 | Morphology, structure, and physicochemical properties of the synthe-
sized ZrSS NCs. aMorphology of the ZrSS NCs and their size distribution (illus-
tration); b ATR-FTIR, c XPS O1s, d XRD, e synchrotron-based Zr EXAFS R-space

(normalized ZrK-edge XANES spectra in illustration) spectra, and f zeta potential of
the ZrSS NCs and ZrO2 NPs.

Fig. 2 | a, bHigh-resolution N 1s and O 1s spectra of the ZrSS and PANmembrane;
c synchrotron-based XRF mappings of the Zr element distribution on the surface
and cross-section of the ZrSS membrane; d synchrotron-based MID-IR mappings

(200 µm × 200 µm) of the Amide I group distribution on the PAN and ZrSS mem-
brane surface; e synchrotron-based R-space Zr EXAFS (normalized Zr K-edge
XANES spectra in illustration) spectra of the ZrSS NCs and ZrSS membrane.
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that the Zr element is almost uniformly distributed on both the surface and
the cross-section of the ZrSSmembrane. In comparison, no Zr element was
detected on the surface and cross-section of the PAN membrane (Fig. S5).
The uniform distribution of the Zr element demonstrated that ZrSS NCs
reduced the agglomeration of ZrO2 NPs in the membrane polymer matrix.
Figure 2d shows the distribution of the Amide I functional group on the
surfaces of the PAN and ZrSS membranes, measured using synchrotron-
based MID-IR spectroscopy. It can be seen that the Amide I group is
uniformly distributed only on the surface of the ZrSS membrane. The XRF
and MID-IR mappings demonstrate that the incorporated ZrSS NCs are
uniformly distributed throughout themembrane. To further verify whether
new chemical bonds were formed between the ZrSS NCs and the PAN
polymer, the membranes were characterized using synchrotron-based
HXMA technology. The R-space spectrum of the Zr element is displayed in
Fig. 2e, with the inset showing the k-space spectra. From these spectra, it can
be inferred that no new chemical bond is formed between the ZrSSNCs and
the PAN polymer in the ZrSS membrane.

To optimize the performance of the ZrSS membranes, the effects of
incorporated ZrSS NC concentration (i.e., 0.1 wt%, 0.2 wt%, 0.3 wt%, and
0.5 wt%) were investigated and the membranes were labeled as 1ZrSS,
2ZrSS, 3ZrSS, and5ZrSS, respectively.According to SEM(scanning electron
microscope) images (Fig. S6), there is no significant difference in the surface
morphologies between the ZrSS membranes and the PAN membrane.
However, the cross-section structures reveal notable differences (Fig. S7).
The cross-sectionof thePANmembrane showsno thin skin layer; instead, it
consists of a porous support layer filled with macropores. Relative to the
overall membrane thickness of 116 µm, the pore length is only 87 µm, with
approximately 29 µm at the bottom of the membrane being non-porous.
This non-porous region resulted from insufficient exchange between the

solvent DMF and the non-solvent DI water during the membrane forma-
tion process. With the incorporation of ZrSS NCs, a thin skin layer filled
with numerous mesopores appears at the top of the membrane. Moreover,
the pores in the porous support layer of the ZrSS membranes nearly
penetrate the entire membrane thickness, particularly in the 3ZrSS mem-
brane, which exhibits no non-porous section at themembrane bottom (Fig.
3a). These structures help enhance both water flux and oil rejection. AFM
(Atomic Force Microscope) results in Fig. 3b and S8 indicates that the
surface roughness of the ZrSS membranes decreases compared to the PAN
membrane. Particularly, the 3ZrSS membrane has the lowest surface
roughness (Rq = 9.6 nm), which is advantageous for mitigating membrane
fouling. The synchrotron-based XRF spectra (Fig. 3c) reveal that the Zr Kα
peak is observed between 15,332 eV and 16,318 eV. The intensity of Zr
increases as the incorporation amount of ZrSS NCs rises, indicating the
successful preparation of the ZrSSmembranes with varying concentrations.
The zeta potential results of theZrSS andPANmembranes are shown inFig.
S9. With the increasing addition of the ZrSS NCs, the zeta potential of the
ZrSS membrane significantly decreases, because the ZrSS NCs exhibit a
negative charge at pH > 5 (Fig. 1f). Additionally, the incorporation of ZrSS
NCs improves the hydrophilicity of the membrane, as evidenced by the
water contact angle (WCA) of the 3ZrSS membrane improving to 43˚
compared to 80˚ for the PAN membrane (Fig. 3d). This improved hydro-
philicity led to a significant increase in the pure water flux of ZrSS mem-
branes. Elaborately, compared to the PAN membrane, the 1ZrSS, 2ZrSS,
3ZrSS, and 5ZrSS membranes show 26.99%, 43.36%, 67.58%, and 61.81%
increases in water flux, respectively (Fig. 3d). Performances of the ZrSS
membranes for PW treatment were significantly enhanced (Fig. 3e). There
are 9.05%, 10.71%, 11.04%, and 11.02% increases in oil rejection for 1ZrSS,
2ZrSS, 3ZrSS, and 5ZrSS membranes. These enhancements can be

Fig. 3 | a, b SEM and AFM morphology of the 3ZrSS membrane; c synchrotron-
based XRF Zr Kα spectra of the PAN and a variety of ZrSS membranes; d water
contact angles (WCAs) and pure water flux of J0 the PAN and a variety of ZrSS

membranes; and e oil rejection and antifouling capacity (normalized water flux J/J0)
of the PAN and a variety of ZrSS membranes.
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attributed to the formation of the thin skin layer on the top of the ZrSS
membrane, the reduction in overall membrane thickness, the increase in
pore length of the support layer, the enhancement of surface negative
potential, and the improvement of hydrophilicity of the ZrSS membrane.
The antifouling performance of membranes is represented through the
normalized water flux J/J0, where J0 is the pure water flux (i.e., water flux
during deionized water filtration) and J is the water flux during PW filtra-
tion.Ahigher value of J/J0 indicates a smallerwaterfluxdecrease andabetter
antifouling ability. All ZrSS membranes exhibit significantly improved
antifouling performances compared to the PAN membrane (Fig. 3e). This
improvement can be attributed to several factors (Fig. 4). Primarily, all ZrSS
membranes have significantly stronger negative zeta potentials compared to
the PAN membrane. Since the oil droplets are also negatively charged, the
stronger negative charge of the ZrSSmembrane results in a greater repulsive
force for the oil droplets. Additionally, the improved hydrophilicity of the
ZrSS membranes helps enhance their antifouling performance. Further-
more, the significantly reduced surface roughness of the ZrSS membranes
also contributes to their improved antifouling capabilities. Considering the
overall results, the 3ZrSS membrane demonstrates the best performance
(i.e., highest water flux, oil rejection, and antifouling ability) among the four
ZrSS membranes and is used for subsequent experiments. The stability of
ZrSS NCs within the PAN polymeric matrix under different pH conditions
was assessed. Results (Table S2) show that leachedZr at pH levels of 3, 5, 7, 9,
and 11 were 2.7 µg/L, 9.8 µg/L, 14.1 µg/L, 14.4 µg/L, and 7.8 µg/L, respec-
tively. Compared to the modification concentration, such trace-level
leaching demonstrates the excellent stability and compatibility of the ZrSS
NCs with the PAN polymeric matrix. This demonstrates that ZrSS NCs
effectively overcome the challenges of poor compatibility of ZrO2 NPs with
membrane-forming polymers and ZrO2 NPs leaching from the polymeric
matrix37.

Interaction effects of environmental factors on ZrSS membrane
performances
There are many coexisting substances in the PW, such as salt ions, heavy
metal ions, and organic pollutants1. In addition, the pH conditionsmay also
vary due to different geological conditions38. The effects of these environ-
mental factors on the membrane performance for PW treatment require
systematic investigation. In this study, four common and representative
environmental factors (i.e., pH level, salinity, heavy metal concentration,
and PAH concentration) were selected to explore their individual and
interactive effects on membrane performances for PW treatment. The
upper and lower levels of these parameters were determined based on a
literature review on pollutants present in PW1,38. These two review articles
summarized the types and concentrations of substances present inPWfrom
various locations. The maximum and minimum values of the four selected
parameters were used as the upper and lower levels in this study. By

evaluating the treatment performance of the ZrSSmembrane for PWacross
a broader range of conditions, its practical applicability can be more effec-
tively verified. This is particularly important for assessing its adaptability in
extreme environments. The experimental design was conducted using a full
2k factorial analysis, resulting in a total of 16 experimental groups (Table
S3)15,25. Fig. 5a presents the results of the normalized water flux (J/J0) for
these 16 groups of experiments. The normalized water flux can effectively
illustrate the variations inwaterfluxduringmembranefiltrationof oil/water
emulsions. Additionally, it can further reflect the extent of the membrane
fouled by oil droplets and the antifouling performance of themembrane10,16.
As shown in Fig. 5b, environmental factors have a minor effect on oil
rejection, which is not very significant. However, the water flux is sig-
nificantly impacted under different environmental conditions. Specifically,
the highest J/J0 value is observed in group No. 6, followed by group No. 10.
Groups Nos. 8 and 16 have nearly identical values, which are slightly lower
than that of group No. 10, followed by groups Nos. 4 and 12. The other
groups show differences, but none are as significantly higher than these
mentioned groups. Figure 5c shows the main effects of these four envir-
onmental conditions on J/J0. Results show that three factors (i.e., pH level,
Ba2+ concentration, and NaCl concentration) significantly affect water flux,
with pH showing the greatest impact. In detail, under the low pH level
(pH = 3.2, acidic condition), the water flux of the 3ZrSS membrane
remarkablydecreases (J/J0 = 0.24),while under thehighpH level (pH = 11.8,
alkaline condition), it only slightly decreases (J/J0 = 0.48). Under the low
Ba2+ (0.3 mg/L) concentration, the 3ZrSS membrane shows relatively high
water flux (J/J0 = 0.45), whereas thewater flux is significantly reduced under
the high Ba2+ (342mg/L) concentration (J/J0 = 0.28). In terms of NaCl
concentration, under the low NaCl concentration (18mg/L), the water flux
of the 3ZrSS membrane significantly reduces (J/J0 = 0.42), whereas this
reduction is alleviated under high NaCl concentration (70,000mg/L) (J/
J0 = 0.30).Naphthalenewas selected as the PAHrepresentative in this study.
Although the presence of PAH accelerates the decline in water flux and
exacerbates membrane fouling, the effect is not pronounced. Among these
four factors, only NaCl concentration has a significant impact on oil
rejection (Fig. 5d). High NaCl concentration decreases the rejection of oil
droplets, decreasing it from 99.99% at low NaCl concentration to 96.92%.

In addition to the main effects of the individual factors, there are
also interactive effects between factors on water flux and oil rejection.
As shown in Fig. 6a, notable interactions between pH level and Ba2+

concentration, pH level and PAH concentration, pH level and NaCl
concentration, as well as NaCl concentration and Ba2+ concentration
are observed. Specifically, at the pH of 11.8, an increase in Ba2+ con-
centration results in a significant decrease in water flux, with J/J0
dropping from 0.63 to 0.33. In contrast, at a pH of 3.2, the water flux
remains consistently low, with J/J0 values of 0.22 and 0.26 at high and
low Ba2+ concentrations. In other words, at low Ba2+ concentration, the

Fig. 4 | Schematic showing properties and anti-
fouling mechanism of the PAN and ZrSS mem-
branes. The quantities ofNaCl, Ba2+, and oil droplets
represent their concentrations, with higher quan-
tities indicating higher concentrations. The size of
the arrows represents the strength of the interac-
tions, with larger arrows indicating stronger
interactions.
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decrease in water flux is significantly less at the alkaline pH (J/J0 = 0.63)
compared to the acidic pH condition (J/J0 = 0.26). However, at high
Ba2+ concentrations, water flux decreases significantly regardless of pH
values. At the high pH level, the decrease in water flux is significantly
greater at the low NaCl concentration (J/J0 = 0.56) compared to the
highNaCl concentration (J/J0 = 0.40). Conversely, at low pH levels, this
effect weakens, with J/J0 at 0.21 for low NaCl and 0.28 for high NaCl
concentration. Similarly, at high NaCl concentration, the decrease in
water flux is much less in the alkaline pH environment (J/J0 = 0.56)
than in the acidic pH environment (J/J0 = 0.28). At a low NaCl con-
centration, the effect of pH is reduced. The interaction between pH
level and PAH concentration is quite interesting. At the alkaline pH
level, the addition of PAH slightly worsensmembrane fouling, with J/J0
decreasing from 0.50 to 0.46. Conversely, at an acidic pH level, adding
PAH slightly alleviates membrane fouling, with J/J0 increasing from
0.23 to 0.25. At the high NaCl concentration, the normalized water flux
(J/J0) is 0.52 for the low Ba2+ concentration and 0.32 for the high Ba2+

concentration. At the low NaCl concentration, J/J0 is 0.37 and 0.23 for
low and high Ba2+ concentration.

Figure 6b depicts the interactive effects of oil rejection. There are weak
interactions between pH level and NaCl concentration, pH level and Ba2+

concentration, NaCl concentration and Ba2+ concentration, as well as Ba2+

concentration andPAHconcentration, affectingoil rejection. Elaborately, at
the low NaCl concentration, the oil rejection is higher in an acidic pH
environment (99.34%) compared to the alkaline pH environment (98.00%).
Similarly, at the low NaCl concentration, the high PAH concentration
slightly decreases the oil rejection from 97.50% (low PAH concentration) to
96.69%.At the lowBa2+ concentration, theoil rejection is higher in the acidic
pH environment (97.60%) compared to the alkaline pH environment
(96.51%). At the low Ba2+ concentration, the PAH concentration has little
impact on the oil rejection, with 96.76% and 97.36% at low and high PAH
concentrations.

Membrane fouling model and XDLVO theory for mechanism
analysis
Membrane fouling model. Hermia model has been widely applied for
the analytical description of all four blockingmechanisms (complete pore
blocking, intermediate pore blocking, standard pore blocking, and cake
layer formation) and/or a combination of them for the ultrafiltration
process39,40. Simulation results of the 3ZrSS membrane operated under
various environmental conditions are described in Fig. 7. The fitting
quality of the model is evaluated using the RMSE (root mean square
error) value (Table S4). The dominant fouling mechanism for Nos. 6, 8,
10, and 16 groups is intermediate blocking (Ki fitting), where continuous
gradual adsorption significantly influences membrane fouling. Their
water fluxes gradually decline and keep a high and stable water flux. The
standard blocking fouling model (Ks fitting) shows the best fitting degree
for the No. 12 group. Compared to the intermediate blocking, the initial
water flux decline rate is faster in the standard blocking mode, due to the
rapid adsorption. Their initial water flux decline and steady water flux are
both significantly lower than those of the previous four groups. Thewater
flux decline in the No. 4 group is initially caused by standard blocking,
followed by cake layer formation (Kgl fitting), which begins around
100 min. Its initial water flux decline trend is similar to that of the No. 12
group but with a faster decline rate. After the formation of the cake layer,
the water flux decline rate slows down, and the steady water flux is lower
than that of the No. 12 group. Similarly, the flux declines in the Nos. 2, 5,
9, 11, 14, and 15 groups are also initially caused by standard blocking,
followed by the formation of a cake layer. The times at which the cake
layer forms are 40, 40, 60, 50, 40, and 40 min, respectively. Their water
fluxes decline rapidly at the beginning of the filtration process and then
slow down after the formation of the cake layer. Although they follow the
same fouling model, their water flux decline rates are also influenced by
the specific environmental conditions. This will be further explained in
detail in the subsequent XDLVO analysis. The Nos. 1, 3, 7, and 13 groups

Fig. 5 | a Normalized water flux (J/J0) and b oil rejection of the 3ZrSS membrane for PW treatment under 16 groups of environmental conditions; main effects of four
environmental factors (pH, salinity, heavy metal, and PAHs) on the normalized water flux (J/J0) (c) and oil rejection (d).

https://doi.org/10.1038/s41545-025-00454-6 Article

npj Clean Water |            (2025) 8:24 7

www.nature.com/npjcleanwater


experience a rapid decline in water flux to a relatively low level within the
first 10–20 min due to complete blocking (Kc fitting), where the mem-
brane pores are completely blocked via foulants, causing the water flux to
drop sharply. Subsequently, a cake layer forms, and the water flux
remains nearly stable at a low level.

Interaction energy analysis. As the foulants approach the membrane,
interfacial forces become the dominant factor in their interaction41. The
XDLVO theory evaluates the surface interaction energy between the
membrane and foulants by incorporating zeta potential and contact angle
measurements. This approach allows for a deeper analysis of fouling
behavior by considering key interfacial forces, including van der Waals
(ULW), Lewis acid–base (UAB), and electrostatic double-layer (UEL)
interface interaction energies42. It can be used to describe these interfacial
interaction energies between colloidal particles and the membrane sur-
face as a function of their separation distance (d). Therefore, the inter-
facial interactions of the membrane–foulants (M–F) and
foulants–foulants (F–F), were analyzed using XDLVO theory to better
elucidate the membrane fouling process (Figs. 8 and S10 and 11). The
schematic diagram of the interaction mechanism between the 3ZrSS
membrane and foulants in PW is shown in Fig. 9. In particular, a positive
value means repulsive force, while a negative value denotes an attractive
interaction. The peak value of the total interaction energy (UTOT), known
as the “energy barrier”, represents the amount of energy foulants must
overcome to adhere to the membrane surface41.

Figure 8 shows that in all 16 experimental groups, the LW (van der
Waals) and AB (Lewis acid–base) interactions of the M–F are attractive

forces. However, the values of EL (electrostatic double-layer) interactions
vary under different environmental conditions. The total interfacial inter-
action energy (TOT) is primarily influenced by EL interactions. Figure S11
displays the contrast of the UTOT of M–F and F–F, providing a clearer
depiction of the tendency of oil droplets to approach the membrane or
interact more with surrounding molecules. This allows for a better expla-
nation of the fouling mechanism of the 3ZrSS membrane.

In detail, the energy barriers of M–F are 2647.7 KT and 2919.5 KT for
the Nos. 6 and 10 groups, respectively. Their energy barriers of F–F are
1405.7 KT and 1687.6 KT. The UTOT(M–F) is significantly greater than
UTOT(F–F) in both groups, indicating that the repulsive force between the
membrane and oil droplets is considerably stronger than the intermolecular
repulsion amongoil droplets. As a result, themembrane exhibits a higher oil
droplet rejection and low membrane fouling. The difference value of the
energy barrier between the UTOT(M–F) and UTOT(F–F) is greater for No. 6
(1242 KT) than for No. 10 (1231 KT). Therefore, the flux decline in No. 6 is
slower than in the No. 10 group. In these two groups, the strong repulsion
UTOT(M–F) is dominated by repulsive EL, which is generated by the com-
bination of high pH level and lowBa2+ concentration.Additionally, the high
NaCl concentration reduces the oil/water emulsion concentration, resulting
in consistently high water flux, indicating low membrane fouling. Under
such conditions, the PW can be directly filtered through the 3ZrSS mem-
brane without pretreatment. The Nos. 8 and 16 groups exhibit a trend
similar to that of the Nos. 6 and 10 groups. A little bit of severe membrane
fouling occurs in the Nos. 8 and 16 groups due to their low NaCl con-
centration, which leads to a high oil concentration. However, both
UTOT(M–F) and UTOT(F–F) exhibit repulsive interactions, with UTOT(M–F)

Fig. 6 | Interactive effects of the four environmental
factors on normalized water flux (J/J0) (a) and oil
rejection (b).
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being greater thanUTOT(F–F). As a result, the 3ZrSSmembrane still shows a
relatively low flux decline. Therefore, PW with a high pH level, low NaCl
concentration, and low Ba2+ concentration can also be directly filtered
through the 3ZrSS membrane without pretreatment.

In theNo. 12 group,UTOT(M–F) equalsUTOT(F–F) atd = 5.5 nm.When
d < 5.5 nm, the UTOT(M–F) repulsion becomes less than UTOT(F–F). As d
further decreases, UTOT(M–F) repulsion changes to UTOT(M–F) attraction,
which is larger than the UTOT(F–F) attraction, leading to an increased water
flux decline rate. This is primarily due to the weak negative zeta potential of
the oil droplets, caused by the charge shielding effect of high Ba2+ con-
centration. The water flux of group No. 4 further decreases compared to
groupNo. 12.TheEL repulsion ingroupNo. 4 further decreases, resulting in
a reduction of the UTOT(M–F). This suggests that PAHs may also slightly
reduce the zeta potential of oil droplets.Additionally,whend = 7.4 nm,UTOT

(F–F) equals UTOT (M–F). Compared to group No. 12, these increased d
values indicate enhanced fouling in group No. 443. These suggest that pre-
treatment can be used to remove Ba2+ (e.g., precipitation) before 3ZrSS
membrane filtration when PWhas high pH, high NaCl concentration, and
high Ba2+ concentration.

In the interactions between the 3ZrSS membrane and foulants in
groups Nos. 9 and 15, the LW, AB, and EL interactions are consistently
attractive, leading to an attractive UTOT (M–F). This implies that membrane
fouling will be further exacerbated by foulants. The attractive UTOT (M–F) is
attributed to the pH of 3.2 of both groups, resulting in positively charged oil
droplets being strongly attracted to the negatively charged membrane sur-
face. During the initial filtration stage, contaminants rapidly penetrate
3ZrSS membrane pores and adsorb onto the inner walls, causing a sharp
decline in water flux. When the cake layer forms, the dominant force shifts
to F–F interactions. The larger energy barrier and smaller d in No. 15
indicate stronger repulsive forces compared to No. 9, reducing oil droplet
accumulation on the 3ZrSS membrane. As a result, the water flux declines
more slowly after the cake layer forms. This is supported by Fig. S12, where
the water flux inNo. 15 gradually surpasses that of No. 9 after the cake layer
forms at 40min. Results of Nos. 9 and 15 indicate that the pH of PWcan be
adjusted to an alkaline level before filtration through the 3ZrSS membrane.

The initial UTOT(M–F) is greater than UTOT(F–F) Nos. 11 and 14,
resulting in a slow decline in water flux. However, after 10min, the water
flux in groups Nos. 11 and 14 falls below that of Nos. 9 and 15. This can be

Fig. 7 | Filtration volume and time data and fitting curve of the 3ZrSSmembrane under 16 different environmental conditions.Kc is the complete blockingmodel constant,Ks

is the constant of standard blocking, Ki is the constant of intermediate blocking, and Kgl is the constant of cake filtration.
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Fig. 8 | Interfacial interaction energies between the 3ZrSS membrane and foulants (M–F) under 16 different environmental conditions.

Fig. 9 | Schematic diagram of the interaction
mechanism between the 3ZrSS membrane and
PW foulants. The quantities of NaCl, Ba2+, and oil
droplets represent their concentrations, with higher
quantities indicating higher concentrations. The size
of the arrows represents the strength of the inter-
actions, with larger arrows indicating stronger
interactions.
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attributed to the substantial amount of Ba2+ in these groups leading to its
preferential adsorption onto the negatively charged membrane surface and
within thepores.This adsorption shields someof thenegative charges on the
3ZrSS membrane surface, thereby reducing the repulsive force against the
oil droplets. Therefore, this further confirms the conclusion that at alkaline
pH and high Ba2+ concentrations, Ba2+ should be removed before filtration
with the 3ZrSS membrane.

In the M–F interactions for Nos. 2 and 5, the LW, AB, EL, and
UTOT(M–F) are all attractive. Consequently, the water flux shows a rapid
decline. The attractive EL forces are due to the positively charged zeta
potentials of the oil droplets at pH 3.2, which are attracted to the negatively
chargedmembrane surface. Compared toNos. 9 and 15 (UTOT(M–F) is also
attractive), the water flux declines more rapidly in Nos. 2 and 5 due to the
high Ba2+ concentration in these groups. These small Ba2+ ions adsorb on
themembrane pores and surfacemore easily than oil droplets, exacerbating
membrane fouling. This suggests that regardless of the pH conditions and
salinity of a PW, removing high concentration Ba2+ first before filtration
through the 3ZrSS membrane can significantly reduce membrane fouling.

The interaction energies between theM–F in groupsNos. 1, 3, 7, and13
are all attractive and similar inmagnitude. Additionally, the repulsive forces
between the oil droplets in these groups are also comparable. As a result, the
flux decline process and the stable water flux are nearly identical for all four
groups. The oil droplets in all four groups are positively charged, leading to
attraction with the negatively charged membrane. The nearly similar zeta
potentials across these groups indicate that the zeta potential is primarily
influenced by pH, with minimal impacts from Ba2+, NaCl, and PAH under
low pH conditions. This further indicates that adjusting the pH of PW to
alkaline before 3ZrSS membrane treatment is advisable.

Long-term stability evaluation
To evaluate the long-term stability of the 3ZrSSmembrane, a repeated cycle
filtration and a 72 h long-term filtration test were conducted using syn-
thesized produced water. Figure 10a shows the normalized water flux (J/J0)
of the PAN and 3ZrSS membrane in four repeated cycle filtration tests. As
shown in the figure, the water flux decline of the 3ZrSS membrane is sig-
nificantly reduced in eachfiltration cycle, compared to the PANmembrane.
Additionally, after DI backwashing, the water flux of the 3ZrSS membrane

nearly returns to its initial value (J0) after each cycle, while the backwashing
effect on the PAN membrane is much less pronounced. With increasing
cycle numbers, the water flux of the PAN membrane gradually decreases
even after backwashing. As shown in Fig. 10b, the FIR (flux irreversible
decline rate) of the 3ZrSS membrane remains at a very low level of only
1.17%evenafter fourPWfouling cycles.Meanwhile, itsminimumFRR(flux
recovery rate) reaches 98.83%. These indicate that the 3ZrSS membrane
possesses excellent antifoulingperformance, as surface foulants can be easily
removed by simple deionized water backwashing.

Additionally, the membrane properties were evaluated after four
fouling cycles to determine whether these properties remained unchanged
after prolonged cyclicfiltration.As shown inFig. 10c, the synchrotron-based
MID-IR mappings show that the Amide I group was uniformly distributed
on the surface of the 3ZrSS membrane after four fouling cycles, with con-
sistent concentration levels as the original value. This indicates that the ZrSS
nanocomposites remained stably in the 3ZrSS membrane without leaching
after prolonged cyclic filtration. Furthermore, Fig. 10d shows that the water
contact angle of the 3ZrSS membrane remained almost unchanged after
filtration. These results collectively demonstrate that the 3ZrSS membrane
maintained stable properties even after prolonged fouling cycles. Addi-
tionally, the oil rejection and antifouling performance of the 3ZrSS mem-
branewere comparedwith recently reportedmembranes. Results in Fig. S14
and Table S8 show that the flux recovery rate of the 3ZrSS membrane is
higher than most reported membranes, while also maintaining a high level
of oil droplet rejection.

To further evaluate the long-term operational stability of the mem-
branes, a 72-h continuous filtration test was conducted. As shown in Fig.
11a, the water fluxes of both the PAN and 3ZrSS membranes continuously
decrease during filtration. For the PAN membrane, the most significant
waterfluxdecline occurredwithin thefirst hour, dropping rapidly to 37.06%
of its initial water flux, followed by a slower decline. By the end of the
filtration test, the water flux decreased to only 14.91% of its initial value.
Similarly, the 3ZrSS membrane also experienced a relatively fast water flux
decline during the first hour, but the reduction was much less severe, with
thewaterfluxmaintaining84.84%of its initial value after thefirst hour. Even
after 72 h of filtration, the water flux of the 3ZrSS membrane still remained
at 54.09% of its initial value, further validating its superior antifouling

Fig. 10 | a Normalized water flux of membranes in
four repeated cycle filtration tests;b totalflux decline
rate (FT), flux recovery rate (FRR), and flux irre-
versible decline rate (FIR) of membranes in four
repeated cycle filtration tests; c synchrotron-based
MID-IRmappings (200 µm × 200 µm) of the Amide
I group distribution on the 3ZrSSmembrane surface
before and after four repeated cycle filtration test;
and d water contact angles (WCAs) of the 3ZrSS
membrane surface before and after four repeated
cycle filtration test.
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performance. As shown in Fig. 11b, the oil droplet rejections of the
membranes increase with filtration time. The 3ZrSS membrane kept a
high oil droplet rejection of over 99% during the filtration. The rejec-
tion of the PAN membrane increased more rapidly, rising from an
initial value of 89.88% to 99.99% by the end of the filtration process.
This is primarily attributed to the cake layer formed via accumulated
foulants on the PAN membrane surface.

Implications
Anovel ZrO2/sericin polyacrylonitrile (ZrSS) membrane was developed for
produced water (PW) treatment. In-depth analyses of the impacts and
mechanisms of complex contaminants in PW on the membrane filtration
performance are of significant practical guidance. It was found that the
incorporation of ZrSS NCs reduced the overall thickness and surface
roughness while increasing the thickness of the active layer and pore length
of the ZrSS membrane, compared to the original PAN membrane. These
modifications contribute to the enhanced water flux and antifouling per-
formance of the ZrSS membrane. Simultaneously, ZrSS NCs overcome the
challenges of ZrO2 NPs agglomeration, poor compatibility, and leaching
from the polymeric matrix. In addition, scenario analysis results show that
under alkaline pH, high salt ion (NaCl) strength, and low heavy metal ion
(Ba2+) concentration, the 3ZrSS membrane experiences the least fouling.
This discovery couldbepractically significant in real-world applications. For
example, during PW treatment, Ba2+ can be removed in the pretreatment
stage through precipitation or other methods, and the pH can then be
adjusted to an alkaline environment before entering the ZrSS membrane
ultrafiltration system. XDLVO analysis reveals the underlying mechanism
behindmembrane foulingmitigation,which is determinedby the combined
effects of the interfacial interactions between the membrane and the oil
droplets, as well as the interactions among the oil droplets themselves. This
underlying mechanism offers a practical approach for mitigating ZrSS
membrane fouling in the PW treatment process. Based on these discoveries,
theZrSSmembrane is a promising candidate for on-demandPWtreatment.
In addition, the 3ZrSSmembranemaintained 84.84% of its initial water flux
after a 72 h long-term filtration, with surface functional groups and
hydrophilicity remaining unchanged. After four cycled filtration, the 3ZrSS
membrane kept an extremely high FRR (flux recovery rate) of 98.83%. To
enhance the applicability of the ZrSS membrane, it can be combined with
electrocoagulation (as a pretreatment), forming amobile unit for onsite PW
treatment. Moreover, clean energy sources such as small modular reactors,
wind power, and solar power can be adapted for the power supply. This
approach is consistent with future sustainability objectives for PW
treatment.

Limitations and improvements
This study still has certain limitations that require further improvement in
future research. The sustainable development goals (SDGs) haveheightened
the need for the development and utilization of greener and more envir-
onmentally sustainable materials. The solvent DMF used for membrane

development is ahighly toxic agent,which is inconsistentwith the principles
of SDGs. A low-toxicity or non-toxic solventwill be used in future studies to
improve the sustainability and environmental compatibility of the research.
In addition, the treatment capacity and antifouling performance of the ZrSS
membrane for PW were only tested under extreme conditions (i.e., strong
acids and bases, high salinity, and PAHs). However, PW contains various
other coexisting substances, such as organic hydrocarbons and CaCO3,
whichwerenot extensively considered.Treatment efficiency andantifouling
properties of the ZrSS membrane for PW containing all contaminants will
be further investigated tobetter demonstrate its practical applicability inPW
treatment.

Data availability
No datasets were generated or analyzed during the current study.
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