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Abstract
The recovery of pure water and valuable substances from wastewater is a major challenge in the context of the circular 
economy, requiring advanced separation methods. However, actual membrane separation techniques such as forward osmo-
sis are limited by membrane fouling and selectivity. Here, we synthesized composite membranes by crosslinking polyvinyl 
alcohol hydrogel, using both glutaraldehyde and borax as crosslinking agents, on top of cellulose ester membranes. We tested 
these composite membranes on model and real wastewater. Results show that the composite membranes retain ammonium 
effectively, maintain surface electroneutrality, and exhibit remarkable resistance to fouling by organic and biological con-
taminants. This is explained by the high hydrophilicity of the membrane surface after application of a hydrogel layer.
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Introduction

Atmospheric nitrogen undergoes nitrogen fixation, convert-
ing it into ammonia and other nitrogen-based compounds. 
When ammonia enters water bodies, it transforms into 
ammonium, which, when present in freshwater, can result in 
pollution and eutrophication. Various techniques have been 
devised to remove and recover ammonium from wastewater, 
and one such method is membrane separation (Yao et al. 
2022). A specific membrane-based approach is forward 
osmosis, utilizing salinity gradients to facilitate water per-
meation without applied pressure (Li et al. 2024).

Cellulose ester membranes, like cellulose acetate and 
cellulose triacetate, find extensive use in forward osmo-
sis applications. These membranes are electroneutral and 
can be employed for ammonium enrichment and recovery 
from wastewater. In contrast to negatively-charged polyam-
ide-based membranes, neutrally-charged membranes can 
retain ammonium effectively (Yao et al. 2022). Commercial 

cellulose triacetate membranes, in particular, exhibit remark-
able ammonium rejection, reaching 99.7% (Gonzales et al. 
2023). Conversely, polyamide-based membranes require 
modification to enhance ammonium retention (Gonzales 
et al. 2022; Li et al. 2022). However, it is essential to note 
that cellulose ester membranes are not inherently resistant 
to fouling (Li et al. 2018). To address this, modifications 
involving the incorporation of antifouling, electroneutral 
materials can be employed to develop fouling-resistant mem-
branes with high ammonium retention.

Hydrogels, three-dimensional, water-absorbent, 
crosslinked hydrophilic polymers, are well-suited for water 
purification (Wang et al. 2022; Yang et al. 2022). Particu-
larly, membranes incorporating hydrogels exhibit excep-
tional resistance to fouling due to superhydrophilicity, 
effectively increasing the adsorption of water molecules on 
the membrane surface (Amiri et al. 2022; Hu et al. 2022). 
Superhydrophilic surfaces create water barriers that prevent 
foulant molecules from adhering to the membrane surface, 
reducing fouling issues (Desiriani et al. 2023).

Polyvinyl alcohol is an environmentally-friendly hydro-
gel material known for its high water solubility (Hermani 
et al. 2023). Its polyhydroxy groups have a strong affin-
ity for water (Sharma et al. 2018). To enhance its sta-
bility in aqueous systems and provide excellent chemical 
tolerance and mechanical properties, polyvinyl alcohol 
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typically undergoes crosslinking with another substance, 
such as glutaraldehyde (Park et al. 2018; Zeng et al. 2023). 
Another advantageous property of polyvinyl alcohol is its 
electroneutrality, beneficial for certain applications.

In this work, polyvinyl alcohol hydrogel composite 
membranes were developed for simultaneous wastewa-
ter treatment and resource recovery. Polyvinyl alcohol, 
previously known for improving membrane hydrophilic-
ity, as well as the water permeability and fouling resist-
ance (Razmgar and Nasiraee 2022), was utilized for its 
electroneutrality to effectively retain ammonium. A cel-
lulose ester membrane was first prepared, followed by 
the application of polyvinyl alcohol crosslinking using 
two agents: glutaraldehyde and the food additive borax. 
The study assessed surface morphology and properties, 
intrinsic transport properties, osmotic performance, and 
resistance against model organic and biological foulants. 
Finally, these polyvinyl alcohol hydrogel composite mem-
branes were employed for dewatering and concentrating 
real industrial wastewater. This research introduces a novel 
approach to preparing polyvinyl alcohol hydrogel compos-
ite membranes, employing a common food additive for the 
first time, according to the authors’ best knowledge. These 
membranes show promise for wastewater dewatering and 
ammonium enrichment.

Experimental

Membrane fabrication and characterization

Cellulose ester membranes were fabricated through nonsol-
vent-induced phase inversion of blended cellulose triacetate 
and cellulose acetate. Subsequently, a polyvinyl alcohol 
hydrogel layer was crosslinked onto these membranes using 
glutaraldehyde and borax. Various membrane characteris-
tics, such as surface morphology, hydrophilicity, chemical 
properties, roughness, and zeta potential, were examined. 
The membranes’ intrinsic transport properties and osmotic 
performance were evaluated using laboratory-scale filtration 
systems (Figure S1), as detailed in literature (Gonzales et al. 
2021). More detailed information on membrane fabrication, 
characterization, and performance assessment is available in 
the Supplementary Material.

Fouling

Static adsorption of lysozyme, bovine serum albumin, and 
E. coli was studied, following previous work (Wang et al. 
2021). Dynamic fouling filtration experiments utilized a 
comprehensive solution containing various model organic 
foulants and E. coli solution as the feed solutions. The full 
details of these fouling experiments can be found in the Sup-
plementary Material.

Ammonium enrichment from model and real 
wastewater

Long-term osmotic operations were conducted using model 
wastewater and locally-sourced real wastewater from Japan 
as feed solutions, with model seawater as the draw solution. 
The real wastewater was pre-filtered before use. Comprehen-
sive information is available in the Supplementary Material.

Results and discussion

Membrane fabrication and characterization

The membranes’ intrinsic transport properties and charac-
teristics underwent thorough evaluation. The membranes’ 
performance, including pure water permeability, solute per-
meability, and solute rejection, is detailed in the Supplemen-
tary Material (Figure S2). Figure 1a.1–3 depicts the altered 
surface morphology of the cellulose ester and polyvinyl 
alcohol hydrogel composite membranes, marked by a notice-
able roughening and nodular structure due to the hydrogel 
layer. This change is supported by surface roughness meas-
urements (Fig. 1b.1–3), indicating a rougher surface with 
the hydrogel coating compared to the pristine cellulose ester 
membrane. The cross-section morphology (Fig. 1c.1–3) 
shows no significant difference, except for the presence of 
a thin dense hydrogel layer atop the composite membranes. 
This hydrogel layer is further confirmed by energy disper-
sive X-ray spectroscopy (Fig. 1d.1–3), revealing thin layers 
with increased oxygen concentration, attributed to polyvinyl 
alcohol.

To evaluate hydrophilicity, we conducted water contact 
angle measurements, as illustrated in Fig. 1e. The cellulose 
ester membrane displayed a water contact angle of 39.2°, 
while after the hydrogel layer coating, the values decreased 
to around 20°. Remarkably, both composite membranes 
achieved a water contact angle of 0° within 10 s, indicat-
ing superhydrophilicity of the hydrogel layer. Surface zeta 
potential measurements (Fig. 1f) revealed mostly electro-
neutral surfaces for both cellulose ester and glutaraldehyde-
crosslinked composite membranes. The borax-crosslinked 
composite membrane exhibited a slightly negative charge 

Fig. 1   a Surface morphology, b surface roughness, c cross-section 
morphology, and d oxygen mapping of (1) pristine cellulose ester 
(CTA/CA) membrane, and polyvinyl alcohol hydrogel composite 
membranes crosslinked using (2) glutaraldehyde (CTA/CA-PVA-G) 
and (3) borax (CTA/CA-PVA-B); e Water contact angle and f zeta 
potential measurements of all membranes. The cellulose ester mem-
brane (CTA/CA) is a cellulose triacetate and cellulose acetate (1:1) 
blend

◂
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at higher pH values, attributable to the tetraborate group of 
borax. Additional elemental composition characterization 
details are available in the Supplementary Material (Fig-
ure S3 and Table S1). Overall, the properties of the cellulose 
ester membranes were altered after polyvinyl alcohol coat-
ing. After evaluating the properties of the membranes, we 
assessed the membranes’ fouling resistance.

Fouling

We investigated the membranes’ susceptibility to fouling 
using various model foulants, as depicted in Fig. 2. Initially, 
static adsorption experiments were conducted with fluores-
cently-labeled proteins, negatively-charged bovine serum 
albumin and positively-charged lysozyme, with respective 

isoelectric points of 4.7 and 10.5 (Wang et al. 2021). These 
experiments, shown in Fig. 2a–b, revealed that both hydrogel 
composite membranes exhibited lower fluorescence intensi-
ties compared to the pristine cellulose ester membrane when 
exposed to these proteins. This indicates super resistance to 
foulant adhesion for the polyvinyl alcohol hydrogen compos-
ite membranes, regardless of foulant charge, despite having 
slightly higher membrane surface roughness. The enhanced 
performance is attributed to the superhydrophilicity of the 
hydrogel layer. Notably, the slightly negatively-charged 
borax-crosslinked membrane exhibited slightly higher 
lysozyme attachment than the glutaraldehyde-crosslinked 
membrane (Fig. 1f).

Visual representation in Fig. 2c.1–3 illustrates E. coli 
attachment after static adhesion experiments. The pristine 

Fig. 2   Confocal laser scanning microscope images of cellulose ester 
membrane (CTA/CA), glutaraldehyde-crosslinked hydrogel mem-
brane (CTA/CA-PVA-G), and borax-crosslinked hydrogel membrane 
(CTA/CA-PVA-B) after incubation in a fluorescent bovine serum 
albumin, b fluorescent lysozyme, c E. coli, and d dynamic filtration 
using E. coli as feed solution; Water flux profiles of the membrane 

samples during dynamic filtration using e E. coli as feed solution and 
f foulant solution containing 500  mg/L of bovine serum albumin, 
sodium alginate, and humic acid as feed solution. After evaluating the 
membranes’ fouling resistance, the filtration performance was after-
wards investigated
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membrane exhibited the highest bacterial adhesion, and the 
introduction of the hydrogel layer significantly increased 
membrane surface hydrophilicity, mitigating hydrophobic 
interactions and resulting in near-zero bacterial attachment 
on both hydrogel composite membranes. Dynamic bio-
fouling filtration with E. coli further confirmed minimal 
bacterial adhesion on the hydrogel composite membranes 
(Fig. 2d.1–3). The flux profile during forward osmosis filtra-
tion Fig. 2e revealed that, although all membranes experi-
enced flux decline during bacterial filtration, high flux recov-
ery was observed for both hydrogel composite membranes, 
while the pristine membrane exhibited only around 50% flux 
of its initial flux.

We conducted dynamic filtration using a solution con-
taining various model wastewater substances (Myat et al. 
2014). Figure 2f shows that the pristine membrane experi-
enced flux decline within the first 2 h, whereas the polyvi-
nyl alcohol hydrogel composite membranes remained stable 
for up to 5 h. After backwashing, both hydrogel composite 
membranes achieved a flux recovery of around 95%, while 
the pristine membrane only recovered approximately 80% of 
its initial flux. Overall, the hydrogel composite membranes 
exhibited lower flux declines compared to the cellulose ester 
membrane by the end of the operation.

Ammonium enrichment from model and real 
wastewater

We conducted forward osmosis operations using model 
and real industrial wastewater as feed solutions. The 

osmotic performance with model wastewater, containing 
100 mg/L NH4-N, is detailed in the Supplementary Mate-
rial (Figure S4). Figure 3a illustrates an immediate flux 
decline for all membranes at the beginning of the osmotic 
process with real industrial wastewater. The pristine mem-
brane experienced a sharp drop in flux, while the hydro-
gel composite membranes showed a less steep decline, 
indicating enhanced resistance to fouling by wastewater 
constituents. As the osmotic operation continued, flux 
declines occurred for all membranes, likely due to fouling 
or increased osmotic pressure of the feed solution during 
wastewater dewatering and concentration. Figure 3b com-
pares the dewatering performance and final ammonium 
content of the concentrated wastewater. After 180 h, the 
pristine membrane removed 69% of water, resulting in a 
final ammonium content of 450 mg/L. In contrast, both 
polyvinyl alcohol hydrogel composite membranes exhib-
ited superior dewatering, removing over 70% of water and 
resulting in final ammonium contents of over 675 mg/L.

We assessed the stability of the polyvinyl alcohol hydro-
gel layer through hydrophilicity and osmotic performance 
evaluation (Figure S5 and Table S2). Comparison with 
other forward osmosis membranes for ammonium reten-
tion in the literature are presented in Table S3. In conclu-
sion, the comparable osmotic performance and exceptional 
fouling resistance of the hydrogel composite membranes 
suggest that this membrane preparation method is not only 
simple and scalable, but also effective for wastewater treat-
ment applications.

Fig. 3   a Water flux profile of the membranes during forward osmosis 
operation with real industrial wastewater (145 mg/L NH4-N content) 
as feed solution and 3.5% (w/w) NaCl as draw solution (Flow rate: 

300 mL/min; Operation time: 180 h), and b Dewatering performance 
of each membrane and final NH4-N content in wastewater feed solu-
tion
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Conclusion

We enhanced the fouling resistance of cellulose ester 
forward osmosis membranes by introducing a polyvinyl 
alcohol hydrogel coating, maintaining electroneutrality 
and ensuring effective ammonium retention. We employed 
conventional glutaraldehyde crosslinking and explored a 
one-step borax crosslinking approach. These hydrogel 
composite membranes displayed remarkable resistance 
to various foulants, effectively retaining ammonium, and 
exhibited exceptional performance in dewatering and 
concentrating real industrial wastewater. The use of the 
one-step borax crosslinking method for polyvinyl alco-
hol emerges as a straightforward and effective strategy 
for enhancing wastewater dewatering and ammonium 
concentration.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10311-​024-​01713-7.
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