
Scalable and Sustainable Cellulose Xerogels for High-Capacity Enrichment of 1 

Per- and polyfluoroalkyl Substances 2 

 3 

Qinyu Wanga b c, Zhonghao Chena c, Kemeng Wanga c d, Ke Wanga c d, Zhugen Yange, Yanyan Zhanga c 4 
d, Lei Wanga b c * 5 
a Research Center for Industries of the Future, Westlake University, 600 Dunyu Road, Hangzhou, 6 

Zhejiang 310024, China 7 
b Zhejiang Key Laboratory of Low-Carbon Intelligent Synthetic Biology, School of Engineering, 8 

Westlake University, Hangzhou, Zhejiang 310030, China 9 
c Institute of Advanced Technology, Westlake Institute for Advanced Study, Hangzhou, Zhejiang 10 

310024, China 11 
d Key Laboratory of Coastal Environment and Resources of Zhejiang Province, School of Engineering, 12 

Westlake University, Hangzhou, Zhejiang 310030, China 13 
e Faculty of Engineering and Applied Science, Cranfield University, Cranfield, MK43 0AL, UK 14 

  15 
*Corresponding author: 16 

Lei Wang 17 

Email address: wang_lei@westlake.edu.cn 18 

Tel: +86-0571-85278909 19 

Mailing address: School of Engineering, Westlake University, Hangzhou 310030, China 20 

 21 

 22 

Helen Binning
Text Box
Published by Elsevier. This is the Author Accepted Manuscript issued with: Creative Commons Attribution License (CC:BY 4.0).  
The final published version (version of record) is available online at DOI:10.1016/j.watres.2025.125258.  Please refer to any applicable publisher terms of use.

Helen Binning
Text Box
Water Research, Volume 291, March 2026, Article number 125258
DOI: 10.1016/j.watres.2025.125258



Abstract 23 

The phase-out of long chain per- and polyfluoroalkyl substances (PFAS) in the global 24 

fluorochemical industry has accelerated the adoption of alternatives (short/ultra-short chain and ether-25 

bond-containing compounds). The persistent residues of conventional long chain PFAS and the unclear 26 

environmental fate of alternatives pose a dual pollution challenge to traditional water treatment 27 

processes. Herein, we develop a scalable and closed-loop strategy to produce aminated cellulose 28 

xerogel (CNPK) via ambient drying process. The hierarchical network of xerogel demonstrates 29 

excellent mechanical properties with a maximum compressive strength of 1.96 MPa, guaranteeing 30 

structural integrity under complex conditions in wastewater treatment. The xerogel exhibits superior 31 

adsorption capacities for six representative PFAS: 3.26 g/g HFPO-TrA, 1.82 g/g PFOA, 2.14 g/g 32 

HFPO-DA, 1.27 g/g PFHxA, 1.02 g/g PFBA and 1.01 g/g PFPrA, correlating with its hierarchical 33 

porous network that facilitates mass transport and the microenvironment that optimizes adsorbent-34 

PFAS interactions. Its ability to absorb PFAS is several times greater than its own weight, and orders 35 

of magnitude higher than that of traditional adsorbents. Mechanism investigations further reveal that 36 

hydrogen bonding, electrostatic interactions and hydrophobic effects are major contributors to 37 

adsorption. Interestingly, enhanced kinetics and affinity for short/ultra-short chain PFAS in mixed 38 

systems are observed compared to single systems, with PFBA and PFPrA being almost completely 39 

removed. These are due to the preferential capture of long fluorocarbon chains that accelerates the 40 

adsorption of short chain compounds by providing new anchor points through F···F interactions. 41 

Moreover, the xerogel demonstrates good enrichment in the proof-of-concept filter column and 42 

achieves removal rates of more than 95% for short /ultra-short chain species, and over 82%-99% 43 

removal efficiencies for six PFAS through 5 continuous cycles. After the use, the spent xerogel can be 44 

dissolved and reproduced. The life cycle assessment (LCA) further highlights the carbon footprint for 45 

adsorption of short/ultra-short chain PFAS as 66.69-67.14 kg CO2eq/kg PFAS using our xerogel, lower 46 

than those of most carbon-based adsorbents (61.85-2757.49 kg CO2eq/kg PFAS). Overall, the 47 

proposed strategy of xerogel addresses the urgent issue of PFAS contamination through reconciling 48 

high-capacity enrichment with circular economy principles. 49 

Keywords: Cellulose xerogel; Ambient pressure drying; PFAS enrichment; Adsorption mechanism; 50 

Life cycle assessment 51 
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Introduction 55 

Per- and polyfluoroalkyl substances (PFAS), a class of synthetic fluorinated organic compounds 56 

with superior chemical stability and amphiphobic properties, have been widely used in over 200 57 

industrial sectors1-3. Due to their environmental persistence and bioaccumulation4,5, long chain PFAS 58 

(e.g. perfluorooctanoic acid (PFOA)) have been listed for restriction under the Stockholm Convention 59 

on Persistent Organic Chemicals. However, emerging substitutes such as ether-bond-containing PFAS 60 

(e.g. hexafluoropropylene oxide trimer acid (HFPO-TrA), hexafluoropropylene oxide dimer acid 61 

(HFPO-DA)) and short/ultra-short chain PFAS (e.g. perfluorohexanoic acid (PFHxA), 62 

Heptafluorobutyric acid (PFBA), perfluoropropionic acid (PFPrA)) are still currently in use6,7, despite 63 

restrictions likely to cover a broader range of PFAS in the future 8-10. In China, fluorine-related 64 

industries such as fluorochemical production, textile and electroplating generate process water and 65 

wastewater after treatment that contain various concentrations of PFAS ranging from ng/L to mg/L10,11. 66 

Data shows that a mega fluorochemical industrial park in Shandong, China, discharged up to 9.45 tons 67 

of PFOA and 6.30 tons of HFPO-DA/-TrA in 202112. Their release into the environment poses a risk of 68 

contamination and therefore requires prevention through effective technologies. 69 

Enrichment technology could be a promising approach to remove PFAS in wastewater or to 70 

concentrate PFAS for further effective treatment13-15. Adsorption materials such as granular activated 71 

carbon (GAC), anion exchange resins (AER) and metal organic frameworks (MOF) have been used to 72 

remove PFAS effectively from wastewater, but their large-scale application still remains challenging 73 

due to their costly, unsustainable production process, low stability and poor adsorption of short chain 74 

PFAS 16-18. Recent developed Perfluoropolyethers (PFPE)-modified polystyrene ion exchangers show 75 

excellent performance in removing PFAS from drinking water and landfill leachate1,19. However, long-76 

term environmental stability assessments of PFPE and appropriate end-of-life treatment strategies are 77 

lacking, posing potential challenges for regulatory compliance and ecological sustainability. Therefore, 78 

the development of sustainable enrichment materials with excellent adsorption capacity, kinetics, 79 

stability, scalability, recyclability is essential. 80 

Cellulose, derived from the most abundant renewable resource lignocellulosic biomass is 81 

biodegradable and rich in functional groups, making it an excellent feedstock for producing enrichment 82 

materials for PFAS20,21. Aerogels made from cellulose and lignin, have been used as microorganism 83 

host for adsorption and bioremediation of PFOA and PFOS, achieving adsorption capacities of 3529 84 

mg/g and 4151 mg/g, with equilibrium times of 30 h and 45 h 22. However, aerogels production is 85 

usually energy intensive (e.g., freeze drying or supercritical CO2 drying) and suffers from low 86 

mechanical stability and poor adsorption performance for less hydrophobic or shorter chain PFAS.  87 

To address these challenges, we synthesize a cellulose nanofiber (NFC)-polyethyleneimine (PEI) 88 

xerogel (CNPK) crosslinked with silane coupling agent (KH560). The production process takes place 89 

under ambient pressure, enabling adsorption materials of various sizes to be produced on a large scale 90 

(Scheme 1a). The NFC/KH560 backbone is supposed to provide structural integrity and hydrophobic 91 

sites, while the high-density amine groups from PEI introduce strong electrostatic interactions and 92 

hydrogen bonding for PFAS adsorption (Scheme 1b). Moreover, spent xerogels after multiple cycles 93 

can be dissolved and reproduced, establishing a "make-use-reproduce" close-loop strategy. 94 



 95 

Scheme 1 (a) Manufacturing of CNPK xerogel via ambient pressure drying. (b) Hypothesized PFAS enrichment 96 

mechanisms. 97 



Results 98 

Synthesis and characterization of xerogel 99 

As illustrated in Fig. 1a, a scalable synthesis approach for CNPK xerogel is designed including 100 

preparation via homogenization, freezing, solvent exchange and ambient pressure drying. NFC 101 

(substrate), PEI (functional polymer), and KH560 (crosslinking agent) spontaneously assemble into a 102 

hydrogel during the homogenization process. The nucleophilic epoxy-amine coupling between PEI 103 

and KH560 forms beta-amino alcohol bridges23,24, while the silanol (Si−OH) produced by KH560 104 

hydrolysis connects with NFC to form a crosslinked network25. Hydrogel is then frozen to create ice-105 

templated macropores, after which solvent exchange and ambient pressure drying are performed.  106 

The spectroscopic signatures of CNPK composites, as revealed by comparative FT-IR analysis 107 

(Fig. 1b and Fig. S1), demonstrate successful chemical reactions among three components: (i) NFC 108 

(C−O−C stretching at 1023 cm−1), (ii) KH560 (Si−O−Si asymmetric vibration at 1157 cm−1) and (iii) 109 

PEI (N−H deformation at 1458 cm−1) 26-28. The attenuation of the 1300-1560 cm−1 bands and the 110 

broadening of the peak at 902 cm−1 confirm the nucleophilic ring-opening reaction between the amine 111 

of PEI and the epoxy groups of KH56029. In addition, a decrease in the NH bending strength with an 112 

increasing KH560 content is observed from the local magnified area. Raman analysis (Fig. 1c) further 113 

confirms the crosslinking, showing the reduced intensity for CH2 shear (1301 cm−1) and NH in-plane 114 

bending vibrations (1456 cm−1) of PEI 30. KH560 typically hydrolyzes to form active silanols that 115 

covalently bond with −OH of NFC and amines of PEI, accompanied by self-condensation to form 116 

Si−O−Si bridges. With weight concentrations of KH560 increase from 1% in CNPK-1 to 5% in CNPK-117 

5, the enhanced formation of its self-condensation oligomers leads to a more obvious self-limiting 118 

cross-linking structure, thereby reducing the incorporation efficiency of PEI due to steric hindrance.  119 

Furthermore, the loading of KH560 has a significant effect on the structure of xerogel. While the 120 

loading is low (CNPK-1), both the longitudinal and transverse structures show obvious collapse (Figs. 121 

S2a, b). High magnification images visualize the rough wrinkles on the channel wall surface, 122 

suggesting that inadequate PEI crosslinking leads to poor interfacial compatibility with NFC and pore 123 

wall collapse during solvent exchange and ambient drying. Increasing in the loading of crosslinker 124 

could transit the xerogel morphology to a more homogeneous state with improved regularity and 125 

thickness (Figs. S2c, d for CNPK-2, Figs. S2e, f for CNPK-3). However, when the crosslinker loading 126 

is high (CNPK-5), the cellular network encounters structural disruption (Figs. S2g, h), probably due 127 

to the competitive self-condensation of the silanol groups of excess KH56031-33. CNPK-4 shows the 128 

most desired morphology (Figs. 1d, e) and can be processed to size-tunable (Fig. 1f), low-density (Fig. 129 

S4), and light weight xerogel that can withstand a load of 40 times its own weight (Fig. S5). 130 

High compressive strength and superior elasticity are key features that enable xerogel to withstand 131 

dynamic hydraulic shocks and long-term mechanical stress in water treatment applications. The 132 

loading of KH560 significantly affects the mechanical properties of the xerogel. As illustrated in Fig. 133 

1g, xerogels with different crosslinker concentrations maintain fully closed hysteresis loops at 60% 134 

strain, indicating excellent elastic recovery capability. Increasing the crosslinker concentration 135 

enhances compressive strength from 0.28 MPa (CNPK-1) to 0.92 MPa (CNPK-4), followed by a 136 

significant decrease for CNPK-5 (0.59 MPa). Results reflect that the controlled incorporation of 137 



KH560 (≤ 4%) into xerogel improves the elasticity and compression modulus. These are due to the 138 

formation of synergistic interfacial hydrogen bonding and covalent crosslinking with NFC and PEI34,35. 139 

However, excessive siloxane aggregation can lead to phase separation, resulting in a relaxed network 140 

structure and compromised mechanical integrity36. As shown in Fig. 1h, the load-bearing performance 141 

of CNPK-4 shows a steep increase in stress under incremental strain loading, with the stress reaching 142 

1.96 MPa at 80% strain, exceeding the reported range for cellulose-based aerogels (0.020-0.782 MPa, 143 

Table S3). In addition, stress retention after 10 cycles at 60% strain is 53.4% (Fig. 1i), and the shape 144 

memory property of the xerogel allows it to quickly recover its original morphology after compression 145 

(Video S1). While conventional cellulose-based aerogels often suffer from plastic deformation or 146 

permanent damage to the pore structure under cyclic compression due to insufficient crosslinking or 147 

single network architecture, our CNPK xerogel has an elastic-rigid double network formed by multi-148 

level networks, where stress is dissipated by the elastic deformation of PEI chains, while the rigid 149 

NFC/KH560 chains inhibit structural collapse. 150 

 151 

Fig. 1 Synthesis, composition and mechanical characterization of CNPK xerogels. (a) Schematic illustration of 152 

the xerogel fabrication. (b) FTIR and (c) Raman spectra of CNPK1-5 xerogels (CNPK-1, CNPK-2, CNPK-3, CNPK-153 

4 and CNPK-5 indicate weight concentrations of KH560 in a cellulose solution of 1%, 2%, 3%, 4%, and 5%, 154 

respectively). (d) Longitudinal and (e) transverse SEM images of CNPK-4 xerogel. (f) Scalable production of xerogel 155 

demonstrated by dimensional tuning and shape design. (g) Stress-strain curves of CNPK1-5 xerogels under 60% 156 



stress. (h) Mechanical responses of CNPK-4 xerogel across incremental strain levels (40-80%). (i) Cyclic 157 

compression stability of CNPK-4 xerogel at 60% strain. 158 

PFAS enrichment performance of xerogel 159 

The enrichment performance of xerogels is evaluated using six PFAS including PFOA (traditional 160 

long chain), HFPO-TrA and HFPO-DA (emerging alternatives to PFOA), as well as PFHxA, PFBA 161 

and PFPrA (typical short/ultra-short chain PFAS) (PFAS structures are shown in Fig. S9). As shown 162 

in Fig. 2a, CNPK-4 demonstrates exceptional pH adaptability for PFAS with C ≥ 8, maintaining 163 

relatively stable removal efficiencies all above 95% across a large pH range of 3-7. Zeta potential 164 

analysis reveals the persistent cationic surface charge (+30.1 mV to +21.9 mV) of CNPK-4 across pH 165 

3-7 due to the abundant protonated amino groups (Fig. S10), ensuring its strong interactions with PFAS. 166 

Meanwhile, the nonpolar carbon chains of NFC and the alkyl chains in KH560 exhibit adsorption 167 

affinity to the perfluorinated groups of long chain PFAS through hydrophobic effects. While CNPK-4 168 

exhibits a significant decrease in adsorption of PFAS with C ≤ 6 at pH > 3 due to the loss of the 169 

protonated amino groups of CNPK-4 and the weakening of hydrophobic effects of PFAS, as indicated 170 

by their lower n-octanol/water partition coefficients (log Kow, 1.47 for PFPrA, 2.14 for PFBA, 5.55 for 171 

PFOA, Fig. S11)11. According to the pH-modulated adsorption differential analysis (see SI for method 172 

details), the contribution of electrostatic attraction to adsorption of six PFAS species varies: 3.4% for 173 

HFPO-TrA, 23.0% for PFOA, 67.0% for HFPO-DA, 70.2% for PFHxA, 89.2% for PFBA and 83.9% 174 

for PFPrA. This reveals that adsorption might be governed by multiple mechanisms. As shown in Fig. 175 

2b, the adsorption capacities for PFAS with C ≥ 6 are not sensitive to the concentration of KH560 at 176 

pH 3 owing to synergistic effects of electrostatic and hydrophobic binding sites of xerogels. In contrast, 177 

short/ultra-short chain species (C ˂ 6) exhibit obvious dependent with increasing KH560 content, 178 

attributed to the progressive formation of enhanced binding sites through KH560-derived silanized 179 

crosslinking networks37. Considering the superior mechanical property and adsorption performance of 180 

CNPK-4, it is selected as the adsorption material for further investigation. 181 

To assess the adsorption capacity, Fig. 2c presents the adsorption isotherms of individual PFAS 182 

onto CNPK-4, accompanied by nonlinear fittings using the Langmuir and Freundlich equations. The 183 

higher coefficient of determination (R²) for the fitting of Langmuir equation compared to the 184 

Freundlich equation (Table S5) suggests that monolayer adsorption is the predominant mechanism38,39. 185 

The fitting data of the Langmuir model show the adsorption capacities in the following ordered: HFPO-186 

TrA (3.26 g/g) > HFPO-DA (2.14 g/g) >PFOA (1.82 g/g) > PFHxA (1.27 g/g) > PFBA (1.02 g/g) > 187 

PFPrA (1.01 g/g). This reflects the xerogel's ability to capture PFAS is several times greater than its 188 

own weight. Compared to widely used adsorbents such as activated carbon (1.2-172.6 mg/g) and resins 189 

(10.8-1209.1 mg/g), our xerogel demonstrates exceptional capacity and broad-spectrum applicability, 190 

as illustrated in Fig. 2d and Table S6.  191 

To assess adsorption dynamics, kinetic studies are carried out in both single and mixed PFAS 192 

systems. The xerogel demonstrates ultrafast capture kinetics for PFAS with C ≥ 6 in both systems, 193 

achieving over 98% removal efficiency within 10 min (Fig. 2e). In contrast, short/ultra-short chain 194 

compounds (C < 6) require prolonged equilibration times of 120 min in the single system with reduced 195 

efficiencies of 93.7% (PFBA) and 86.0% (PFPrA) (Fig. 2f). However, the xerogel exhibits notable 196 



improvements in capturing PFBA and PFPrA in mixed systems, reducing the equilibrium time by 50% 197 

and enhancing removal efficiencies to 98.4% for PFBA and 93.4% for PFPrA. It can be hypothesized 198 

that PFAS (C ≥ 6) adsorbed on the xerogel surface provide new anchoring points driven by F···F 199 

interactions, whereas shorter species (C < 6) maintain monodisperse states owing to excellent 200 

diffusivity and limited hydrophobicity, as proved by the final step of MD simulation in presentation 201 

mode (Figs. S14). This difference leads to synergistic adsorption behavior in mixed PFAS systems, 202 

where the rapid binding of long chain PFAS to the xerogel alters the surface characteristics of the 203 

xerogel by increasing its fluorine content and subsequently facilitating the capture of short/ ultra-short 204 

chain compounds via F···F interactions. This unique adsorption stage was also supported by a recent 205 

study that long-chain PFAS aggregation driven by hydrophobic interactions provides new adsorption 206 

sites 38. Kinetic analysis using both pseudo-first-order and pseudo-second-order equations (Fig. S15, 207 

Table S7) suggests that electrostatic, hydrophobic and charge-assisted hydrogen bonding (CAHB) 208 

interactions govern the adsorption process under acidic conditions22,40,41.  209 

 210 

Fig. 2 Adsorption performance of PFAS on CNPK xerogel. (a) pH-dependent adsorption efficiency of CNPK-4 211 

(PFAS: 50 mg/L; adsorbent: 0.1 g/L). (b) Effect of different content of crosslinker on adsorption of PFAS (PFAS: 50 212 

mg/L; adsorbent: 0.1 g/L; pH: 3). Adsorption isotherm analysis with (c) Langmuir/Freundlich model fitting 213 

(adsorbent: 0.1 g/L; pH: 3). (d) Comparison of adsorption capacities for PFAS between CNPK and other adsorbents. 214 

Evaluation on the removal efficiency of xerogel for PFAS with C ≥ 6 (Fig. 2e) and PFAS with C < 6 (Fig. 2f) in 215 

single and mixed systems (pH: 3; PFAS: 100 µg/L; adsorbent: 1 g/L).  216 

Multi-scale mechanism investigation 217 

The excellent adsorption performance of our xerogel could be attributed to its characteristics: (1) 218 

the presence of a hierarchical porous network, integrating interconnected pores of varying sizes, 219 

facilitates efficient mass transport and provides sufficient contact area; (2) the deliberate tailoring of 220 

the microenvironment, balancing polar and hydrophobic characteristics, significantly optimizes the 221 

interactions between the adsorbent surface and the PFAS molecules, thereby boosting adsorption 222 



capacity. The 3D porous architecture of CNPK-4 xerogel, visualized via Micro-CT, exhibits a 223 

hierarchical anisotropic pore network optimized for PFAS adsorption (Fig. 3a and Video S2). Fluid 224 

dynamics simulations confirm efficient mass transport with permeability of 1.92 mm/s (Videos S3-225 

S4), allowing PFAS to rapidly access the hydrophilic-hydrophobic microporous regions. With an 84.96% 226 

channel interconnection ratio (Figs. 3b, c) and 80.77% porosity (validated by MIP, Figs. 3d, e), the 227 

structure enables rapid, multidirectional diffusion of PFAS-contaminated water through interconnected 228 

microchannels with an average pore size of 4.36 μm (Table S8). Crucially, anisotropic permeability 229 

is greatest along the z-axis due to cryogenically induced longitudinal channels (see Figs. 3f, 3g). This 230 

minimizes flow resistance while maximizing contact between the PFAS and the adsorption sites. Thus, 231 

the architecture constructed by balancing high connectivity (>84%) and controlled wall thickness (~20 232 

μm, Fig. S17) contributes to the high adsorption efficiency and overcomes limitations of traditional 233 

adsorbents (e.g., pore blockage, slow kinetics). 234 

 235 

Fig. 3 The structural advantages of CNPK-4 xerogel in PFAS enrichment. (a) 3D reconstruction of the 236 

CNPK-4 xerogel characterized by Micro-CT. Quantitative analysis of (b) interconnected and (c) isolated pore 237 

volumes calculated from 3D structural models. (d) Mercury intrusion porosimetry (MIP) characterizing porosity 238 



characteristics. (e) Pore size distribution of CNPK-4 obtained from porosity analysis. (f) Permeability coefficients 239 

determined from directional flow simulations. (g) Fluid dynamics simulations visualizing flow streamlines in three 240 

orthogonal directions, where red and blue represent high and low flux.  241 

To verify the proposed mass transport mechanism, SEM-EDS mapping after adsorption (Fig. 4a) 242 

demonstrates homogeneous F element distribution throughout the xerogel network channels. This 243 

uniformity directly confirms the structural advantage of highly accessible adsorption sites (hydroxyl, 244 

amino and hydrophobic microdomains) and validates the efficient diffusion and binding of PFAS 245 

enabled by the hierarchical anisotropic pore architecture. Mechanistic investigation using FTIR spectra 246 

explains the interfacial interactions governing PFAS adsorption on CNPK-4 (Fig. 4b). The 39 cm−1 247 

red shift at 3300 cm−1 and the attenuation of the vibration peak intensity at 1458 cm−1 confirm that the 248 

weakly acidic PFAS can interact with O−H and N−H in the xerogel42. Notably, the CF3 and CF2 249 

vibrational features of PFAS appear in the spectral region of 1202-1241 cm–1 43,44. In addition, 250 

adsorption of carboxylate PFAS species induces upward shift to 1676 cm−1 in the asymmetric 251 

carboxylate peak of the xerogel, with peak intensity enhancement of long chain PFAS45,46. 252 

High-resolution N 1s XPS deconvolution (Fig. 4c) after adsorption shows obvious changes in 253 

nitrogen-related binding energies. Peaks corresponding to the−N=, −NH and −NH2 groups 254 

systematically shift toward higher binding energies, indicating that the lone pair on unprotonated 255 

amines coordinate with electron-deficient regions on PFAS molecules, resulting electron density 256 

redistribution around nitrogen centers47. Furthermore, a new peak appears at ~400.98 eV, attributed to 257 

−NH3
+ groups, suggesting that primary amines readily accept protons (H+) for protonation, enhancing 258 

their electrostatic binding with PFAS21. Following PFAS adsorption, the binding energy and peak area 259 

of the oxygen-containing functional groups in the xerogel change markedly (Fig. 4d), where the 260 

oxygen atoms act as electron donor, forming hydrogen bonds with the fluorine atoms of PFAS. 261 

Additionally, it contributes to charge-assisted hydrogen bonding (CAHB) by bridging with the 262 

carboxylate head group of PFAS20. 263 

We further determine the contribution of different sites on the xerogel based on electrostatic 264 

potential (ESP) mapping of CNPK-0.4. As shown in Fig. 4e, blue regions (nitrogen-containing groups) 265 

correspond to protonated electrophilic regions, indicating preferential electrostatic anchoring sites for 266 

PFAS headgroups. The red regions (oxygen-containing groups) suggest hydrogen-bonding propensity, 267 

while the gray-white regions (alkyl chains) highlight the hydrophobic interaction via van der Waals 268 

(vdW) forces48. To quantitatively assess the adsorption forces, we conduct MD simulations for various 269 

PFAS under acidic conditions, with protonated −COOH groups modeled to reflect dominant species. 270 

Fig. 4f indicates the interfacial energetics between CNPK and PFAS, revealing vdW interactions as 271 

the dominant binding driver, with the calculated energies are −31.26, −21.62, −24.60, −23.42, −14.72 272 

and −12.28 kcal/mol for HFPO-TrA, PFOA, HFPO-DA, PFHxA, PFBA and PFPrA, respectively. 273 

Since hydrophobic effects generally arise from vdW forces, the gradual shortening of the 274 

perfluoroalkyl chain reduces the matching of silane chains in KH560 and the hydrophobic 275 

microdomains in NFC crystallites for vdW interactions, thereby influencing the overall hydrophobic 276 

contribution. The integration of PEI within the xerogel framework introduces pronounced coulombic 277 

electrostatic effects, as quantified by binding energies with −7.90, −8.96, −9.48, −9.48, −7.50, and 278 



−4.78 kcal/mol for HFPO-TrA, PFOA, HFPO-DA, PFHxA, PFBA and PFPrA, respectively. Thus, the 279 

chain-length dependent attenuation of the coulombic and vdW forces directly leads to the decrease of 280 

the total binding energy for short/ultra-short chain PFAS (Table S9). Taking HFPO-TrA as an example, 281 

the optimized system snapshot, shown in Fig. 4g, visually demonstrates the contribution of nitrogen-282 

containing groups and oxygen-containing groups of CNPK in the adsorption process and demonstrates 283 

the micelle/semi-micelle adsorption mechanism driven by vdW forces. Therefore, the high adsorption 284 

capacity of CNPK-4 xerogel arises from the strong synergy among multiple interaction mechanisms 285 

(hydrogen bonding, electrostatic interactions and hydrophobic effects) combined with physical 286 

interception by its open network structure.  287 

 288 

Fig. 4 Systematic evaluation of PFAS enrichment mechanisms on CNPK xerogel. (a) SEM-EDS elemental 289 

mapping of F elements adsorbed on the xerogel. (b) FTIR spectral comparison pre-/post-adsorption. Deconvoluted 290 

XPS spectra of xerogel after HFPO-TrA adsorption: (c) N 1s, (d) O 1s. (e) DFT-derived electrostatic potential surface 291 

of CNPK-4. (f) Comparative adsorption energies for six PFAS via MD simulations. (g) MD-optimized adsorption 292 



configurations for HFPO-TrA: (Ⅰ) nitrogen-containing groups driven; (Ⅱ) oxygen-containing groups driven; (Ⅲ) 293 

electrostatic dipole interactions; (Ⅳ) Van der Waals force. 294 

Regeneration, performance in real contaminated water and reconstruction of xerogel 295 

To evaluate practical applicability, cyclic adsorption and regeneration of CNPK-4 are performed 296 

in simulated wastewater. As shown in Fig. 5a, after five consecutive cycles, high removal efficiencies 297 

for HFPO-TrA (98.1%), PFOA (99.5%), HFPO-DA (92.7%), PFHxA (92.6%), PFBA (86.8%) and 298 

PFPrA (82.5%) still maintain. Structural (Fig. S18) and mechanical (Fig. S19) stability analyses show 299 

excellent durability of the xerogel after five cycles. Additionally, the chemical resistance to various 300 

solvents is assessed by immersion testing (Fig. S20) and the dimensional integrity preservation can be 301 

maintained after 60 days. After cyclic reuse, we also develop reconstruction technologies to recycle 302 

xerogels via alkaline-mediated dissolving, filtration and reproduction processes of new xerogel (Fig. 303 

5d). As shown in Figs. 5e-g, the reconstituted xerogel maintain the adsorption capacity with losses of 304 

1-10% only across various PFAS concentrations. This circular strategy overcomes the common costly 305 

disposal for used absorbent (e.g., pyrolysis) or 'downcycling' of aerogels, synergistically reduce 306 

resource consumption and hazardous waste disposal.  307 

To develop a more robust technology in the realistic environment, we integrate GAC and our 308 

CNPK as a two-stage system (Fig. 5b) for full-spectrum PFAS adsorption. Fig. 5c illustrates that the 309 

GAC single-column results in a high interception rate (93%-99%) for PFAS with C ≥ 6 in simulated 310 

wastewater containing PFAS, organic matter and heavy metal salts, mimicking landfill leachate (Table 311 

S10) 1. However, GAC exhibits poor adsorption performance for short/ultra-short chain compounds 312 

like PFBA and PFPrA, with the removal rates rapidly dropping to 63.7% and 49.9%. In contrast, the 313 

two-stage GAC-CNPK system achieves removal rates exceeding 95% for all PFAS species, in which 314 

the GAC column serves as a pretreatment unit removing complex substrates while CNPK effectively 315 

adsorb short chain PFAS, demonstrating a promising and practical strategy for PFAS containing 316 

wastewater treatment.  317 



 318 

Fig. 5 Practical application exploration (a) Cyclic adsorption-regeneration performance over 5 cycles (pH: 3; PFAS: 319 

1 mg/L; adsorbent: 5 g/L). (b) Schematic diagram of GAC-CNPK two-stage series system. (c) Fixed-bed 320 

breakthrough curves of GAC-CNPK two-stage series system for six PFAS mixtures in simulated wastewater 321 

(adsorbent: 2 g per column; per PFAS: 100 µg/L; flow rate: 2 mL/min). (d) Alkaline degradation (0.5 M NaOH) and 322 

sustainable regeneration protocol. Comparison of the adsorption capacities of the raw xerogel and xerogel after 323 

regeneration for six PFAS: (e) 100 µg/L, (f) 1 mg/L, (g) 10 mg/L (pH: 3, adsorbent: 1 g/L). 324 

Environmental impact of xerogel 325 

A cradle-to-gate life cycle assessment (LCA) is conducted to evaluate the environmental impact 326 

of CNPK xerogel production. The assessment framework involves process stages including cellulose 327 

raw material procurement, xerogel synthesis, energy/material inputs integration and waste 328 

management (Fig. 6a). As quantified in Figs. 6b, c, the global warming potential (GWP) for producing 329 

1 kg of CNPK xerogel is 67.84 kg CO2eq/kg, with PEI (87.64%) and thermal energy consumption 330 

(9.98%) as the major contributors. PEI production relies on petrochemical feedstocks and energy-331 

intensive polymerization processes, contributing significantly to the GWP and other environmental 332 

impacts (Fig. S21). Owing to the biogenic carbon sequestered in cellulose derived from agricultural 333 

waste, carbon credits can offset the overall GWP value. Due to less energy used in our process, this 334 

value is much lower than other biobased cryogel produced via conventional technologies (freeze-335 



drying and supercritical CO2 drying, 56.0-454.0 kg CO2eq/kg) or other ambient-pressure process 336 

(56.3-141.0 kg CO2eq/kg), primarily due to the consumption of solvents such as ethanol and methanol 337 
49. Specifically, when compared with studies where chitin/chitosan cryogels used for PFAS removal, 338 

our xerogel exhibits advantages in not only environmental impacts (GWP, FATEP, MATEP, TEP, POCP, 339 

AP, and EP) but also inherent properties such as compressive strength, porosity, adsorption capacity 340 

and kinetics (Fig. 6d).  341 

Furthermore, the GWP of xerogel for adsorbing 1 kg of PFAS (considering material production 342 

but not the disposal of used material) is evaluated and compared with that of other conventional carbon-343 

based adsorbents. For long-chain PFOA (Fig. 6e), xerogel exhibits a comparable GWP (37.12 kg 344 

CO2eq/kg PFOA) with that of GAC (20.50 kg CO2eq/kg PFOA) and PAC (19.17 kg CO2eq/kg PFOA). 345 

Whilst xerogel demonstrates significant advantages for short/ultra-short chain PFAS, with GWPs of 346 

66.69 kg CO2eq/kg PFBA (Fig. 6f) and 67.14 kg CO2eq/kg PFPrA (Fig. 6g). These GWPs are 347 

considerably lower than those of most carbon-based adsorbents (61.85-2757.49 kg CO2eq/kg PFAS) 348 

due to higher adsorption capacity of our xerogel the fact that less material is used. Moreover, the 349 

xerogel shows competitive environmental performance for PFBA and PFPrA across other life cycle 350 

impact categories (ADP (fossil), HTP, FATEP, MATEP, TEP, POCP, AP, and EP) (Tables S15-17).  351 



 352 

Fig. 6 Life cycle assessment (LCA) of xerogel for PFAS remediation applications. (a) Cradle-to-gate system 353 

boundary of xerogel production and application. (b) GWP analysis of 1 kg xerogel production and comparison with 354 

other gel materials (* Refers to the gel materials for PFAS removal). The purple columns show values derived from 355 

literature, while the blue columns show results adjusted using Chinese-sourced energy. (c) Comparison of other 356 

environmental impacts of xerogel and related gels for wastewater treatment applications under Chinese energy. (d) 357 

A systematic comparative analysis between the CNPK xerogel and existing cryogel-based adsorbents, including 358 

enrichment capacity, compressive strength, equilibrium time, porosity, and environmental impact assessment metrics 359 

(GWP, MATEP, AP, EP). GWP of 1 kg PFAS enriched by xerogel or by other carbon-based materials: (e) PFOA; (f) 360 

PFBA; (g) PFPrA. 361 

Conclusion 362 

To be preparing for tightening regulations of PFAS use and emissions, this research develops a 363 

scalable synthesis strategy to produce an aminated cellulose xerogel under ambient environment, with 364 

an excellent structural stability (maximum compressive strength of 1.96 MPa) and exceptional 365 

adsorption capacities of for six PFAS (3.26 g/g HFPO-TrA, 1.82 g/g PFOA, 2.14 g/g HFPO-DA, 1.27 366 



g/g PFHxA, 1.02 g/g PFBA and 1.01 g/g PFPrA), outperforming conventional adsorbents such as GAC 367 

and AER, even for short/ultra-short chain PFAS like PFBA and PFPrA. These are due to the combined 368 

effects of excellent mass transfer and abundant adsorption sites of our material. Micro-CT analysis 369 

reveals an anisotropic hierarchical pore structure with 84.96% connectivity, which supports the rapid 370 

PFAS diffusion and ensures effective adsorption site contact, thus preventing the pore blockage issues 371 

in conventional adsorbents.  MD simulations reveal the interfacial energy contributions of van der 372 

Waals and Coulomb forces between xerogel and PFAS are major contributors to adsorption. 373 

Furthermore, our xerogel has excellent recyclability and retains 82-99% of its adsorption capacity after 374 

five cycles of regeneration, and can be reproduced towards the end of its life. The LCA quantifies the 375 

carbon footprint of short/ultra-short chain PFAS enrichment as 66.69-67.14 kg CO2eq/kg PFAS. This 376 

is significantly lower than that of most carbon-based adsorbents (61.85-2,757.49 kg CO2eq/kg PFAS), 377 

owing to the higher adsorption capacity of our xerogel. Overall, using renewable feedstocks, we 378 

develop a scalable fabrication technology to achieve superior PFAS enrichment. This offers a 379 

promising and sustainable way of tackling the environmental challenge posed by the emerging 380 

contaminant PFAS. 381 

 382 

Acknowledgements 383 

This work was supported by  the “Pioneer” and “Leading Goose” R&D Program of Zhejiang 384 

Province (2024C03112, 2024C03233). We acknowledge the Research Center for Industries of the 385 

Future (WU2022C046, WU2022C026) at Westlake University for its support, and thank the Westlake 386 

Center for Micro/Nano Fabrication, the Instrumentation and Service Center for Molecular Sciences 387 

and the Instrumentation and Service Center for Physical Sciences (ISCPS), Westlake University. 388 

 389 

Competing interests 390 

The authors declare no competing interests. 391 

 392 

References 393 

1 Yang, Z. et al. Fluoropolymer sorbent for efficient and selective capturing of per-and 394 

polyfluorinated compounds. Nat. Commun. 15, 8269 (2024). 395 

2 Evich, M. G. et al. Per-and polyfluoroalkyl substances in the environment. Science 375, 396 

eabg9065 (2022). 397 

3 Xiao, F. et al. Cross-national challenges and strategies for PFAS regulatory compliance in water 398 

infrastructure. Nat. Water 1, 1004-1015 (2023). 399 

4 Liang R. R. et al. Exceptionally high perfluorooctanoic acid uptake in water by a zirconium-400 

based metal-organic framework through synergistic chemical and physical adsorption. J. Am. 401 

Chem. Soc. 146, 9811-9818 (2024).  402 

5 Lee, J. et al. Ultra-high capacity, multifunctional nanoscale sorbents for PFOA and PFOS 403 

treatment. npj Clean Water 6, 62 (2023). 404 

6 He, Y. et al. Fluorinated Nonporous Adaptive Cages for the Efficient Removal of 405 



Perfluorooctanoic Acid from Aqueous Source Phases. J. Am. Chem. Soc. 146, 6225-6230 406 

(2024). 407 

7 Wee, S. Y. & Aris, A. Z. Revisiting the “forever chemicals”, PFOA and PFOS exposure in 408 

drinking water. npj Clean Water 6, 57 (2023). 409 

8 Agency, E. C. Registry of Restriction Intentions Until Outcome. (2019). 410 

9 Jiang, X. et al. Occurrence, Transport, and Full-Scale Adsorptive Removal of PFAS in 411 

Electroplating Parks in China. Environ. Sci. Technol. 51, 22744-22754 (2024). 412 

10 Jia, X. et al. Variations of the level, profile, and distribution of PFAS around POSF 413 

manufacturing facilities in China: an overlooked source of PFCA. Environ. Sci. Technol. 57, 414 

5264-5274 (2023). 415 

11 Liang, Y. et al. Broad-spectrum capture of hundreds of per-and polyfluoroalkyl substances from 416 

fluorochemical wastewater. Nat. Commun. 16, 1972 (2025). 417 

12 Feng, X. et al. Occurrence of perfluoroalkyl substances in the environment compartments near 418 

a mega fluorochemical industry: Implication of specific behaviors and emission estimation. J. 419 

Hazard. Mater. 445, 130473 (2023). 420 

13 Su, Z. et al. New sorbents for removing forever chemicals need standardized reporting. Nat. 421 

Rev. Mater. 1-3 (2025). 422 

14 Li, F. et al. A concentrate-and-destroy technique for degradation of perfluorooctanoic acid in 423 

water using a new adsorptive photocatalyst. Water Res. 185, 116219 (2020). 424 

15 Lin, Z. W. et al. Trace Organic Contaminant Removal from Municipal Wastewater by Styrenic 425 

β-Cyclodextrin Polymers. Environ. Sci. Technol. 57, 19624-19636 (2023). 426 

16 Sasi, P. C. et al. Effect of granular activated carbon and other porous materials on thermal 427 

decomposition of per-and polyfluoroalkyl substances: Mechanisms and implications for water 428 

purification. Water Res. 200, 117271 (2021). 429 

17 Jiang, X. et al. Pilot-scale removal of PFAS from chromium-plating wastewater by anion 430 

exchange resin and activated carbon: Adsorption difference between PFOS and 6: 2 431 

fluorotelomer sulfonate. Chem. Eng. J. 481, 148569 (2024). 432 

18 Liang, R. R. et al. A robust pyrazolate metal-organic framework for integrated 433 

perfluorooctanoic acid concentration and degradation. Nat. Water 2, 1218-1225 (2024). 434 

19 Tan, X. et al. Efficient removal of perfluorinated chemicals from contaminated water sources 435 

using magnetic fluorinated polymer sorbents. Angew. Chem. Int. 61, e202213071 (2022). 436 

20 Ilango, A. K. et al. Surface-modified biopolymers for removing mixtures of per-and 437 

polyfluoroalkyl substances from water: Screening and removal mechanisms. Environ. Pollut. 438 

331, 121865 (2023). 439 

21 Ateia, M. et al. Rapid removal of poly-and perfluorinated alkyl substances by poly 440 

(ethylenimine)-functionalized cellulose microcrystals at environmentally relevant conditions. 441 

Environ. Sci. Technol. Lett. 5, 764-769 (2018). 442 

22 Li J. et al. Sustainable environmental remediation via biomimetic multifunctional 443 

lignocellulosic nano-framework. Nat. commun. 13, 4368 (2022). 444 

23 Wang, Q. et al. Compressible amino-modified carboxymethyl chitosan aerogel for efficient 445 



Cu(II) adsorption from wastewater. Sep. Purif. Technol. 293, 121146 (2022). 446 

24 Gao, Y. et al. Effect of molecular weight of PEI on the strength and hydrophobic performance 447 

of fiber-based papers via PEI-KH560 surface sizing. Int. J. Biol. Macromol. 273, 133070 448 

(2024). 449 

25 Li, S. et al. Removal of I– from Aqueous Solutions Using a Biomass Carbonaceous Aerogel 450 

Modified with KH-560. ACS Sustainable Chem. Eng. 9, 7700-7708 (2017). 451 

26 Qi, L. et al. Bioinspired multiscale micro-/nanofiber network design enabling extremely 452 

compressible, fatigue-resistant, and rapidly shape-recoverable cryogels. ACS nano 17, 6317-453 

6329 (2023). 454 

27 Zhao, J. et al. Biomass polyamine-functionalized nanocellulose-loaded covalent organic 455 

framework to construct composite aerogels for highly efficient removal of Cr(VI) and methyl 456 

orange. Chem. Eng. J. 486, 150282 (2024). 457 

28 Hu, X. et al. Preparation of ambient-dried multifunctional cellulose aerogel by freeze-linking 458 

technique. Chem. Eng. J. 477, 147044 (2023). 459 

29 Li, Y. et al. Construction of functional cellulose aerogels via atmospheric drying chemically 460 

cross-linked and solvent exchanged cellulose nanofibrils. Chem. Eng. J. 366, 531-538 (2019). 461 

30 Mustafa, R. et al. Molecular Insights into the Binding of Linear Polyethylenimines and Single-462 

Stranded DNA Using Raman Spectroscopy: A Quantitative Approach. J. Phys. Chem. B 126, 463 

8404-8414 (2022). 464 

31 Liu, K. et al. A nature-inspired monolithic integrated cellulose aerogel-based evaporator for 465 

efficient solar desalination. ACS Appl. Mater. Interfaces 13, 10612-10622 (2021). 466 

32 Chen B., Wu S. Q. & Ye Q. F. Fabrication and characterization of biodegradable KH560 467 

crosslinked chitin hydrogels with high toughness and good biocompatibility. Carbohyd. polym. 468 

259, 117707 (2021). 469 

33 Wang, Q. et al. A novel 3D superelastic polyethyleneimine functionalized chitosan aerogels for 470 

selective removal of Cr(VI) from aqueous solution: Performance and mechanisms. Chem. Eng. 471 

J. 425, 131722 (2021). 472 

34 Liu, M. et al. Ultra-stable, lightweight and superelastic waste flax-based aerogel for 473 

multifunctional applications. Ind. Crop. Prod. 220, 119220 (2024). 474 

35 Tang, C., Yang, J., Liu, J., Mao, Y. & Fu, S. A scalable, efficient, and facile ambient drying 475 

approach for preparing low shrinkage, compressive, and superporous nano-cellulose-based 476 

aerogels via a physicochemical crosslinking strategy. Green Chem. 27, 804-814 (2025). 477 

36 Wang, Y. et al. Mechanically flexible, waterproof, breathable 478 

cellulose/polypyrrole/polyurethane composite aerogels as wearable heaters for personal 479 

thermal management. Chem. Eng. J. 402, 126222 (2020). 480 

37 Ilango, A. K. & Liang, Y. Surface modifications of biopolymers for removal of per- and 481 

polyfluoroalkyl substances from water: Current research and perspectives. Water Res. 249 482 

(2024). 483 

38 Jrad, A. et al. Cationic covalent organic framework for the fluorescent sensing and cooperative 484 

adsorption of perfluorooctanoic acid. Nat. Commun. 15, 1-17 (2024). 485 



39 Liang, R. R. et al. Exceptionally High Perfluorooctanoic Acid Uptake in Water by a Zirconium-486 

Based Metal-Organic Framework through Synergistic Chemical and Physical Adsorption. J. 487 

Am. Chem. Soc. 146, 9811-9818 (2024). 488 

40 Li, D. et al. Efficient removal of short-chain and long-chain PFAS by cationic nanocellulose. 489 

J. Mater. Chem. A 11, 9868-9883 (2023). 490 

41 Yin, S. & Villagran, D. Design of nanomaterials for the removal of per- and poly-fluoroalkyl 491 

substances (PFAS) in water: Strategies, mechanisms, challenges, and opportunities. Sci. total 492 

environ. 831, 154939 (2022). 493 

42 Liu, F., Pignatello, J. J., Sun, R., Guan, X. & Xiao, F. A comprehensive review of novel 494 

adsorbents for per-and polyfluoroalkyl substances in water. ACS EST Water 4, 1191-1205 495 

(2024). 496 

43 Kebria, M. R. S. et al. Efficient removal of perfluorobutanesulfonic acid from water through a 497 

chitosan/polyethyleneimine xerogel. Chem. Eng. J. 466, 143236 (2023). 498 

44 Bentel, M. J. et al. Enhanced degradation of perfluorocarboxylic acids (PFCAs) by UV/sulfite 499 

treatment: Reaction mechanisms and system efficiencies at pH 12. Environ. Sci. Technol. Lett. 500 

7, 351-357 (2020). 501 

45 Tan, X., Jiang, Z., Ding, W., Zhang, M. & Huang, Y. Multiple interactions steered high affinity 502 

toward PFAS on ultrathin layered rare-earth hydroxide nanosheets: Remediation performance 503 

and molecular-level insights. Water Res. 230, 119558 (2023). 504 

46 Min, X., Huo, J., Dong, Q., Xu, S. & Wang, Y. Enhanced sorption of perfluorooctanoic acid 505 

with organically functionalized layered double hydroxide. Chem. Eng. J. 446, 137019 (2022). 506 

47 Guo, J. et al. Regenerated cellulose/polyethyleneimine composite aerogel for efficient and 507 

selective adsorption of anionic dyes. Sep. Purif. Technol. 330, 125480 (2024). 508 

48 Ilango, A. K., Arathala, P., Musah, R. A. & Liang, Y. Experimental and density functional 509 

theory investigation of surface-modified biopolymer for improved adsorption of mixtures of 510 

per-and polyfluoroalkyl substances in water. Water Res. 255, 121458 (2024). 511 

49 García‐Castrillo, M., Barandika, G. & Lizundia, E. Low Environmental Impact Magnetic 512 

Chitosan and Chitin Cryogels for PFAS Remediation. Adv. Funct. Mater. 46, 2405298 (2024). 513 

 514 



https://dspace.org/

Scalable and sustainable cellulose xerogels for high-
capacity enrichment of per- and polyfluoroalkyl 
substances
Wang, Qinyu; Chen, Zhonghao; Li, Xinrui; Wang, Kemeng; Wang, Ke ...

2026-03-01
Elsevier
https://doi.org/10.1016/j.watres.2025.125258
Wang Q, Chen Z, Li X, et al., (2026) Scalable and sustainable cellulose xerogels for high-
capacity enrichment of per- and polyfluoroalkyl substances. Water Research, Volume 291, 
March 2026, Article number 125258

Downloaded from a DSpace repository. https://dspace.org/

https://dspace.org/
https://doi.org/10.1016/j.watres.2025.125258
https://dspace.org

