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HIGHLIGHTS

e AC and vanillin kC were fabricated for
PFOA wastewater treatment.

e The 2 cm thickness 3%kC-AC and 3%kC-
V hydrogels achieved 25.6 and 21.5
LMH water flux.

© 3%KkC-AC hydrogel rejected 86.9%
PFOA compared to 81% rejection for the
3%KkC-AC hydrogel.

© 3%kC-AC hydrogel rejected 99% of Al,
75% Si, 83% of Cl, 76% of Na, 90% of K
and 96.5% of Turbidity.
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ABSTRACT

Perfluorooctanoic acid is an emerging pollutant with exceptional resistance to degradation and detrimental
environmental and health impacts. Conventional physical and chemical processes for Perfluorooctanoic acid are
either expensive or inefficient. This study developed an environmentally sustainable and cost-effective gravity-
driven kappa-carrageenan (kC)-based hydrogel for perfluorooctanoic acid (PFOA) removal from synthetic and
actual wastewater. Two KkC filters were prepared by mixing activated carbon (AC) or vanillin (V) with the kC
hydrogel to optimize the hydrogel selectivity and water permeability. Experimental work revealed that the PFOA
rejection and water permeability increased with the AC and V concentrations in the kC hydrogel. Experiments
also evaluated the impact of feed pH, PFOA concentration, hydrogel composition, and hydrogel thickness on its
performance. Due to pore size shrinkage, the AC-kC and V-kC hydrogels achieved the highest PFOA rejection at
pH 4, whereas the water flux decreased. Increasing the PFOA concentration reduced water flux and increased
PFOA rejection. For 2 cm hydrogel thickness, the water flux of 3%kC-0.3%AC and 3%KkC-3%V hydrogels was
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25.6 LMH and 21.5 LMH, and the corresponding PFOA rejection was 86.9% for 3%kC-0.3%AC and 85.7% for 3%
kC-3%V. Finally, the kC-0.3%AC hydrogel removed 81.1% of PFOA from wastewater of 179 mg/L initial con-
centration compared to 79.3% for the kC-3%V hydrogel. After three filtration cycles, the water flux decline of 3%
kC-0.3%AC was less than 10%. The gravity dead-end kC hydrogel provides sustainable PFOA wastewater
treatment with biodegradable and natural materials.

1. Introduction

Polyfluoroalkyl substances (PFAS) are synthetic compounds widely
utilized for their water and grease resistance and thermal stability in
diverse industrial and consumer applications. Characterized by robust
fluorine-carbon bonds, PFAS exhibit exceptional chemical stability,
contributing to their persistence in the environment. PFAS are catego-
rized into perfluoroalkyl sulfonates (PFAS) and perfluoroalkyl carbox-
ylates (PFCA). Despite their versatility, PFAS have raised environmental
concerns due to their pervasive presence and potential adverse effects on
human health and ecosystems globally. Consequently, developing
effective PFOA removal strategies has become an area of intense
research and innovation (Buck et al., 2011; Milley et al., 2018; Zheng
et al., 2017). PFOA, typically found at low concentrations, is treated by
one of these methods: adsorption, ion exchange, or membrane filtration
(Appleman et al., 2014). Adsorbents used for PFAS treatment include
activated carbon (AC), silica, zeolites, aminated rice husk, g-C3Ny,
MOFs, COFs, and modified chitosan(Lei, 2023). PFAS adsorption relies
on electrostatic and hydrophobic forces influenced by molecular struc-
ture and physicochemical properties. Solution pH, regeneration costs,
and ionic strength affect the adsorption broad application for PFAS
treatment. Also, short-chain PFAS (<C6) presents difficulties for con-
ventional adsorbers like AC (Das and Ronen, 2022).

Several studies recommended nanofiltration (NF) and reverse
osmosis (RO) for PFAS treatment, knowing that RO outperforms NF
membranes for PFAS rejection. RO membranes consistently exhibit
rejection rates of over 99% for multiple PFAS species, including PFOS,
PFHxA, PFOA, and PFDA (Tang et al., 2006; Zeng et al., 2017a,b,c), in
contrast to approximately 95% rejection observed with NF membranes
(Franke et al., 2019; Tang et al., 2006). In a study by (Flores et al., 2013),
RO effectively removed over 99% of fluorinated compounds (PFOA and
PFOS) from wastewater, resulting in trace concentrations (PFOA
<4.2-5.5 ng/L, PFOS 3-21 ng/L) below the US-recommended limit for
drinking water (70 ng/L). However, it is crucial to note that while
membrane technologies, particularly RO, are highly effective, they pose
economic challenges, and handling residual PFAS concentrate remains
problematic.

Recent focus has been on innovative hydrogel substances derived
from natural and synthetic polymer sorbents for addressing PFAS
contamination in aqueous environments. The adsorption of PFOA to
chitosan and ethylene glycol exhibits a maximum capacity adsorption of
1275.9 mg/g, rendering them attractive adsorbents for PFOA removal
from wastewater (Long et al., 2019). For example, hydrogel based on
poly(acrylamide) with incorporated powdered AC demonstrated
removal efficiencies of up to 98% for perfluorooctanoic sulfonic acid
(PFOS) and 96% for perfluorooctanoic acid (PFOA) (Klaus et al., 2023).
Ateia et al. reported the functionalized cellulose achieved a rapid
70-80% removal of PFOA and PFOS within the first 100 s (Ateia et al.,
2019). Researchers enhanced PFAS affinity by incorporating ionic flu-
orogels through thermally initiated radical copolymerization of per-
fluoropolyethers PFPE with methacrylate chain-end functionality
(Fluorolink MD 700) and an amine-containing monomer (2-dimethyla-
minoethyl methacrylate, DMAEMA). This approach achieved >95%
removal of diverse PFAS, including PFOA and PFOS, from wastewater
treatment plant samples (Kumarasamy et al., 2020). Chitosan, a poly-
saccharide containing amine groups, manifests adsorptive properties
concerning PFAS through ionic interactions involving the carbox-
ylic/sulfonic groups of PFAS and the cationic groups inherent in the

polymer (Zhang et al., 2011). Crosslinking with epoxy epichlorohydrin
(ECH) enhances affinity, forming a molecularly imprinted hydrogel that
adsorbs over 50% of PFAS, even in competing pollutants (Yu et al.,
2008).

Kappa-carrageenan (kC) is another polysaccharide widely used in
adsorption and membrane filtration. It has a robust gel-forming capacity
due to its helicoidal shape, which plays a crucial role in gelation (Liu and
Li, 2016). Ibrar and co-workers developed a kC-vanillin hydrogel filter
for landfill leachate wastewater treatment, which achieved a 27 LMH
water flux, 77% rejection of organic carbon (TOC), and 95% for color
removal (Ibrar et al., 2023). Esmaeili et al. (2020) enhanced poly-
ethersulfone (PES) membrane hydrophilicity and antifouling properties
by incorporating 6 wt% vanillin, resulting in a 40% increase in water
flux compared to the control (Esmaeili et al., 2020). The study examined
the influence of kC content in PVDF/kC composite membranes and
found that 1.0 wt% of kCg significantly improved membrane properties,
enhancing characteristics and increasing dye rejection and water per-
meance (Alam et al., 2019). Yadav et al. (2022) enhanced a nano-
filtration (NF) membrane with a kC-GO solution for leachate wastewater
treatment, achieving a 95.73% water flux recovery and reduced fouling
compared to the uncoated NF membrane.

Although kC was investigated for wastewater treatment, studies on
kC applications for PFAS removal from wastewater are scarce. kC, with
excellent characteristics, such as plenty of functional groups, high
adsorption capacity, biodegradable, thermal stability, outstanding me-
chanical strength, and exceptional gelling mechanisms, would be suit-
able for treatment from organic and inorganic pollutants (Ibrar et al.,
2023). This study has developed novel gravity-driven kC-based hydrogel
filters that operate in dead-end mode for PFOA removal from aqueous
solutions. The dead-end filtration mode will facilitate hydrogel recovery
at the end of the filtration process. The kC hydrogels were mixed with
AC and vanillin (V) nanoparticles to improve their adsorption capacity.
Two hydrogel filters, kC-vanillin (kC-V) and kC-AC, were investigated
for PFOA treatment. kC-V, already used for ions removal from leachate
wastewater, will be tested for PFOA removal. Vanillin was used as a
crosslinker and pore-forming agent to enhance the hydrophilicity and
water permeability of the hydrogel. Besides, the kC-AC hydrogel filter
was investigated for the first time for PFOA treatment. Adding AC to
hydrogel improved the hydrogel water permeability and adsorption
capacity. A parametric study evaluated the impact of feed concentration,
hydrogel thickness, and feed pH on PFOA removal. The research ques-
tions for this study are: i) What is the efficacy of kC-V and kC-AC
hydrogels as filters for PFOA removal from aqueous solutions? ii)
What is the influence of vanillin and AC concentration on kC hydrogel
performance, and iii) What is the capability of kC hydrogels to treat
PFOA-contaminated wastewater from soil remediation? The outcomes
of this study will provide data about the feasibility of applying a
kC-based gravity hydrogel filter as a potential technology for PFOA
treatment. Furthermore, kC is environmentally friendly, cost-effective,
and biodegradable, making it a sustainable water purifying option.

2. Material and methods
2.1. Materials
All materials in this research were procured from Sigma Aldrich

Australia. The sulphated plant polysaccharide (kC), vanillin, and AC
were acquired from the Australian branch of Sigma-Aldrich and utilized
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in all experimental methods. The perfluorooctanoic solution (POFA) was
prepared with different concentrations of 0.5, 1, and 1.5 mg/L to test it
with the novel membrane filter to find the efficiency of rejection and
flux. Polyvinyl alcohol solution (PVA) was obtained from Sigma Aldrich,
Australia.

2.2. Hydrogel Fabrication

The kC hydrogel was prepared by dissolving 3 g in 100 mL (3% wt/v)
of kC powder in deionized (DI) water. The dissolution process took place
at temperatures between 60 and 80 °C. The mixture was then continu-
ously stirred on a magnetic stirrer for 3 h at 800 rpm, forming a ho-
mogeneous hydrogelatinous solution (Fig. 1). It is worth noting that the
hydrogelling temperature for kC typically falls within the range of
60-80 °C. Observations revealed that utilizing a higher temperature of
80 °C significantly impacted the separation performance of the hydro-
gel, which led to the formation of a more rigid hydrogel structure, the
result of quick blockage of the filtration system.

In contrast, hydrogels synthesized at a lower temperature of 60 °C
exhibited improved separation performance due to their comparatively
softer and more flexible nature. The hydrogel was then subjected to
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purification steps, such as washing with DI water, to remove residual
impurities. Finally, the hydrogel was characterized using various tech-
niques, such as rheological analysis, microscopy, and spectroscopy, to
evaluate it.

In a controlled experiment, 1%, 2%, and 3% vanillin and 0.1%, 0.2%,
and 0.3% AC powder (weight/volume) were individually dissolved in
deionized water (Fig. 1). The solutions were then incorporated into
separate hydrogel matrices through vigorous mixing using a shaker
apparatus. When kC was combined with either vanillin or AC, the
respective molecules became entrapped within the three-dimensional
structure of kC, forming distinct complexes. This complexation process
led to notable alterations in the physical properties of kC, encompassing
changes in viscosity and mechanical strength. Moreover, vanillin and AC
exhibited specific interactions with kC chains, including hydrogen
bonding, electrostatic attractions, and hydrophobic interactions. In the
case of vanillin, hydrogen bonds formed between the sulphate groups of
kC and the hydroxyl groups of vanillin, while AC showed adsorption
onto the surface of kC. These interactions played pivotal roles in influ-
encing the overall structure and properties of the respective composite
materials. The kC-V and kC- AC hydrogel were carefully layered onto
fabric support within a plexiglass column filtration setup 30 cm in
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height. With a filtration area of 0.0007 m?, the hydrogel was given
10-15 min to settle and hydrate. Observational data revealed that water
seepage through the column walls was occurring, potentially dimin-
ishing the efficacy of the filtration process. To address this issue, a PVA
solution was applied to the outer edges of the hydrogel. Subsequently,
pure water was introduced slowly to prevent any disruption to the
hydrogel structure, ensuring optimal performance Fig. S1.

2.3. PFOA analysis

PFOA in water samples was analyzed by a triple quadrupole ultra-
high-performance liquid chromatograph-tandem mass spectrometer
(UHPLC-MS/MS) from Shimadzu (model 8060), following a method by
Xu et al. (2020)(Xu et al., 2020). Compound separation was through a
Shim-pack column (1.6 pm, 2.0 mm x 50 mm), using mobile phase A
(Milli-Q water) and mobile phase B (methanol). Under a flow rate of 0.4
mL min~!, samples of 1 pL were injected. The elution of PFOA from
samples began with 50% B for 2.5 min, then 100% B for the next 1 min,
followed by 50% B for another 1.5 min, with a total run time of 5 min.
The mass spectrometer was operated in multiple reaction monitoring
mode, using ions (m/z 169.1, m/z 219.0) as the qualitative ions and ion
(m/z 369.0) as the quantitation ion. Quality assistance procedures
included the regular checks of blanks, regular calibration by PFOA
standards, and derivation of the limit of detection.

3. Methods of analysis for membrane characterization
3.1. Membrane morphology

The functional groups in kC gel, kC-V, and kC-AC were analyzed
using FT-IR (Fourier Transform Infrared) with a Thermo Scientific
Nicolet spectrometer. The spectrometer was equipped with an IR mi-
croscope with an optical resolution of 0.9 cm™!. Before analysis, the
samples were dried at 105 °C for 24 h. The study encompassed the
wavenumber range of 4000-500 cm ™ '. The gel samples were subjected
to field-emission scanning electron microscopy (FE-SEM) using a Zeiss
EVO LS15 SEM. Before imaging, a thin coating of gold with a thickness
of 6 nm was applied to the samples using a sputtering machine. Three
SEM tests were performed and averaged to generate the final spectra for
precise outcomes. In addition, energy-dispersive X-ray spectroscopy
(EDX) was performed on the same SEM samples using a Bruker SDD X
flash 5030 detector. The TECHPoro Capillary Flow Porometer was uti-
lized for pore size analysis, employing the BJH model for both the
adsorption and desorption processes. The contact angles of 3%kC and kC
with 1%-3% concentrations of vanillin and 0.1%-0.3% AC were
measured to assess hydrogel surface wettability and hydrophilicity. The
DM 211 contact angle measurement system (Kyowa Interface Science,
Chennai, India) was used to measure water contact angles using the
sessile-drop method. For each sample, a minimum of three locations
were chosen to obtain contact angle measurements. The result was the
average water contact angle with an error value.

3.2. Membrane porosity and pore size

The porosity of the hydrogel membrane was calculated by cutting the
membrane into dimensional pieces of (3 x 3 x 1) cm and immersing it in
distilled water for 15 h, then weighing it after removing all excess water
on a surface using blotting paper (weightl). After that, it was dried in an
oven at 60 °C for 6 h and weighed (weight2). The porosity was calculated
by Equation (1).

weight1 — weight2
PO = (W )
weightl and weight2 are the gel membrane’s wet and dry weight values,
respectively. A is the gel membrane sample area cm?. [ is the membrane
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thickness cm, and p is the water density (1 g/cm®).

The gel membrane’s average pore radius size rm was calculated
using the membrane porosity and pure water flux through the mem-
brane by Equation (2).

(2)

(2.9 —-1.75p) x (8 x 1Qn)
’m\/ (p x A x AP)

AP is the operation pressure, p is the membrane porosity, and [ and A
are the membrane thickness and effective membrane area. Q is the
volume of pure water flux per time (mg/s)(Alsalhy et al., 2013).

3.3. Water uptake and swelling

Water uptake (WU) was determined using a previously dried mem-
brane by cutting the membrane into dimensional pieces of (3 x 3 x 1)
cm. The hydrogel pieces were dried in an oven at 105 °C for 6 h. Dry
weight was recorded (Wdry). After drying, the pieces were immersed in
distilled water for 24 h at room temperature and weighed after removing
all excess water on a surface using blotting paper (Wwet). Finally, water
uptake was determined using Equation (3). Three samples underwent
testing, and the average outcomes were subsequently reported.

_ (Wwet — Wdry
Wu= (Try) x100 3

The hydrogel’s swelling degree was also determined to assess its anti-
swelling properties. The initial weight of the hydrogel (Winitial) was
recorded, then placed in DI water and PFOA solution at 0.5, 1, and 1.5
mg/L concentrations for 2-24 h. The final weight (Wfinal) was re-
recorded, and the swelling degree (SD) was estimated using Equation

4.

(Wfinal — Winitial)

SD= Winitial *100 @

3.4. Membrane performance efficiency

The kC-AC and kC-V hydrogel were cast on a fabric material with a
pore size of about 30 pm, providing a support layer. Experimental work
was conducted using a 30 cm tall homemade plexiglass column Fig. S1
with a filtration area of 0.0007 m? and a constant head of 30 cm,
facilitating visual observation. The fabric support layer was tightly
placed at the bottom of the column, and the kC-AC and kC-V hydrogel
were poured slowly on top of the substrate. It was allowed to settle for
10-15 min while remaining hydrated. Care was taken to avoid sudden
impacts that could deform the hydrogel and compromise its perfor-
mance. Then, 1 mg/L PFOA solution was gradually poured onto the
column for filtration. Analytical equipment measured the contaminants’
water flux and rejection rate. All experiments were repeated at least
three times to ensure reliability. The water flux was determined using
the provided Equation (5).

Vv

A ®

V represents the accumulated permeate volume (m®) over time (9,
and A denotes the efficient membrane area (m?) utilized in the filtration
process. The rejection of pollutants was measured using Equation (6).

R% = < —g—?)*lOO (6)

In Equation (6), Cp refers to the pollutant concentration in the permeate
solution, and Cf is the initial concentration of the same contaminants in
the feed solution. Experiments were repeated at least three times for
water flux rejection studies.
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3.5. PFOA-contaminated water

The perfluorooctanoic acid (PFOA) solution was prepared at con-
centrations of 0.5, 1, and 1.5 mg/L to evaluate the novel membrane
filter’s efficiency in terms of rejection and flux. PFOA quantification was
performed using liquid chromatography-mass spectrometry (LC-MS).
Calibration curves for PFOA quantification were established using a six-
point calibration range from 5 pg/L to 50 pg/L. The data were fitted to a
quadratic, weighted regression equation. The calibration curve’s coef-
ficient of determination (R?) exceeded 0.99 in all analyses. The accuracy
for PFOA analysis across all quality control (QC) concentration levels
was within +5%.

The hydrogel membrane was tested with PFOA-contaminated
wastewater from electrokinetic soil remediation in Sydney, Australia.
Liquid chromatography-mass spectrometry (LC-MS) and inductively
coupled mass spectroscopy (ICP-MS) were used to measure the PFOA
and metal concentrations, respectively (Table 1).

4. Statistical assessment

Every experiment was replicated at least three times, and the out-
comes are presented as the mean values. The Analysis of Variance
(ANOVA) was employed to assess variations among multiple experi-
mental data sets. Single-factor ANOVA analysis for experimental data
showed a P-value less than 0.05, indicating statistically significant dif-
ferences between treatment groups.

5. Results and discussion
5.1. Hydrogel membranes characterization

FE-SEM analysis examined the surface morphology of the kC-AC and
kC-V hydrogels after drying for 24 h at 60 °C, during which it experi-
enced shrinkage. Fig. S2 (Supplementary Materials) shows the surface of
the pure kC hydrogel, which exhibits a relatively smooth texture with
irregular folds and indications of brittle fractures. The SEM image in
Fig. 2a illustrates the presence of diminutive nanostructures composed
of vanillin in the uppermost layer of the hydrogel surface and configu-
rations like canals and valleys to facilitate the entrapment of contami-
nants. This structural arrangement resembles a thin-film composite
membrane characterized by ridge and valley-like topography (Hamid
etal., 2021). Fig. 2c describes the surface of kC-0.3%AC hydrogel, which
has diverse properties, including roughness and porosity. AC becomes
an integral part of the kC matrix, featuring irregularly shaped particles
with porous structures, while kC particles exhibit organized, helical
structures. Notably, SEM images unveil the existence of pores or voids
within the composite, impacting its adsorption capacity, particularly
when AC assumes the role of the adsorbent. Fig. 2b and d shows the
alteration of kC-AC and kC-V hydrogel surface morphology after PFOA
filtration, including swelling, pore size, and surface roughness. It pro-
vides evidence of PFOA adsorption on the hydrogel’s surface, man-
ifested by potential pore blockage.

Table 1

PFOA-contaminated water analysis and composition.
Parameter Measurement tool Value
pH LAQUA-pH meter (Horriba, Japan) 9.53

1.871 + 2 ms/cm
1774 £ 5 mg/L

Conductivity
Total dissolved Solids

LAQUA meter (Horriba, Japan)
LAQUA meter (Horriba, Japan)

Turbidity Turbidity meter (Horriba, Japan) >100 + 2 NTU
PFOA LC-MS 179.2 + 3 mg/L
Na ICP-MS (Agilent, United States) 25 + 5 mg/L

K ICP-MS (Agilent, United States) 18 +£ 5 mg/L

Si ICP-MS (Agilent, United States) 10 + 5 mg/L

Cl ICP-MS (Agilent, United States) 33 + 5mg/L
Al ICP-MS (Agilent, United States) 104 + 5 mg/L
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The Fourier-transform infrared spectroscopy (FT-IR) analysis of the
kC-(1-3)%V hydrogel confirmed the presence of discernible peaks
(Fig. 2e). The heightened peaks indicated the interaction between
vanillin and kC, particularly increased hydroxyl groups’ intensity at
3200-3600 cm'. This analysis aligns with the theory of hydrogen
bonding, suggesting that vanillin contributes to the hydroxyl groups.
Furthermore, vanillin acted as a pore-forming agent, enhancing hydro-
gel hydrophilicity and biocidal properties. Studies showed increased
membrane porosity due to vanillin concentration, attributed to the polar
functional groups like alcohols and aldehydes, resulting in a negatively
charged membrane surface (Zhang et al., 2022). Compared to kC
spectra, new peaks were observed in kC-1%V, while kC-2%V and kC-3%
V exhibited similar profiles. A broad peak at 3765 cm™!, representing
hydroxyl (OH) groups, was slightly increased in the presence of vanillin.

FT-IR analysis of the kC-(0.1-0.3)%AC hydrogel offers valuable
molecular insights. The kC exhibits - OH groups as a broad absorption
band 3000-3500 cm™! signifying O-H stretching vibrations. The spec-
trum reveals strong absorption of 1240-1260 cm™' corresponding to
sulphate ester bonds (0—=S—0) in kC, referring to potential interactions
with AC. In the 1600-1800 cm-! range, absorption bands arise from
carbonyl (C=O0) stretching vibrations originating from various kC and
AC surface functional groups (e.g., COOH, OH, C=0). AC introduces
distinctive peaks, representing its surface functional groups, notably
COOH, OH, and C=0 (Fig. 2f). Tracking any shifts or changes in ab-
sorption bands during FT-IR analysis can reveal chemical interactions
between kC and AC, including hydrogen bonding or chemical adsorp-
tion. Zhou’s study highlighted the complexity of AC adsorption, driven
by diverse forces. The AC surface primarily features oxygen-containing
functional groups such as carbonyl, carboxyl, lactone, and phenolic
hydroxyl, influencing its adsorption capabilities (Zhou et al., 2021).

5.2. Contact angle and rheology

The hydrogel’s surface hydrophobicity was determined by
measuring the water contact angle (Fig. 3a and b). According to Bhushan
etal. (2011), a contact angle between 0° and 90° indicates a hydrophilic
surface, while angles exceeding 90° indicate hydrophobicity. Surface
wettability is influenced by chemical composition and morphology, with
roughness affecting contact angles through models like the Wenzel or
Cassie-Baxter models (Bhushan and Yong Chae, 2011). kC’s chemical
structure imparts hygroscopic properties, making hydrogel surfaces
wets hydrophilic with a measured contact angle of 72°. AC has both
hydrophobic and hydrophilic sites on its surface. While it naturally leans
towards hydrophobicity, filtration processes demand hydrophilic char-
acteristics for enhanced performance, achievable through various
treatments (Kostov et al., 2014). Incorporating 0.1-0.3% of AC into a kC
solution decreased the contact angle to 53.8° + 3 for 0.1%AC, followed
by a slight increase to 55.5° + 3 for 0.2%AC and 57.4° + 3 for 0.3%AC.
Adding 1%-3% vanillin to kC hydrogels substantially reduced the water
contact angle (Fig. 3a and b), mainly due to vanillin’s high hydrophi-
licity. The results align with previous studies that showed reduced
contact angles when vanillin was added to Polysulfone (PSf) membranes
(Yadav et al., 2022). The most significant decrease in hydrophobicity
was observed in the kC-1%V hydrogel, resulting in a water contact angle
of 58° + 3. Increasing vanillin concentrations in the hydrogel led to a
slight decrease in contact angles for the kC-2%V and kC-3%V hydrogels,
reaching 55° + 3 and 53° + 3, respectively. During phase inversion,
vanillin’s hydrophilic nature migrated to the surface, enhancing mem-
brane hydrophilicity (Arthanareeswaran et al., 2009).

Essential to understanding the rheological properties of the kC
response to shear forces and deformation when combined with vanillin
or AC, examining changes in its viscosity that measures resistance to
flow and shear stress that characterizes the internal stress when sub-
jected to mechanical forces. Adding vanillin to the kC hydrogel
increased viscosity and was further amplified upon adding AC (Fig. 3c
and d). The viscosity for all hydrogel decreased with increased shear
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Fig. 2. SEM and FT-IR analysis of the hydrogel, a) SEM of the kC-3% V hydrogel before filtration at 20 pm at the first focus point, b) SEM of the kC-3% V hydrogel
after filtration at 20 pm at the first focus point, ¢) SEM of the 3%kC-0.3%AC hydrogel before filtration at 20 pm at the first focus point, d) SEM of the 3%kC-0.3%AC
hydrogel after filtration at 20 pm at the first focus point, e) FT-IR of kC-(1-3)%V before filtration, f) FT-IR of kC-(0.1-0.3)%AC before filtration.

stress; for the middle point in the graph, the viscosity values of kC, kC-
3%V, and kC-0.3%AC were 61116 mPa s, 187430 mPa s, and 420610
mPa s, respectively. The corresponding shear stress for the 3%kC, kC-3%
V, and kC-0.3%AC hydrogels was 136.4 Pa, 419.63 Pa, and 941.46 Pa,
respectively, closely related to water contact angle changes. Notably, the
viscosity properties exhibited marked distinctions compared to the
hydrogel without vanillin or AC serving as controls.

5.3. Porosity and pore size

Fig. 3e and f depict vanillin and AC influence on the porosity of kC
membranes. The introduction of 1%-3% vanillin into the kC hydrogel
enhanced the membrane porosity from 62.8% =+ 5-75.8% + 5, 77.5% +
5,and 79.1% =+ 5. Similarly, the incorporation of 0.1%-0.3% AC into the
kC hydrogel increased the porosity from 62.8% + 5-85.4% + 5, 87.6%
+ 5, and 89.7% =+ 5, respectively. Hydrophilic additives help expedite
solvent-nonsolvent exchange in hydrogels and facilitate the formation of
highly porous membrane structures.

Furthermore, the increase in porosity is accompanied by a gradual
transition in void morphology within the membranes, shifting from
microcavities to valley-like voids characterized by a more constrained
size distribution. According to Equation (2) and Fig. 3e and f, the pore
radius for kC was 3.2 nm =+ 1, kC-(1-3)%V was 2.63 nm & 1, 2.59 nm =+
1, 2.57 nm + 1, and kC-(0.1-0.3)%AC was 1.95 nm + 1, 1.86 nm + 1,

1.68 nm + 1, respectively. Membranes featuring a confluence of smaller,
uniformly dispersed pores tend to exhibit elevated porosity due to the
abundance of void space within the matrix. Conversely, membranes
characterized by larger or irregularly distributed pores often yield lower
porosity. This matches the results obtained for both hydrogels com-
posite. Surface area is a crucial parameter that characterizes the surface
properties of an adsorbent. The Brunauer-Emmett-Teller (BET) method
is widely employed for quantifying the surface area of an adsorbent,
utilizing nitrogen gas as an adsorbate interacting with the material’s
surface. The specific surface area of kC is 10.872 m?/g, 33.15 m?/g for
kC-3%V, and 95.61 rnz/g for kC-0.3%AC (Table 2). In addition, the total
pore volume of the kC hydrogel is 0.015 cc/g compared to 0.047 cc/g
and 0.099 cc/g for the kC-3%V and kC-0.3%AC.

5.4. Water uptake and swelling degree

Water uptake for the kC hydrogel composite represents its ability to
absorb and retain water, a critical attribute determined by factors such
as hydrogel concentration, formulation, and environmental conditions.
The kC-AC and kC-V composite hydrogels of equal thickness of 2 cm
were tested for the water uptake capacity. The hydrogel contracted
during drying, folding at the edges and transforming into a compact,
plastic-like structure (Fig. 4a and b). The impact of different concen-
trations on swelling degree is reported in Fig. 4c and d; water uptake
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Table 2

Adsorption and Desorption summaries of BET analysis.

BET analysis 3%kC 3%kC-3%  3%kC-0.3%
A AC
Adsorption summary Surface area 10.872 33.15 95.61 m?/g
BJH m?/g m?/g
Pore Volume  0.015 cc/g 0.047 cc/ 0.099 cc/g
8
Pore 3.231 nm 3.228 nm 5.83 nm
Diameter
Desorption summary Surface area 5776 m%*/g  23.7m%g  60.80 m%/g
BJH Pore Volume  0.009 cc/g 0.036 cc/ 0.0504 cc/g
g
Pore 3.309 nm 3.318 nm 3.492 nm
Diameter

increases with the increasing vanillin and AC concentrations. The kC-
(1-3)%V hydrogel exhibited 966.22% + 2, 1038.8% =+ 2, and 1045.5%
+ 2, water uptake, respectively. The corresponding kC-(0.1-0.3)%AC
results were 892.31% + 2, 902.2% =+ 2, and 918.4% =+ 2, respectively.
The kC-3%V and kC-0.3%AC displayed an exceptional water uptake
capacity, absorbing 1045.5% =+ 2 and 918.4% =+ 2 of water, significantly
outperforming most hydrogels. This increase in water uptake implies an
enhanced proton diffusion rate facilitated by hydrogen bonding with
water molecules and increased hydroxyl ion flux, causing distinct water-
absorbing capabilities for different formulations of the kC hydrogel.
Hydroxyl groups in the hydrogel enhance its hydrophilicity, increasing
water uptake as the nanoparticle percentage rises. Vanillin and AC,
forming hydrogen bonds with kC, boost water uptake in the composite
hydrogel. Higher vanillin and AC concentrations significantly amplify
water uptake. The relationship between water uptake and sulphate
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group content varies, as sulphate content affects moisture absorption
differently. The sulphate content, molecular weight, crosslinking per-
centage, and microstructure void volume influence moisture content in
polysaccharide hydrogels. The hydrogel’s structure and chemical
composition are vital in water uptake properties (Balasubramanian
et al., 2018).

The swelling degree measures how much a hydrogel expands when
exposed to a solvent, typically expressed as the ratio of the swollen
volume to its initial dry volume. Factors like polymer network structure,
ionic groups, and solubility influence this degree. In loosely crosslinked
domains, polymer chains deform more upon swelling than densely
crosslinked domains. The kC-based hydrogels consist of polymer chains
with charged sulphate groups that repel each other due to their negative
charge. The electrostatic repulsion increases the distance between
chains, making the network more permeable to large molecules and
allowing more water to enter, resulting in a higher swelling degree. The
maximum swelling degree was observed to rise with longer sub-chain
lengths, representing the length of chains between crosslinks. The
introduction of PFOA into a hydrogel may also impact its swelling de-
gree. PFOA’s hydrophobic properties can diminish the hydrogel’s
attraction to water, potentially reducing swelling. However, it’s essen-
tial to consider that the concentration of PFOA and the specific polymer
chemistry of the hydrogel will determine the extent of this effect.
Swelling studies have shown that hydrogel composites achieve equi-
librium swelling after being immersed overnight in different PFOA
concentrations (0.5, 1, 1.5) mg/L. Fig. 4c and d illustrate the extent of
swelling in kC-AC and kC-V hydrogel composites. Among the kC-AC

formulations, the kC-0.3% AC hydrogel demonstrated the highest
swelling degree of 11.8 + 1 g/g when exposed to 1 mg/L of PFOA. This
result was statistically significant when compared to other kC-AC
formulations.

Additionally, hydrogels exposed to PFOA concentrations of 0.5 and
1.5 mg/L exhibited 11.1 + 1 g/g and 11.8 £ 1 g/g swelling, respec-
tively, with minimal variations in sol fraction over time. The swelling of
the kC-V hydrogels was assessed by immersing them in a PFOA solution
for 24 h (Fig. 5d). The kC-3%V hydrogel displayed favourable swelling
behaviour of 11.5 + 1 g/g, outperforming the kC-2%V and the swelling
of the kC-1%V hydrogel of 11.2 + 1 g/g and 10.7 + 1 g/g, respectively.
This behavior is attributed to hydrophilic functional groups, including
—OH, -CONH,, -CONH’, and -S0° (Hamidi et al., 2008).

5.5. kC-AC and kC-V performance

Several factors, including hydrogel thickness, feed concentration, pH
of the feed solution, solute volume, viscosity, and ionic interactions,
influence the water flux of the hydrogel. In the filtration experiments,
the hydrogel membrane was tested with PFOA-contaminated waste-
water from soil remediation. A support layer made of fabric material
with a pore size of 30 pm was selected for the kC-V and kC-AC hydrogel
membrane filter. The hydrogel was manually applied to the fabric layer
within a specialized filtration column designed for water treatment. This
support layer serves as a structural foundation for the hydrogel during
filtration.
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5.5.1. Effect of hydrogel thickness

A feed solution containing 1 mg/L of PFOA was employed to evaluate
water flux at 0.5 cm, 1 cm, 1.5 cm, and 2 cm hydrogel thicknesses. The
height of the filtration column was 30 cm (0.029 bar. The hydrogel
comprises a 3% kC, blended with 1%-3 % vanillin or 0.1%-0.3% AC.
Hydrogel thicknesses were examined to determine the optimal water
flux and rejection performance. There is a trade-off between the
hydrogel water flux and rejection as the membrane thickness increases
from 0.5 cm to 2 cm (Fig. 5a and b). In general, the results demonstrate
that a substantial enhancement in the water flux can be achieved by
increasing the vanillin and AC content within the kC hydrogel. For
example, the water flux in the kC-0.3%AC decreased from 32.4 LMH in
0.5 cm hydrogel thickness to 25.6 LMH in 2 cm kC-0.3%AC thickness
(Fig. 5a). On the contrary, water flux increased with increased AC and
vanillin concentration in the kC hydrogel. The water flux was 23.4 LMH
in the kC-0.1%AC, 24.1 LMH in the 0.2%AC, and 25.6 LMH in the kC-
0.3%AC (Fig. 5a). The corresponding water flux for kC-V hydrogel was
20.9 LMH for kC-1%V, 21 LMH for kC-2%V, and 21.5 LMH for kC-3%V.

Increasing the water flux with the AC and vanillin concentration in
the hydrogel is attributed to increased surface hydrophilicity, pore
density, porosity, and macro voids, alongside the formation of vertically
interconnected finger-like pores (Zhu et al., 2021). Due to enhanced
membrane hydrophilicity, the water flux in the kC-3%V and kC-0.3%AC
membranes achieved 25.6 LMH +2 and 21.5 LMH +2, respectively.
These outcomes align with the increase in porosity and pore size radius
for hydrogels composite, which were 89.7% and 1.68 nm in kC-0.3%AC,
79.1% and 2.57 nm in kC-3%V, 1.68 nm. The water flux enhancement is
facilitated by vanillin and AC additives that accelerate solvent exchange
during membrane preparation, increasing porosity and larger cavities.
Also, the structural changes in the membrane’s cross-morphology, from
delicate finger-shaped pores in the kC membrane to broader
valley-shaped pores with macro voids in kC-AC and kC-V membranes,
facilitate smoother water molecule passage, further increasing water
flux, and Fig. 2a and c confirm that. Although water flux increased the
AC and vanillin concentration in the hydrogel, PFOA adsorption reduced
water flux due to pore narrowing, exacerbated by higher AC or vanillin
particle concentrations, resulting in a rougher membrane texture. Be-
sides, adding vanillin plays a pivotal role in the generation of pores and
the augmentation of permeation rate (R et al., 2017). Adding vanillin
imparts a negative charge to the hydrogel surface, increasing the hy-
drophilicity of hydrogel (Yadav et al., 2022). The interaction between
kC and vanillin further enhances membrane permeability and fortifies
its resistance to fouling (Alam et al., 2017; Yadav et al., 2022). When
combined with kC, AC provides a robust framework for the entrapment
of impurities due to its vast surface area and high porosity. The porous
architecture of kC and AC improves the hydrogel’s permeability,
allowing water to pass while retaining contaminants (Mahdavinia et al.,
2015).

The results demonstrate that a substantial enhancement in rejection
was achieved by increasing the hydrogel thickness or the concentration
of AC and vanillin due to the increased hydrogel adsorption capacity
(Supplementary Materials S3.1). For example, the rejection in the kC-
0.3%AC increased from 70% in 0.5 cm hydrogel thickness to 82% in 2
cm kC-0.3%AC thickness (Fig. 5¢). On the contrary, rejection increased
with increased AC and vanillin concentration in the kC hydrogel. The
rejection was 78% in the kC-0.1%AC, 81% in the 0.2%AC, and 82% in
the kC-0.3%AC (Fig. 5¢). The corresponding rejection for kC-V hydrogel
was 72% for kC-1%V, 75% for kC-2%V, and 80% for kC-3%V (Fig. 5d).
The results showed that 2 cm hydrogels demonstrated superior PFOA
rejection compared to thinner hydrogels, i.e., 0.5 cm, 1 cm, and 1.5 cm.
A 2 cm thickness is optimal for achieving high water flux and rejection,
as Fig. 5a,b,5¢, and 5d illustrate. Although the contact angles of kC-AC
and kC-V hydrogels were very close (Fig. 3a and b), the kC-AC exhibited
greater water flux than kC-V due to the higher porosity (Fig. 3e and f).
Also, kC-AC hydrogels exhibited more PFOA rejection than kC-V
hydrogels because of i) the smaller average pore size of kC-AC
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hydrogels (Fig. 3e and f) and ii) the higher adsorption capacity of kC-AC
hydrogel compared to kC-V (Fig. 6a and b). Therefore, kC-AC hydrogel
exhibited better water flux and rejection rates than kC-V.

5.5.2. Effect of feed pH

A feed solution containing 0.5 mg/L, 1 mg/L, and 1.5 mg/L of PFOA
was used in the 3%kC-0.3%AC and 3%kC-3 %V hydrogels to evaluate
water flux and PFOA rejection at different feed pHs. Changing the feed
pH can affect the electrostatic interactions between the membrane and
PFOA compounds (Ouyang et al., 2019; Zhao et al., 2011). The pH was
adjusted to pH 4, 7, and 10 to assess the hydrogel’s performance using
0.1 M NaOH and 0.1 M HCL The alkalinity of the feed solution can
significantly impact the performance of the filtration process due to the
change in surface charge, pore size, water flux, and rejection rates. For 2
cm hydrogel thickness, results show an increase in water flux with a pH
increase and an increase in rejection with a pH decrease. The 2 cm
hydrogel thickness results show increased water flux at alkaline pH and
PFOA rejection at acidic pH (Fig. Se, f, 5g, and 5h).

In general, the results demonstrate that a substantial enhancement in
the water flux can be achieved at feed pH 10 and PFOA concentration
0.5 mg/L. For example, the water flux in the kC-0.3%AC increased from
27.8 LMH at feed pH 4 to 30.4 LMH at feed pH 10 (Fig. 5e). On the
contrary, water flux decreased with increased PFOA concentration in the
feed solution. The water flux at feed pH 10 was 30.4 LMH at 0.5 mg/L,
29.9 LMH at 1 mg/L, and 30.1 LMH at 1.5 mg/L PFOA (Fig. 5e). The
corresponding water flux for kC-3%V hydrogel was 29.5 LMH at 0.5 mg/
L, 28.7 LMH at 1 mg/L, and 27.4 LMH at 1.5 mg/L PFOA (Fig. 5f).

For kC-0.3%AC and kC-3%V hydrogels, results show PFOA rejection
increased at pH 4 and decreased at pH 10 (Supplementary Materials
S3.2). For example, the rejection in kC-0.3%AC at pH 4 was 86.9%,
while it decreased to 78.3% at pH 10 for 1.5 mg/L PFOA concentration.
In contrast, the rejection in kC-3%V hydrogel was 85.7% at pH 4 and
decreased to 79.5% at pH 10. The results also exhibit a substantial
rejection enhancement was achievable at increased PFOA concentra-
tion. For example, the kC-0.3%AC rejection of PFOA increased from
81% at 0.5 mg/L feed solution to 86.9% at 1.5 mg/L. Similarly, in the
kC-3%V hydrogel, the rejection increased with increasing PFOA con-
centration. For example, the PFOA rejection was 78.4%, 86.5%, and
85.7% in 0.5 mg/L, 1 mg/L, and 1.5 mg/L, respectively (Fig. 5g and h).

The surface charge of a membrane, determined by functional groups
and pKa, significantly influences PFOA separation efficiency based on
the feed pH. Moreover, pH alterations impact membrane pore size,
affecting PFOA removal. A positively charged surface enhances rejection
through electrostatic attraction. Acidic feed pH also reduces the repul-
sion forces, causing pore shrinkage and improved rejection, while higher
pH increases hydrogel porosity, resulting in a lower PFOA rejection. The
pH-dependent behaviour of hydrogel ionizable groups influences the
solvent flow and PFOA interactions, leading to varying rejection rates.
Thus, pH is a crucial parameter in membrane and hydrogel filtration for
effective PFAS removal (Jin et al., 2021; Pensini et al., 2019; Yang et al.,
2017; Zeng et al., 2017a, 2017b).

5.5.3. Effect of feed concentration

To investigate the effects of the PFOA feed concentration on the
water flux and rejection by KC-0.3%AC and kC-3%V hydrogels, 0.5, 1,
and 1.5 mg/L PFOA concentrations were tested (Fig. 5i and j). For the
kC-0.3%AC at 2 cm thickness and pH 7, The water flux slightly
decreased with increasing the PFOA concentration, and it was 29.5 LMH
+0.5 at 0.5 mg/L, 28.4 LMH +0.5 at 1 mg/L, and 28.4 LMH +0.5 at 1.5
mg/L. On the contrary, PFOA rejection increased with an increase in the
PFOA concentration, and it was 60.4 % + 1 at 0.5 mg/L, 65.7 % + 1 at 1
mg/L, and 67.3 % + 1 at 1.5 mg/L. For KC-3%V at 2 cm and pH 7, the
water was 27.8 LMH +0.25 at 0.5 mg/L, 26.7 LMH +0.25 at 1 mg/L,
and 26.5 LMH +0.25 at 1.5 mg/L. The corresponding PFOA rejection
was 67.6% =+ 0.25 at 0.5 mg/L, 69.4 % =+ 0.25 at 1 mg/L, and 71.4 % +
0.25 at 1.5 mg/L. Also, higher PFOA feed concentration decreases water
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Fig. 6. a) Water flux rate and rejection of kC-0.3%AC and kC-3%V hydrogel for PFOA wastewater, b) Water flux and rejection in multiple cycles for PFOA feed
solution in kC-0.3%AC, c) Rejection of elements and parameters from the PFOA-contaminated water kC-0.3%AC, and d) colour and turbidity rejection. The error bar

= 1 standard deviation.

flux since it occupies available pore spaces, restricting the passage of
water. Increased solute concentration reduces the effective hydrogel
porosity. However, the reduction in porosity reduces permeability, i.e.,
water flows more slowly through the hydrogel, increasing the likelihood
of interactions between the solutes and the hydrogel. These interactions
can result in more significant adsorption or trapping of solutes within
the hydrogel structure, leading to better removal efficiency. Therefore,
the hydrogel’s rejection capability increases with increasing the PFOA
concentration. The results also agree with the literature (AlSawaftah
et al., 2021; Eke et al., 2020) that delved into the PFAS removal effi-
ciency in scenarios involving elevated 100 mg/L PFOA concentration.
The potential for micelle formation arises at such PFOA concentrations,
particularly as the concentration surpasses the critical micelle concen-
tration threshold.

5.6. PFOA-contaminated water treatment

A 2 cm hydrogel gravity filter of 30 cm height was employed to
remove 179.2 mg/L PFOA from electrokinetic soil-remediation waste-
water. The kC-0.3%AC hydrogel exhibited excellent performance with
25.6 LMH +1 water flux and 81.1% PFOA rejection (Fig. 6a). The cor-
responding water flux and rejection for kC-3%V hydrogel were 21.5
LMH=+1 and 79.3%, respectively. The water flux enhancement in the kC-
0.3%AC hydrogel is facilitated by AC, which accelerates solvent ex-
change during membrane preparation, increasing porosity and creating
larger cavities (Table 2). Also, the structural changes in the membrane’s
cross-morphology, from delicate finger-shaped pores in the kC mem-
brane to broader valley-shaped pores with macro voids in the kC-0.3%
AC filter, facilitate smoother water molecule passage. Compared to kC-
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3%V hydrogel, kC-0.3%AC hydrogel showed better PFOA rejection due
to its higher surface area (Table 2) and adsorption capacity (Supple-
mentary Materials S2 and S3).

The long-term performance, i.e., rejection and water flux, of the kC-
0.3%AC hydrogel was also investigated in three consecutive filtration
cycles. Each filtration cycle lasted 1 h. The hydrogel was cleaned with DI
water for 30 min at the end of each cycle before conducting the
following filtration cycle with fresh wastewater. The results show
decreased water flux and rejection of the kC-0.3%AC hydrogel in the
consecutive filtration cycles. For example, the water flux in the kC-0.3%
AC decreased slightly from 26.4 LMH in run 1 to 24.1 LMH in run 2 and
23 LMH in run 3. Besides, PFOA rejection decreased from 81.1% in run 1
to 75.1 in run 2 and 70.5% in run 3 (Fig. 6b). Understanding the equi-
librium dynamics is crucial for optimizing PFOA removal at varying
concentrations. Particle size or morphology changes can affect the
hydrogel’s ability to capture and retain contaminants, influencing its
performance in consecutive filtration cycles. The PFOA-loaded kC-AC
hydrogel consistently maintained its capacity for PFOA removal over
three complete cycles. However, the decline in PFOA removal was
noticeable in the second and third cycles. Adsorption tests confirm a
decrease in the hydrogel’s PFOA adsorption capacity in multiple filtra-
tion cycles. The decreased PFOA rejection may be attributed to the
progressively diminished binding strength between PFOA and the
hydrogel in the consecutive filtration cycles. The reduction in rejection
efficiency likely arises from the saturation of adsorbent sites with
adsorbate molecules after each cycle, resulting in fewer available sites
for the adsorbate over time and consequently influencing the PFOA
removal efficiency. The competition between PFOA and metal ions on
the adsorption sites is another reason for the reduced hydrogel rejection
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of PFOA in cycles 2 and 3 (Fig. 6b).

Furthermore, Fig. 6¢c and d shows that the kC-0.3%AC hydrogel
removed the colour, 92% turbidity, 59% TDS, and 58% EC. Eliminating
turbidity operates through the steric hindrance mechanism, wherein
particles are excluded due to their size exceeding the hydrogel pore size,
approximately 3.49 nm, as indicated in Table 2. In addition, the
hydrogel has removed metal ions, for example, 76% Na, 90% K, 75% Si,
83% Cl, and 99% Al. AC’s extensive surface area and porous structure
facilitate efficient organic and inorganic adsorption. The kC-0.3%AC,
incorporating ionizable groups from kC, selectively exchanges ions in
applications like removing elements. The kC’s diverse functional groups,
including hydroxyl and sulphate, enhance element removal through
electrostatic or chemical interactions. Concurrently, complexation con-
tributes to the holistic capture and removal of specific elements from the
solution, outlining the nuanced mechanisms underlying kC-AC hydro-
gel’s targeted element removal.

Previous studies on the applicability of various hydrogels for PFAS
wastewater treatment are listed in Table 3. V/AC-kC hydrogels have
competitive performance with other hydrogels, with 79%-81% removal
of PFOA from contaminated wastewater, knowing that the concentra-
tion of PFOA in this study was at least 1.8 times greater than those in
Table 3. Also, this study used mixed wastewater from soil remediation
containing metal ions such as silica, aluminium, and potassium in
moderate concentrations. Also, V/AC-kC hydrogels are easy to fabricate
at an affordable cost, about $ 1.5 per kilogram.

The kC-V and kC-AC hydrogels offer sustainable and environmen-
tally friendly water and wastewater treatment methods. The hydrogel is
made of natural and decomposable materials and does not require high
energy for operation. Besides being gravity-driven, the kC-0.3%AC and
kC-3%V hydrogel operate in a dead-end mode, leaving no wastewater/
or brine solution behind, which is a problem in reverse osmosis and
nanofiltration processes. Also, kC-0.3%AC performed better than kC-3%
V hydrogel for PFOA removal from synthetic and actual wastewater.

5.7. Reusability of kC-AC and kC-V hydrogel

The reusability of adsorbents is crucial for mitigating waste pro-
duction and reducing treatment costs. This study investigated the
reusability of the kC-0.3%AC and kC-3%V hydrogels regarding % PFOA
removal by repeating adsorption tests. Then, desorption experiments
were carried out to assess the reversibility of the process and quantify
the quantity of adsorbed PFOA in consecutive cycles. In the desorption
procedure, methanol was introduced into vials containing 20 g of kC-

Chemosphere 365 (2024) 143371

0.3%AC-kC-3%V under monitor conditions. Subsequently, these iso-
lated hydrogel specimens were suspended in methanol (MeOH), which
can desorb PFOA from the hydrogel matrix. This method can be
employed during regeneration processes, enabling the hydrogel’s
reutilization in successive cycles of PFOA adsorption.

In Fig. 7a and b, the percentage of PFOA removal in three cycles with
kC-0.3%AC hydrogel was 82.8 + 2 %,79.6 + 2 %, and 77.9 + 2 %, while
in the kC-3%V was 81.5 % + 2, 77.7% + 2, and 74.8 % + 2. The
desorption concentration for the three cycles with kC-0.3%AC hydrogel
was 77.8 £ 1 %, 70.9 + 1%, and 67.7 + 1 %. The corresponding PFOA
desorption values for kC-3%V were 77.2 % + 4,67.1 % =+ 4, and 60.5 %
+ 4.

Throughout the experimental procedure, it became evident that the
PFOA-loaded kC-0.3%AC and kC-3%V hydrogels relatively maintained
their capacity for PFOA removal over three complete adsorption-
desorption cycles. A noticeable decline in removal efficiency was
observed beyond the third cycle, attributed to the progressively dimin-
ished binding strength between PFOA and the hydrogel with each suc-
cessive cycle. The reduction in adsorption efficiency likely arises from
the saturation of adsorbent sites with adsorbate molecules after each
cycle, resulting in fewer available sites for the adsorbate in subsequent
cycles and, consequently, influencing the overall efficiency of the
removal process. The capacity for successive adsorption-desorption cy-
cles using the same adsorbent quantity, coupled with its effectiveness in
removing PFOA from water, underscores the exceptional efficiency of
the kC-AC- kC-V hydrogel as an adsorbent, suggesting a promising and
potentially innovative and cost-effective approach for wastewater
treatment.

5.8. Characterization of kC-AC and kC-V hydrogel after PFOA adsorption

SEM imaging enables a detailed assessment of kC-AC and kC-V
hydrogel surface morphology after PFOA adsorption Fig. 7e and f. It
has been observed that upon exposure to PFOA, the hydrogel’s surface
undergoes discernible changes manifested by surface roughening, for-
mation of irregularities, or variations in surface topography. The nature
and extent of these changes depend on factors such as PFOA concen-
tration, exposure time, and the specific characteristics of the hydrogel
material. Investigations indicated that PFOA can exhibit different dis-
tribution patterns, ranging from uniform coverage to localized clus-
tering. The hydrogel’s affinity for PFOA and the prevailing solution
conditions may also influence the nature of the distribution. PFOA may
preferentially adsorb in specific regions, forming aggregates or islands.

Table 3
Comparative analysis of PFAS removal efficiency by various hydrogel.
Type of Hydrogel PFAS Type and Type of Wastewater Removal (%) Reference
Concentration
CTAB-functionalized alginate PFOA/50 mg/L River water matrix 94.8 + 2.1% Naim Shaikh and
hydrogel Nawaz (2024)
Quaternized nanocellulose (QNC) PFBA, PFBS, PFOA, & Contaminated >95% for C7-C9 PFAS, 0% for PFBA, 10% for PFPeA Li et al. (2023)
PFOS (N/A) groundwater
PEI-modified bio-adsorbents PFOA/- Synthetic water Up to 279.3 mg/g adsorption capacity Qin et al. (2023)
(PEI-BA, PEI-LF, PEI-PP) matrix
Chitosan/F—COF PFOS & PFOA/- Lake water, sewage Over 88.4% for three PFASs, maximum adsorption capacities: He et al. (2022)
PFOS (8307.1 mg/g), PFOA (6177.1 mg/g), GenX (4603.3 mg/g)
Chitosan-based hydrogel (CEGH)  PFOA/- Synthetic water Maximum adsorption capacity: 1275.9 mg/g Long et al. (2019)
matrix
CNC/PTMAEMA nanocomposite PFOA/(1, 10, and 100 Synthetic water 61 %, 67 %, and 76 % respectively. Gomri et al. (2023)
film mg/L) matrix
COF@CS composite gel PFOA/- Synthetic water Maximum adsorption capacity: 2.8 mmol/g Zhang et al. (2024)
matrix
Acrylamide-based hydrogel PFOS & PFOA (N/A) Synthetic water 98% for PFOS, 96% for PFOA Klaus et al. (2023)
composites with PAC matrix
kappa carrageenan -Activated PFOA/(179.2 mg/L) Soil-remediation 81.1% This study
carbon wastewater
kappa carrageenan -vanillin PFOA/(179.2 mg/L) Soil-remediation 79.3% This study
wastewater
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Fig. 7. a) adsorption and desorption of 1.5 mg/L PFOA in three consecutive cycles of 3%kC-0.3%AC, b) adsorption and desorption of PFOA in three consecutive
cycles of 3%Kc-1%V, c) FT-IR of the different concentration AC (0.1,0.2,0.3)% with 3%KkC after filtration, d) FT-IR of the different concentration V (1,2,3)% with 3%
kC after filtration, e) SEM of the 3%kC-0.3%AC hydrogel after filtration at 20 pm at the first focus point, f) SEM of the 3%kC-3%V hydrogel after filtration at 20 pm at

the first focus point. The error bar = 1 standard deviation.

These clusters’ degree of aggregation and size can offer insights into the
adsorption mechanism.

FTIR is a powerful tool for studying hydrogel and PFOA interactions.
It detects shifts in absorption bands and signaling interactions between
functional groups in the hydrogel and PFOA. New bands indicate the
formation of chemical bonds. FTIR also confirms PFOA adsorption and
offers insights into the adsorption mechanism, distinguishing between
physical and chemical interactions. The FTIR spectra in Fig. 7c and
d reveal discernible bands associated with different concentrations of
PFOA (0.5, 1, and 1.5) mg/L, indicating its adsorption by the kC-0.3%AC
and kC-3%V hydrogel. Notably, a peak at 1640 cm ™! in all kC-0.3%AC
and kC-3%V hydrogel spectra post-adsorption indicates the
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deprotonated carboxylate group (COO™) (Chen et al., 2017). Impor-
tantly, there is an escalation in the intensity of the 1640 cm ! peak,
mirroring the increase in the COO- concentration in the solution. This
relationship underscores the role of attractions between the PFOA anion
and the positively charged conjugate acid active sites on the kC-0.3%AC
and kC-3%V surface as the principal driving force behind adsorption.
Additionally, the FTIR spectra in the 1000-1250 cm ™! capture the
typical C-F bonds associated with PFOA. Various peaks at specific
wavenumbers represent distinct features of the PFOA molecule,
including the C-C bond at 1032 cm ™}, symmetric CF, stretches at 1227
cem ], asymmetric stretching of CF5 and CF3 at 1200-1240 cm-1, and
another asymmetric CFy stretch (Gao and Chorover, 2012). As the pH
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during adsorption increases, a noticeable reduction in the intensity of
the C-F peaks on kC-0.3%AC and kC-3%YV is observed. This effect can be
attributed to decreased positively charged conjugate acid active sites on
the kC-0.3%AC and kC-3%V surfaces, increasing repulsion between the
negatively charged conjugate base active sites on kC-0.3%AC and kC-3%
V and the PFOA anion.

EDS and EDX mapping analyses were conducted to characterize the
nanoparticles and understand their distribution within the hydrogel
cross-section. Figs. S5g, S5h, S5i, S5j, and Table S3 illustrate the EDS
analysis of the section of the kC-0.3%AC and kC-3%V hydrogel after
PFOA filtration. The results revealed the presence of carbon and oxygen
in all membrane structures, indicating the composition of kC with either
AC or vanillin (Figs. S5g, S5h, S5i, and S5j). Additionally, the detection
of gold elements can be attributed to the surface deposition of gold
during SEM imaging. Carbon, oxygen, sulphate, and a small amount of
fluorine (0.03 wt%) were identified in the kC-0.3%AC and kC-3%V
membrane structures. The EDS spectrum exhibited the highest in-
tensities for fluorine and chloride ions, along with the presence of so-
dium, calcium, and sulfur as the primary constituents of the hydrogel
after filtration. This finding suggests a relatively uniform distribution of
elements within the membrane structure. After filtration, increased
fluorine was observed in the hydrogel, 5.12 wt% and 4.04 wt% in the
kC-0.3%AC and kC-3%V, respectively. Moreover, chloride was observed
in the hydrogel, with concentrations of 2.24 wt% in kC-0.3%AC and
1.73 wt% in kC-3%V.

6. Conclusion

The study revealed kC-based hydrogel’s exceptional efficiency in
adsorbing various PFOA and pollutants, making it a compelling alter-
native for water purification. Incorporating vanillin and AC into the kC
hydrogel significantly enhanced the kC-3%V membrane porosity, from
62.8% + 5-79.1% + 5 and up to 89.7% in the kC-0.3%AC. When
evaluating the hydrogel’s performance against PFOA, notable pH-
dependent variations in rejection were observed. The hydrogel rejec-
tion of PFOA is pH-dependent, with the kC-0.3%AC hydrogel achieving
an 86.9% rejection at pH 4, while the kC-3%V showed 85.7% rejection.
Experiments also exhibited a decline in the water flux at higher PFOA
concentrations and pH levels for both kC-0.3%AC and kC-3%V hydro-
gels. The study revealed that PFOA rejection increased with concen-
tration, indicating that elevated PFOA levels restrict water passage by
occupying pore spaces. When it was tested for soil remediation waste-
water treatment, the kC-0.3%AC hydrogel removed 81.1% PFOA at 25.6
LMH water flux, while the kC-3%V hydrogel removed 79.3% PFOA at a
water flux of 21.5 LMH. However, due to pore blocking, consecutive
filtration cycles revealed a slight decline in the hydrogel’s performance.
More characterization results, such as pH at zero-point charge (pHpzc),
X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS),
should preferably be included in future work to understand the mech-
anisms of PFOA removal better.
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