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ARTICLE INFO ABSTRACT
Keywords: Sustainable water management is crucial for reducing environmental impact, improving public health, and
Membrane contributing to the United Nations’ Sustainable Development Goals (SDGs). This study introduces a novel
Hydrogel hydrogel composite membrane for wastewater treatment and desalination. The membrane was fabricated by
Lithium 1 . . . .
Heavy metals recover cross-linking kappa-carrageenan (kC) with nano-zerovalent iron (nZVI) using polyethyleneimine (PEI) to produce
Filtr‘;}t’ion y a porous structure hydrogel membrane of high water flux and contaminant rejection via adsorption and

reduction processes, leveraging the properties of kappa carrageenan and nZVI. Experiments showed an increased
water flux and rejection rate for the hydrogel membrane by increasing the pressure from 10 psi to 30 psi. In
initial tests with 2 g/L of NaCl or MgSOy, the membrane exhibited 98 % rejection of divalent Mg? * ions and 90 %
rejection of Na™ ions at 30 psi and 17.98 L/M2H water flux. The hydrogel’s contaminant separation mechanisms
involve a combination of size exclusion, electrostatic repulsion, and hydrophilic-hydrophobic polarity rejection.
Leachate wastewater treatment by the membrane achieved 11 L/m?h water flux at 30 psi and an outstanding
rejection rate of more than 98 % for divalent ions, such as Li*, Pb%", Cd**, Co?*, and Cu?*, and 61 % rejection of
organic matter of 165.68 mg/L initial concentration. Due to membrane fouling, the water flux decreased in the
second and third filtration cycles, while membrane rejection remained unchanged. The dead-end filtration mode
facilitated metal ions recovery at the end of the experiments, recording 68.32 % and 66.31 % recovery for lead
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and lithium ions. This novel hydrogel provides a promising and sustainable solution for water purification and
valuable heavy metals recovery from solutions to support the circular economy.

1. Introduction

Water is essential for economic, social, and cultural development,
but it faces significant challenges due to increasing global demand from
urbanization and industrialization. Poor water management, inadequate
infrastructure, pollution, and climate change contribute to widespread
water scarcity [1-3]. Industrial activities, consuming about 22 % of the
world’s water, are a major source of water pollution. They release nearly
80 % of global wastewater untreated, contaminating water bodies and
posing severe risks to the environment, human health, and aquatic life
[3,4]. Among pollutants, heavy metals are especially concerning
because of their toxicity and ability to enter the food chain through plant
absorption and ingestion by fish [4,5]. Human activities, such as elec-
troplating and metal smelting, are the primary sources of heavy metal
pollution, necessitating effective wastewater treatment to reduce these
contaminants to safe levels before environmental release [5,6]. Water
scarcity has driven many communities to seek reliable access to clean
water, increasing the demand for advanced water treatment techniques
as water sources diminish. Seawater desalination and reuse of waste-
water reuse are key strategies to enhance water availability, given that
the majority of the global water resource is seawater [7]. Membrane
separation technology, widely adopted across industries like petroleum,
food, pharmaceuticals, and electronics, has become a prominent solu-
tion because of its benefits, such as minimal energy usage, scalability,
and fouling resistance [7-10]. Among membrane materials, polymeric
substances have received significant attention, with hydrogels gaining
recognition as a potential category of polymeric membranes for water
treatment [11,12].

Hydrogels consist of three-dimensional frameworks of hydrophilic
polymers capable of absorbing significant quantities of water and come
in various forms like injectable hydrogels, scaffolds, and hydrogel
membranes (HM) [11-13]. During swelling, they maintain structure
through physical or chemical cross-linking, with physical cross-linking
creating temporary bonds and chemical cross-linking forming perma-
nent ones [14]. Hydrogels are responsive to environmental changes,
which makes them useful in medicine, tissue engineering, and waste-
water treatment [11,13]. They offer benefits such as high water ab-
sorption, porosity, and ease of fabrication from natural or synthetic
polymers [11,13,15]. Natural hydrogels like alginate, chitosan, and
carrageenan are eco-friendly but may have mechanical strength issues,
while synthetic hydrogels like PAA and PVP are widely used [16].
Optimal hydrogel membranes for filtration and desalination must be
resistant to fouling, be selective, and be stable [17]. Carrageenan is a
hydrophilic sulfated galactan derived from red marine algae and known
for its water-absorbing properties. It is employed in bioadsorbent ma-
terials as a result of its ability to adsorb pollutants [18]. The
kappa-carrageenan (xC) has strong gel-forming abilities, making it
useful in various industries. However, humid conditions can limit its
mechanical strength, necessitating blending with other biopolymers or
the addition of nano-reinforcing fillers [19,20]. Yadav et al. [21] coated
commercial UA-60 NF membranes using a x-CGN-GO solution to
enhance salt rejection and antifouling characteristics. Optimal coating
conditions were determined, resulting in membranes with enhanced
selectivity and reduced fouling. The kC-GO coating showed a rejection of
95 % for MgSO4 and 23 % for NaCl. Soomro et al. [22] fabricated a
composite membrane for saline water purification through the func-
tionalization of GO surface with arginine amino acid. The membrane
achieved 98 % rejection of NaCl, 99.8 % for MgCly, and 100 % for
methylene blue and rhodamine B. In another work, Shaikh et al. [23]
prepared a GO membrane crosslinked by silk fibroin for water purifi-
cation. With a water permeance of 280 L/m?h.bar, the fibroin-GO

membrane rejected more than 99 % of dyes, including methylene blue
and brilliant blue G and about 10 % of Cu*. Ibrar et al. [24] developed a
biodegradable, gravity-driven k-Carrageenan-vanillin  hydrogel
designed for treating landfill leachate wastewater, tackling issues
related to membrane fouling, energy demands, and brine management.
This hydrogel, synthesized with an average pore size of 2.58 + 0.5 nm,
exhibited high water flux and effective rejection of contaminants,
including heavy metal ions and divalent ions. It achieved average
rejection rates of 42 + 5 % for sodium chloride, 78 &+ 5 % for copper, and
72 + 5 % for magnesium ions. This approach provides a cost-effective
and scalable solution for landfill leachate treatment without the need
for high pressures or external energy. nZVI is another nanoparticle used
for treating heavy metal-contaminated wastewater. It features a metallic
iron core, which offers reducing capabilities, and an iron oxide shell that
attracts and adsorbs ions. These roles enable nZVI to remove oxyanions,
e.g., As°T, cr*t, cu?t, zZn?*, cd?*, Pd®*, and Ni?*, with benign
byproducts that pose minimal environmental risks [25]. PEIL, a poly-
amine with multiple amine groups, has a strong chelation ability for
heavy metal ions. However, because of its high water solubility, PEI
requires cross-linking or integration into other matrices to function
effectively as an adsorbent. Efficient removal of heavy metal ions from
wastewater is enabled by hybridizing PEI with polymers, inorganic
matrices, or biopolymers [26,27]. PEI possesses numerous amine groups
that engage in electrostatic interactions with sulfate groups of xC,
creating a flexible and resilient hydrogel with enhanced mechanical
strength.

In this study, kappa Carrageenan (xC)- nano Zero Valent Iron (nZVI)-
Polyethyleneimine (PEI) hydrogel membranes were prepared for
wastewater treatment and water desalination. The fabricated mem-
branes were crosslinked with PEI to enhance stability and control
swelling. Incorporating nZVI will enhance membrane mechanical
strength and heavy metal removal. The research questions are: i) what is
the effect of nZVI incorporation in xC on the hydrogel membrane water
flux and rejection? And ii) will the rejection rate and water flux of the
hydrogel be affected in multiple filtration cycles? Experiments opti-
mized the concentration of nZVI within the kC matrix to balance be-
tween maximizing permeability and maintaining selectivity. The
hydrogel membrane stands out due to its synergistic combination of kC,
nZVI, and PEI to enhance its mechanical strength and capability for
heavy metal removal. The membrane maintained outstanding selectivity
even after multiple filtration cycles, offering long-term performance
under low pressure, making it an energy-efficient filtration option. Be-
sides, it enables the recovery of valuable and rare metal ions in the so-
lution and contributes to the circular economy. For the membrane
preparation, deionized water was utilized to synthesize the composite
hydrogels. Experimental work measured water contact angle, zeta po-
tential, swelling, shear stress, and viscosity of the fabricated membranes.
In addition to pure water flux, the membranes’ performance was
assessed by testing their rejection capabilities for 2 g/L solutions of so-
dium chloride (NaCl) and magnesium sulfate (MgSO.) under low pres-
sure. Real leachate wastewater was used to test the effectiveness of the
fabricated membranes for heavy metal rejection and potential recoveries
of valuable ions, such as Li*, Cr®*, Pb%*, cd?®*, Co?", Zn?*, Pb?*, and
Cu?* for reuse in a circular economy.

2. Materials and methods
2.1. Materials

All chemicals employed in this study were of analytical grade and
were utilized in their original form without any modification. kC
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(sulfated plant polysaccharide) and PEI, branched (average molecular
weight 25000 g/mol), were purchased from Sigma-Aldrich (Australia).
Nano zerovalent iron nanoparticles (nZVI) having a molecular weight of
55.85 g/mol were purchased from Nanolron Future Technology. The
wastewater examined was sourced from landfill leachate at the Hurst-
ville Golf Centre (Sydney). The landfill wastewater was kept in a
refrigerator to prevent changes in its composition. Table 1 summarizes
the characteristics of the landfill leachate wastewater utilized in this
investigation. Additionally, in specific experiments to evaluate rejection
rates, analytical grade sodium chloride (NaCl) and magnesium sulfate
(MgSO4) from Sigma-Aldrich were utilized. All metal salts were dis-
solved in deionized (DI) water for these experiments. A cellulose acetate
(CA) filter paper featuring a pore size of 0.45 ym was applied as the
supporting layer for the hydrogel filter (Thermo Fisher Scientific,
Sartorius Stedim Biotech GmbH, Germany). The selection of CA as a
support material is due to its good mechanical strength, chemical sta-
bility, and hydrophilicity, which allows good interaction with the
hydrogel. 0.45-micron pore size, the CA support layer will facilitate
water permeation and prevent hydrogel penetration. The hydrogel was
deposited onto the support layer in a filtration column intended for
water treatment applications.

2.2. Hydrogel membrane preparation and performance studies

The kC hydrogel is formed by dissolving 3 % wt/v of kC powder in
deionized water at 60°C, allowing it to mix using a magnetic stirrer for
three hours to achieve a uniform gel-like solution. Typically, xC dis-
solves within the range of 60-80°C. The 3 % concentration was selected
based on its proven efficacy in prior studies [24]. The nZVI dispersion
and uniform distribution throughout the hydrogel were optimized by
adjusting the mixing time to 1 hour at 40°C and 600 rpm. Subsequently,
the nZVI powder with varying concentrations of 0.5, 1, 1.5, and 2 %
wt/v was introduced to the kC solution and blended for one hour. In
another container, 1 % wt/v of PEI was prepared by dissolving it in DI
water and simultaneously stirring on a magnetic stirrer to achieve a
homogeneous mixture for a 15-minute. 1 mL of PEI was added to each
100 mL of the kC-nZVI solution and blended (Fig. 1). Due to its amine
(-NHz) groups, cationic PEI strongly interacts with the xC hydrogel
through electrostatic interaction, creating a dense network that reduces
the hydrogel swelling. Table 2 displays the composition of all prepared
membranes.

The as-prepared hydrogel was applied onto a cellulose acetate filter
paper featuring a pore size of 0.45 um to serve as a support layer for the
membrane. Experimental procedures were conducted utilizing an

Table 1
Wastewater characteristics.
Parameter Value
Appearance Light brown colour

Total Organic Carbon (TOC) 165.68 + 5 mg/L
pH 7.41

Total dissolved Solids 3200 + 100 mg/L
Conductivity 3.4 £+ 0.15 mS/cm
Turbidity 29 + 3NTU

Mg 29.02 + 3 mg/L
Ca 28.55 + 2 mg/L
cd 1.641 + 2 mg/L
Pb 1.71 +£ 3 mg/L

Al 1.785 + 1 mg/L
Cr 1.783 + 1 mg/L
Mn 1.843 &+ 2 mg/L
Li 2.074 £ 2 mg/L
Na 52.3 + 3 mg/L

K 46.5 £ 5 mg/L
Co 1.72 £ 3 mg/L

Ni 1.682 + 1 mg/L
Cu 1.764 + 1 mg/L
Zn 1.874 + 3 mg/L
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Osmosis Inline DIY Fill Tube measuring 26 cm in height and made of PC
material (Fig. 1) to enable visual monitoring, featuring a filtration area
of 0.00049 m?. In the filtration setup, the support layer and the mem-
brane were securely positioned at the base of the filtration column,
allowing 10-15 minutes for settling under a low pressure of 10 psi.
Subsequently, pure water was gradually introduced into the column for
filtration. Careful attention was paid throughout the filtration process to
prevent abrupt water flow from impacting the hydrogel, which could
distort it and compromise its effectiveness. The flux was measured at
different pressures of 10, 20, and 30 psi. The careful control of feed
pressure between 10 and 30 psi in the filtration tests ensured the
integrity of the hydrogel, which is a common challenge in hydrogel
membranes. The flux and contaminant rejection of the feed solution
were determined using analytical instruments.

Consecutive filtration cycles were conducted to evaluate membrane
durability and performance over time. All experiments were conducted a
minimum of three times to validate the findings. Flux was calculated
through Eq. 1:

w
— RS 1
J 1000 « A x t M
Contaminant rejection was assessed through Eq. 2:
Cpermeate
R= (12 4 100 @

Cfeed

In Eq. 3, Cpermeate represents the concentration of contaminants pre-
sent in the permeate solution. (measured via ICP-MS analysis), while
Cfeed represents the initial concentration of these contaminants in the
feed solution.

2.3. Lithium and lead recovery

Lead poses an environmental threat at high concentrations, while
lithium is a rare metal that has commercial value due to its incorporation
in lithium batteries. At the end of the experiments, the membrane was
dissolved in a 0.1 M hydrochloric acid (HCI) solution to recover metals
from the composite hydrogel after leachate wastewater treatment. The
mixture was shaken at 150 rpm for 48 hours at room temperature to
ensure thorough dissolution. Afterward, the solution was centrifuged at
10,000 rpm for a 15-minute to separate any remaining solids. A liquid
sample was collected and analyzed using ICP-MS to quantify the metal
content. The recovery efficiency was calculated using the following
equation:

R(%) = <7C‘1> x 100 3)
initial

Crecovered 1S the concentration of metals recovered after dissolution,
and Cipitial is the concentration of metals initially captured by the
membrane. Cipjia) Was determined by analyzing the metal concentration
in the leachate wastewater before treatment and calculating the total
amount adsorbed by the membrane based on the difference between the
feed and permeate concentrations. The results from the ICP-MS analysis
were used to determine both Ciecovered and Cinitial-

2.4. Analytical methods

Functional group analysis of the prepared hydrogels was conducted
using Fourier Transform Infrared Spectroscopy (FT-IR). This analysis
utilized a Thermo Scientific Nicolet spectrometer with an optical reso-
lution of 0.9 ecm™!, connected to an IR microscope from Thermofisher,
Sydney (Australia). Before analysis, all samples underwent drying in an
oven at 80°C for 3 hours. The FT-IR analysis covered a wavenumber
range from 4000 to 500 cm L. Each scan was repeated three times, and
the final spectra were obtained by averaging these results.

Surface morphology was analyzed using a Field Emission Scanning
Electron Microscope, FESEM (Zeiss EVO LS15 SEM (Zeiss, Sydney,
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Fig. 1. Composite hydrogel preparation and a schematic of filtration setup.

Table 2
Compositions of various hydrogel membranes.
No. Membrane xC (% nZVI (% PEI 1 % wt/v (aq Thickness
wt/v) wt/v) sol, mL) (cm)

1 «xC-ZVI0.5 3 0.5 1 0.5
2 kC-ZVI1 3 1 1 0.5
3 «C-ZVI1.5 3 1.5 1 0.5
4 kC-ZVI2 3 2 1 0.5
5 kC-ZVI2 * 3 2 1 0.25

Australia)). Equipped with Energy-Dispersive X-ray Spectroscopy, EDAX
(Bruker SDD XFlash 5030 detector (Zeiss, Australia)). Before FESEM
analysis, the membranes were fully dried and covered with a conductive
thin film to avoid charging, and imaging was conducted at 10 kV. SEM
analysis was complemented with cross-sectional imaging.

X-ray diffraction (XRD) analysis was performed using a Bruker D8

Discover diffractometer with Cu Ko radiation (. = 1.5406 A). The
membranes were analyzed in dried membrane form over a 26 range of
10° to 80°. Interlayer spacing (d-spacing) was calculated using Bragg’s
equation.

Samples from both the feed and filtered solutions were assessed for
ion concentration through ICP-MS (Inductively Coupled Plasma Mass
Spectrometry) by Agilent Technologies. The samples’ total organic
carbon (TOC) levels were determined with the help of a TOC analyzer
from Shimatzu, Japan. The rheological properties of the membranes
were evaluated with a rotating shear rheometer to evaluate the mate-
rial’s mechanical strength.

Measuring the water contact angle (WCA) allowed for the evaluation
of the membrane surface’s wettability. This study employed the sessile
drop technique to determine the WCA using Kyowa Interface Science,
Chennai, India. Each sample’s WCA was measured in three different
spots, and the average value, along with the error margin, was recorded.

The electrical charge present on the surface of the membranes was
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determined using conducting zeta potential ({) measurements at a
neutral pH in water.

Further analysis of the hydrogel included water content evaluation
and analysis of swelling properties. Hydrogel slices with a thickness of
1 cm underwent water uptake and swelling tests under neutral pH
conditions. The water uptake (WU) of the membranes was calculated
using Eq. 4:

(W2 —Wy)

1

WU = ¥100 @

Water uptake (WU) was measured using pre-dried membrane pieces,
each cut to dimensions of 3 x 3 x 1 cm. These hydrogel pieces were
oven-dried at 80 °C for 3 hours, and the dry weight (W) was recorded.
After immersing the pieces in distilled water for 24 hours at room
temperature, they were weighed following moisture removal (W), and
water uptake was determined using Eq. (4). Three samples were tested,
with average results recorded. Additionally, the swelling degree (SD) of
the hydrogel was assessed to gauge its resistance to swelling. The initial
weight of the hydrogel (W;) was taken, and it was immersed in DI water
for 2 hours. The final weight (Wy) was then taken, and the swelling
degree (SD) was calculated using Eq. 5:

(wy —w)

i

SD = + 100 5)

The porosity of the hydrogel membrane was measured by cutting the
membrane into small pieces, 3 x 3 x 0.5 cm, and immersed in distilled
water for 18 hours. Afterward, the membrane pieces were gently
removed, and any excess water was blotted off. The wet weight (Wyet)
was then recorded. The membranes were oven-dried at 80°C for 3 hours
and then weighed again to measure the dry weight (Wgy). The porosity
was calculated using Eq. 6:

Wwet - Wdry

Axlxp ©)

p% =
A is the membrane surface area (cm?), 1is the thickness (cm), and p is
the water density (1 g/cm?®). (Table 3)
The average pore radius r was then calculated using pure water flux
and the membrane porosity with Eq. 7:

\/(2.9 —1.75p) x (8 x 1Qn)
P x A x AP

(7)

where p is the membrane porosity, AP is the applied pressure, 1 is the

Table 3
Different analytical instruments used.

Instrument

Model

Properties Studied

Fourier Transform
Infrared Spectroscopy
(FT-IR)

Field Emission Scanning
Electron Microscope
(FESEM)

Energy-dispersive X-ray
Spectroscopy (EDAX)

Inductively Coupled
Plasma Mass
Spectrometry (ICP-MS)

Rotating shear rheometer

Water Contact Angle
(WCA) measurement

Nano-ZS Zeta-sizer
TOC Analyzer
X-Ray Diffractometer

Thermo Scientific
Nicolet spectrometer

Zeiss EVO LS15 SEM,
Zeiss, Sydney, Australia

Bruker SDD XFlash
5030 detector, Zeiss,
Australia

Agilent Technologies

Local Manufacturer

Kyowa Interface
Science, Chennai, India

Malvern Analytical
Shimatzu, Japan
Bruker D8 Discover

Functional groups,
chemical bonding

Surface morphology,
microstructure

Elemental composition

Ion concentration

Rheological properties,
Mechanical strength
Wettability,
hydrophilicity/
hydrophobicity

Zeta Potential

Total Organic Carbon
Crystal structure, phase
identification, interlayer
spacing
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thickness, A is the membrane effective area, n is water viscosity
(0.00089 Pa.s), and Q is the pure water flux (m?/s).

3. Results and discussion
3.1. Physiochemical properties

3.1.1. FTIR

The peaks detected in the FTIR spectrum of kC ranging from 800 to
1200 cm™ correspond to specific polysaccharide units: 3,6-anhydro-
galactose and d-galactose-4-sulfate (Fig. 2a). This alignment with pre-
vious literature on kC hydrogel analysis indicates these peaks stem from
stretching bands of C-O, 0—=S=0, C-H, and O-H groups, affirming the
existence of carboxyl (-COOH), hydroxyl (-OH), and other polar func-
tional groups [24,28].

The introduction of nZVI nanoparticles into kC induces a significant
increase in the transmittance of the -OH bond within the
3000-3750 cm™ range. This change signifies that nZVI nanoparticles
alter hydrogen bonding interactions within the kC matrix, resulting in a
broader peak within this spectral range [29,30]. Additionally, spectral
changes are evident in the 800-1200 cm™ region, where peaks related
to C-O and C-H bonds display broadening. At the peak near 1640 cm™ ,
due to carbonyl (C=0) stretching vibrations indicative of ester linkages
within kC, a reduction in sharpness is observed [31-33].

Incorporating PEI alongside nZVI further influences the FTIR spec-
trum of kC. Despite the addition of a small amount of PEIL its primary
impact lies in enhancing the interaction potential with xC’s functional
groups, including -COOH and -OH. PEI's amine groups likely contribute
to additional peaks in the spectrum, especially around 1590 cm™,
associated with N-H bending vibrations of secondary amines [34]. These
observations underscore the interactions facilitated by both PEI and
nZVI nanoparticles within the xC matrix, impacting its structural
integrity and functional properties [27].

The FTIR analysis reveals significant interactions between the com-
ponents of the composite hydrogel membrane. As shown in Fig. 2b, both
electrostatic forces and hydrogen bonding are involved: PEI's amine
groups form hydrogen bonds with the hydroxyl groups of xC, while
electrostatic interactions occur between PEI and the sulfate groups in xC.
nZVI, on the other hand, interacts primarily through electrostatic
attraction with the anionic sulfate groups of xC. These combined in-
teractions strengthen the matrix and modify the functional group envi-
ronment, as reflected in the observed spectral changes.

FTIR spectra analysis was performed on kC-ZVI2 * to provide deeper
insight into the rejection mechanisms, as illustrated in Fig. 2c. The
broadening in the 3000-3600 cm™ region is a sign of enhanced
hydrogen bonding, as hydroxyl (O-H) and amino (N-H) groups form
extensive networks with water molecules and contaminants, reflecting
the hydrogel’s increased hydration and interaction with wastewater
components. Similarly, the broadening between 900 and
1200 cm™ points to complex interactions involving the C-O and S-O
stretching vibrations in the hydrogel’s polysaccharide backbone. The
result suggests the binding of heavy metals to sulfonate groups and other
structural adjustments within the hydrogel, such as changes in cross-
linking density and conformational adaptations [35,36].

The new peaks at 438 and 474 cm™ signify the formation of metal-
oxygen (M-O) bonds, reflecting the hydrogel’s ability to bind heavy
metals effectively. Specifically, the nZVI component can undergo partial
oxidation during the treatment, forming iron oxides or hydroxides,
which exhibit characteristic Fe-O stretching vibrations within this range.
These new iron oxide formations suggest that the nZVI is actively
participating in capturing contaminants, transforming them into com-
pounds that facilitate strong metal binding. Concurrently, the shift to
higher wavenumbers from 441 to 449 cm™and from 518 to
524 cm™ indicates that these M-O or Fe-O bonds have become stronger
and shorter, signaling enhanced bond strength and tighter integration of
metal ions into the hydrogel matrix. This increased bond strength could
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Fig. 2. (a) FT-IR spectra of the kC and «xC loaded with nZVI, (b) Molecular interactions within in kC-ZVI hydrogel, (c) FTIR spectra of kC-ZVI2 * before and after
treatment with wastewater, (d) XRD analysis of kC-ZVI2 * before and after treatment with wastewater.

result from the oxidation of nZVI and subsequent interaction with heavy
metals, leading to a more rigid and stable structural environment
[37-40].

3.1.2. XRD

X-ray diffraction (XRD) analysis was performed on the optimum
membrane, kC-ZVI2 * | before and after treatment with landfill leachate
wastewater. The broad peak observed around 20° to 30° (Fig. 2d) in the
XRD pattern is characteristic of the amorphous structure of kappa-
carrageenan (kC), consistent with its disordered polymer network
[41]. The XRD patterns revealed two major peaks corresponding to Fe®
at approximately 20 = 45° and 65° in both the pristine and treated
membranes [42]. After treatment, the first peak at 45.33° shifted slightly
to 45.73°, indicating a change in the crystalline structure of the nZVIL.
This shift is likely due to the oxidation of Fe® or chemical interactions
with contaminants in the wastewater, which can modify the lattice
structure. Additionally, the decrease in peak intensity post-treatment
suggests a reduction in crystallinity, possibly due to the

transformation of Fe® into less crystalline iron oxides [43,44].

The slight decrease in d-spacing (from 2.04 A to 2.02 A for the first
peak and from 2.87 A to 2.86 A for the second peak) further supports
minor structural modifications in the membrane after treatment. These
changes may result from the oxidation of nZVI or interactions with
contaminants, leading to slight compaction of the membrane structure.

3.1.3. Water uptake, swelling, water contact angle

To assess water uptake (WU), fresh hydrogel samples were compared
with dried samples. The composite hydrogels, each with a thickness of
1 cm, were utilized for the WU analysis. The hydrogel shrunk and turned
into a small plastic-like structure upon exposure to heat. Analysis of the
WU reveals that hydrogel water uptake decreases with nZVI loading, as
depicted in Fig. 3a. Remarkably, the WU of kC-ZVI0.5 demonstrates a
capacity for absorbing up to 925 g of water per gram. The observed
decrease in water uptake suggests that nZVI nanoparticles promote
cross-linking within the kC matrix, leading to tighter network structures.
This increased cross-linking reduces the availability of free water
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effects of nZVI concentration on the porosity and average pore size.

molecules to interact with the polymer chains, thereby decreasing water
uptake [45,46].

The swelling behaviour of hydrogels with different proportions of
nZVI was examined by immersing the hydrogels in DI water for 2 hours.
The ability of the hydrogel to swell increases in direct proportion to its
porosity. Factors such as the network formulation, carrageenan polymer
chains, and cross-linking density significantly influence pore size, pore
volume fraction, and interconnectivity. The effect of varied concentra-
tions on swelling is depicted in Fig. 3a. The incorporation of nZVI
nanoparticles leads to increased cross-linking or reduced availability of
free water molecules within the kC matrix, resulting in a decrease in the
swelling degree due to the tighter network structure or reduced water
accessibility would hinder the polymer chains’ ability to swell and
absorb water. In other words, a higher concentration of nZVI nano-
particles in the films leads to increased hydrogen bonds between nZVI
and the kC matrix. Consequently, the affinity of free water molecules
towards the nanocomposite hydrogels decreases by nZVI loading
[45-47].

The water contact angle exhibits a distinct trend with varying nZVI
concentrations (Fig. 3b). Initially, as the nZVI concentration increases to
0.5 %, the water contact angle dramatically decreases from 73.66° to
36°. This significant reduction indicates enhanced hydrophilicity and
wettability of the surface, likely due to the introduction of nZVI parti-
cles, which can increase surface roughness and introduce hydrophilic
sites [48]. However, the water contact angle increases as the nZVI
concentration increases from 0.5 % to 2. Although this rise suggests a
slight reduction in surface hydrophilicity, the contact angle remains
lower than that of pure kC. This pattern could be attributed to the
saturation effect of nZVI particles on the surface properties. At higher
concentrations, the excess nZVI may lead to particle agglomeration or a
change in surface morphology, reducing the available surface area for

water interaction and slightly disrupting the hydrophilic nature of the
hydrogel [49].

Despite this increase, the xC with higher nZVI concentrations still
exhibits better wettability than the pure kC. The surface zeta potential of
kC and its composites with nZVI was measured, and the results are
presented in Fig. 3c. The zeta potential values for kC and kC with 0.5 %,
1%, 1.5%, and 2% nZVI loadings were recorded as —53.4 mV,
—51.1 mV, —50.9 mV, —48.2mV, and —46.8 mV, respectively. The
increasing nZVI concentration led to a gradual decrease in the magni-
tude of the negative zeta potential due to the presence of nZVI particles,
which reduce the surface charge of the membrane by neutralizing some
of the negative charges associated with kappa carrageenan’s carboxyl
and sulfate groups [50]. Additionally, the inclusion of a 1 % wt./v of
PEI, a polycation, further contributed to the reduction in negative
charge by introducing positively charged amine groups [51]. These
changes in surface charge could enhance the selectivity and rejection
performance of the membrane, as the reduction in negative zeta po-
tential modifies the electrostatic interactions with ions in the feed so-
lution. The results are consistent with previous findings, where the
introduction of additives like ZVI and PEI influenced the surface charge
and membrane performance [52,53].

3.2. Morphology and elemental analysis

3.2.1. Porosity and pore size

Fig. 3d depicts the impact of nZVI concentration on the porosity and
pore size of kC hydrogel membranes. As nZVI concentration increased
from 0.5 % to 2 %, membrane porosity decreased from 71.3 % for kC-
ZVI0.5 to 68.3 %, 67.0 %, and 62.5 % for kC-ZVI1, kC-ZVI1.5, and kC-
ZV12, respectively. This reduction is due to increased cross-linking and
physical filling. Indeed, nZVI enhances the hydrogel’s network density,
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restricting solvent mobility and occupying internal voids, resulting in a
more compact structure with fewer interconnected pores.

With nZVI concentration increase, the void morphology of the
membranes gradually changes, leading to a more compact structure.
According to Eq. (7) and Fig. 3d, the pore radius for the kC-ZVI0.5
membrane was 13.93 nm, which slightly increased to 13.98, 14.01,
and 14.66 nm with nZVI addition. The slight increase in pore size can be
attributed to the interaction of nZVI particles with the kC matrix,
creating localized expansions that result in larger average pore sizes.
Additionally, nZVI can block smaller voids, leaving larger pores rela-
tively unaffected. These combined effects contribute to the observed
changes in pore structure within the hydrogel.

3.2.2. FESEM and EDX

The surface morphology of both the pristine kC membrane and the
membranes containing 2 % nZVI (xC-ZVI2 *) are depicted in the SEM
images. These images illustrate the morphological changes induced by
the nZVI introduction. The SEM images reveal an absence of cracks. The
pure kC membrane features a smooth surface, as shown in Fig. 4. In
contrast, the kC-ZVI2 * membrane reveals significant physical alter-
ations, including visible wrinkle formations. Embedding nZVI particles
into the hydrogel can create surface irregularities, resulting in a rougher
membrane surface. This increased roughness offers more potential sites
for adsorbing contaminants from the feed solution. nZVI particles are
uniformly distributed across the hydrogel surface, preserving the
hydrogel’s overall structural integrity [21,54].

The cross-sectional SEM images reveal distinct morphological dif-
ferences between the kC and kC-ZVI2 * membranes. The kC membrane
exhibits a relatively smooth and dense structure with a well-defined
layered arrangement. In contrast, the kC-ZVI2 * membrane presents a
rougher and more porous morphology, indicating the influence of nZVI
incorporation on membrane structure. These structural variations
highlight the impact of nZVI on membrane formation, which may

Top Surface
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contribute to improved separation performance in water treatment
applications.

The elemental analysis of the nanocomposite hydrogel is presented
in Table 4. After testing with MgSO., NaCl, and landfill leachate
wastewater, the EDAX results reveal compositional changes. Following
exposure to MgSO4, magnesium (Mg) appears in the hydrogel, indicating
Mg?* incorporation, along with increased sulfur (S) levels due to addi-
tional sulfate ions (SO4*7). Exposure to NaCl introduces sodium (Na),
showing Na* uptake by the hydrogel. Across all tests, including landfill
leachate wastewater, the iron (Fe) content decreases, likely due to
membrane fouling. In addition, heavy metals and ions in the feed may
compete for binding sites or chemically alter Fe, reducing its detectable
content. The leachate also introduces heavy metals into the hydrogel,
demonstrating its capacity for contaminant capture.

3.3. Mechanical properties

The rheological properties of pure kC and xC loaded with 0.5-2 %
nZVI (Fig. 5) exhibit non-Newtonian shear-thinning behavior, consistent
with the Herschel-Bulkley model. Pure xC forms a gel that shows a
decrease in viscosity as the shear rate increases, indicating its shear-
thinning nature. This behavior is characterized by a yield stress,
beyond which the gel begins to flow, and a flow behavior index (n) less
than 1, typical of shear-thinning fluids. The viscosity and yield stress of
kC increased with increasing nZVI loading in the hydrogel membrane. At
lower nZVI concentrations (0.5 %), the viscosity and yield stress in-
crease is less pronounced while, at higher concentrations (1-2 %), these
properties increase significantly, suggesting that nZVI particles reinforce
the gel network. Despite the overall higher viscosity, the kC-ZVI com-
posites still exhibit viscosity reduction with increasing shear rate,
maintaining the non-Newtonian shear-thinning behavior and aligning
with the Herschel-Bulkley model parameters [55,56].

Fig. 4. SEM analysis of the pure xC membrane and kC-ZVI2 * .
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Table 4

Composition of the element of kC-ZVI2 * before and after treatment analyzed by the EDX.

Journal of Hazardous Materials 492 (2025) 138123

Sample Elemental Composition wt%

C o Fe S K Al Na Mg Co Cu Ca Mn Ni
kC-ZVI2 * before treatment 20.65 35.22 24.99 4.99 4.65 - - - - - 1.63 - -
kC-ZVI2 * after Na treatment 21.74 45.81 16.95 5.01 3.87 - 0.89 - - - 2.05 - -
kC-ZVI2 * after Mg treatment 24.23 48.43 12.01 6.96 3.98 - - 0.93 - - 1.89 - -
kC-ZVI2 * after wastewater treatment 24.66 49.95 7.01 6.00 3.03 0.18 0.69 0.27 0.09 0.01 2.02 0.07 0.08
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3.4. Water flux and rejection

The experimental investigation aimed to assess water flux at 10, 20,
and 30 psi. Pure water flux in the membrane increased as feed pressure
increased from 10 psi to 30 psi due to reducing membrane resistance
(Fig. 6a). For example, water flux in the kC-ZVI0.5 membrane increased
by 27.5 % from 13.83 L/m?h (LMH) to 17.64 psi when the pressure
raised from 10 psi to 30 psi. Fig. 6a also shows that water flux decreased
slightly with increasing the nZVI loading from 0.5-2 % due to clogging
the hydrogel pores, hindering water flow. At 30 psi pressure, for
example, water flux decreased from 16.25 L/m?h in xG-ZVI1 to 15.9 L/
m?h in kG-ZVI1.5 because of the higher nZVI loading in the latter
membrane. In other words, the presence of nZVI nanoparticles within
the membrane matrix introduces additional hydraulic resistance due to
increased tortuosity and membrane pores clogging [78,93]. The high
water flux in kC-ZVI2 * is due to the lower membrane resistance caused
by reducing its thickness from 0.5 to 0.25 cm.

The membranes were tested using 2 g/L NaCl and MgSO4 solutions
to assess their permeability and ability to reject NaCl and MgSO4. Both
solutions exhibited a similar pattern to pure water flux studies, with
reduced water flux as nZVI loading increased due to obstruction of the
hydrogel pores diameter and increased membrane tortuosity (Figs. 6b
and 5c¢). This decline in water flux is also due to the increment in transfer
resistance caused by the accumulation or adsorption of salt molecules on
the membrane surface [21]. With NaCl feed solution, for example,
kC-ZVI0.5 achieved a water flux of 15.22 L/m?h at 10 psi, while it
dropped to 7.95 L/m?h in xC-ZVI2, reflecting a reduction of approxi-
mately 48 %. In contrast, water flux in the xC-ZVI2 * membrane of
0.25 cm thickness reached 16.60 L/m?h at 10 psi, approximately 109 %
higher than kC-ZVI2. As the membrane thickness decreased to 0.25 cm,
water flux increased due to the lower membrane resistance. As pressure
increased to 20 psi, the water flux rose significantly, with «C-ZVI0.5
reaching 17.63 L/m2h, kC-ZVI2 at 9.33 L/m2h, and
kC-ZVI2 * achieving 19.02 L/m2h. At 30 psi, the water flux trend
continued, with «C-ZVI0.5 reaching 20.06 L/m2h, «C-ZVI2 at
12.10 L/m2h, and kC-ZVI2 * at 21.10 L/m2h. Similar to the behavior
observed with NaCl, the MgSOa. water flux exhibited a decreasing trend
with increasing nZVI loading (Fig. 6¢). For kC-ZVIO.5, the flux reached
9.68 L/m?h at 10 psi, while kC-ZVI2 dropped to 6.57 L/m2h, reflecting
a reduction of approximately 32 %. In contrast, the halved-thickness
kC-ZVI2 * membrane demonstrated a significant increase in perfor-
mance, achieving a flux of 14.18 L/m?h at 10 psi, approximately 116 %
higher than «C-ZVI2. The highest water flux was 17.29 L/m2h, achieved
by the kC-ZVI2 * membrane at 30 psi.

The differences in water flux rates observed among water, NaCl, and
MgSO. solutions can be attributed to several factors. One key factor is
the molecular size and structure of the ions. At 30 psi and «C-
ZVI12 * membrane, NaCl showed a maximum water flux of 21.10 L/m2h,
while MgSOs reached only 17.29 L/m?h at the same pressure, indicating
that Mg?* ions are approximately 40 % less permeable than Na* ions. In
effect, Mg?* ions have a higher charge density than Na* ions, resulting in
stronger electrostatic interactions with the hydrogel membrane. The
strong interaction causes increased membrane swelling and reduced
pore size, limiting water passage. Besides, the negatively charged SO
ions are larger and more strongly hydrated than Cl- ions, further
impeding water flux by increasing osmotic pressure and reducing water
mobility through the membrane. These combined effects reduce the
overall water permeability of the MgSO, feed solution.

Fig. 6b and c illustrate the rejection performance of the membranes.
At 20 psi and NaCl feed solution, the average rejection for the hydrogel
membranes was approximately 92.43 %. At 30 psi, rejection rates varied
slightly, recording an average rejection of 90.96 %. This consistent
rejection efficiency suggests that the hydrogel membranes effectively
impede the transport of NaCl ions. The rejection rates of MgSOa. at
varying pressures demonstrate exceptional performance by the hydrogel
membranes in selectively excluding larger ions. The average rejection
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rates for MgSO. by the hydrogel membranes was slightly > 98 % at
20 psi and 30 psi. Compared to the NaCl solution, the significantly
higher rejection rates for MgSOa4 suggest that the membranes are
particularly effective at impeding the transport of divalent Mg* ions due
to their larger hydrated radius compared to Na* ions and stronger
electrostatic interaction with the hydrogel membrane because of the
higher valency of Mg?* and SO ions.

The remarkable rejection performance of MgSO4 and NaCl observed
across all hydrogel samples can be attributed to several factors. Firstly,
the hydrogel’s porous structure and intricate network of polymer chains
act as a physical barrier, effectively sieving out ions based on their size.
The pore size hinders larger ions, such as Mg?" and are thus retained
within the hydrogel matrix. Additionally, the hydrogel’s charged func-
tional groups and the presence of nZVI nanoparticles contribute to
electrostatic interactions with ions, further enhancing their retention.
The high degree of cross-linking within the hydrogel matrix ensures
stability and prevents ions from permeating through gaps or defects in
the structure. Also, each membrane demonstrated a higher rejection rate
for MgSO4 compared to NaCl due to the sulfate anion’s larger ionic
radius (2.42 10\) compared to that of NaCl (1.81 1°\) [21,24]. Among the
tested samples, kC-ZVI2 * exhibited the highest flux while maintaining
excellent rejection rates of 98.83 % and 90.96 % for MgSO4 and NaCl
solutions, respectively, at 30 psi, indicating its optimal performance as a
filtration membrane for MgSO,; and NaCl solutions. Therefore,
kC-ZVI2 * stands out as the preferred choice for applications requiring
efficient removal of these ions from aqueous solutions.

3.4.1. Wastewater treatment

To further investigate the performance of the optimal membrane
(kC-ZVI2 *), landfill leachate water was utilized as the feed solution
without pretreatment. As pressure increases, the driving force for water
molecules passage across the membrane also increases, leading to higher
water flux. The initial feed concentration percentages are detailed in
Table 1. Because of the varying sizes of particles and the intricate
composition of landfill leachate, the water flux was less than that of pure
water (Fig. 7a) [57]. Particularly noteworthy is the performance of the
kC-ZVI2 * membrane, which exhibited remarkable ion rejection rates
alongside a water flux of 11 L/m?h at 30 psi.

Three filtration cycles were conducted for wastewater treatment,
revealing an increased water flux with the applied pressure. In the first
cycle, water flux was 4.84 L/m?h at 10 psi, 6.22 L/m?h at 20 psi, and
11 L/m>h at 30 psi, indicating an increase of approximately 28.5 % from
10 psi to 20 psi and a substantial 72.2 % increase from 20 psi to 30 psi.
However, a noticeable decline in water flux was observed in subsequent
filtration cycles, particularly at lower pressures. In the second cycle,
water flux dropped to 2.42L/m?h at 10 psi, representing a 50 %
reduction compared to the first cycle, while the flux at 20 psi and 30 psi
decreased to 5.18 L/m>?h and 10.02 L/m2h, respectively, reflecting re-
ductions of 16.7 % and 6.5 %. By the third cycle, the flux further
declined to 1.21 L/m?h at 10 psi, 3.11 L/m>h at 20 psi, and 7.26 L/m>h
at 30 psi, showing a 50 % decrease at 10 psi compared to the second
cycle and an almost 40 % drop at 20 psi. This reduction can be attrib-
uted to the membrane fouling and pore-clogging caused by organic and
colloidal particles (Table 1) over multiple filtration cycles. Also, the
greater water flux decline at 10 psi is probably due to the longer filtra-
tion time to process the same feed volume for 20 psi and 30 psi, leading
to systematic accumulation of the fouling materials on the membrane
surface.

As shown in Fig. 7b, the study assessed the removal of Total Organic
Carbon (TOC) from leachate wastewater, with a feed TOC concentration
of 165.68 mg/L at 20 psi and 30 psi over three filtration cycles. At
20 psi, the kC-ZVI2 * achieved a TOC rejection of 61.05 % in the first
cycle, which slightly decreased to 55.8 % and 55.4 % in the second and
third cycles, respectively. At 30 psi, the membrane rejected 58.6 % of
TOC, followed by 57.4 % in the second cycle and 53.7 % in the third
cycle. These results demonstrate a gradual decline in TOC rejection over
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Rejection of heavy metal ions from the landfill leachate wastewater at 30 psi.

multiple cycles, reflecting the typical decrease in performance observed
in membrane systems due to fouling yet maintaining relatively high
removal efficiency.

The heavy metals rejection by the kC-ZVI2 * membrane was also
studied through three consecutive filtration cycles. Notably, the mem-
branes maintained a high rejection rate over three consecutive cycles, as
illustrated in Fig. 7c and d. Two feed pressures, i.e., 20 psi and 30 psi,
were investigated, and DI water was filtered through the membrane
following each filtration cycle. The kC-ZVI2 * membrane achieved
outstanding rejection of metal ions; for example, at 30 psi, the highest
rejection rates were recorded for cobalt (Co) and chromium (Cr), with
nearly complete removal at 100 % and 99.53 %, respectively. Other
heavy metals, including cadmium (Cd), lead (Pb), aluminum (Al),
lithium (Li), and nickel (Ni), also exhibited excellent rejection rates
exceeding 98 %, with 98.69 % for Pb, 99.83 % for Cd, 99.46 % for Al,
99.97 % for Mn, 99.92 % for copper (Cu), 99.74 % for Ni, and 100 % for
Zn.

Several mechanisms contribute to the rejection of metal ions by the
hydrogel, including adsorption, ion exchange, and chelation. kC, as an
ionic polysaccharide, is highly sensitive to charged species in solution,
which can alter its conformation from ordered to disordered. It interacts
with metal ions by forming bridges with their d-galactose sulfate groups
and electrostatically interacting with other d-galactose rings. It exhibits
a strong affinity for heavy metals like cadmium, lead, and mercury due
to the sulfate groups in its molecule, which are capable of forming co-
ordinated covalent bonds with these ions. This chelation process in-
volves the formation of coordination bonds between the sulfate groups
and the heavy metal ions, facilitating the removal of heavy metals from
the solution as insoluble complexes. Additionally, kC can sequester
heavy metals through adsorption, where metal ions physically bind to
the surface of the hydrogel without forming coordination bonds. These
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mechanisms collectively contribute to the efficient removal of heavy
metals from solution by xC hydrogels [24,36].

Moreover, the rejection of divalent metal ions by hydrogel mem-
brane is governed by the formation of coordination complexes between
the metal ions and the active functional groups (>C=O0, -OH, -CONH-)
on the kC hydrogel surface. The efficiency of ion rejection is also
influenced by the membrane’s large surface area and pore size, which
facilitate the capture and transport of metal ions. The porous, three-
dimensional structure of hydrogel-based membranes enhances their
ability to remove contaminants from wastewater. Incorporating
magnetite nanoparticles like nZVI into the membrane further increases
surface area and pore size, allowing more space for metal ions accu-
mulation and improving overall adsorption performance [58]. Both
nZVI and PEI are effective in removing heavy metals through different
mechanisms. The nZVI comprises a metallic iron core enveloped by an
amorphous oxide shell that functions primarily through reduction and
adsorption processes. The metallic iron core exhibits well-defined
reducing properties, functioning as an electron donor. Metallic iron
demonstrates significant reductive capability in aqueous environments.
Its extensive surface area facilitates the rapid release of electrons.
Consequently, heavy metals possessing standard reduction potentials
considerably higher than that of iron, such as Cu?*, can be rapidly

reduced via the following reaction [25,59,60].
Fe + Cu*t— Fe**+ Cu @

This mechanism also applies to other heavy metals, where the

reduction of lead ions causes their precipitation:
Fe + Pb®"— Fe*" 4 Pb(OH),) @)

In this process, lead ions can react with hydroxide ions formed from
nZVI corrosion, leading to the precipitation of lead hydroxide and
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enhancing the overall removal efficiency. Electrostatic attraction and
adsorption are also critical in the rejection of heavy metals. The surface
properties of nZVI, particularly when oxidized, can develop charges that
interact favorably with positively charged heavy metal ions. The
corrosion of nZVI in an aqueous environment leads to iron hydroxide
formation and other precipitates, providing additional reactive sites for
heavy metals to adsorb onto. This co-precipitation process is particularly
effective for ions such as Ni**, Zn*, and Pb*', contributing significantly
to their removal from solution [25,61,62].

The slight variation in rejection rates among different ions can be
explained by considering their ionic and hydrated radii alongside their
standard redox potentials. For instance, the rejection of Cr® * exhibited a
strong efficiency of 99.53 %. This performance may be attributed to its
relatively small ionic radius and hydration characteristics, which facil-
itate favorable interactions with the hydrogel. Similarly, Co®* achieved a
100 % rejection rate, underscoring the hydrogel’s effective binding ca-
pacity for this ion [54].

PEI also plays a role in heavy metal removal through complexation
and ion exchange mechanisms. Its abundant amine groups form coor-
dinated covalent bonds with heavy metal ions, sequestering them from
the solution. Moreover, PEI can undergo ion exchange reactions with
heavy metal ions, effectively replacing them with other cations [26,27].
The xC-ZVI2 * membrane’s high rejection of most heavy metals presents
a great potential for valuable metal ions recovery, such as Li*, Co®*,
Ni?*, and Pb*T, from wastewater for reuse in industries, reducing their
environmental impact.

3.4.2. Performance comparison

The performance of kC-ZVI2 * hydrogel membrane was compared to
previously reported hydrogel studies, as shown in Table 5. The mem-
branes developed in this study demonstrated superior performance,
particularly rejection of metal ions, compared to earlier studies. This
improvement is likely due to the synergistic effects of nZVI and PEI
cross-linking, enhancing the hydrogel structure. Although previous
hydrogel membranes achieved high water flux, they failed to achieve a
high rejection rate for a wide range of divalent and monovalent ions. For
example, sodium alginate-CNF- biochar membrane achieved
91.4-96.8 % of Cr®" and Cr® at 3.5 bar, but there is no data about
monovalent and divalent ions rejection [57]. In another study, a
gravity-driven cellulose acetate (CA) carbon-based aluminum hydroxide
(CACG) was employed for the rejection of a wide range of divalent ions,
exhibiting > 90 % rejection for most divalent ions but low rejection to
monovalent ions [59]. Sodium Alginate- PEG- CNF- MWCNT-COOH
membrane was employed for organic and inorganic treatment and
showed 85.7-99.8 % rejection of multiple dyes but low rejection of
metal ions, circa 10 % [65]. In contrast, the kC-ZVI2 * membrane in this
study achieved outstanding rejection of monovalent ions, > 90 %, and
divalent ions, > 98 %, at 2.06 bar feed pressure. The membrane also
showed a constant rejection rate of these ions over multiple filtration
cycles, indicating a steady membrane performance. The membrane
demonstrated a decent water flux of 11 L/m?h at 2.06 bar but decreased
in the consecutive filtration cycles since the leachate wastewater had not
been pretreated.

Compared to previous studies (Table 5), the kC-ZVI membrane
exhibited a higher rejection rate of heavy metals due to its outstanding
permselectivity characteristics, which is a trade-off between the mem-
brane permeability and selectivity. Higher membrane selectivity refers
to its tight molecular structure that would be achieved at the expense of
the membrane permeability. For example, this study achieved 99 %
rejection of heavy metals and 18 L/m?h water flux compared to 61.5 L/
m?h in [63] but a lower rejection rate of heavy metals. Studies [54] and
[24] achieved higher water flux than in this study but lower rejection
rates of heavy metals. In studies [64] and [69], more permeable mem-
branes were used for large molecular weight dye rejection from waste-
water. Therefore, kC-ZVI membrane performance is desirable when high
rejection is crucial for wastewater treatment and metals recovery.
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4. Lithium and lead recovery

The recovery of lithium and lead from wastewater is crucial due to
their industrial significance and environmental impact. Lithium is a key
component in batteries for electric vehicles and renewable energy
storage, with growing demand driving efforts to recover it from sec-
ondary sources, reducing reliance on mining. Lead is highly toxic and
poses severe environmental and health risks, especially in contaminated
water supplies. Recovering lead helps prevent pollution and supports
recycling in batteries and other industrial applications [72].

The kC-ZVI2 * membrane was evaluated for its ability to recover
Lithium and Lead ions from leachate wastewater. The dead-end filtra-
tion mode in the kC-ZVI membranes with > 90 % recovery rate assists in
heavy ions recovery at the end of the tests by desorption instead of ions
recovery from large brine volume on the reverse osmosis and nano-
filtration process with much lower recovery rates. The desorption pro-
cess was carried out by dissolving the membrane in a 0.1 M HCl solution
and shaking it at 150 rpm for 24 hours at room temperature. Following
this, the solution was centrifuged at 10,000 rpm for a 15-minute to
separate the membrane from the metal-enriched solution. Samples from
the supernatant were collected and analyzed using ICP-MS to determine
the concentrations of various metals.

The recovery rates for lead and lithium were notably high, with lead
showing a recovery rate of 68.32 % and lithium at 66.31 %. These re-
sults indicate that the xC-ZVI composite membrane is particularly
effective in extracting these metals from leachate wastewater. The high
recovery percentages highlight the membrane’s selectivity and affinity
for these ions, suggesting its potential application in the treatment of
wastewater containing valuable metals like lead and lithium for their
reuse in industries.

5. Conclusion

This study examined the potential of a kappa-carrageenan-zero-
valent iron-polyethyleneimine composite hydrogel membrane for
wastewater treatment and ion removal. Compared to traditional treat-
ment technologies, this composite hydrogel offers advantages such as
cost-effectiveness, environmental friendliness, ease of use, and low en-
ergy consumption. The findings reveal several critical insights regarding
the efficacy of these composite hydrogel membranes in water treatment.

Notably, while an increase in nano zerovalent iron (nZVI) loading
resulted in water flux reduction due to factors like increased hydraulic
resistance and cross-linking, the membranes still exhibited high rejec-
tion rates for various contaminants, particularly heavy metal ions. The
kC-ZVI2 * membrane demonstrated the highest rejection rates (over
98 %) for metals such as Pb, Ba, Al, Cr, and Cd while maintaining a
relatively high water flux of 11 L/m2h. This indicates that kC-ZVI2 * is
well-suited for practical applications in water treatment systems,
achieving a favorable balance between water permeability and rejection
efficiency.

In conclusion, these findings underscore the potential of composite
hydrogel membranes as effective materials for water purification, of-
fering promising solutions to water quality challenges. Future research
should focus on enhancing long-term stability through diverse additives
incorporation into the xC during fabrication. Additionally, ongoing
studies will aim to optimize operational parameters and tailor the
hydrogel for various wastewater treatment applications. Investigating
strategies to mitigate fouling and exploring the hydrogel’s capacity for
resource recovery from waste streams will also be crucial for advancing
its practical implementation.

Environmental statement
Leachate contains decent concentrations of valuable metal ions,

including lithium, cobalt, nickel, and lead. While these metals are a risk
to living beings if they reach the environment, they comprise a valuable
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Table 5
Comparison of the performance of kC-ZVI membranes with studies reported in the literature.
Type of hydrogel membrane Feed Feed Concentration Pure Water Flux (L/  Pressure Rejection Reference
(mg/L) m>h) (bar) (%)
Sodium Alginate-CNF- biochar Cre+ 200 61.5 3.5 96.8 [63]
Cr®* 91.4
carbon-based aluminium hydroxide polyhydrate Pb 10 123.8 0.015 99.9 [54]
Cu 99.9
Ca 84
Mg 85
Ba 1 > 90
Mn 0.1
Ni 3.27
Zn 4.4
Pb 6.63
As 5.69
Cu 6.27
PES- chitosan-aminopropyl silane graphene oxide BSA 200 123.8 3 98 [64]
Pb 50 82
CI Reactive 100 90.5
Blue 50 100 98.5
CI Reactive Green
19
cellulose acetate (CA) carbon-based aluminium Pb 1000 30 0.015 97.4 [65]
hydroxide (CACG)
Cu (Gravity) 95
Ca 29.5
Mg 84.5
Mn 0.1 93
Ni 3.27 99.6
Zn 4.4 96
Pb 6.63 98.3
As 5.69 99.9
Cu 6.27 96
sodium alginate (SA)-cellulose nanofiber (CNF) Pb 50 71.5 3.5 100 [66]
Cu 94.6
Cd 88.6
PES- Chitosan (CTS) and 1,3,5-triglycidyl Mg 500 47.88 6 94.2 [67]
isocyanurate (TGIC)
calcium alginate-polyacrylamide BSA 500 25 1 98.53 [68]
Brilliant Blue 100 99.64
G250
kappa-Carrageenan-vanillin Na 2000 85 0.29 42 [24]
Cu (Gravity) 78
Mg 72
Al 0.06 80
Ba 0.42 88
Pb 0.007 79
Ccd 0.008 72
Mn 0.07 83
Ba®*/ Ca®*/-Sodium Alginate Methyl blue 60 43.5 1 99.6 [69]
Na 1000 8.2
Ca®*/-Sodium Alginate- PAAm- PEG-POSS Methyl blue 500 11.7 2 93 [70]
Congo red 95
Sodium Alginate- PEG- CNF- MWCNT-COOH Crystal Violet 100 51.6 1 99.8 [71]
Congo red 98.9
Tartrazine 93.1
Methyl blue 85.7
MgSO4 500 11.6
NaySOy4 10.5
MgCl, 9.1
NaCl 7.3
kappa-Carrageenan-nano Zero Valent Iron- PEI NaCl 2000 18 2.06 90.96 This Work
MgSO4 98.83
Ccd 1.64 99.82
Pb 1.71 98.68
Al 1.78 99.46
Cr 1.78 99.53
Mn 1.83 99.96
Li 2.07 98.85
Co 1.72 100
Ni 1.68 99.72
Cu 1.76 99.91
Zn 1.84 100
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source of precious ions. This investigation fabricated and tested a kappa
carrageenan (kC) membrane crosslinked with polyethylenimine (PEI)
and decorated with nZVI to advance its rejection and minimize swelling.
The membrane achieved 98 % rejection of divalent ions, including
lithium and lead, and 90 % rejection of NaCl at 30 psi. At the end of the
test, 68.32 % and 66.31 % of lead and lithium ions were recovered from
the wastewater.
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