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Abstract

Heavy metal contamination remains a critical threat to water quality, particularly in ef-
fluents associated with industrial activities such as electroplating. This study presents
an exploratory proof of concept for a simplified and low-requirement method to fabri-
cate bovine serum albumin (BSA) hydrogels crosslinked with glutaraldehyde (GA) as
protein-based adsorbents for Cu?*, Ni?*, and Co?* removal. Hydrogel slabs were prepared
using BSA concentrations of 20% and 25% (w/v) and GA in the 0.6-1.0% (v/v) range, with
formulation adjustments guided by handling and aqueous stability. Swelling behavior was
monitored for 23 days, and 0.9% (v/v) GA was selected to balance network expansion with
hydrogel consistency. FI-IR confirmed preservation of protein functional groups in the
crosslinked network, and TGA /DTG demonstrated multi-step thermal behavior consistent
with hydrated protein matrices and a stabilizing effect of increased GA content. Metal
removal tests at 50-100 ppm (Cu?*, Ni?*) and 70-100 ppm (Co?*) showed rapid removal
approaching equilibrium within the first hours and improved performance at higher BSA
content, achieving maximum removal percentages of 99.258% for Cu?*, 80.733% for Ni?*,
and 76.070% for Co**. Adsorption behaviors for Cu?* and Co?* aligned with the Langmuir
model, while Ni?* was better described by the Freundlich model. Although the scope is
intentionally preliminary and limited to controlled synthetic systems, these results support
GA-crosslinked BSA hydrogels as promising, easily fabricated adsorbents and establish
a foundation for future studies on broader ion selectivity, competitive adsorption, and
adsorption—desorption performance.

Keywords: bovine serum albumin (BSA); heavy metal adsorption; protein-based hydrogels;
water remediation; glutaraldehyde crosslinking

1. Introduction

By 2025, it is estimated that approximately half of the world’s population will face
water-stress conditions [1]. UNESCO identifies heavy metal contamination as one of the
factors exacerbating this crisis, undermining access to safe drinking water and degrading
aquatic ecosystems. The situation becomes even more critical considering that only 27% of
industrial wastewater and 58% of domestic wastewater are treated safely [1,2]. Moreover,
many heavy metals pose a direct threat to human health due to their persistence, bioaccu-
mulative behavior, and potential carcinogenicity, thereby constraining the safe use of water
resources [3].

In recent years, increasing heavy-metal pollution originating primarily from agricul-
tural, urban, and industrial sources has raised significant concern due to the deterioration
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of water quality [4,5]. Agriculture, through the recurrent use of fertilizers and pesticides,
introduces metals such as arsenic (As), cadmium (Cd), and copper (Cu) into soils, which
can percolate and ultimately contaminate groundwater. Likewise, leachates from landfills
may contain metals such as lead (Pb) and zinc (Zn), while degradation of electronic waste,
batteries, and coatings contributes to releases of other toxic metals, including mercury
(Hg), nickel (Ni), and cobalt (Co) [6,7]. Industries such as metallurgy and mining discharge
metallic ions during mineral extraction and refining processes, and the electroplating in-
dustry is a major contributor through acidic effluents generated in pickling and coating
operations [8-10]. In countries such as China, the electroplating industry alone discharges
approximately 400 million tons of wastewater annually [11,12]. Electroplating effluents
can contain concentrations as high as 9069 ppm of copper [8], 87,755 ppm of nickel, and
up to 2360 ppm of cobalt [13]. Among these, copper and nickel have been highlighted as
critical contaminants in water sources impacted by mining, industrial, and agricultural
activities [14,15].

Contamination by these metals has severe consequences for both human health and
the environment. According to the U.S. Agency for Toxic Substances and Disease Registry,
copper can cause gastrointestinal disorders, liver and kidney damage, anemia, and neu-
rological impairments [16]. Cobalt exposure may lead to blood, liver, kidney, and heart
damage [17], while nickel is classified as carcinogenic and prolonged exposure is associated
with skin allergies, respiratory diseases, and increased risk of lung and nasal cancers [18,19].
In aquatic ecosystems, these metals can bioaccumulate, disrupting biodiversity and trophic
chains [20].

Given this threat, a broad range of wastewater treatment technologies has been de-
veloped, including precipitation, coagulation/flocculation, membrane-based separations,
adsorption, and advanced oxidation routes. Precipitation [21] remains widely used due
to its simplicity and scalability, but efficiency can decline at trace concentrations. Coagu-
lation [22] is extensively applied in large-scale plants, yet performance depends strongly
on pH and reagent dosage and may generate secondary residues (e.g., sludge) requiring
further management. Reverse osmosis [23] and membrane filtration [24] offer high removal
efficiencies but often entail higher energy demand and operational costs, including fouling-
related maintenance. In parallel, photocatalytic advanced oxidation processes are widely
explored for the oxidative degradation of persistent organic contaminants; however, their
translation beyond laboratory conditions is often constrained by reactor and light-delivery
design, catalyst immobilization or recovery, and fouling/deactivation phenomena [25-28].
Microwave-enhanced catalytic/oxidation processes have also been proposed as process-
intensification routes, leveraging rapid volumetric heating and microwave-material in-
teractions to promote reactive species generation; nonetheless, practical deployment is
frequently limited by reactor scale-up, energy-efficiency considerations, and the require-
ment for microwave-responsive catalysts and safe operating windows [29-31]. Importantly,
while photocatalysis and microwave-assisted oxidation are typically aimed at degrading or-
ganic pollutants, dissolved heavy metals are not “decomposed” and thus generally require
capture, separation, or immobilization strategies. For this reason, adsorption continues to
attract strong interest for heavy-metal removal, particularly because it can be operationally
simple, modular, and adaptable through rational material selection, with the additional
possibility of regeneration and resource recovery when feasible [32].

Conventional adsorbents such as activated carbon have been widely used due to their
large surface area and versatility. However, performance may decline in environments
with relatively low concentrations of metal ions, and regeneration can be energy-intensive.
Consequently, a wide range of bio-derived adsorbents has been investigated, including
cellulose, alginate, chitosan, starch, and protein-based materials (e.g., sericin, casein, and
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spirulina). These biopolymers are biodegradable and often present functional groups such
as -OH, -NH;, or -COOH capable of coordinating metal ions, yet they may also show
limited wet-strength, sensitivity to solution chemistry, and variable selectivity under multi-
ion conditions [7,33]. Recent hydrogel-based biosorbents (including chemically crosslinked
systems) continue to demonstrate the promise of biopolymer networks for heavy-metal
capture while highlighting the need for reproducible fabrication and adequate performance
in aqueous environments [34].

In this context, bovine serum albumin (BSA) emerges as a promising material for heavy
metal decontamination. This abundant plasma protein exhibits a high density of metal-
binding functionalities (-SH, -NH;, =NH, and -COOH), enabling chelation and transport
of diverse metal ions [35-38], and offering a broader interaction landscape than many
polysaccharide-based biopolymers [39,40]. Importantly, this broad interaction capability is
valuable for broad-spectrum remediation of mixed-metal streams; however, high selectivity
(i.e., strong preference for one ion over others) is typically more difficult to achieve and must
be quantified under competitive conditions. Recent work has explored BSA-based architec-
tures including hydrogels, aerogels, membranes, and microbubbles, in some cases achieving
high removal efficiencies (up to 99%) and demonstrating the versatility of albumin-derived
networks [41-45]. At the same time, many reported routes rely on comparatively complex
or multi-step fabrication approaches, underscoring the need for alternative methodologies
that prioritize simplicity and reproducibility for scale-relevant development.

This work presents an accessible and rapid route to fabricate bovine serum albumin
(BSA) hydrogels crosslinked with glutaraldehyde (GA) as protein-based adsorbents for
Cu?*, Ni?*, and Co?* removal. The novelty of this study lies not only in employing a
bio-derived polymeric network for metal removal, but also in the deliberately simplified,
low-requirement fabrication strategy that yields stable hydrogel slabs with fast gelation
through straightforward processing steps. By systematically narrowing the GA window
to balance swelling with hydrogel consistency and by comparing two practically relevant
BSA contents, this study provides an exploratory yet reproducible foundation for protein-
hydrogel adsorbents tailored to water remediation. The results establish a clear formulation
baseline and performance benchmarks that can guide future optimization toward mixed-
ion systems, regeneration, and real effluents.

In contrast to prior BSA-based adsorbents that often rely on more complex or multi-
step fabrication routes, the present work advances a streamlined proof-of-concept approach
to generate GA-crosslinked BSA hydrogels using simple, handling-guided formulation ad-
justments. By correlating aqueous stability, swelling behavior, and ion-specific adsorption
performance within a narrow but instructive design space, we offer an accessible frame-
work for developing protein-derived hydrogel adsorbents for Cu®*, Ni?*, and Co?* capture.
Importantly, the novelty here is not framed as optimized industrial readiness, but as the
establishment of a low-barrier experimental platform that is sufficiently robust to motivate
expanded studies of selectivity, competitive adsorption (which are particularly important
because true selectivity is challenging and competition can alter apparent capacities), and
reuse-oriented performance.

2. Materials and Methods
2.1. Materials

Bovine serum albumin (BSA; Fraction V, fatty acid-free; Sigma-Aldrich, St. Louis, MO,
USA) and glutaraldehyde (GA; pentane-1,5-dial; Sigma-Aldrich, St. Louis, MO, USA) were
used to prepare the hydrogel precursor solutions. The GA was supplied as a 25% aqueous

solution (Sigma-Aldrich). Aqueous solutions of the studied metal ions were prepared using
copper(ll) sulfate anhydrous (Supelco, Bellefonte, PA, USA), nickel(Il) sulfate hexahydrate
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(Supelco), and cobalt(Il) sulfate heptahydrate (Sigma-Aldrich, St. Louis, MO, USA). All
solutions were prepared with deionized water (DI H;O, resistivity 18.2 M(Q)-cm).

2.2. Design of the Assembly for Fabricating BSA Hydrogels

To control hydrogel geometry, an assembly was designed for the fabrication of BSA
hydrogel slabs. A rectangular mold was constructed from a flexible poly(vinyl chloride)
(PVC) sheet. An internal U-shaped PVC insert served as a spacer to minimize hydrogel
adhesion and facilitate demolding. Two glass plates were used as external walls to provide
stability to the mold, and all components were secured using double clip-type clamps, as
illustrated in Figure 1.

Glass
PvC

Figure 1. Design of the assembly for the fabrication of BSA hydrogel slabs. Created in BioRender.
Ayala, D. (2025) https:/ /BioRender.com/63p4ndr (accessed on 6 December 2025).

2.3. Preparation of BSA Precursor Solutions

BSA precursor solutions were prepared in DI water (18.2 M()-cm) at concentrations
selected to yield final hydrogel BSA contents of 20% and 25% (w/v) after mixing with
the corresponding GA working solution (Section 2.4). Immediately before use, the BSA
precursor solutions were centrifuged at 6000 rpm to remove entrapped air bubbles.

2.4. BSA Hydrogel Fabrication

Hydrogels were fabricated by mixing the BSA precursor solutions (Section 2.3) with
aqueous GA working solutions (prepared from the 25% stock solution) at a 1.5:1 (v/v)
ratio (BSA solution:GA solution). GA was evaluated at three final levels in the hydrogel
precursor solution—0.6, 0.9, and 1.0% (v/v)—to examine the effect of crosslinker dose on
the physical properties of the resulting hydrogels. Here, GA (% v/v) is reported as the
final volume fraction of GA (added from the GA working solution, which was prepared by
diluting the 25% stock) relative to the total hydrogel precursor volume after mixing.

As shown in Figure 2, the GA working solution was added to the BSA precursor
solution and mixed by pipetting until visually homogeneous. The mixture was poured into
the preassembled mold and allowed to gel for 8 min at ambient temperature, after which
the hydrogel slabs were demolded.

Buffer and pH conditions: all precursor solutions were prepared in DI water and
gels were cast without buffer and without intentional pH adjustment; therefore, gelation
proceeded at the native pH of the precursor mixture (approximately pH 5.5-6.5), which
was measured using pH strips (immediately after homogenization, prior to casting).
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Hydrogel disc

Hydrogel

Figure 2. BSA hydrogel fabrication process. Created in BioRender. Ayala, D. (2025) https://BioRender.
com/63p4ndr (accessed on 6 December 2025).

2.5. Swelling and Stability Tests in Aqueous Media

To evaluate the stability of the BSA hydrogels in an aqueous environment, disk-shaped
samples were prepared using a 10 mm punch cutter (Figure 3). For each sample, both the
initial mass and dimensions were recorded before transferring the hydrogel into a 12-well
plate containing 4 mL of deionized water per well. From this point onward, the mass and
dimensions of the samples were monitored over a total period of 23 days to quantify the
percentage of mass change over time associated with swelling and hydrolysis processes,
thereby assessing the stability of the hydrogels in an aqueous medium.

Immersion Weighing

e

Weight change
Hydrogel g 9

© O

Figure 3. Evaluation of the swelling behavior and aqueous stability of the fabricated hydrogels. in
BioRender. Ayala, D. (2025) https://BioRender.com/63p4ndr (accessed on 6 December 2025).

The corresponding mass change was estimated using the following equation [46]:
ms —m
% Cp = —— %100 )
mo

where % C,;, represents the percentage of mass change of the hydrogel, my is the initial
weight of the hydrogel, and i is the weight of the hydrogel at time ¢.

2.6. Fourier Transform Infrared Spectroscopy (FI-IR)

Fourier transform infrared (FT-IR) spectroscopy was used to identify the functional
chemical groups present in the samples. Spectra were collected using an FT-IR spectrometer
(Cary 630 FT-IR, Agilent Technologies, Santa Clara, CA, USA) equipped with an attenuated
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Hydrogel

total reflectance (ATR) accessory, over the wavenumber range of 4000-650 cm ™!, with a
spectral resolution of 2 cm ™1 [47].

2.7. Thermogravimetric Analysis (TGA)

The thermal stability of the hydrogels was evaluated by thermogravimetric analysis
(TGA) using a thermogravimetric analyzer (TGA 5500, TA Instruments, New Castle, DE,
USA). Samples were heated from 30 to 800 °C under a nitrogen atmosphere at a heating
rate of 10 °C min~!. The mass of each hydrogel sample was continuously recorded as
a function of temperature, and the corresponding thermogravimetric (TG) curves were
obtained [48].

2.8. Speciation Diagrams

Speciation diagrams for Cu?*, Ni?*, and Co?* were generated using the Hydra-Medusa
software v0.1.1 to analyze the distribution of species as a function of pH for ionic concen-
trations ranging from 5 to 100 ppm. Based on these diagrams and the isoelectric point
of BSA (pH = 5.1-5.5), an initial pH of 5.0 was selected for all ion removal experiments.
The solutions were prepared without buffer; pH was adjusted to 5.0 at the start using
dilute HNOj3 and verified with a calibrated pH meter. During the adsorption tests, pH
was not actively controlled (no buffer) and was not continuously monitored. Because the
experiments were designed as a low-requirement screening study, pH drift during ion
removal was not tracked; future work will quantify and control pH during adsorption.

2.9. Metal Removal Tests

In the metal ion removal tests for Cu?*, Ni2*, and Co?*, the hydrogels were allowed
to swell in DI water at room temperature prior to use. The swollen hydrogels were then
cut into approximately 2 X 2 mm square pieces. Subsequently, between 900 and 1000 mg
of hydrogel per well were transferred to a plate containing 3.5 mL of the target metal ion
solution per well (Figure 4). The variables studied were removal time (3, 15, and 24 h) and
ionic concentration of the medium (50 and 100 ppm). These contact times were selected
as practical screening points to assess equilibration and removal performance; the limited
number and spacing of time points were not intended to support detailed kinetic modeling.

Cutting Removal

# q

Hydrogel pieces

®

Figure 4. Preparation of adsorption tests for Cu?*, Ni**, and Co?* ions in synthetic aqueous so-
lutions. Created in BioRender. Ayala, D. (2025) https://BioRender.com/63p4ndr (accessed on
6 December 2025).
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Based on the collected data, the percentage of Cu?*, Ni%*, and Co?* removed was
determined by atomic absorption spectroscopy using a Thermo Electron S4 SOLAAR
(Cambridge, UK) instrument and the following equation [49]:

Cy —C
%R=—"_"7 %100 2)
Co
where % R is the percentage of metal removed (the fraction of dissolved metal removed from
solution in batch tests), and Cy and Cy represent the initial and final metal concentrations in
the test solution (mg/L), respectively.

2.10. Adsorption Isotherms

For these experiments, the samples were prepared following the same procedure as in
the metal removal tests. Once the hydrogel pieces were obtained, metal ion removal was
carried out in Cu?*, Ni?*, and Co?* solutions at concentrations of 5, 15, and 50 ppm for
5 h (the estimated time to reach adsorption equilibrium). The adsorption capacity of the
BSA hydrogels was determined by atomic absorption spectroscopy (Thermo Electron S4
SOLAAR) using Equation (3), as described below [49]:

(©-%) <V 3)

q= m

where g is the adsorption capacity (mg ion/g hydrogel, the mass of metal adsorbed per
unit mass of hydrogel), V is the volume of the synthetic solution containing the metal
contaminant (L), and m is the mass of the hydrogel used [49]. The data were subsequently
analyzed using the Langmuir and Freundlich isotherm models. Towards this, the nonlinear
form of each model was applied, as shown below. For the Langmuir model [49]:

qm K, Ce

e = m (4)

where g, is the maximum adsorption capacity of the adsorbent, C, is the equilibrium
concentration after 5 h of removal (mg/L), g. is the adsorption capacity of the hydrogel
at equilibrium, and K|, is the Langmuir constant, representing the affinity between the
adsorbate and the adsorbent (L/mg). It is important to note here that g, ge, and g, are
mass-normalized adsorption capacity descriptors, distinct from % R. In the case of the
Freundlich model [49]:

1
ge = Kp C¢ (5)

where Kr and n are Freundlich constants that define the affinity of the adsorbate for the
adsorbent (L/mg) and the adsorption intensity, respectively.

3. Results and Discussion
3.1. Preparation of BSA Hydrogels

When hydrogels were prepared with final concentrations of 20 and 25% (w/v) BSA
crosslinked with different concentrations of GA, a progressive change in both color and
consistency was observed as the GA percentage increased (Figure 5). Hydrogels containing
0.6% (v/v) GA were difficult to handle due to their soft consistency, likely resulting from a
low degree of crosslinking (see Supplementary Figure S1). Therefore, this formulation was
excluded from subsequent experiments, and the study range was adjusted to 0.8%, 0.9%,
and 1.0% (v/v) GA for the swelling and stability tests.
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Increased hydrogel consistency

Figure 5. Influence of GA concentration on the physical properties of BSA hydrogels (24 h after
immersion in water). Created in BioRender. Ayala, D. (2025) https://BioRender.com/63p4ndr
(accessed on 6 December 2025).

3.2. Swelling and Stability Tests in Aqueous Medium

Hydrogel swelling behavior provides not only information about the amount of fluid
a material can absorb but also critical insights for designing, optimizing, and predicting
its performance in applications such as the removal of heavy metals from wastewater [46].
Swelling behavior is influenced by hydrophilic functionality, the degree of crosslinking,
and the resulting hydrated network free volume and diffusion pathways available for water
and solute transport [50]. A higher swelling ratio indicates a more expanded hydrated
network, which may increase the accessibility of potential binding sites and facilitate ion
transport within the hydrogel matrix, thereby potentially enhancing adsorption [46].

However, excessive expansion may reduce structural stability, increasing degradability
and potentially limiting practical reuse. Conversely, a very low swelling ratio may reduce
accessibility to adsorption sites, hindering the penetration of metal ions into adsorption
sites within the hydrogel. Nevertheless, increasing the degree of crosslinking typically
enhances the structural stability of hydrogel adsorbents and improves practical handling
during aqueous exposure. Based on the above considerations, swelling and stability tests
in aqueous medium were performed on hydrogels containing 20 and 25% (w/v) BSA and
0.8%, 0.9%, and 1.0% (v/v) GA (n = 6) over a period of 23 days. The results are presented
in Figure 6.

When analyzing the data, although no negative mass changes were found, the de-
creases observed at certain points could indicate the onset of degradation and the conse-
quent mass loss of the hydrogel. On the other hand, a consistent pattern was identified:
as the crosslinker concentration (% v/v GA) increases, the mass change decreases. Sim-
ilarly, it was observed that for each set of samples with the same GA percentage, those
containing 25% (w/v) BSA exhibited a lower degree of swelling compared to those with
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lower concentration of protein. According to the literature, this behavior is attributed
to the protein content within the hydrogel, since a higher protein concentration reduces
the available space within the network for water uptake, thereby promoting interactions
between polymer chains rather than with water molecules (see Figure 5). Therefore, 0.9%
(v/v) GA was selected for subsequent experiments in order to obtain hydrogels capable of
expanding their polymeric network to favor adsorption without compromising hydrogel
consistency, thereby supporting handleability and stability that are desirable for practical
handling and aqueous stability.

\,‘_<I>
—=— 20%BSA-0.8% GA —e— 25%BSA-08% GA ¥
—¥— 20%BSA-0.9% GA 25 % BSA - 0.9 % GA
—©— 20%BSA-1.0% GA 25 % BSA - 1.0 % GA
I ' | ' | ' | ' 1 ' | ' | ' I ' I ' | ' 1
2 4 6 8 10 12 14 16 18 20 22
Time (days)

Figure 6. Stability in aqueous medium of BSA hydrogels prepared using different protein concentra-

tions and crosslinker levels.

3.3. Fourier Transform Infrared Spectroscopy (FT-IR)

Structural characterization was conducted through FI-IR to: (i) confirm that the fabri-
cated materials retain the characteristic chemical functionalities of protein-based networks,
and (ii) evaluate whether changes in GA dose and BSA content produce detectable spectral
differences consistent with chemical crosslinking (Figure 7). Across all evaluated formula-
tions, the spectra display the expected bands of albumin/protein materials: a broad band
centered at ~3275 cm ™! assigned to overlapping O-H/N-H stretching vibrations, and
aliphatic C-H stretching bands around ~2900 cm ™! (Figure 7a,b) [44,51].

The amide bands that define the protein backbone are clearly observed for every hydro-
gel formulation, indicating preservation of the polypeptide framework after gelation and
aqueous handling. Specifically, the dominant amide I band appears at ~1635 cm ™!, while
amide I is present around ~1515 cm !, and amide ITT around ~1235 cm ! (Figure 7b) [51,52].
A particularly relevant feature for the adsorption function of these hydrogels is the per-

sistence of the band near ~1390 cm !

, associated with carboxylate groups (-COO™). The
retention of this signal across the tested GA/BSA conditions suggests that a substantial
fraction of carboxylate functionalities remains available after crosslinking, supporting the
premise that the network conserves O-donor binding sites that can participate in divalent

metal uptake [42,47].
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Figure 7. FT-IR spectra of glutaraldehyde-crosslinked BSA hydrogels, with different GA concentration
(0.8 and 0.9%) and BSA content (20 and 25% w/v).

Regarding the effect of GA concentration (25% BSA with 0.8 vs. 0.9% GA; Figure 7a),
the overall spectral profile remains highly similar, which is consistent with crosslinking
that modifies a subset of reactive amine sites without altering the fundamental protein
backbone signatures. In GA-crosslinked protein systems, GA typically reacts with nu-
cleophilic amino groups (e.g., e-NH,; of lysine and N-termini), producing a covalently
connected network often described as involving Schiff-base-type (imine) linkages or related
GA-derived structures. However, in FT-IR the imine-region assignment is intrinsically
challenging here because potential C=N contributions overlap with the amide I envelope
(peptide C=0), making unambiguous identification by FI-IR alone difficult. Consequently,
while the FT-IR spectra are fully consistent with successful formation of a crosslinked
protein network, confirmation of specific imine bonding would require complementary
surface/chemical-state analysis (e.g., XPS) [53,54].

Nonetheless, the obtained FT-IR spectra provide a structural baseline: the hydrogels re-
tain canonical protein functional groups relevant to adsorption and show spectra consistent
with GA-crosslinked protein networks.

3.4. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) were
employed to compare the thermal stability and multi-step degradation behavior of fresh
(hydrated) BSA-GA hydrogels as a function of GA concentration and BSA content (Figure 8).
Because the samples were analyzed in their hydrated state, the TG/DTG profiles capture
two coupled contributions: (i) low-temperature mass loss dominated by removal of free
and weakly bound water retained within the hydrogel network, and (ii) higher-temperature
decomposition of the crosslinked protein matrix. This multi-step degradation profile is
characteristic of highly hydrated polymer networks and protein-based hydrogels [53,55,56].

All formulations exhibit an initial mass-loss stage below ~150 °C associated primarily
with evaporation of free or loosely bound water (Figure 8a) [55]. Notably, the formulation
with lower solids fraction (20% BSA at 0.9% GA) shows a more pronounced early mass
loss, consistent with a higher relative water content or a less dense network that retains a
larger fraction of free (less strongly bound) water [54]. This interpretation is quantitatively
supported by the T5y parameter (temperature at 50% mass loss) reported in Table 1: T
decreases markedly from 90.125 °C (25% BSA + 0.9% GA) to 81.53 °C (20% BSA + 0.9% GA).
In hydrated samples, T5 is strongly influenced by the water fraction; therefore, the lower
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T50 at 20% BSA reflects earlier attainment of 50% total mass loss due to higher water-driven
mass loss at relatively low temperatures [47,56].

100 25%BSA+0.8%GA [~ 0.25
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8 — 25%BSA+0.9% GA _ ;?G
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Figure 8. Thermogravimetric analysis of fresh BSA hydrogels crosslinked with different glutaralde-
hyde concentrations and BSA contents: (a) Comparative TG curves; (b) 25% BSA + 0.8% GA;
(c) 25% BSA + 0.9% GA; (d) 20% BSA + 0.9% GA.

Table 1. Thermogravimetric parameters of BSA-GA hydrogels.

Composition Tonset Tinax Tso
25% BSA + 0.8% GA 286.272 308.958 88.285
25% BSA + 0.9% GA 287.721 312.472 90.125
20% BSA + 0.9% GA 282.309 324.063 81.53

The second degradation region (approximately 200-350 °C) corresponds to the main
thermal decomposition of the BSA-GA network, involving cleavage of peptide bonds,
disruption of protein secondary structure, and decomposition of crosslink-related covalent
structures (Figure 8b—d) [51,57]. Within the 25% BSA series, increasing GA from 0.8 to
0.9% produces modest but consistent increases in standard thermal-stability descriptors:
Tonset increases from 286.272 to 287.721 °C, and T,y increases from 308.958 to 312.472 °C
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(Table 1). These shifts, although not large, align with the expected effect of a slightly higher
crosslink density—mnamely, restricting chain mobility and delaying the onset and peak rate
of backbone decomposition by requiring higher thermal energy to activate bond scission
and network collapse pathways.

Above ~350 °C, a third stage becomes evident and is generally attributed to decom-
position/oxidation of carbonaceous residues and breakdown of more thermally stable
fragments generated during earlier steps [47,51]. While the present comparison focuses on
formulation contrasts (GA dose and BSA content), the persistence of a multi-step profile
across all samples reinforces that the materials behave as crosslinked protein networks
rather than as simple physical gels.

At constant GA content (0.9%), reducing the BSA concentration from 25% to
20% produces two coupled effects that should be interpreted together in the context
of hydrated hydrogel thermograms. First, the marked decrease in Tsy from 90.125 °C
(25% BSA + 0.9% GA) to 81.53 °C (20% BSA + 0.9% GA) indicates that the lower-BSA for-
mulation contains a higher relative water fraction and exhibits weaker water binding within
the network, thereby reaching 50% total mass loss earlier during the low-temperature
water-removal regime (Table 1). Second, despite a slightly lower decomposition onset
(Tonset = 282.309 °C for 20% BSA vs. 287.721 °C for 25% BSA), the DTG peak temperature
(Tnax) shifts upward (324.063 °C at 20% BSA vs. 312.472 °C at 25% BSA).

In hydrated protein networks, this combination can arise when a less concentrated
protein matrix begins to undergo structural disruption earlier, yet reaches the maximum
rate of decomposition at a higher temperature due to differences in heat and mass trans-
port through the matrix, water-induced plasticization effects, or a broader distribution of
crosslinked versus weakly crosslinked domains. From a practical standpoint, these trends
emphasize that BSA content strongly governs the apparent thermal response because it
controls the network solids fraction and water retention, which in turn modulate both the
early mass-loss behavior and the kinetics of the principal decomposition event. Overall,
the TGA /DTG results directly demonstrate that increasing GA content (from 0.8 to 0.9%)
yields a measurable, directionally consistent improvement in onset/peak decomposition
temperatures at fixed BSA, whereas changing BSA content (from 25% to 20% at fixed GA)
produces a larger shift in low-temperature mass loss (water retention) and significantly
alters T, highlighting solids fraction/network density as a dominant lever in the thermal
behavior of these hydrated BSA-GA hydrogels.

3.5. Metal Remouval Tests

The previously selected formulations composed of 20% and 25% (w/v) BSA crosslinked
with 0.9% (v/v) glutaraldehyde were used to evaluate the influence of BSA concentration
on the performance of the hydrogels in metal removal percentage (% R). After allowing the
hydrogels to swell in water for three days, removal tests were conducted in triplicate (n = 3)
independently for each synthetically contaminated solution. The metal concentrations
employed were 50 and 100 ppm for Cu?* and Ni?* solutions, and 70 and 100 ppm for
the Co?* solution. In this way, the effect of hydrogel contact time (3, 15, and 24 h) under
high and low concentration conditions was analyzed. Removal tests were carried out at
pH 5.0, which was selected based on Hydra—Medusa speciation diagrams and the BSA
isoelectric point. The results (see Figure 9) show that removal at 3 h was already close
to the values observed at 15 and 24 h in most cases, suggesting a rapid approach toward
equilibrium under the investigated conditions. When compared with similar systems, the
rapid approach toward equilibrium is consistent with a hydrated network that enables
efficient transport and access to adsorption sites under the investigated conditions.

https://doi.org/10.3390/polym18050633


https://doi.org/10.3390/polym18050633

Polymers 2026, 18, 633

13 of 22

cu® Removal (%)

Removal (%)

2+
o]

100 x 100
b ;; __________ "
80 80
9
60 T 60
>
o
IS
O]
40 404
+
—a— 25 % BSA (50 ppm) NE —&— 25 % BSA (50 ppm)
—A— 20 % BSA (50 ppm) —A— 20 % BSA (50 ppm)
20 —® 25 9% BSA (100 ppm) 20 —-® 25 % BSA (100 ppm)
'l 20 % BSA (100 ppm) 20 % BSA (100 ppm)
I
0= 0=
T T T T T T T T T T
0 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)
(a) (b)
100
80
___________________ .
_ I
60
40
—=— 25 % BSA (70 ppm)
—4— 20 % BSA (70 ppm)
20 —® 25 % BSA (100 ppm)
20 % BSA (100 ppm)
!
{
0=
T T T T T
0 10 15 20 25
Time (h)
(c)

Figure 9. Effect of BSA concentration (20% and 25% w/v) on the metal ion removal percentage of the
fabricated hydrogels: (a) Cu®*; (b) Ni%*; (c) Co®*.

Most of the analyzed samples exhibited a decrease in removal percentage as the
concentration of the test solutions increased. This widely reported trend is commonly
interpreted as reflecting faster saturation of available adsorption sites at higher metal
concentrations. On the other hand, it was observed that hydrogels with higher BSA content
showed an increase in removal percentage, as presented in Table 2. This trend is consistent
with the higher BSA content providing a greater density of potential adsorption sites within
the hydrogel network. Additionally, the hydrogels demonstrated a marked affinity for
Cu?*, which was the most strongly adsorbed ion among the configurations analyzed.

Based on these results, hydrogels containing 25% (w/v) BSA and 0.9% (v/v) GA
exhibited higher performance compared to those containing 20% (w/v) BSA and 0.9% (v/v)
GA, reaching removal values of up to 99% in the case of Cu?*. Furthermore, the study of
contact time revealed that metal removal is a rapid process, with near-equilibrium behavior
observed within the first three hours under the conditions tested. Nevertheless, longer
contact times were assessed to confirm stability of removal performance.
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Table 2. Ion removal performance of BSA hydrogels at varying metal ion concentrations.
C t t' ( ) % Rmax 1
Metal I oncentration (ppm
etal fon PP 25% BSA 20% BSA
50 99.258 97.865
Cu2+
100 95.758 94.462
i 50 80.733 72.015
Ni2+
100 69.559 67.931
70 76.070 72.232
C 02+
100 77.090 76.324

1% Ryax represents the maximum removal percentage recorded during the experimental time period analyzed.

3.6. Adsorption Isotherms

The study of adsorption isotherms is useful for interpreting adsorbate—adsorbent
interactions under equilibrium conditions and for obtaining comparative descriptors of
adsorption behavior within a defined concentration window [58,59]. In this work, the
Langmuir and Freundlich nonlinear models were applied because they offer complemen-
tary descriptions of adsorption on idealized homogeneous versus heterogeneous surfaces
and are widely used as first-pass frameworks for comparing adsorption trends across
systems [60,61]. The Langmuir model assumes monolayer adsorption on a homogeneous
surface with a finite number of equivalent sites, whereas the Freundlich model represents
adsorption on heterogeneous surfaces with a distribution of site energies and the possibility
of multilayer adsorption [61-63]. Here, isotherm experiments were conducted using initial
metal-ion concentrations of 5, 15, 25, and 50 ppm to provide an exploratory equilibrium
benchmark for the selected formulation.

Figure 10 summarizes the isotherm analysis for hydrogels composed of 25% (w/v)
BSA and 0.9% (v/v) GA, using triplicate measurements (n = 3) at each initial concentration.
Within the tested concentration range, the regression coefficients (RZ; Table 3) indicate
that Ni2* showed closer alignment with the Freundlich model (Figure 10b), while Cu?*
and Co?* were better described by the Langmuir model (Figure 10a,c). These differences
should be interpreted as preliminary descriptors of ion-dependent adsorption behavior
rather than definitive evidence of a single mechanism, particularly given the limited
number of concentration points used in this proof-of-concept screening. Nonetheless,
the observed model preferences are consistent with the expectation that a protein-based
hydrogel presents a chemically diverse adsorption landscape in which site heterogeneity
and solution chemistry can contribute to ion-dependent behavior and mixed adsorption
characteristics [60]. In addition, the calculated separation factor (Ry) values (Figure 10d) fall
within the favorable adsorption range (0 < Ry < 1) for all ions across 5-50 ppm, supporting
that adsorption proceeds favorably under the conditions evaluated.

Table 3. Nonlinear Langmuir and Freundlich isotherm parameters for the metal adsorption of BSA

hydrogels.
Langmuir Isotherm Model Freundlich Isotherm Model
Metal Ion 1 2 2
qm (mg/g) Ki, (L/mg) Ry R Kr (L/'mg) n (L/mg) R
Cu?* 0.177 0.368 0.051-0.352 0.992 0.047 1.996 0.966
Ni?* 0.123 0.267 0.070-0.429 0.980 0.034 2.581 0.992
Co? 0.077 0.533 0.036-0.273 0.999 0.030 3.648 0.877

! The values reported for Ry, correspond to the range obtained for samples at the highest (50 ppm) and lowest
(5 ppm) initial ion concentrations, respectively.

https://doi.org/10.3390/polym18050633


https://doi.org/10.3390/polym18050633

Polymers 2026, 18, 633

15 of 22

0.16 012 4
0.12
0.08
&) 3
o =)
£ 008 g
o ~
S S5
p o o 0.04 o
- 7
0.04 7 — = Langmuir -~ Langmuir
R Freundlich 1 Freundlich
/
0.00 — 0.00
T T T T T T T T T T T
0 2 4 6 8 0 5 10 15 20
Ce (Ppm) C. (ppm)
(a) (b)
0.10 — 05
0.08 — 04
5 0.06 03
=)
£ &
©
S 0.04 0.2
- —— COZ*
0.02 - — — Langmuir 01 -
] Freundlich
0.00 — 0.0 1
T T T T T T T T T T T T T
0 10 20 30 0 10 20 30 40 50
C. (ppm) Co (pPm)

() (d)
Figure 10. Nonlinear Langmuir and Freundlich model descriptions of the experimental equilibrium
data for GA-crosslinked BSA hydrogels (25% (w/v) BSA, 0.9% (v/v) GA) within the tested initial

concentration range (5-50 ppm). (a) CuZ*; (b) Ni%*; (c) Co?*. (d) Separation factor (Ry) values for all
ions (Cu?*, Ni**, and Co?*), indicating adsorption favorability (0 < Ry < 1) across 5-50 ppm.

Within the Freundlich framework, the fitted parameters (n > 1) indicate favorable
adsorption and the Kr values provide a comparative descriptor of adsorption capacity
within the tested range. Consistent with the assumptions of the Freundlich model, the Ni?*
data may reflect adsorption on a heterogeneous set of sites and possible multilayer-type
behavior; however, these interpretations remain model-based and are not direct evidence of
layer structure or specific binding-site energetics. In contrast, the parameters derived from
the Langmuir adsorption isotherm model were consistent with the removal trends, and
the calculated Ry, values (0 < R, < 1) support favorable adsorption under the conditions
evaluated (Figure 10d). However, upon comparing the data, it was observed that although
Cu?* displayed a lower affinity constant (K} ) with the hydrogel, it exhibited the highest
adsorption capacity (g,;). This behavior, previously reported in the literature, suggests
that, even if the average interaction strength represented by K; is not the highest, the
system can exhibit a higher overall uptake capacity (g,,) within the tested range, potentially
reflecting a higher density of adsorption sites and/or greater accessibility within the
hydrated network [60].

Moreover, Figure 11 compares hydrogel adsorption performance across all three metal
ions and shows consistently higher removal and adsorption capacity for Cu?* under the
investigated conditions. This trend is qualitatively consistent with widely reported Cu?*
coordination behavior toward N- and O-donor ligands (e.g., amino and carboxylate func-
tionalities), in protein-based systems. Some reports further discuss the possible influence of
Cu?* Jahn-Teller distortion in stabilizing certain coordination geometries [62,64—68]; how-
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ever, the present study does not directly probe coordination environments or functional-
group-specific binding. Accordingly, the above considerations are provided only as mech-
anistic context, and definitive attribution would require targeted spectroscopic and/or
computational validation (e.g., FT-IR/XPS and DFT) in future work.
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Figure 11. Comparison of hydrogel adsorption performance across all three metal ions. (a) Removal
percentage at concentrations ranging from 5 to 50 ppm. (b) Adsorption capacity per gram of hydrogel.

Furthermore, Figure 12 summarizes plausible interaction pathways that are compatible
with BSA chemistry and the observed adsorption trends, including complexation, electro-
static contributions, ion exchange, and non-specific interactions. These assignments are
presented as mechanistic hypotheses; FI-IR supports the presence of adsorption-relevant
functional groups in the network, but identifying the active binding moieties and metal-

ligand coordination environment will require complementary analyses such as XPS, which
are reserved for future work.
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Figure 12. Conceptual schematic of proposed interaction pathways between GA-crosslinked BSA
hydrogels and divalent metal ions (e.g., coordination/complexation, electrostatic contributions, and
non-specific interactions). The schematic is intended as a hypothesis-generating framework; definitive
assignment requires spectroscopic confirmation (e.g., FI-IR/XPS). Created in BioRender. Ayala, D.
(2025) https://BioRender.com/63p4ndr (accessed on 6 December 2025).
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4. Conclusions

This study demonstrates a simple and rapid approach to fabricate glutaraldehyde
(GA)-crosslinked bovine serum albumin (BSA) hydrogels as protein-based adsorbents
for Cu?*, Ni?*, and Co?* removal from aqueous media. By screening formulation han-
dleability and aqueous stability and then analyzing swelling behavior, an intermediate GA
content (0.9% v/v) was identified as a practical compromise between network expansion
and adequate hydrogel consistency. Within the tested formulation range, higher BSA
content improved metal removal performance, with particularly strong removal percentage
of Cu?*.

FT-IR spectra confirmed that the hydrogels retain the canonical functional groups of
protein-based networks after gelation and aqueous handling (amide I/II/III bands), and
that key adsorption-relevant functionalities such as carboxylate groups remain detectable
across the tested formulations, consistent with preservation of O- and N-donor binding
sites in the crosslinked matrix. Moreover, thermogravimetric analysis of hydrated hydro-
gels revealed the expected multi-step mass-loss behavior, comprising low-temperature
water removal followed by decomposition of the crosslinked protein matrix at higher
temperatures. Within the 25% BSA series, increasing GA from 0.8% to 0.9% produced a
directionally consistent increase in thermal-stability descriptors, supporting the expected
stabilizing role of crosslink density. In contrast, decreasing BSA content at fixed 0.9% GA
produced a larger shift in the low-temperature regime (Ts(), consistent with higher relative
water fraction and altered water retention in the less concentrated network.

The optimized hydrogel formulation (25% (w/v) BSA and 0.9% (v/v) GA) displayed
substantial swelling capacity (up to ~ 300% mass increase) and supported adequate han-
dling and feasibility for preliminary remediation assessment in synthetic systems. Equilib-
rium analysis further highlighted ion-dependent adsorption behavior, with Cu?** and Co**
aligning with the Langmuir model and Ni?* better described by the Freundlich model,
suggesting that distinct interaction modes may operate within the protein network.

Recent evidence indicates that hydrogel adsorption performance is closely tied to
structural features such as hydrated network accessibility, transport pathways, and active-
site availability [46]. In this context, the combined swelling and adsorption results obtained
here suggest that the synthesized BSA hydrogels form a flexible hydrated network with an
adequate density of accessible functional groups, capable of promoting efficient interaction
with Cu?*, Ni%*, and Co?* under the investigated conditions.

Given the intentionally exploratory scope, these findings should be interpreted as
establishing feasibility rather than defining ultimate performance limits. Nonetheless, the
combination of accessible fabrication, rapid gelation, aqueous stability, and promising re-
moval efficiencies supports GA-crosslinked BSA hydrogels as low-complexity, bio-derived
adsorbents and provides a clear formulation baseline for further development (see Table 4).

As summarized in Table 4, the g,, values obtained for the present GA-BSA hydrogels
(0.077-0.177 mg/g) are lower than those reported for other BSA-containing adsorbents
that were evaluated and reported on a dry-mass basis. In contrast, in this proof-of-concept
study, the adsorption capacity was calculated per gram of hydrated hydrogel (i.e., wet mass
after pre-swelling), which yields lower mass-normalized capacities because the majority
of the sample mass corresponds to water rather than sorbent solids. Consequently, direct
numerical comparisons of g,;_across studies should be interpreted cautiously unless the
mass basis (dry vs. wet), adsorbent dose, and concentration window are explicitly aligned.
Importantly, adsorption capacity alone is not a sufficient metric to judge practical utility,
particularly for applications at low-to-moderate dissolved metal concentrations, where
rapid removal, operational simplicity, and ease of solid-liquid separation can be equally
decisive. Under the investigated conditions, the GA-BSA hydrogels achieved high removal
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fractions (up to ~99% for Cu®*), approached equilibrium rapidly, and were produced
as macroscopic, easily handled slabs within minutes (Table 4), enabling straightforward
physical recovery without additional filtration steps. Consistent with recent discussions
of hydrogel-based adsorbents [50], these attributes motivate evaluating performance in
a multi-metric manner (capacity together with kinetics, stability, and practical recover-
ability), and they support the present system as a promising low-complexity platform for
further optimization.

Table 4. Comparison of previously reported BSA-containing materials used for metal ion adsorption

applications.
. .. Removal
Reference Material Fabr-lcatlon Target Ion Co (ppm) Percentage, Am Co_n tact
Time %R (mg/g) Time
Thermally induced BSA Cd?* 2.54 98.54 )
[39], 2025 hydrogel 15h Pb2* 2.13 97.99 24h
[42], 2022 BSA a;’;‘i’igﬁ fibril >140 h Cu? 25-250 80 82.2 15h
3D-printed Cr (VI) 93 45.05
[531,2021 " G0 PDA-BSA aerogel >50h Pb2* 25-200 94 13.76 %h
[43],2018  TA-BSATFC membrane 1h Cu?* 2000 >99 . .
(forward osmosis)
Cu?* 98
[45], 2014 B,SA'SOELeld ~2h Ni2* 10-100 16 - 15h
microbubbles Co2* 13
Cu?* 99.258 0.177
-crosslinked BSA
Thiswork O rorels 8 min Ni2* 50-100 80.733 0.123 5h
ydrog Co?* 76.070 0.077

Note: In this work, g,, is expressed per gram of hydrated (wet) hydrogel after pre-swelling. Reported g, values
in the literature ([36,54]) are based on dry adsorbent mass; therefore, direct numerical comparison should be
interpreted cautiously.

Limitations and Outlook

This work is presented as an exploratory proof of concept and therefore carries several
limitations. First, adsorption experiments were conducted using single-metal synthetic
solutions; consequently, competitive adsorption and selectivity under mixed-ion conditions
remain to be established. Second, although swelling behavior was monitored over an
extended period, adsorption-desorption cycling and regeneration were not investigated;
thus, long-term reusability and capacity retention across cycles remain unknown. Estab-
lishing reusability (via desorption efficiency, capacity retention over multiple cycles, and
preservation of hydrogel integrity) will be a priority in future work to determine whether
these BSA-GA hydrogels are better suited for single-use deployment or multi-cycle oper-
ation. Third, while single-ion testing enabled baseline comparisons across formulations,
performance in multicomponent systems may differ due to competitive adsorption and
ion-speciation effects; therefore, evaluating mixed Cu?* /Ni2* /Co?* solutions will be an
important next step to determine preferential binding and behavior under more realistic
conditions. Moreover, although removal efficiency was evaluated as a function of contact
time, the experimental design included a limited number and spacing of time points (3,
15, and 24 h), which do not support robust kinetic fitting; accordingly, kinetic models
such as pseudo-first-order or pseudo-second-order were not applied in this study. Fi-
nally, the study focused on a narrow but practically motivated formulation window of
BSA and GA contents to prioritize fabrication simplicity and handleability, which may
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not capture the full performance envelope achievable through broader compositional or
processing optimization.

Despite these constraints, the results provide a useful and reproducible baseline
for advancing protein-based hydrogel adsorbents. Future studies should examine the
influence of gelation time on network architecture, expand affinity screening to additional
environmentally relevant ions (e.g., Zn?*, Cd?*, Pb%*), evaluate competitive adsorption in
multicomponent solutions representative of electroplating- or mining-related wastewater,
incorporate expanded time-course sampling to enable kinetic modeling, and develop
regeneration strategies compatible with protein networks. Together, these efforts will help
define the practical boundaries, scalability, and application readiness of this low-barrier
BSA hydrogel platform for water treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym18050633/s1, A. Supplementary Figure S1. Preparation of
BSA hydrogels. Representative photographs of a BSA hydrogel slab and hydrogel disks prepared
with final BSA concentrations of 20 and 25% (w/v), crosslinked with different glutaraldehyde (GA)
contents, after 1, 3, and 9 days of immersion in deionized water. Increasing GA content led to
a progressive change in both color and consistency; samples prepared with 0.6% (v/v) GA were
difficult to handle due to their soft consistency, likely reflecting a low crosslinking density. Over time,
lower-GA hydrogels exhibited more pronounced dimensional changes (greater swelling), whereas
higher-GA formulations remained comparatively stable, consistent with the stability trends shown in
Figure 6. As discussed in Section 3.2, this reduced swelling at higher GA content is attributed to a
denser, more rigid crosslinked network that restricts water uptake. B. R code for nonlinear regression
analysis of isotherm data.
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