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C3N4 nanosheets as a sustainable
dual-purpose adsorbent for efficient Pb2+ removal
and CO2 capture

Bitupan Mohan, ab Rahul Sonkar, ab Sakyabmani Bharalia

and Devasish Chowdhury *ab

The development of high-efficiency, selective, and regenerable adsorbents for simultaneous remediation of

toxic heavy metals and greenhouse gases remains a growing challenge. This work reports the synthesis of

a biofunctionalized graphitic carbon nitride composite (BSA-CN) through stepwise oxidation, epoxide

activation, and covalent immobilization of bovine serum albumin (BSA) onto 2D g-C3N4 nanosheets.

Comprehensive structural, chemical, and morphological analyses (FTIR, XRD, TGA, Raman, SEM-EDX,

TEM, and BET) confirmed successful protein immobilization, enhanced surface roughness, increased

porosity, and the introduction of protein-derived functional groups that significantly improve surface

reactivity and adsorption capacity. The BSA-CN composite exhibited exceptional adsorption

performance toward Pb2+ ions, achieving a high monolayer capacity (292.9 mg g−1), rapid uptake within

30–60 min, and strong pH-dependent interactions governed by surface charge modulation. Kinetic

modeling indicates that adsorption follows a mixed physicochemical adsorption process dominated by

surface complexation, best described by the pseudo-second-order and Elovich models, while

equilibrium behavior fits the Redlich–Peterson and Freundlich isotherms, indicating heterogeneity and

multilayer sorption. Thermodynamic analysis revealed a spontaneous and endothermic adsorption

process (DG° < 0, DH° = +45.03 kJ mol−1), accompanied by increased interfacial entropy. The

composite demonstrated excellent selectivity for Pb2+ over Cu2+, Cd2+ and Mn2+ and retained over 70%

efficiency after five regeneration cycles, confirming strong operational durability. In addition, it was able

to remove Pb2+ from real samples (lake water and surface water). Additionally, BSA-CN displayed

measurable CO2 adsorption capacity that increased at lower temperatures, attributed to enhanced

interactions with its hierarchical porous architecture. Overall, this study highlights the potential of

protein-functionalized g-C3N4 as a versatile, bio-derived, and dual-functional adsorbent for integrated

heavy-metal remediation and low-temperature CO2 capture.
1. Introduction

The rapid rise in global industrialization and population growth
has intensied the release of toxic heavy metals and greenhouse
gases into the environment, posing severe threats to human
health and ecological stability. Since the industrial revolution,
CO2 emission levels have risen by nearly 50%, reaching approx-
imately 420 ppm, further amplifying global warming and asso-
ciated environmental disruptions.1 Unlike organic pollutants,
heavy metals are non-biodegradable, persistent, and prone to
bioaccumulation in living organisms.2 They can enter the food
chain, accumulate in vital organs, and cause long-term damage,
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even at trace concentrations. Among various toxic metals, lead
(Pb2+) is of particular concern due to its widespread industrial use
and high toxicity.2,3 Lead exposure is linked to severe health
disorders including neurotoxicity, kidney damage, hypertension,
anemia, and developmental problems in children, making its
removal from aqueous systems a global priority.3–5 The World
Health Organization (WHO) has set the maximum permissible
limit of Pb2+ in drinking water at 0.05 mg L−1, underscoring the
need for effective and selective remediation strategies.5 At the
same time, excess atmospheric CO2 continues to accelerate
climate change, indirectly aggravating soil and water contami-
nation through acidication and mobilization of toxic metals.1,6

These interlinked environmental crises highlight the critical
need for innovative, sustainable, and multifunctional materials
capable of addressing both heavy-metal pollution and CO2-
related environmental degradation.

Various advanced treatment methods have been applied to
eliminate toxic metal ions from water including chemical
© 2026 The Author(s). Published by the Royal Society of Chemistry
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precipitation, coagulation–occulation, ion exchange, electro-
chemical oxidation, advanced oxidation process, membrane
ltration, photocatalysis and adsorption.7–11 Although these
techniques can achieve high removal efficiencies, they oen
suffer from several intrinsic limitations. Ion exchange resins,
for instance, provide good selectivity but are expensive and
sensitive to solution chemistry.12 Membrane-based processes
achieve high removal efficiency but are hindered by membrane
fouling and energy demands while AOP-based methods require
signicant operational cost and oen generate secondary
pollutants.13,14 These drawbacks restrict large scale applica-
bility. In contrast, adsorption techniques have emerged as one
of the most effective methods for heavy-metal removal due to
their operational simplicity, cost-effectiveness, high removal
efficiency, potential for adsorbent regeneration and ability to
work across a wide concentration range.15–17 The performance of
adsorption processes largely depends on the physicochemical
properties of the adsorbent, particularly its surface area, active
functional groups and structural stability.18 So far, a large
number of adsorbents such as activated carbon, metal oxides,
clays, and biochar have demonstrated considerable
success.15,19–22 However, their limited selectivity, low surface
charge tunability, and poor regeneration oen hinder their
long-term applicability. Moreover, enhancing the selective
separation of Pb2+ is not only conducive to environmental
protection but also allows the recovery of lead metal.23 These
shortcomings highlight the urgent need for next-generation
functional materials engineered with tailored binding sites,
abundant heteroatoms, and strong chemical affinity to Pb2+.

In recent years, two-dimensional (2D) nanomaterials such as
graphene oxide, transition metal dichalcogenides (TMDs) and
metal–organic frameworks (MOFs) have been widely
investigated.24–27 Despite their potential adsorption capacities,
many of these materials involve complex synthesis routes, high
production costs, and poor chemical stability under harsh
conditions. In this context, graphitic carbon nitride (g-C3N4),
a metal-free and nitrogen-rich polymeric semiconductor, has
recently drawn signicant research attention in the elds of
photocatalysis, energy conversion and environmental remedia-
tion due to its nitrogen rich backbone.28–32 Its intrinsic advan-
tages include low-cost synthesis from abundant nitrogen rich
precursors, excellent chemical and thermal stability and struc-
tural tunability.33 Compared to other advanced nanomaterials,
g-C3N4 offers superior stability, low toxicity risk and scalable
preparation, making it suitable for sustainable water treatment
applications. However, pristine g-C3N4 suffers from limited
accessible active sites, moderate surface area, and strong
interlayer stacking restricting its adsorption capacity. Various
modication approaches have been reported to enhance the
adsorption performance of g-C3N4, such as thermal exfoliation,
heteroatoms doping, introducing oxygen-containing groups,
and surface functionalization.30,34,35 Oxidation of g-C3N4 can
produce hydroxyl and carboxyl functionalities on its surface,
thereby increasing hydrophilicity and metal-binding ability.35,36

Further functionalization of pre-carboxylated or oxidized g-C3N4

surfaces introduces new chemical moieties on its surface via
amide linkage or epoxidation reactions.35,37,38 Among different
© 2026 The Author(s). Published by the Royal Society of Chemistry
functional strategies biofunctionalization using biomolecules
offers unique advantages because biological macromolecules
inherently possess diverse functional groups capable of strong,
selective bindings with metal ions.35,39,40

Biomolecules such as bovine serum albumin (BSA), collagen,
casein, or engineered peptides offers a rich distribution of
amine (–NH2), carboxyl (–COOH), hydroxyl (–OH) and thiol (–
SH) functional groups, which can strongly interact with metal
ions through complexation, electrostatic attraction, and coor-
dination bonding.40–42 Importantly, proteins may also
contribute to enhanced hydrophilicity, increased surface
heterogeneity, and improved biocompatibility of the adsorbent.
Bovine serum albumin (BSA), in particular, is an inexpensive,
stable, and readily available protein with a molecular structure
rich in amino acid residues that can act as active sites for metal
adsorption.42 Its three-dimensional conformation provides
a variety of binding domains, enabling selective interaction
with so and borderline Lewis's acids such as Pb2+. The
immobilization of BSA onto nanomaterials can therefore
signicantly enhance their adsorption capacity and selec-
tivity.44,45 In addition to metal binding, proteins also exhibit
notable potential for CO2 adsorption. In biological systems,
proteins such as hemoglobin naturally bind and transport CO2,
forming carbamino complexes, demonstrating the inherent
ability of amino groups to react with CO2.46 Beyond biological
systems, emerging studies show that solid-state proteins are
also capable of interacting with CO2, indicating their promise as
bio-based sorbents.47 For instant, Mitsuda et al. showed that
solid proteins including casein, raw silk, and gelatin can adsorb
signicant amounts of CO2 with high selectivity compared to
other gases.46 Although several studies have modied g-C3N4

with inorganic dopants or polymers, protein-based functional-
ization remains largely unexplored, especially regarding how
protein–polymer interactions modify surface chemistry, charge
distribution, and their mechanistic effect on Pb2+ uptake and
performance under varying environmental conditions (pH,
dosage, temperature, and competing ions). Additionally, few
reports address the broader implications of such materials in
relation to CO2-driven environmental challenges or evaluate
their regeneration potential over repeated use. Therefore,
understanding how such biomolecular functionalization inu-
ences adsorption kinetics, isotherm behavior, and thermody-
namic feasibility is essential for designing materials suited for
real wastewater systems.

This study aims to develop a BSA biofunctionalized g-C3N4

composite (BSA-CN) adsorbent for efficient and selective
adsorption of Pb2+ from aqueous systems. The work focuses on
controlled oxidation and epoxy mediated protein immobiliza-
tion onto exfoliated g-C3N4, thereby introducing abundant
amino, carboxyl, and peptide coordination sites for enhanced
metal binding. Comprehensive physicochemical characteriza-
tion, including FTIR, XRD, Raman spectroscopy, TGA, TEM,
SEM-EDX, BET surface area analysis and zeta potential
measurements was performed to conrm successful structural
modication and to elucidate changes in functional groups,
morphology, surface area and charge distribution. Adsorption
performance was systematically evaluated under varying pH,
Nanoscale Adv., 2026, 8, 2584–2603 | 2585
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concentration, temperature, and contact time conditions, while
the mechanism was elucidated using non-linear kinetic and
isotherm modeling supported by thermodynamic analysis.
Beyond its aqueous metal remediation, the protein modied g-
C3N4 also demonstrates signicant CO2 adsorption at low
pressure, highlight its viability as a dual-function materials for
environmental remediation.
2. Materials and methods
2.1. Materials

Sodium hydroxide pellets (NaOH), nitric acid (HNO3, 69%),
potassium permanganate (KMnO4), hydrogen peroxide (H2O2,
30%) and melamine (99%) were obtained from Merck Life
Science Pvt. Ltd. Hydrochloric acid (6 N aqueous solution), urea
(AR, 99.5%), phosphate-buffered saline (PBS, pH of 7.4 ± 0.1)
and epichlorohydrin (AR, 99.5%) were purchased from Sisco
Research Laboratory Pvt. Ltd. Bovine serum albumin (BSA) was
obtained from HiMedia Laboratories Pvt. Ltd. Standard solu-
tions of heavy-metal salts including Mn(NO3)2$4H2O, Zn(NO3)2
and Cu(NO3)2$3H2O were purchased from Merck and Pb(NO3)2
and Cd(NO3)2$3H2O were also purchased from Sisco Research
Laboratory Pvt. Ltd and used without further purication. All
chemicals were of analytical grade, and deionized water was
used throughout the experiments.
2.2. Synthesis and oxidation of g-C3N4

The synthesis of g-C3N4 was conducted via the thermal poly-
merization of urea and melamine as shown in Fig. 1. In
Fig. 1 Overall reaction scheme of protein functionalized g-C3N4.

2586 | Nanoscale Adv., 2026, 8, 2584–2603
a standard synthesis procedure, 6 grams of urea and 4 grams of
melamine were mixed in a mortar and pestle to yield g-C3N4 in
a single reaction vessel. The resultant powder was subsequently
transferred into a covered crucible and subjected to heating in
a muffle furnace at a temperature of 550 °C for a duration of 4
hours. Upon completion of the heating phase, the furnace was
permitted to cool down to ambient temperature. The resultant
powder sample manifested a pale-yellow tint.

The synthesized g-C3N4 was oxidized by using a previously
reported method.25 In this technique, 1 g of g-C3N4 powder was
combined with 30 mL of HNO3 in a single-neck ask and stirred
magnetically for 30 minutes. Aer progressively adding 3.5 g of
KMnO4 to the ask, the mixture was kept in an ice bath and
vigorously stirred for 2 hours. The mixture was blended with
90 mL of deionized water and ultrasonically treated for 2 hours.
The mixture was then stirred at room temperature for another 8
hours. To neutralize leover KMnO4, 20 mL of a 30% hydrogen
peroxide (H2O2) solution was carefully added. The white
product was separated by centrifugation at 6000 rpm and
washed with DI water until the pH was approximately neutral.
Finally, the oxidized g-C3N4 (Ox-CN) nanosheets were produced
as a white powder.
2.3. Surface functionalization via epoxide–amine coupling

To immobilize protein moieties onto the surface of hydroxylated
2D g-C3N4, a two-step functionalization strategy involving epoxi-
dation of surface –OH groups followed by epoxy–amine coupling
was employed (Fig. 1). Initially, 200 mg of the hydroxyl-
functionalized g-C3N4 (Ox-CN) was dispersed in a 1 : 1 (v/v)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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ethanol–deionized water mixture (40 mL) using ultrasonication
for 30 min to ensure uniform dispersion. The pH of the
suspension was adjusted to ∼9–10 by adding 0.1 M NaOH
dropwise under continuous stirring. Subsequently, 2 mL of
epichlorohydrin was added dropwise to the alkaline suspension
under a nitrogen atmosphere, and the reaction mixture was
stirred at 50 °C for 8 h. Upon completion, the mixture was cooled
to room temperature and neutralized using dilute HCl (0.1 M).
The product was separated by centrifugation (6000 rpm, 10 min),
washed thoroughly with ethanol and deionized water to remove
unreacted epichlorohydrin, and nally freeze-dried to obtain the
epoxide-functionalized nanomaterial (designated as Ep-CN).

For covalent immobilization, 100 mg of Ep-CN was redis-
persed in 25mL of phosphate buffer (0.05 M, pH 8.5) containing
the target protein BSA (100 mg). The reaction mixture was
stirred at 37 °C for 24 h to facilitate nucleophilic attack of the
primary amine group on the epoxy moieties, leading to ring
opening and covalent bonding. The resulting biofunctionalized
nanomaterial was collected by centrifugation, washed multiple
times with deionized water to remove unbound residues, and
dried under vacuum at 40 °C. The nal product was designated
as BSA-CN.

2.4. Characterization and measurements

The synthesized nanomaterials and adsorbent were character-
ized using various analytical techniques. Fourier Transform
Infrared (FTIR) spectroscopy was carried out in ATR mode by
using a PerkinElmer Spectrum Two FTIR instrument. X-ray
diffraction (XRD) analysis was conducted using a Bruker D8
Advance X-ray diffractometer (Karlsruhe, Germany) with Cu Ka
radiation (l = 1.54056 Å) at a scan rate of 1.5 s per step over an
angular range of 2q = 5–80°. The operating conditions of the
XRD tube were maintained at 40 mA and 40 kV. Thermogravi-
metric analysis (TGA) was performed using a PerkinElmer4000
instrument for all thermal analyses of samples. Raman analysis
was carried out using aMicro Raman spectrometer (Lab RAMUV
VIS-NIR, Horiba). Investigation of surface charge and zeta
potential was performed at room temperature using a zeta
potential analyzer (Malvern-NanoZS90). Transmission electron
microscopy (TEM) was carried out with a JEOL TEM-2100
instrument (Tokyo, Japan) to examine the morphology and
SAED pattern of the prepared composite. The surface
morphology and elemental composition of the nanomaterials
and composite lms were investigated using a SIGMA VP
(ZEISS) scanning electron microscope (SEM) (Oberkochen,
Germany) equipped with an energy-dispersive X-ray (EDX)
spectroscopy unit. The specic surface area of CN and the
adsorbent composite were obtained from N2 adsorption–
desorption isotherms by employing the Brunauer–Emmett–
Teller (BET) method (Quantachrome iQ autosorb analyzer, USA)
and the mean pore size was measured with the help of the
Barrett–Joyner–Halenda (BJH) approach.

2.5. Adsorption experiments

Batch adsorption experiments were conducted to evaluate the
inuence of key operational variables, including initial pH,
© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature, adsorbent dosage, and initial Pb2+ concentration,
on the adsorption performance of the synthesized BSA-CN
composite. A stock solution of Pb2+, Cd2+, Cu2+, Zn2+, and
Mn2+ with a concentration of 1000 mg L−1 was prepared by
dissolving Pb(NO3)2, Mn(NO3)2$4H2O, Cu(NO3)2$3H2O,
Cd(NO3)2$3H2O and Zn(NO3)2 in deionized water. Working
solutions of desired concentrations (10–70 mg L−1) were ob-
tained by appropriate dilution with DI water. For each experi-
ment, a known mass of adsorbent (10–40 mg) was dispersed in
50 mL of Pb2+ solution in 100 mL capacity conical asks. The
asks were agitated at 180 rpm in an orbital shaker at pre-
determined temperatures (25–55 °C) for 10–240 min to attain
equilibrium. The initial pH of the Pb2+ solution was adjusted
between 2 and 10 using 0.1 M HCl or 0.1 M NaOH. Based on
preliminary pH screening, maximum adsorption was observed
near pH 6–8; therefore, subsequent studies on kinetics,
isotherms, and thermodynamic parameters were conducted at
neutral pH. Aer the contact period, the suspensions were
ltered to separate the adsorbent. The residual concentration of
the ltrate was determined using Atomic Absorption Spectros-
copy (AAS, Model ICF3300 Themo Fisher Scientic).

The adsorption capacity (Qt, mg g−1) and percentage removal
(R%) were calculated using the following equations:

Qt ¼ ðCo � CtÞ
m

� V (1)

%R ¼ ðCo � CtÞ
Co

� 100 (2)

where Co and Ce are the initial and equilibrium concentrations
(mg L−1), respectively, V is the solution volume (L), and m is the
adsorbent mass (g). All experiments were carried out in tripli-
cate, and the mean values are reported.
2.6. Kinetic and isotherm model studies

Kinetic experiments were carried out using 0.2 g L−1 of BSA-CN
in 50 mL of Pb2+ solution (30 mg L−1) at pH 7. Samples were
withdrawn at selected time intervals (10–240 min), and the
concentration of Pb2+ was measured as described above. The
kinetic data were tted to the pseudo rst order (PFO), pseudo
second order (PSO) and Elovich kinetic models which are
expressed as follows

Qt = Qe(1 − e−k1t) (3)

Qt ¼ Qe
2k2t

1þQek2t
(4)

Qt ¼ 1

b
lnð1þ abtÞ (5)

where Qt and Qe (mg g−1) represent the adsorption capacity at
time t and at equilibrium, respectively, k1 (min−1) is the PFO
rate constant, and k2 (g mg−1 min−1) is the PSO rate constant,
a (mg g−1 min−1) the initial adsorption rate, and b (g mg−1) the
desorption-related constant. Model parameters were deter-
mined by non-linear regression.
Nanoscale Adv., 2026, 8, 2584–2603 | 2587
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Equilibrium isotherm experiments were conducted by
varying the initial Pb2+ concentration (10–70 mg L−1), while
maintaining the adsorbent dosage at 0.2 g L−1 and pH at 7. The
suspensions were agitated for 180 min to reach equilibrium.
Aer equilibration, the adsorption data were tted using four
non-linear isotherm models: Langmuir, Freundlich, Temkin,
and Redlich–Peterson (R–P) models which are expressed as
follows:

Qe ¼ QmKLCe

1þ KLCe

(6)

where Qm (mg g−1) is the maximum monolayer capacity and KL

(L mg−1) is the Langmuir constant.

Qe = KFCe
1/n (7)

where KF represents the adsorption capacity and n denotes the
adsorption intensity

Qe = B ln(KTCe) (8)

B ¼ RT

b

where, B (J mol−1) relates to the heat of adsorption, KT (L g−1) is
the Temkin binding constant, and b (J mol−1) indicates the
interaction between the adsorbent and adsorbate.

Qe ¼ KRCe

1þ aRCe
b

(9)

where KR (L g−1) and aR (L mg−1) are adsorption constants, and
b (0# b# 1) indicates the system's deviation between Langmuir
(b = 1) and Freundlich (b = 0) behavior.

All isotherm parameters were estimated using non-linear
curve tting to minimize error and avoid distortions associ-
ated with linear transformations.

2.7. Thermodynamic studies

Thermodynamic parameters were obtained by performing
equilibrium adsorption at different temperatures (298, 308, 318,
and 328 K). The thermodynamic equilibrium constant (Kad) was
calculated from the ratio of adsorbed to solution-phase Pb2+

concentration, and plotted using the van't Hoff equation:

ln Kad ¼ �DH�

RT
þ DS�

R
(10)

The Gibbs free energy change was calculated using

DG˚ = DH˚ − TDS˚ (11)

The activation energy of the adsorption process was calcu-
lated by using the Arrhenius equation as follows

ln k ¼ ln A� Ea

RT
(12)

where k is the rate from the PSO kinetic equation at different
temperatures (298 K, 308 K and 318 K), A is the pre-exponential
2588 | Nanoscale Adv., 2026, 8, 2584–2603
factor, Ea is the activation energy (kJ mol−1), R is the universal
gas constant (8.314 J mol−1 K−1), and T is the temperature (K).
2.8. Adsorbent reusability

From an economic perspective, regeneration of the adsorbent is
crucial for practical applications. The adsorbent can be utilized
again by desorbing the adsorbed Pb2+ once adsorption equi-
librium has been reached. The reusability tests were carried out
by subjecting Pb2+ loaded BSA-CN to repeated adsorption–
desorption cycles under identical operating conditions. Aer
completing each adsorption experiment, the Pb2+ loaded
adsorbent was transferred to 50 mL of 0.1 M HCl solution and
shaken for 45 min at 180 rpm to promote desorption. Hydro-
chloric acid was selected as the regenerating agent due to its to
its strong acidic nature, high solubility of lead chloride
complexes, minimal structural degradation of the protein-
functionalized nanosheets, low cost, and easy availability.
Following desorption, the suspension was centrifuged, and the
desorbed Pb2+ concentration was determined by atomic
absorption spectrophotometry (AAS) to quantify the amount of
metal released. The regenerated adsorbent was thoroughly
rinsed with deionized water until neutral pH, dried at 40 °C, and
reused for the next adsorption cycle under the same conditions
as the initial run. The desorption efficiency was calculated using
the following equation:

Desorption efficiencyð%Þ ¼ Amount of PbðIIÞdesorbed
Amount of PbðIIÞadsorbed � 100

(13)

2.9. CO2 adsorption set-up

CO2 adsorption experiments were conducted using a gas sorp-
tion analyzer. Measured amounts of BSA-CN were degassed at
a controlled temperature with helium serving as the carrier gas.
Using an external water bath, the sample was set to the desired
temperatures (25, 13, and 3 °C), and the CO2 ow was regulated
by the gas sorption analyzer. The pressure was maintained
between 0.05 and 0.99 atm., and the CO2 adsorption isotherm
was subsequently measured.
3. Results and discussion
3.1. Structural and morphological characterization of the
adsorbent

First, the stepwise functionalization of g-C3N4 was conrmed
through FTIR spectroscopy and are shown in Fig. 2(a). The
pristine g-C3N4 (CN) spectrum displayed the characteristic
features of the heptazine framework, includingmultiple intense
absorption bands within the 1200–1650 cm−1 region, which are
assigned to the stretching vibrations of C–N and C]N hetero-
cycles. Additionally, a prominent peak was observed at
811 cm−1, attributed to the out-of-plane bending vibration of
the s-triazine units. A broad absorption band centered at 3100–
3300 cm−1 was also observed, resulting from terminal –NH2 and
–OH groups as well as adsorbed water, which is consistent with
previous reports on polymeric carbon nitride.30,36 Following
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Physicochemical characterization of the synthesized BSA composite. (a) FTIR spectra of CN, Ox-CN, Ep-CN and BSA-CN, (b) XRD plot of
CN, Ox-CN and BSA-CN, (c) TGA plots of CN, Ep-CN and BSA-CN in a N2 environment, and (d) Raman plot of CN and BSA-CN recorded using
a 633 nm laser.
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nitric acid–KMnO4 oxidation (Ox-CN), signicant spectral
changes were observed. A new broad band in the 3050–
3500 cm−1 region appeared, corresponding to the stretching
vibrations of –OH groups introduced during oxidation, con-
rming successful incorporation of oxygenated groups.36 Aer
epichlorohydrin-treatment (Ep-CN), the characteristic oxirane
bands expected around 910–925 and 840–855 cm−1 were not
clearly resolved. This absence can be attributed the inherently
weak intensity of epoxy vibrations compared to the dominant
heptazine breathing band at ∼810 cm−1 and partial ring-
opening of epoxides under aqueous alkaline conditions,
which generates chlorohydrin or diol-type linkages that do not
display sharp oxirane features.48 Despite the lack of these
distinct peaks, other spectral changes conrm successful
surface modication. Specically, new aliphatic C–H stretching
bands appeared near 2920 cm−1, the C–O stretching region
(1000–1200 cm−1) became more intense, and the broad O–H
absorption diminished, consistent with consumption of
hydroxyl groups. These features collectively indicate that
epichlorohydrin was covalently graed onto CN, producing
a mixture of epoxy, and ether linkages. Importantly, such
functionalities remain highly reactive toward nucleophiles such
as amines, thereby enabling the subsequent conjugation of BSA
© 2026 The Author(s). Published by the Royal Society of Chemistry
to the nanosheets. Although the protein's vibrational modes
partially overlap with the intrinsic framework peaks of g-C3N4,
distinct signatures of BSA can still be discerned in the BSA-CN
spectrum. The most prominent evidence comes from the
amide I band (∼1632 cm−1), arising from C]O stretching of
peptide linkages, while a weaker feature around 1543 cm−1

corresponds to the amide N–H bending coupled with C–N
stretching.43 These characteristic features unambiguously
conrm the successful conjugation of BSA onto the surface of
the epoxide-functionalized g-C3N4.

The crystalline structure of the samples was investigated
using X-ray diffraction (XRD), and the results are shown in
Fig. 2(b). The pristine g-C3N4 exhibited two characteristic
reections at 2q z 12.9° and 27.7°, corresponding to the (100)
in-plane structural packing of tri-s-triazine units and the (002)
interlayer stacking of the aromatic conjugated layers, respec-
tively (JCPD Card No. 00-066-0813). From the card number the
phase of the nanomaterials was conrmed to be orthorhombic
in nature. The intense peak at 27.7° indicates well-ordered
stacking of the graphitic planes, while the weaker diffraction
at 12.9° corresponds to the periodic arrangement of heptazine
motifs.49 Upon oxidation (Ox-CN), the (002) peak becomes
broader and shis, indicating partial disruption of the p–p
Nanoscale Adv., 2026, 8, 2584–2603 | 2589
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stacking due to the introduction of oxygen-containing func-
tionalities, which expand the interlayer distance.36 The (100)
diffraction at 13° was further weakened, supporting the loss of
in-plane periodicity following oxidative treatment. The broad-
ening of the peaks indicates that the crystallinity of the mate-
rials decreases. The intensity of the peaks slightly decreases
compared to the pristine material, indicating a change in
crystallite size. These results are consistent with FTIR evidence
of oxygen-containing groups, which disrupt the ordered conju-
gated network. Notably, aer BSA immobilization, the (002)
reection remained at 27.7°, suggesting that protein attach-
ment occurs primarily through surface binding rather than
signicant intercalation between the g-C3N4 layers. This reten-
tion of the (002) position, together with peak broadening,
supports successful BSA immobilization while maintaining the
layered framework of CN. The peaks remain at the same posi-
tions, indicating that the phase of the material has not changed
aer modication.

Furthermore, the surface charge evolution of g-C3N4 during
successive functionalization steps was monitored by zeta
potential measurements (pH 7 ± 0.1) and is shown in Fig. S1.
Pristine g-C3N4 exhibited amoderately negative zeta potential of
−11.9 mV, arising from deprotonated edge nitrogen sites. Upon
oxidative treatment (Ox-CN), the zeta potential decreased
markedly to−18.2 mV, conrming the successful incorporation
of oxygenated moieties (–COOH and –OH) that dissociate under
neutral conditions. Subsequent activation with epichlorohydrin
(Ep-CN) resulted in partial neutralization of these surface
charges, reected by a positive potential of 6 mV, as the epoxy
linkers masked carboxyl/hydroxyl functionalities. Following
BSA immobilization (BSA-CN), the zeta potential further
decreased to −23.3 mV, consistent with the presence of BSA,
which carries a net negative charge at physiological pH due to
its low isoelectric point (∼4.7).50 These systematic shis in
surface charge conrm the successful stepwise modication of
g-C3N4 and highlight the dominant contribution of protein
adsorption to the nal colloidal stability.

Subsequently, the thermal stability and organic content of
the materials were examined by TGA under a nitrogen atmo-
sphere as shown in Fig. 2(c). The pristine CN exhibited excellent
thermal stability, showing negligible weight loss below 500 °C.
The main decomposition occurred in the range of 540–700 °C,
corresponding to the breakdown of the heptazine framework,
leaving a small char residue of 5.5% beyond 700 °C.51 In
contrast, the epoxide-functionalized sample (Ep-CN) displayed
additional weight loss between 200 and 400 °C, corresponding
to the graed epichlorohydrin moieties introduced during the
process. The overall weight loss was signicantly higher than
that of pristine CN, conrming the successful introduction of
organic linkers onto the nanosheets. The major degradation of
the g-C3N4 backbone still occurred at ∼500 °C, although with
a slightly lower onset temperature, indicating that surface
modication reduced the thermal stability of the framework.
For the protein-functionalized sample (BSA-CN), a two-step
decomposition prole was observed. The initial weight loss
below 150 °C was associated with the release of bound water,
followed by a clear degradation stage between 200 and 400 °C,
2590 | Nanoscale Adv., 2026, 8, 2584–2603
which can be ascribed to the thermal decomposition of
immobilized BSA. The subsequent mass loss at 500–650 °C
corresponded to the decomposition of the underlying g-C3N4

matrix. Compared to Ep-CN, BSA-CN exhibited intermediate
thermal stability, with higher residual mass at 700 °C due to the
contribution of proteinaceous carbonaceous residues.

Raman spectra of pristine CN and BSA-immobilized g-C3N4

(BSA-CN), collected under 633 nm excitation, are presented in
Fig. 2(d). The spectrum of pristine CN exhibits a distinct band at
690 cm−1, which corresponds to the characteristic breathing
vibration of the tri-s-triazine (heptazine) units, conrming the
structural integrity of the g-C3N4 framework.52 Additionally,
broad features between 1550 and 1700 cm−1 can be attributed
to C–N and C]N stretching vibrations within the conjugated
network. Following BSA immobilization, several new Raman-
active modes emerge. Peaks at 707 and 770 cm−1 arise from
protein-related skeletal vibrations, while the band at 1236 cm−1

is characteristic of amide III (C–N stretching coupled with N–H
bending).53 A strong and broad feature in the 1600–1700 cm−1

range is attributed to the amide-I band, arising primarily from
C]O stretching of the peptide backbone. These new vibrational
signatures conrm the successful immobilization of BSA on the
CN surface.

The morphological changes on the surface of CN aer BSA
immobilization were observed by SEM and the corresponding
elemental composition was conrmed through EDX analysis.
SEM images of pristine CN, oxidized CN (Ox-CN), and BSA-CN
are presented in Fig. 3. As illustrated in Fig. 3(a), the pristine
CN displays the characteristic aggregated, layered, and crum-
pled nanosheet-like morphology, typical of polymeric carbon
nitride obtained through thermal polymerization. The corre-
sponding EDX spectrum (Fig. 3(a')) shows dominant signals of
carbon (32.04 wt%) and nitrogen (62.19 wt%), along with
a small amount of oxygen (5.77 wt%), which likely originates
from surface hydroxylation or adsorbed moisture. The high
nitrogen atomic percentage (59.45%) conrms the presence of
tri-s-triazine frameworks containing abundant amine and imide
nitrogen. Upon oxidative treatment, the Ox-CN sample
(Fig. 3(b)) displays a more fragmented and rough morphology.
The increase in structural roughness and agglomeration indi-
cates partial oxidation, exfoliation damage, and formation of
defect sites. This morphological evolution is consistent with the
introduction of hydrophilic –OH and –COOH groups, as also
conrmed by the increased oxygen content from 5.77 wt% to
10.11 wt%, in the EDS prole, conrming successful surface
oxidation. Additionally, the AFM topographic image of Ox-CN
(Fig. S2) shows well-dispersed, exfoliated sheets without
severe restacking and the corresponding height prole indi-
cates thickness variations in the range of ∼1.5–2.4 nm. Subse-
quent BSA immobilization (Fig. 3(c)) produces a further change
in surface texture, with the appearance of more irregular, clus-
tered aggregates, suggestive of protein adsorption onto the CN
framework. The EDS spectrum (Fig. 3(c')) further reveals
a pronounced increase in oxygen content (11.39 wt%), accom-
panied by the appearance of sulphur (0.31 wt%), which can be
attributed to the cysteine and methionine residues in BSA. This
compositional shi, together with the attenuation of the C/N
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM micrographs of (a) pristine CN, (b) oxidized CN (Ox-CN), and (c) BSA-functionalized CN (BSA-CN) along with corresponding EDX
spectra (a'–c') and elemental mapping images of all the constituent elements of BSA-CN.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/3

0/
20

26
 7

:4
5:

35
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
ratio, provides direct evidence of protein attachment on the CN
surface. These observations correlate strongly with the zeta
potential results, where surface charge reversals (from
−11.9 mV for CN to−23.3 mV for BSA-CN) conrmed successful
stepwise functionalization. The elemental mapping images
further validate the homogeneous distribution of carbon,
nitrogen, oxygen, and sulphur across the BSA-CN surface. The
uniform sulphur distribution is especially strong evidence of
successful and consistent protein immobilization, conrming
that BSA is not merely adsorbed in isolated patches but forms
a uniform coating around the CN framework.
© 2026 The Author(s). Published by the Royal Society of Chemistry
To further verify the nanoscale surface modications
induced by BSA functionalization and to complement the
morphological features observed in SEM, TEM analysis was
performed. As shown in Fig. S3 pristine CN exhibits stacked
plate-like nanosheets with relatively smooth surfaces. The TEM
micrographs of BSA-CN shown in Fig. 4 reveal aggregated,
sheet-like domains with irregular edges, consistent with the
layered morphology of graphitic carbon nitride. At lower
magnication (Fig. 4(a), 200 nm scale), BSA-CN appears as
loosely packed agglomerates of ultrathin akes, indicating the
presence of nanosheet-like structures. Increasing magnication
Nanoscale Adv., 2026, 8, 2584–2603 | 2591
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Fig. 4 TEM images of BSA-functionalized g-C3N4 (BSA-CN) at different magnifications: (a) 200 nm, (b) 100 nm and (c) HRTEM image with the
inset showing the SAED pattern.
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(Fig. 4(b)) highlights the crumpled and wrinkled surface
textures, which can be ascribed to both the inherent layered
nature of CN and the adsorption of BSA macromolecules,
leading to increased surface roughness and partial aggregation.
The HRTEM image reveals that the lattice fringes of CN become
less distinct, and the material exhibits diffuse contrast rather
than well-ordered crystalline planes, suggesting that BSA
immobilization introduces a degree of surface amorphization
and disrupts the stacking order of CN nanosheets. This inter-
pretation is supported by the selected area electron diffraction
(SAED) pattern (inset, Fig. 4(c)), which displays diffuse
concentric rings instead of sharp diffraction spots, conrming
the polycrystalline to semi-amorphous character of BSA-CN.

The nitrogen adsorption–desorption isotherms of pristine
CN and BSA-CN are presented in Fig. 5. We recorded the N2

adsorption–desorption isotherms of two samples possessing
different nanoparticle sizes at 80 °C under a continuous
nitrogen ow for 18 hours. Both materials exhibit a character-
istic type-II isotherm with a pronounced H3-type hysteresis loop
at higher relative pressures (P/P0 > 0.8), which is typical of
mesoporous structures originating from slit-shaped pores and
irregular interparticle voids. This conrms that the funda-
mental mesoporous architecture of graphitic carbon nitride is
retained even aer protein immobilization.54 Pristine CN shows
Fig. 5 (a) Nitrogen adsorption–desorption isotherms of pristine CN and
average pore radii.

2592 | Nanoscale Adv., 2026, 8, 2584–2603
a moderate adsorption volume at low relative pressures, indi-
cating the presence of limitedmicropores, followed by a gradual
increase in the mid-pressure region, which corresponds to
capillary condensation within the mesoporous channels. In
contrast, BSA-CN exhibits substantially higher nitrogen uptake
over the entire pressure range. The enhanced adsorption at low
P/P0 suggests an increase in accessible surface area or pore
exposure due to partial exfoliation or loosening of CN layers
during BSA functionalization. The specic surface area versus
pore radius for each sample is represented as a histogram in
Fig. 5(b). We have obtained specic surface areas of 75.885 m2

g−1 and 132.424 m2 g−1 together with pore radii of 1.7 nm and
1.9 nm, respectively, for CN and BSA-CN samples. This
enhancement is consistent with the morphological observa-
tions from TEM and SEM, where BSA deposition introduced
surface roughness and disrupted the dense stacking of CN
nanosheets. Such structural modications create additional
adsorption sites.
3.2. Adsorption performance of the BSA-CN composite

The inuence of key operational parameters such as contact
time, initial Pb2+ ion concentration, adsorbent dosage, and
solution pH on Pb2+ adsorption performance of the BSA-CN
composite was systematically investigated and the results are
BSA-CN, and (b) comparison of their BET specific surface areas and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Effect of contact time, (b) initial Pb2+ concentration, (c) adsorbent dosage, (d) pH-dependent zeta potential of BSA-CN and (e) pH
influence on equilibrium adsorption capacity and percentage removal of Pb2+ by adsorbent BSA-CN.
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shown in Fig. 6. These variables signicantly affect both equi-
librium adsorption capacity (Qt or Qe) and percentage removal
efficiency, and provide deep insight into the mechanistic
aspects of metal uptake by the biofunctionalized nanosheets.
Furthermore, to elucidate the impact of protein functionaliza-
tion on adsorption efficiency, the Pb2+ adsorption performance
of g-C3N4 (CN) was directly compared with that of BSA-CN under
identical experimental conditions (Fig. S4 and Table S1). As
shown, pristine CN shows a relatively low adsorption capacity of
59.8 mg g−1 at 30 ppm initial Pb2+ ion concentration due to the
limited availability of strong metal-binding sites on its surface.
In contrast, BSA-CN achieved a substantially enhanced
adsorption capacity of 144.6 mg g−1, corresponding to a 141.8%
improvement relative to pristine CN. These substantial
improvements conrmed that the introduction of multidentate
protein derived functional groups, including carboxylate, amine
and sulphur containing groups, enables strong surface
complexation and cooperative chelation of Pb2+ ions.

3.2.1. Effect of contact time and initial Pb2+ concentration.
Fig. 6(a) shows the time-dependent adsorption prole of Pb2+ in
terms of adsorption capacity and percentage removal. It was
found that Pb2+ uptake was rapid during the initial 30–60 min,
during which the adsorption capacity, Qt increased sharply to
approximately 119 mg g−1. This initial fast phase can be
attributed to the abundant availability of vacant adsorption or
active sites, primarily surface amide, carboxyl, and nitrogen
functionalities originating from immobilized BSA.55 As the
adsorption sites gradually became occupied, the adsorption
rate gradually slowed and eventually reached at equilibrium
around 150–180 min, where the maximum adsorption capacity
approached ∼145 mg g−1. The corresponding Pb2+ removal
efficiency exceeded 90%, highlighting the strong affinity of BSA-
CN towards Pb2+ ions.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The inuence of various initial Pb2+ concentrations (10, 30,
50 and 70 mg L−1) was investigated to evaluate the initial
aqueous solution concentration as illustrated in Fig. 6(b). It was
revealed that the adsorption capacity increased steadily from
49.6 to nearly 292.1 mg g−1 as the initial Pb2+ concentration
increased from 10 to 70 mg L−1. Conversely, the removal effi-
ciency declined from nearly 99.3% at 10 mg L−1 to 83.4% at
70 mg L−1. This behavior could be ascribed to progressive
saturation of available active sites and high concentration of
adsorbate per unit mass of adsorbent.

3.2.2. Effect of adsorbent dosage. The effect of adsorbent
dosage was evaluated over the range of 0.1 to 0.8 g L−1 as shown
in Fig. 6(c). It was observed that increasing the BSA-CN dosage
from 0.1 to 0.4 g L−1 enhanced the removal efficiency from
∼89% to 98%, indicating that a larger amount of BSA-CN
provides more active sites for Pb2+ ions. However, the equilib-
rium adsorption capacity decreased from 145.9 to 121.8 mg g−1

with further increases in dosage. This decrease commonly re-
ported in adsorption systems, arises from the potential aggre-
gation of BSA-CN particles at higher loadings, which reduces
the effective surface area and limits the accessibility of Pb2+ ions
to inner binding sites.56 Therefore, 0.2–0.4 g L−1 is identied as
the effective dosage, balancing both adsorption efficiency and
capacity.

3.2.3. Effect of solution pH. According to previous studies,
the surface chemistry of an adsorbent mainly depends on the
pH of the solution.47 Therefore, it is important to characterize
the effect of solution pH in adsorption studies since the pH
affects the availability of free sites if the metal binding groups
are weakly basic or acidic. As shown in Fig. 6(d), the zeta
potential of BSA-CN shows strong pH dependence, trans-
itioning from +38 mV at pH 3 to −39 mV at pH 11. This sharp
shi indicates that amine functionalities are positively charged
Nanoscale Adv., 2026, 8, 2584–2603 | 2593
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under acidic pH conditions due to protonation and deproto-
nation of carboxyl and amide functionalities at higher pH leads
to the development of a negative charge. The point of zero
charge (pHpzc) is observed near pH 4.2, aer which the adsor-
bent becomes increasingly electronegative. This behavior is
crucial for Pb2+ binding, as the metal ions interact strongly with
negatively charged groups via electrostatic attraction and
complexation.

The adsorption capacity as a function of pH (Fig. 6(e))
mirrors the zeta potential trend. Under strongly acidic condi-
tions (pH 3), equilibrium adsorption capacity was relatively low
(∼118 mg g−1), mainly due to the protonation of carboxylate
and amine groups, which weakens their ability to coordinate
with positively charge Pb2+. In addition, high concentrations of
H+ ions competed directly with Pb2+ for the available adsorption
sites.57 With an increase in pH to 7–9, the equilibrium adsorp-
tion capacity of Pb2+ remarkably increased, raising Qe to
158.2 mg g−1. This improvement can be attributed to the
deprotonation of carboxylate/amine groups and stronger coor-
dination between Pb2+ and electron-rich donor sites in BSA (–
COO−, –NH2, and –C]O). At pH 10, a decrease in Qe is
observed, which is likely due to the hydrolysis and precipitation
of Pb(OH)2, reducing the contribution of true adsorption. Thus,
pH 6–8 represents the optimal range for BSA-CN and Pb2+

interactions.
3.3. Adsorption kinetics and isotherm

Adsorption kinetics provides crucial insights into the rate at
which Pb2+ ions are adsorbed and the mechanisms that govern
the overall adsorption process. Understanding these kinetic
behaviors helps to identify whether the rate-limiting step
involves surface reactions, diffusion, or chemical bonding. In
this study, the adsorption kinetics of Pb2+ ions onto the
synthesized BSA-CN composite were systematically investigated
at 298 K with an initial Pb2+ concentration of 30 mg L−1 and an
adsorbent mass of 0.2 g L−1. To evaluate the adsorption
kinetics, non-linear tting of the pseudo rst order (PFO),
pseudo second order (PSO) and Elovich kinetic models as
Fig. 7 (a) Nonlinear kinetic fitting of Pb2+ adsorption onto BSA-CN fitted
25 °C, Co = 30 mg L−1, m = 10 mg, V = 50 mL), (b) nonlinear isotherm fi

adsorption onto BSA-CN at 25 °C (t = 180 min, Co = 30 mg L−1, m = 10

2594 | Nanoscale Adv., 2026, 8, 2584–2603
described in eqn (3)–(5), were used to t the experimental data.
The PFO model assumes that the rate of adsorption is directly
proportional to the number of unoccupied sites. It generally
represents a physisorption-driven process where mass transfer
and surface diffusion dominate.47 Conversely, PSO model
assumes that chemisorption, involving electron sharing or
exchange between the adsorbent and adsorbate, is the rate-
controlling step.58 Fig. 7(a) shows the tting results of the
three models and the corresponding parameters are summa-
rized in Table 1.

The correlation coefficient (R2), theoretical Qe and reduced
chi-square (c2-red) parameter values were used to assess model
suitability. Among the three models, the Elovich model
exhibited the best agreement with the experimental data when
considering R2 = 0.994 and a signicantly lower value of c2-red
(13.01), followed closely by the PSO model (R2 = 0.998, c2-red =

27.66), whereas the PFO model showed a slightly lower corre-
lation and c2-red (R2 = 0.941, c2-red = 124.48). The PFO model
yielded Qe= 135.61 mg g−1 and R2= 0.941, underestimating the
experimental value and suggesting that physisorption alone
cannot adequately describe the system. Instead, the excellent t
of the PSO and Elovich models reects the chemical nature and
heterogeneity of the BSA-CN surface. The Qe value predicted by
the PSO model (148.42 mg g−1) was closest to the experimental
value. The PSO rate constant (k2 = 5.64 × 10−4 g mg−1 min−1)
indicates that the adsorption process primarily follows
a chemisorption mechanism, involving surface complexation or
coordination between Pb2+ ions and the surface functional
groups (–COOH, –NH2, and –C]O) of the BSA-modied CN
nanosheets.59 The Elovich model tting reveals notable corre-
lations, characterized by best t (R2 = 0.994) a signicantly
higher adsorption rate constant (a = 62.1 mg g−1 min−1)
compared to the desorption parameter (b = 0.043 g mg−1),
highlighting a strong adsorbent–adsorbate affinity and an
energetically favorable adsorption process.60 This disparity
implies that Pb2+ ions interact robustly with diverse functional
groups (–COOH, –NH2, and amide) introduced through BSA
immobilization, as evidenced by FTIR analyses, creating
a variety of energetically distinct adsorption sites.
with pseudo-first order, pseudo-second order, and Elovichmodels (T=

ttings (Langmuir, Freundlich, Temkin, and Redlich–Peterson) for Pb2+

mg, V = 50 mL).
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Table 1 Kinetic parameters for the adsorption of Pb2+ ions onto BSA-
CN (T = 25 °C, Co = 30 mg L−1, m = 10 mg, V = 50 mL)

Kinetic models Parameters Values

Pseudo rst order Qe, exp (mg g−1) 144.58
Qe (mg g−1) 135.61
K1 (min−1) 5.191 × 10−2

R2 0.941
c2 red 124.48

Pseudo second order Qe (mg g−1) 148.42
K1 (g mg−1 min−1) 5.64 × 10−4

R2 0.988
c2 red 27.66

Elovich kinetic model a (mg g−1 min−1) 62.10
b (g mg−1) 0.043
R2 0.994
c2 red 13.01
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In this work, equilibrium adsorption data for Pb2+ on the
BSA-CN composite were tted into different kinds of isotherm
models (Langmuir, Freundlich, Temkin, and Redlich–Peterson)
to examine the underlying adsorption process. All model
ttings were performed using non-linear model t to the orig-
inal Qe vs. Ce data as non-linear tting minimizes residuals in
the dependent variable (Qe) directly and provides more reliable
parameter estimates and uncertainty bounds than lineariza-
tion.61 The analysis of adsorption isotherms was conducted
under controlled isothermal conditions of 298 K and a contact
time of 180min, sufficient to reach equilibrium. The adsorption
isotherms and corresponding parameters of the Langmuir,
Freundlich, Temkin and Redlich–Peterson models tted to the
experimental data are presented in Fig. 7(b) and Table 2
respectively. The tting of the models was compared using both
the coefficient of determination and reduced chi-square
(c2_red) values to ensure rigorous statistical assessment.

Although all models showed reasonably good correlation (R2

> 0.95), signicant differences were observed in their error
functions. The Redlich–Petersonmodel exhibited the highest R2

(0.998) and the lowest c2 red value (24.34), conrming it as the
Table 2 Adsorption isotherm parameter values for the adsorption of Pb2+

Isotherm model

1 Langmuir isotherm model

2 Freundlich isotherm model

3 Temkin isotherm model

4 Redlich–Peterson isotherm
model

© 2026 The Author(s). Published by the Royal Society of Chemistry
most statistically appropriate descriptor of the adsorption
system, followed closely by the Freundlich model as the supe-
rior descriptor of the data (R2 = 0.997; c2 red = 40.54). Whereas
Temkin (R2 = 0.977; c2 red = 314.67) and Langmuir models (R2

= 0.953; c2 red= 647.3) showed comparatively larger deviations
from experimental data, thus statistically rejecting the founda-
tional assumption of purely homogeneous, monolayer coverage
described by the Langmuir model.62 The R–P model, therefore,
is designated as the optimal model for describing the equilib-
rium adsorption of Pb2+ onto the BSA composite. This statistical
result is corroborated by the visual representation in Fig. 7(b),
where the R–P isotherm and Freundlich isotherm curves overlay
the experimental data points most accurately across the entire
concentration range tested. The R–P model is advantageous
because it incorporates characteristics of both the Langmuir
model (when beta to 1) and the Freundlich model (when beta to
0). This hybrid nature allows it to accurately describe adsorption
across a wide concentration range on both homogeneous and
heterogeneous surfaces.63 The critical parameter is the expo-
nent b, which was determined to be 0.722. Since the value lies
well within the favourable adsorption range (0< b < 1), this
conrms that the adsorption process is decidedly non-ideal and
occurs on a heterogeneous surface. The deviation of b from
unity indicates that the BSA composite surface possesses
multiple types of functional groups (e.g., amino or carboxyl
groups) with varying affinities for Pb2+ conrming a strong
degree of heterogeneity in the binding sites. Furthermore, the
strong affinity constant KR (2934.6 L mg−1) suggests that at
lower concentrations, the binding is extremely favorable,
indicative of specic, high-energy interactions. Further mech-
anistic validation was provided by the highly successful t of the
Freundlich isotherm, with parameters KF = 129.23 and n =

3.221. This corresponds to a surface heterogeneity index 1/n of
approximately 0.310. Since 1/n is well below 1, this result
establishes the adsorption as highly favorable and conrms that
the BSA-CN composite surface is heterogeneous, implying that
the sorption energy exponentially decreases as the most ener-
getic sites are progressively occupied.64 Despite the inferior
ions onto BSA-CN (T= 25 °C, Co = 30 mg L−1,m= 10 mg, V= 50 mL)

Model parameters Values

qm (mg g−1) 292.94
KL (L mg−1) 0.821
R2 0.953
c2 red 647.3
KF (mg g−1) (L mg−1)(1/n) 129.23
n 3.221
R2 0.997
c2 red 40.64
KT (L mg−1) 35.59
B 4.342 × 10−2

R2 0.977
c2 red 314.67
KR (L g−1) 2934.6
aR (L mg−1)b 20.958
b 0.722
R2 0.998
c2 red 24.34
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statistical t, the Langmuir model provided the theoretical
maximum monolayer capacity (Qm) of 292.94 mg g−1, conrm-
ing the synthesized material's high potential capacity for Pb2+

sequestration. Furthermore, the Temkin isotherm, with
parameters KT = 35.59 L mg−1 and B = 4.342 × 10−2, suggests
that the heat of adsorption decreases linearly with increasing
surface coverage, indicating signicant adsorbate–adsorbate
interactions or competitive site occupation typical of a strong
physicochemical uptake mechanism. Collectively, the isotherm
data robustly conclude that Pb2+ uptake onto the BSA composite
is a favorable, complex, and mixed-mode physicochemical
process dominated by surface heterogeneity, where multiple
functional groups contribute to binding across the concentra-
tion range. The adsorption capabilities of several other absor-
bents are compared in Table S3.
3.4. Effect of temperature and adsorption thermodynamics

During the adsorption process, temperature has an important
effect on adsorption because it affects the diffusion rate of ions
in the solution. Therefore, temperature experiments were
carried out at four different temperatures (298 K, 308 K, 318 K
and 328 K) to analyze the inuence of temperature on adsorp-
tion of Pb2+ ions. Fig. 8(a) illustrates the effect of temperature
and contact time on adsorption capacity of Pb2+ by BSA-CN for
30 mg L−1 initial Pb2+ ion concentration with 0.2 mg g−1

adsorbent concentration. With an increase in temperature,
different behaviour was shown by the adsorbent. As the
temperature increased the adsorption capacity of BSA-CN
initially increased up to 318 K and then decreased with the
increase in temperature. Therefore, the adsorption process was
initially endothermic and become exothermic beyond 328 K.
This is consistent with the previously reported studies.65 The
adsorption is inuenced by chemical adsorption. It has been
reported in the literature that the chemisorption rst increases
since a greater number of adsorbate ions acquire sufficient
energy to undergo chemisorption, which is provided by an
increase in temperature. A further increase in temperature leads
to breaking of bonds between the adsorbate and adsorbent,
resulting in a decrease in adsorption capacity.
Fig. 8 Effect of temperature on Pb2+adsorption by BSA-CN: (a) time-dep
m = 10 mg, V = 50 mL) and (b) van't Hoff plot (ln Kad versus 1/T) for the

2596 | Nanoscale Adv., 2026, 8, 2584–2603
In addition, to examine the thermodynamic evaluation, the
activation energy of the adsorption process was calculated by
using the Arrhenius equation (eqn (12)) The Arrhenius plot of
log k2 vs. 1/T obtained by plotting the rate constant (k2) from the
pseudo-second-order kinetic equation against temperature (298
K, 308 K and 318 K) is illustrated in Fig. S5. The plot exhibited
excellent linearity (R = 0.997), conrming the temperature-
dependent nature of the rate-controlling step. From the slope
and intercept of the Arrhenius plot, the activation energy (Ea)
and pre-exponential factor (A) were determined to be
5.592 kJ mol−1 and 53.74, respectively. A relatively moderate Ea
value obtained from the slope suggests that Pb2+ adsorption on
BSA-CN occurs via a chemisorption-dominated mechanism
involving coordination interactions between Pb2+ ions and
amino, carboxyl, and carbonyl groups of the immobilized
protein. The combined thermodynamic and kinetic ndings
collectively establish that the adsorption of Pb2+ onto BSA-CN is
spontaneous, endothermic, and facilitated by energetically
favorable coordination interactions.

In order to further examine the thermodynamic properties of
the adsorption process, enthalpy (DH, kJ mol−1), entropy
(DS, kJ mol−1), and Gibbs free energy (DG, kJ mol−1) were
studied in this experiment and they were calculated with the
help of Gibbs and van't Hoff equations described in Section 2.7.
The equilibrium thermodynamic constant (Kad) calculated at
each temperature was used to determine DG° according to eqn
(11), and the consistently negative DG° values (Table 3) conrm
that the adsorption of Pb2+ onto BSA-CN is spontaneous at all
tested temperatures. The van't Hoff plot (ln Kad vs. 1/T) was
constructed to determine the DH and DS from the slope and
intercept of the linear t based on eqn (10). As observed, the
adsorption increases from 298 K to 318 K, indicating an endo-
thermic behaviour. However, at 328 K, the thermodynamic
equilibrium constant (Kad) decreases sharply suggests temper-
ature dependent adsorption behaviour, where increased
thermal energy may weaken adsorbate–adsorbent interactions,
leading to partial desorption.65 Since the van't Hoff model
assumes constant enthalpy over the temperature range and
requires linear behaviour of ln Kad vs. 1/T, the thermodynamic
endent adsorption capacity at different temperatures (Co = 30 mg L−1,
endothermic region (298–318 K).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Thermodynamic parameters for adsorption of Pb2+ onto the
BSA-BN composite. (Co = 30 mg L−1, m = 10 mg, V = 50 mL)

Temp. (K)
DG°
(kJ mol−1)

DH°
(kJ mol−1)

DS°
(J mol−1 K−1)

298 −29.03 45.03 248.34
308 −31.44
318 −34.00
328 −30.02 — —
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parameters were calculated using the linear temperature region
(endothermic region, 298–318 K) to ensure accuracy and reli-
ability. The positive DH° value (45.03 kJ mol−1) demonstrates
that Pb2+ uptake is endothermic, which is consistent with
increasing adsorption capacity at elevated temperatures. The
high positive DS° value (248.34 J mol−1 K−1) indicates increased
randomness at the solid–liquid interface, likely due to the
displacement of coordinated water molecules and structural
relaxation of the protein matrix as Pb2+ ions bind to BSA func-
tional groups.
3.5. Proposed adsorption mechanism of Pb2+ ions

The collective characterization results strongly support a multi-
pathway, chemisorption-dominated adsorption mechanism for
Pb2+ binding on BSA-CN. The initial rapid uptake observed
within the rst 30–50 min can be attributed to strong electro-
static attraction between Pb2+ ions and the negatively charged
surface of BSA-CN (z = −23.3 mV), consistent with the pH-
dependent surface charge behavior observed in zeta-potential
measurements. FTIR and Raman spectra reveal the presence
of amide I, II, and III, carboxylate (–COO−), amine (–NH2), and
carbonyl (C]O) groups from BSA, along with pyridinic and
graphitic nitrogen of g-C3N4. These oxygen and nitrogen-donor
Fig. 9 Schematic illustration of the mechanisms of BSA-CN for Pb2+.

© 2026 The Author(s). Published by the Royal Society of Chemistry
functionalities act as high-affinity coordination sites, enabling
inner-sphere complexation of Pb2+ through multidentate
chelation, which is consistent with the strong pseudo-second-
order kinetic t and the moderate activation energy (Ea =

5.592 kJ mol−1) obtained from the Arrhenius analysis. The
positive enthalpy change (DH° = +45.03 kJ mol−1) further
conrms the endothermic and chemically driven nature of Pb2+

binding, requiring energy to form stable coordination bonds
with the protein-derived functional groups. Additionally, SEM,
TEM and BET analyses show that BSA immobilization increases
surface roughness, mesoporosity, and surface area, facilitating
faster diffusion and providing a larger population of accessible
binding sites. The Freundlich isotherm t (1/n < 1) indicates
heterogeneous sorption sites, implying that both high-energy
BSA coordination pockets and lower-energy CN defects partici-
pate in Pb2+ uptake, while the high selectivity seen in multi-ion
experiments conrms the strong preference of these sites for
Pb2+ over other divalent cations. Therefore, the experimental
results converge to support a mechanism in which Pb2+

adsorption proceeds through (i) electrostatic attraction, (ii)
surface complexation with BSA functional groups and CN
nitrogen centers, and (iii) diffusion into mesopores followed by
heterogeneous site occupation. This integrated mechanism
aligns with similar protein-modied adsorbent systems re-
ported in the literature, and explains the superior adsorption
performance, selectivity, and thermodynamic favorability
observed for BSA-CN (Fig. 9).
3.6. Selectivity and reusability performance of BSA-CN

To evaluate the ion binding preference of the BSA-CN
composite, competitive adsorption experiments were conduct-
ed using ve environmentally relevant divalent metal ions Pb2+,
Cd2+, Mn2+, Zn2+ and Cu2+ at two different initial concentrations
Nanoscale Adv., 2026, 8, 2584–2603 | 2597
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Fig. 10 (a) Comparative removal efficiencies of Pb2+, Cd2+, Mn2+, Zn2+ and Cu2+ at 10 and 30 mg L−1 initial metal ion concentration, (b)
reusability and desorption efficiency of BSA-CN over five adsorption–desorption cycles, and (c) comparison of Pb2+ removal efficiency of BSA-
CN in deionized water and real water samples under identical adsorption conditions.
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(10 and 30 mg L−1). As shown in Fig. 10(a), BSA-CN displayed
a pronounced selectivity toward Pb2+, achieving removal effi-
ciencies of 99.3% and 96.1% at 10 and 30 mg L−1, respectively.
In contrast, the removal of Cd2+, Cu2+, Zn2+ and Mn2+ was
signicantly lower, ranging from 39–57%, 22–37%, 42–49% and
11–19%, respectively. This superior affinity for Pb2+ can be
attributed to the strong coordination interactions between Pb2+

ions and the protein-derived functional groups (–COO−, –NH2, –
C]O, and sulydryl residues) present on the BSA-modied
nanosheets. Pb2+ possesses high electronegativity, a large
ionic radius, and a strong tendency to form inner-sphere
complexes, which collectively enhance its binding affinity rela-
tive to other metal ions.66 Furthermore, the immobilization of
BSA introduces heterogeneous, high-density binding domains
that resemble natural metal-binding sites in proteins, thereby
enhancing selective complexation. The lower uptake of Cd2+,
Cu2+, and Mn2+ suggests weaker interactions due to their
differing ionic radii, hydration energies, and coordination
preferences. These ndings conrm that the BSA-CN composite
is intrinsically selective toward Pb2+, making it suitable for
targeted remediation of lead-contaminated water.

Reusability and regeneration are critical parameters for any
adsorbent that determine the practical and economic applica-
bility. Therefore, reusability tests were performed for ve
consecutive adsorption–desorption cycles. For each cycle 20 mg
of BSA-CN were added to 50 mL of Pb2+ solution with 180 rpm
agitation at 25 °C for 180 min. Fig. 10(b) shows the percentage
removal and desorption efficiency of Pb2+ from BSA-CN. In the
rst cycle the composite shows the highest percentage removal
of 96.2% and a desorption efficiency of 94.9% under acidic
conditions, causing the protonation of the adsorbent surface
and allowing the desorption of positively charge Pb2+ ions from
the adsorbent.67 A gradual decline in performance was observed
over successive cycles, with removal efficiencies decreasing to
91.2%, 85.4%, 75.4%, and 69.9% in cycles 2–5, respectively,
while desorption efficiency values remained relatively high (85–
95%) throughout the cycle. The slight decline in adsorption
capacity is likely due to partial blockage, irreversible occupation
of high-affinity sites or mild protein conformational changes
during repeated washing and desorption processes. To verify
the structural stability of the composite aer mild acid (0.1 M
2598 | Nanoscale Adv., 2026, 8, 2584–2603
HCl) treatment, FTIR and zeta potential analyses were con-
ducted aer cycle 1 and cycle 3, as illustrated in Fig. S7. The
FTIR spectra retained the characteristic amide I band
(∼1632 cm−1) and the weaker feature of N–H bending and C–N
stretching at around 1544 cm−1 of BSA without signicant peak
shis and disappearance, conrming the preservation of the
protein backbone structure. Additionally, zeta potential
measurements showed only minor variations in surface charge
values to −20.3–21 mV compared to BSA-CN (−23.3 mV) in
neutral medium, indicating that the immobilized BSA layer
remained chemically stable and was not signicantly leached
during regeneration. The slight shis may be due to the
protonation/deprotonation effect during regeneration.

3.7. Pb2+ removal from real water samples

Aer a series of adsorption experiments, the practical applica-
bility of the BSA-CN composite was evaluated using real envi-
ronmental water samples collected from surface water
inuenced by industrial activities at Paschim Boragaon,
Guwahati-35, Assam, India, and from Deepor Beel lake water,
a Ramsar-designated wetland in Assam. Prior to analysis, the
samples were ltered through a 0.45 mm membrane to remove
suspended particulates and characterized for pH, conductivity
and total dissolved solids to establish baseline water chemistry.
As the native Pb2+ ion concentration was below the detection
limit, we spiked the samples with known Pb2+ concentrations of
10 and 30 mg L−1 to simulate moderately and highly contami-
nated scenarios. Adsorption experiments were performed under
similar conditions to those used for DI water solutions (pH 7.0,
0.2 g L−1 adsorbent dosage, 25 °C, 180 min). Under these
conditions, BSA-CN exhibited a high Pb2+ removal efficiency of
89–90% in both collected real water matrices, retaining more
than 90% of its adsorption capacity compared to deionized
water (Table S2 and Fig. 10(c)). The slightly reduced Pb2+ ion
adsorption capacity observed in real water samples can be
attributed to the competitive adsorption from coexisting ions
and dissolved species. These results conrm the robustness and
selectivity of BSA-CN under realistic water chemistry conditions,
highlighting its suitability for practical water treatment appli-
cations. The effectiveness observed corresponds with the recent
literature reports on Pb2+ removal from real water systems. For
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 CO2 adsorption isotherms of BSA-CN at (a) 3 °C, (b) 13 °C, and (c) 25 °C respectively.
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instance, Mamaghani et al. reported effective Pb2+ recovery
from diverse environmental waters using a magnetic chitosan
hydrogel adsorbent, highlighting the inuence of competitive
binding in complex matrices (qm z 31.7 mg g−1).68 Similarly,
a ZnO–biochar nanocomposite showed greater than 90% Pb2+

removal from wastewater, emphasizing the critical role of
surface functionality and porosity in real-world applications.
Moreover, comparative studies reveal that adsorption efficien-
cies in real wastewater are oen slightly lower than those
recorded in synthetic solutions due to competing divalent
cations and dissolved organic matter.69
3.8. CO2 adsorption, recyclability and mechanistic analysis

The CO2 adsorption characteristics of the BSA-CN composite
were investigated to assess its potential for low-pressure gas
capture using a gas analyzer. CO2 adsorption on the BSA-CN
nanocomposite material was carried out at temperatures of
approximately 25 °C, 13 °C, and 3 °C. As shown in Fig. 11(a–c),
the CO2 adsorption isotherms exhibit a gradual increase in
uptake with increasing pressure, indicating favorable interac-
tions between CO2 molecules and the functionalized g-C3N4

surface. The BSA-CN nanocomposites demonstrated increasing
adsorption capacities with decreasing temperature, reaching
8.35 cm3 g−1 at 25 °C, 14.06 cm3 g−1 at 13 °C and 23.44 cm3 g−1

at 3 °C. The enhanced adsorption at lower temperatures can be
attributed to the reduced kinetic energy of CO2 molecules,
which facilitates stronger adsorptive interactions with the
surface.70,71 Aer complete desorption, the retained CO2

volumes were 2.65, 3.73, and 7.04 cm3 g−1. The observed CO2

uptake is primarily associated with the presence of protein-
derived functional groups, including amine (–NH2), amide (–
CONH–), and carboxylate (–COO−) moieties, which introduce
additional basic and polar sites capable of interacting with CO2

through hydrogen bonding and weak acid–base interactions.
Importantly, the BSA functionalization does not compromise
the structural integrity of the g-C3N4 framework, allowing
accessible adsorption sites without signicant pore blockage.
The N2 BET analysis revealed that the porous structure formed
by the particle arrangement favors the trapping of small mole-
cules such as CO2 (kinetic diameter z0.33 nm).72 Additionally,
© 2026 The Author(s). Published by the Royal Society of Chemistry
following the desorption process, residual CO2 volumes of 2.65,
3.73, and 7.04 cm3 g−1 were recorded at 25 °C, 13 °C and 3 °C,
respectively. This retained CO2 is likely due to strong binding
interactions between CO2 molecules and chemically active sites,
which hinder complete removal under standard desorption
conditions.73 Overall, the enhanced adsorption at lower
temperatures contributes to increased CO2 capture and residual
retention aer desorption, driven by stronger adsorptive inter-
actions and connement effects in the nanocomposite struc-
ture. A comparison with reported adsorbents (Table S4)
indicates that BSA-CN exhibits adsorption performance
comparable to or superior that of several biomass-derived
carbons and inorganic nanocomposites.

The recyclability of CO2 adsorption on the BSA–CN sample
was evaluated at 3 °C, as shown in Fig. S8(a and b), yielding an
adsorption capacity of 23.40 cm3 g−1 in the second cycle. A
minor decrease in CO2 capture was observed during the second
cycle; however, the adsorption capacity remained considerable.
The retention value of 6.01 cm3 g−1 suggests that the material
possesses good recyclability for repeated CO2 adsorption.
4. Conclusion

This study demonstrates a BSA protein functionalized strategy
to transform g-C3N4 into a dual function adsorbent for selective
Pb2+ removal and low-pressure CO2 capture. The stepwise
oxidation, epoxidation and amine coupling strategy enable
stable covalent immobilization of BSA onto g-C3N4 nanosheets
which introduces abundant amino, carboxyl and peptide
binding domains, effectively enhancing the charge character-
istics and adsorption capacity. Batch adsorption experiments
revealed that BSA-CN demonstrates signicant affinity for Pb2+

over a broad pH spectrum, with optimal absorption occurring
under nearly neutral conditions. Kinetic assessments uncov-
ered that the pseudo-second-order (PSO) model provided the
optimal t, highlighting that chemisorption is regulated by
strong surface complexation. Isothermmodeling showed strong
correlation with the Redlich–Peterson (R–P) model, followed
closely by the Freundlich model, validating that Pb2+ adsorption
onto BSA-CN occurs on a structurally heterogeneous surface
Nanoscale Adv., 2026, 8, 2584–2603 | 2599
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with energetically diverse active sites introduced via BSA
modication. The b parameter further conrms the mixed
mechanism, reecting the complex binding environment
present on the biofunctionalized g-C3N4 nanosheets. The ther-
modynamic factors, including a negative DG°, a positive DH°,
and DS°, indicate that the adsorption phenomenon occurs
spontaneously, with an endothermic nature and is driven by
entropy, aligning well with the formation of metal–ligand
complexes. The selectivity test indicates that BSA-CN shows
a clear preference for Pb2+ ions, even with competing metal ions
like Cd2+, Cu2+, Zn2+ and Mn2+ around, reaching a removal
efficiency greater than 90% under favorable conditions. The
material proved its capability to sustain a 70–90% level of
adsorption efficiency throughout ve regeneration cycles,
underlining its impressive durability and reusability. In addi-
tion, the composite displayed low pressure CO2 adsorption,
with uptake increasing at lower temperatures due to strong
interactions with protein derived functional groups and
connement effects within the nanocomposite structure. In
essence, BSA-CN identies itself as a remarkable, specically
targeted, and reusable bioengineered adsorbent. The synthesis
of biological functionality with the resilient framework of
carbon nitride establishes a promising foundation for innova-
tive wastewater treatment methodologies and multifunctional
environmental remediation strategies.
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