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Angela Kleinová,b Julien Parmentier c and Zdenko Špitalský b

Synthetic dyes, such as congo red (CR), are among the most hazardous pollutants released into aquatic

environments due to their toxicity, persistence, and potential health risks. This study prepared and

extensively characterized novel chitosan–biochar biocomposite films using SEM-EDS, N2 adsorption–

desorption, FTIR, XPS, TGA, tensile testing, water contact angle measurement, and water absorption and

solubility testing to efficiently remove CR dye from aqueous solutions. These characterization techniques

revealed that the films exhibited excellent mechanical strength, surfaces enriched with –OH, –NH2, and

–COOH functional groups and low porosity. Furthermore, the prepared films could be easily separated

from the solution after adsorption. The CR removal percentages of the composites were ∼74%, 73%, and

85% for pristine biochar (CH2BC), acid-modified (CH2ABC), and base-modified (CH2BBC), respectively,

after 420 minutes with a solution pH of 6.5 at 25 °C. The adsorption data suggested that the kinetic

models were those of pseudo-first-order and Elovich models, while the Freundlich model best described

the adsorption isotherm. Moreover, CH2BBC retained up to 79% of its adsorption capacity after four

adsorption–desorption cycles, confirming its reusability. The CR adsorption mechanism involves

electrostatic attraction, p–p stacking, H-bonding, n–p interaction, imine and sulfone bridging. The

environmentally friendly preparation, low cost, and easy regeneration of the prepared chitosan–biochar

biocomposite films offer a promising sustainable solution for remediating dye-contaminated water.
1. Introduction

Congo red (CR), a synthetic dye, is classied as an anionic diazo
dye due to the presence of two –N]N– bonds in its structure.
CR has been widely used in various industries for dyeing
products such as paper, rubber, textile, and leather,1 as well as
in the formulation of histological stains.2,3 As the use of CR is
constantly increasing, huge amounts of wastewater containing
CR are streamed into surface waters, causing its depletion and
negatively affecting the aquatic ora and fauna by inhibiting
light penetration.4–6 In terms of its impact on human health
effects, CR has been identied as carcinogenic and causes
allergic dermatitis and skin irritation.4 As a result, various
techniques have been reported for the treatment of dye-
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contaminated water, including ozonation, coagulation, chem-
ical oxidation, nanoltration, electrochemical oxidation,
adsorption, and photodegradation.7–10 Among these techniques,
adsorption has been identied as the most convenient method
for removing dyes from water due to its low cost, high efficiency,
ease of implementation, and the absence of secondary pollu-
tion.9,11 The type of interaction between the adsorbed species
and the adsorbent determines which type of adsorption occurs.
Chemisorption is a selective process characterized by strong
interactions (covalent or ionic) between the adsorbent and the
adsorbate, resulting in an irreversible process. In contrast,
physisorption involves weak interactions, such as hydrogen
bonding, dipole–dipole, van der Waals, and polar interactions.
Physisorption is preferred for water treatment due to its
nonselective and reversible process.10,12

Several adsorbent materials have been used for the removal
of dye from water, including metal oxide,13,14 silica gel, resin,
and zeolite,9 clay,15 silica, carbon-based materials (activated
carbon, carbon quantum dots, carbon nanotubes, graphitic
carbon).12,16 However, they are difficult to use for large-scale
applications due to their drawbacks, including poor reus-
ability and high cost. Biochar, an emerging carbonaceous
RSC Adv., 2026, 16, 20715–20732 | 20715
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material with outstanding physicochemical properties,
produced by the pyrolysis of biomass in a limited or oxygen-free
atmosphere, has demonstrated its effectiveness in water treat-
ment.17,18 To further enhance its adsorptive capacity for targeted
pollutants, biochar has been modied using several advanced
techniques that improve its physicochemical properties.19,20

Even with its great capacity for removing pollutants from water,
recovering and/or regenerating biochar, especially in powder
form, can be challenging in practical applications. Once
dispersed in water, the powder can become a source of
secondary waste. Thus, by extending its lifetime, the disposal of
the biochar as a secondary hazardous material is considerably
reduced. One solution is to shape the biochar by incorporating
it into an appropriate polymer matrix. This could yield a mate-
rial that not only increases its adsorption capacity but also
facilitates its handling, recovery, and reuse aer treatment.21

Chitosan, a biodegradable and environmentally friendly
polymer, has received considerable attention for water treat-
ment due to its nontoxicity and high content of hydroxyl (–OH)
and amine (–NH2) groups, which allow strong interaction with
various classes of pollutants such as dyes, heavy metals, and
other organic/inorganic contaminants has gained signicant
attention for water treatment.22,23 However, the use of chitosan
is limited by its low mechanical strength and instability in
acidic environments, which can be overcome by using cross-
linking agents and/or combining it with other materials, such
as carbonaceous material, to form composites. In this regard,
various chitosan–biochar composites have been used in several
studies for the removal of dyes,24,25 heavy metals,26,27 nitrate and
phosphate ions28,29 and pharmaceuticals30,31 from water.

Although the reported studies have demonstrated the effi-
ciency of chitosan–biochar composites for water treatment,
most of these studies have focused on using them in powder
form. This poses the problem of separation (ltration and/or
centrifugation), secondary pollution generation, and reus-
ability aer treatment, which signicantly increases processing
duration and cost. In this study, in addition to its interesting
surface functional groups (–OH and –NH2), chitosan was used
as a binder polymer for the preparation of biochar lm to
prevent its dispersion and ensure its environmental applica-
tion. To the best of our knowledge, there are no studies on using
chitosan–biochar composites in the form of lms for congo red
dye removal from wastewater. Another important aspect of this
study is the conversion of agricultural waste into a resource for
biochar production. West African countries, including Nigeria,
Ghana, the Ivory Coast, and Cameroon, are the main producers
of kola nuts. In 2020, more than 300 000 tons were
produced.32,33 Unfortunately, the resulting waste, kola nut
shells, is oen disposed of untreated in the landlls, causing
serious soil and groundwater depletion. Using kola nut shells as
the starting material for biochar production could be a good
alternative for reducing the environmental footprint. The
prepared chitosan–biochar lms were easily separated from the
solution aer the sorption process. They were easily regenerated
and could be used for more than ve adsorption–desorption
cycles. We also investigated the effects of acid/base modica-
tion of the biochar surface, as well as the effects of the chitosan/
20716 | RSC Adv., 2026, 16, 20715–20732
biochar ratio, on the physicochemical, mechanical, and textural
properties and adsorption capacities of the resulting bi-
ocomposite lms towards CR. Finally, we proposed an adsorp-
tion mechanism of CR on the prepared biocomposite lms.
2. Material and methods
2.1. Reagents

Kola nut shells were obtained from a local farm in Donga
Mantum division, Cameroon. Chitosan (degree of deacetylation
$ 80%, average M.W.: 190–310 kDa) from TCI Europe, glutar-
aldehyde (25%, w/v) from Sigma-Aldrich, congo red from Roth,
acetic acid (CH3COOH), sodium hydroxide (NaOH), nitric acid
65% (HNO3) from Lachner, hydrochloride acid (HCl), sodium
chloride (NaCl), sodium iodide (NaI), sodium sulfate (Na2SO4),
sodium carbonate (Na2CO3), disodium phosphate (Na2HPO4),
potassium chloride (KCl), calcium chloride (CaCl2), iron(III)
chloride (FeCl3), magnesium chloride (MgCl2), barium chloride
(BaCl2) were purchased from Centralchem (Bratislava, Slova-
kia). All the chemicals were used as received. Deionized water
(18.2 MU cm−1) received from the Millipore Direct-Q3 device
was used to prepare solutions.
2.2. Sample preparation

Cola nut shells were washed and sun-dried, followed by
pulverization, and the particles with sizes less than 0.8 mmwere
retained. The obtained particles were pyrolyzed at 500 °C in
a muffle furnace (Carbolite Chamber Furnace, Germany) with
a temperature rising of 10 °C min−1 for 1 hour. Aer cooling the
furnace to room temperature, the biochar was ground, passed
through an 80 mm sieve, and stored for further use.18 To modify
the surface properties of biochar, 20 g of biochar was reacted
with 200 mL of one molar HNO3 or NaOH solution under
magnetic stirring at room temperature and stored overnight to
ensure adequate reaction. Acid and alkaline-modied biochars
(ABC and BBC) were washed with deionized water until the pH
of the supernatant was stable, followed by oven drying at 80 °C
for 12 hours.25

The chitosan–biochars lms were prepared according to the
procedure described by Rizzi et al. (2019)34 with some slight
modications. Briey, 1% (w/v) of chitosan solution was ob-
tained by dissolving a known amount of chitosan powder in
aqueous acetic acid solution (0.8%, v/v) under vigorous stirring
for 3 hours at room temperature. Then, 750 mL of glutaralde-
hyde (cross-linking agent) was added to each 100mL of chitosan
solution, under constant stirring. Aer 24 hours of stirring the
hydrogel solution was ltered with the coarse sintered glass
followed by ultrasound sonication for 15 min to remove
bubbles. The chitosan–biochars lms were obtained by adding
50 or 100 mg of biochars (BC, ABC, or BBC) to 100 mL of chi-
tosan hydrogel solution, followed by ultrasound sonication for
15 min and stirring at 450 rpm for 6 hours. The resulting
blackish solution (10 mL) was then cast onto a glass Petri dish
(10 cm diameter), oven-dried for 16 hours at 60 °C, and cut into
small pieces with an approximate size of 1 cm × 1 cm. Based on
the amount and type of biochar added to the chitosan hydrogel
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Diagram of the preparation biochars and biocomposite chitosan–biochar films, adsorption, and simple solid–liquid phase separation.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/2
0/

20
26

 1
0:

56
:3

0 
PM

. 
 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
solution, the biocomposite lms were labeled CHxBC, CHxABC,
and CHxBBC. Where x = 1 or 2 represents the mass ratio of
chitosan to biochar. Fig. 1 shows the simplied schematic
diagram of the preparation of chitosan–biochar lms and their
application.

2.3. Characterization

A series of characterization techniques, including SEM, N2

adsorption–desorption, FTIR, XPS, pHpzc, tensile properties,
contact angle, water absorption, solubility in water, and TGA, as
described in the SI (S1), were used to evaluate the physico-
chemical and mechanical properties of prepared materials.

2.4. Adsorption experiments

All the adsorption experiments were performed in closed
reactor by mixing the adsorbent materials and CR solution at
a mass to volume ratio of 1 g L−1. A 15 mg L−1 CR solution was
used for the kinetic studies and was sampled at regular time
intervals (10–420 min). The isotherm adsorption experiments
were carried out for 24 hours at room temperature in the
concentration range 15–340 mg L−1. Kinetic and isotherm
studies were conducted at room temperature (RT) and at the
natural pH of the CR's solution (6.5). The environmental
parameters affecting the adsorption process such as agitation
speed (0–320 rpm), pH (3–11), temperature (30–45 °C) leading to
thermodynamic studies and interfering anions (Cl−, I−, SO4

2−,
HPO4

2−, CO3
2−) and cations (Na+, K+, Ca2+, Fe2+, Mg2+, Ba2+)

were also studied. The pH of the solution was adjusted with
© 2026 The Author(s). Published by the Royal Society of Chemistry
a molar solution of NaOH and HCl, while the interfering ions
concentration was aligned with that of CR and set at 15 mg L−1.

Only samples containing powder adsorbent (BC, ABC, or
BBC) were ltered with a 0.45 mm lter syringe prior to analysis.
The CR concentrations in the solution before and aer
adsorption experiments were evaluated by measuring the
absorbance of the solution at a sensitive maximum wavelength
of 498 nm (Fig. S1a) using a UV-vis spectrophotometer (Shi-
madzu UV-1650PC, Japan) based on a pre-established calibra-
tion curve (Fig. S1b). The uptake capacity (qe, mg g−1) and the
removal efficiency (R, %) were calculated using the respective
following equations:

qe ¼ ðC0 � CeÞ
m

� V (1)

R ¼ ðC0 � CeÞ
C0

� 100 (2)

where C0 and Ce (mg L−1) are the CR concentration before and
aer the sorption process respectively; V (L) represents the
volume of the CR solution; and m (g) is the mass of lm.

2.5. Modeling for congo red adsorption

Adsorption kinetic data were analyzed using pseudo-rst and
pseudo-second order, Elovich, and intra-particle diffusion
models, while the adsorption equilibrium data were tted by
Langmuir, Freundlich, and Temkin isotherm models. Ther-
modynamic data were analyzed using the Gibbs–Helmholtz
equation to evaluate the thermodynamic properties of CR
RSC Adv., 2026, 16, 20715–20732 | 20717
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adsorption onto biocomposite lms. All models and parameters
information are provided in the SI (S2).
2.6. Regeneration and reusability experiments

The reusability of biocomposite lms was investigated by four
adsorption–desorption cycles using 0.5 mol L−1 sodium
hydroxide solution as eluent.1 Initially, biolm (CH2BC, CH1BC,
CH2ABC, CH1ABC, CH2BBC, or CH1BBC) was contacted with
a 15 mg L−1 CR solution at a ratio of 1 g L−1 and agitated at
320 rpm for 24 hours. Aer adsorption, regeneration was per-
formed by mixing the CR-loaded lms with 0.5 mol L−1 NaOH
solution and agitating for 30 min, followed by extensive
washing with deionized water, drying at 60 °C, and using for
another adsorption–desorption cycle.

All adsorption and desorption experiments were performed
at least in triplicates, and the average values and standard
deviations were reported.
3. Results and discussion
3.1. Characterization of materials

3.1.1. SEM-EDS. As shown by the SEM images, the surface
morphology of pristine biochar (BC) powder (Fig. 2a) appeared
Fig. 2 SEM images of BC (a), ABC (b), BBC (c), CH2BC (d), CH2ABC (e), a

Table 1 Physicochemical properties of biochars and biocomposite film

Samples
C (EDS/XPS)
(%)

O (EDS/XPS)
(%)

N (EDS/XPS)
(%)

Mineral
(EDS/XP

BC 79.83/75.96 16.49/16.40 n.d./2.32 3.68/5.3
CH2BC 59.16/62.48 39.04/28.45 n.d./4.54 1.79/4.5
CH1BC — — — —
ABC 74.21/78.03 24.78/17.41 n.d./3.70 0.96/0.9
CH2ABC 69.32/64.51 30.10/28.99 n.d./5.74 0.57/0.8
CH1ABC — — — —
BBC 78.00/68.71 17.70/21.70 n.d./2.40 4.30/7.2
CH2BBC 61.25/62.77 37.00/29.39 n.d./6.07 1.75/1.7
CH1BBC — — — —

a n.d. not detected by EDS.

20718 | RSC Adv., 2026, 16, 20715–20732
heterogeneous with a mix of particles of irregular shapes and
different sizes that did not signicantly change aer nitric acid
(ABC) or sodium hydroxide (BBC) treatment (Fig. 2b and c
respectively). However, the small particles considered as
impurities were less present on ABC and BBC than on BC. In
addition, the (macro)pores present on BC appeared to be
obstructed or destroyed on the modied samples due to the
etching of the biochar structure. This observation was
conrmed by the textural analysis below. Wang et al.35 also
found that treating biochar with HCl and H2SO4 caused erosion
of its surface, a feature that was also observed when activated
carbon wasmodied by NaOH.36 Uniform coating of the biochar
surface by chitosan is observed in the chitosan–biochar
composite lms (Fig. 2d and e) resulting in passivation of bi-
ochar edges and covering of some pores, leading to a decrease
in porosity. In addition, the surface of the biocomposite lms
appeared rough with agglomerates protruding.

Based on the elemental analysis obtained from EDS (Fig. S2,
Tables 1 and S1), nitrogen was not detected in any of the
analyzed materials. The main contents were C and O, while
some alkaline mineral elements (K, Ca, and Mg) were detected.
Acid treatment considerably reduces the mineral content in
biochar from approximately 3.68% in BC to ∼0.96% in ABC
nd CH2BBC (f).

sa

s
S) (%)

Specic surface
area (m2 g−1)

Pore volume
(cm3 g−1)

Pore width
(nm) pHpzc

7.542 0.0313 35.450 —
0.731 0.0012 7.203 6.62
1.034 0.0038 7.877 6.63
2.899 0.0077 15.333 —
0.027 n.a. n.a. 6.64
7.075 0.0073 5.653 7.09
2.552 0.0078 21.565 —
1.255 0.0015 7.722 6.52
1.949 0.0047 11.973 6.77

© 2026 The Author(s). Published by the Royal Society of Chemistry
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while it increases to∼4.30% in BBC. This nding was supported
by the work of Collivignarelli et al.37 On the other hand, the O/C
ratios of BC, ABC, and BBC were found to be 0.21, 0.33, and 0.23
respectively, indicating that acid treatment provided more
oxygenated groups (–COOH, –OH).38,39 The nding in EDS
elemental composition was not easily comparable to that of XPS
since, in the latter, only the uppermost layers (∼10 nm) were
analyzed and with high sensitivity indicating that the nitrogen
is only found on the surface and not within the bulk of the
material. Nevertheless, XPS was complementary to EDS. All the
biocomposite lms exhibited low C and higher O content
compared to their respective based biochar indicating
successful obtention of biocomposite.

3.1.2. Textural properties. Adsorption–desorption of
nitrogen (Fig. S3) indicates that the biochars (BC, ABC and BBC)
exhibit a type II isotherm with H3 hysteresis while the
composites present a type III indicating a non or macroporosity
of the samples.40 Table 1 shows a signicant reduction in the
BET specic areas and pore volumes of biochars aer acid and
base treatments due to the etching or the collapsing of pores.
Specically, there was a signicant narrowing of the BJH
average pore width, which decreased from 35.450 nm in BC to
15.333 nm and 21.565 nm for ABC and BBC, respectively. This
pore size reduction could be attributed to the partial collapse of
the internal pore framework due to harsh chemical treatment
conditions, and/or the blocking of the existing pores by the
newly created oxygen-containing group.38,39 Whereas in the case
of biocomposite lms, all textural parameters, including
surface area, pore volume, and pore width showed a further
decrease except for CH1ABC, which has a high surface area close
than that of BC. This suggests that the biochars were embedded
within the chitosan matrix, therefore limiting surface accessi-
bility. Consequently, the poor textural properties of bi-
ocomposite lms imply that the congo red adsorption
mechanism could likely be controlled by surface functional
group interactions rather than porosity.

3.1.3. Surface chemistry. The FTIR spectra of biochar
before (BC) and aer acid (ABC) and alkaline (BBC)
Fig. 3 FITR spectra of biochars (a) and biocomposite films (b).

© 2026 The Author(s). Published by the Royal Society of Chemistry
modication show similar peaks, differing only in intensity
(Fig. 3a). Indeed, aer modication, there is an intensication
of the peaks located at around 3352, 2927, 2859, 1590, and
1407 cm−1 respectively ascribed to the wavenumber of the
stretching vibrations of O–H, –CH3, –CH2–, C]O/C]C, and
O–C]O bonds,27,41 respectively. These results are in agreement
with elemental analysis, suggesting that the acid/alkaline
treatment successfully increased the oxygen-containing
groups, which are important in the mechanism of obtaining
chitosan–biochar composite.39,42 Compared to biochar, chito-
san displayed many more peaks (Fig. 3b). The peak at
3374 cm−1 could be assigned to the vibration of overlapping
O–H and N–H bonds, while the peaks at 2941 and 2887 cm−1

could be the stretching vibration of C–H bonds methyl and
methylene groups respectively.29 The stretching vibration of the
C]O bond of the primary amide appeared at 1644 cm−1, while
the band at 1382 cm−1 was assigned to the overlapping of –CH3

symmetric angular deformation and C–N stretching. The peak
at 1071 cm−1 corresponds to C–O stretching in the b(1/4)
glycosidic bond.43,44 In addition to the functions present in
chitosan, the composites also exhibit the characteristics of bi-
ochars indicating the successful fabrication of biocomposite.
On the other hand, the drastic reduction of the intensities of the
peaks related to C]O and O–C]O in the composite (Fig. 3b)
indicates the coverage of biochar by chitosan and the possible
reaction between the carboxylic group on the surface of biochar
and the amine function on chitosan as the XPS will conrm.

Full scan XPS spectra indicated that C, O, and N were the
primary constituents of BC, ABC, BBC, CH2BC, CH2ABC, and
CH2BBC (Fig. S4). The higher content of oxygenated carbons (C–
O, C]O, and O–C]O) of ABC and BBC compared to BC (Tables
1 and S2) indicated successful acidic/alkaline biochar oxidation
consistent with EDS and FTIR analysis. In all the bi-
ocomposites, there is an increase in the proportion of N 1s and
O 1s and a decrease in C 1s which may be due to the surface
exposure of many nitrogen/oxygen-containing groups (Table
S2),45 further conrming the biocomposite formation. The peak
of Na 1s detected on the spectra of BBC and CH2BBC (with low
RSC Adv., 2026, 16, 20715–20732 | 20719
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Fig. 4 Deconvoluted XPS spectra of C 1s (a and b), O 1s (c and d), and N 1s (e and f) for BBC and CH2BBC.
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intensity) (Fig. S4) may be due to the introduction of Na+ during
the NaOH treatment which reacted with –COOH to form –

COONa.25 The deconvoluted C 1s spectrum of BBC showed that
it has the characteristics of graphitized/graphenized materials
containing nitrogen with six peaks (Fig. 4a) centered at 284.75
(C–C/C–H), 284.25 (C]C), 286.07 (C–O/C–N), 287.71 (C]O),
298.11 (O–C]O), and 291.40 (p–p* satellite) eV.26,46,47 In the
spectra of the biocomposite (Fig. 4b), there is the disappearance
of a p–p* peak and the formation of the N–C]O bond (288.08
20720 | RSC Adv., 2026, 16, 20715–20732
eV). In addition, there is an increase in the percentages of C–O/
C–N (from 8.32 to 51.44%) and C–C/C–H (from 15.31 to 22.16%)
accompanied by peak shis, indicating that interactions
occurred between BBC and chitosan.27 In the O 1s spectra of
BBC, three peaks were present at 531.30 eV (C]O, 63.04%),
532.75 eV (aliphatic –OH, 31.94%), and 535.00 eV (aromatic –

OH, 5.02%) (Fig. 4c), whereas in CH2BBC (Fig. 4d), we noticed
the disappearance of the latter peak and signicant increases in
the proportion of aliphatic –OH (86.59%), respectively,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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attributed to the surface coverage of BBC by chitosan and the
abundant presence of hydroxyl on this latter.25,48 Deconvolution
of the N 1s spectrum of BBC (Fig. 4e) revealed four peaks at
398.3 eV (29.17%), 400.00 eV (56.25%), 402.00 eV (6.67%), and
405.42 eV (7.92%) assigned to C]N–C, –NH2, –NH2

+–/–NH3
+

and nitro (–NO2) respectively, while, these peaks shied slightly
and changed considerably in intensity on CH2BBC (Fig. 4f).26,49

The results of XPS were in agreement with those of FTIR.
3.1.4. Thermal analysis. The results of the thermal analysis

showed that biochar samples exhibited greater thermal stability
and a sluggish decomposition process over temperature (30–
950 °C), resulting in a residual percentage of 67.34, 62.98 and
62.33% for BC, ABC, and BBC respectively (Fig. 5a). The
reduction of residuals of modied biochar compared to pristine
one may be attributed to the liberation at high temperature of
oxygenated functional groups introduced aer acid/base treat-
ment.37 In the case of chitosan and biocomposite lms, two
stages of decomposition were observed. In the rst stage,
a sharp weight loss between 30 and 110 °C was attributed to the
evaporation of adsorbed water, while in the second stage (210–
333 °C), the signicant weight loss is mainly due to the
decomposition of chitosan.18 Furthermore, in the second
decomposition stage, the weight loss in biocomposites started
Fig. 5 Thermogravimetric analysis (a), Young's modulus, tensile stress, an
angle (d) of biocomposite films.

© 2026 The Author(s). Published by the Royal Society of Chemistry
earlier than in chitosan, indicating that the biocomposites are
less stable than chitosan at relatively low temperatures, con-
rming the successful obtaining of biocomposites.

3.1.5. Mechanical properties. The mechanical properties of
the prepared biocomposite lm samples are given in Fig. 5b and
S5. Tensile strength (0.98–5.16 MPa) and Young's modulus
(753–900 MPa) decrease to some extent when the amount of
biochar increases in the samples made from modied biochar
(CHxABC and CHxBBC), while the opposite is observed in the
case of unmodied (pristine) biochar (CHxBC). On the other
hand, the same trend (increase) is observed for composites
based BC and BBC for the elongation at break (1.12–3.94%). All
these observations are mainly attributed to the surface chem-
istry of the different biochars. The more oxygenated groups
there are present on the surface of the biochars, as shown by
FTIR, XPS, and EDS results, the more interactions there are
between the latter and the amine groups present on the chito-
san, thus enhancing the mechanical properties of the
composite through the formation of hydrogen bridges.50,51 On
the other hand, a large amount of biochar in the biocomposite
weakens it by forming aggregates resulting in more or less
brittle lm.51 Overall, the good exibility and rigidity of the
prepared lms enable them to withstand the effects of agitation
d elongation at break (b); swelling degree and solubility (c) and contact

RSC Adv., 2026, 16, 20715–20732 | 20721
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Fig. 6 Adsorption kinetic ([CR]0 = 15 mg L−1, RT, pH 6.5, 240 rpm); pseudo-first-order, pseudo-second-order, and Elovich kinetic model (a–c),
intraparticle diffusion fitting model (d–f).

20722 | RSC Adv., 2026, 16, 20715–20732 © 2026 The Author(s). Published by the Royal Society of Chemistry
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even at high speed and facilitate phase separation aer
adsorption, thereby allowing for multiple cycles of recycling and
reuse.52

3.1.6. Swelling, and dissolution of the biocomposite. The
swelling performance was affected by the ratio of chitosan to
biochar. The swelling degree was higher in the samples con-
taining less amount of biochar. The swelling degree reached 26,
44, and 47% for CH2ABC, CH2BBC, and CH2BC, respectively
(Fig. 5c). This may be due to the penetration of water molecules
into the chitosan matrix by forming H-bonds with amino and
hydroxyl groups, which later leads to their protonation, and
therefore inducing an electrostatic repulsion between the
positively charged functions.27,53 On the other hand, as the
amount of biochar in the biocomposites increases, there is
a decrease in the swelling degree due to the decrease in free
amino and hydroxyl groups of chitosan due to their involvement
in the formation of hydrogen “bridge” between biochar and
chitosan molecule. A high swelling degree of the lm is
important as it may allow the dye to reach the adsorption sites.52

For BC- and BBC-based biocomposites, the solubility
(dissolution) slightly increased with the amount of biochar,
while the opposite was observed for ABC-based lms (Fig. 5c).
As shown by EDS results, ABC possessed a more oxygenated
group which can strongly react with amine groups of chitosan,
and contributed more to the reduction of the solubility of
CH1ABC than CH2ABC. Nevertheless, the solubility of the lms
did not exceed 16%, indicating that they can be reused during
many adsorption–desorption cycles.

3.1.7. Water contact angle. The water drop procedure was
used to assess the contact angle (CA) and examine the wetta-
bility of the prepared lms, which depend on their morphology
(roughness) and surface chemistry.54,55 The average CA was
found to be less than 90° (except that of CH1ABC) (Fig. 5d and
S6), indicating that the lm surfaces have hydrophilic features.
For the BC and BBC-based lms, the wettability increases
(decrease of CA) with the amount of biochar, which could
mainly be attributed to the increase in surface roughness as
reported by Kwaśniewska et al. (2021).54 Moreover, the presence
of hydrophilic surface functional groups, such as –NH2 and –

OH contributes to an increase in the wettability of the materials.
The reverse trend is observed in ABC-based biolms with the
sample CH2ABC, which is hydrophobic (CA > 90°).
Fig. 7 Adsorption isotherms (RT, t = 24 h, pH 6.5, 320 rpm).
3.2. Adsorption of congo red onto biocomposite lms

3.2.1. Adsorption kinetics studies. The inuence of contact
time on the adsorption of CR by the prepared adsorbent
materials is displayed in Fig. 6. All the biochars (BC, ABC, and
BBC) reach their adsorption equilibrium within the rst 50 min
with removal percentages of ∼33%, 19%, and 35% for BC, ABC
and BBC, respectively. The low removal percentage of biochars
may be due to the low presence of surface functional groups
necessary for the sequestration of CR. In the case of chitosan–
biochar composites, although the rate of the adsorption process
was signicantly delayed, they exhibited high removal
percentages as the amount of chitosan in the composite
increased, reaching ∼74%, 73%, and 85% for CH2BC, CH2ABC,
© 2026 The Author(s). Published by the Royal Society of Chemistry
and CH2BBC, respectively aer 420 min, which were signi-
cantly higher than that of their respective starting biochars. The
high adsorption capacities of the composite lms are mainly
attributed to the high occurrence of –NH2 and –OH functions
(as shown by FTIR and XPS analyses) brought by the chitosan,
which are deeply involved in the CR adsorption mechanism.
These observations suggest that composite lms with the
highest chitosan content may be suitable for CR removal with
RSC Adv., 2026, 16, 20715–20732 | 20723
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an emphasis on CH2BBC, which displayed the highest removal
percentage.

Pseudo-rst-order, pseudo-second-order, and Elovich
models were used to t the adsorption kinetics data of CR
(Fig. 6a–c), and the corresponding tted parameters are given in
Table S3. The kinetics data of ABC and BBC were well tted by
the pseudo-second-order and Elovichmodels, while the pseudo-
rst-order and Elovich models were suitable for BC according to
their high values of R2 and low values of RMSE and c2, indi-
cating that the adsorption process is governed by the chemi-
sorption on heterogeneous surfaces. Indeed, the calculated
values of qe from the pseudo-second-order model were closer to
those observed experimentally. Moreover, a, the initial rate
constant of Elovich is larger than the desorption constant b,
indicating a strong affinity between CR and the biochar
surfaces.11,18 However, for the biocomposite lms, based on
their error functions (R2, RMSE and c2) we rather observed that
the data are well tted by the pseudo-second-order which oen
characterizes the chemisorption mechanism56 and the Elovich
model. Nevertheless, the similarity between the experimental qe
and those derived from the pseudo-rst-order model also
makes it suitable to describe the adsorption kinetics of CR on
lms, suggesting the involvement of the physisorption in the
adsorption process.57 This latter assertion is supported by the
Elovich model, in which the desorption constant b is higher
than the initial adsorption a, indicating that CR interacts
weakly with the surface lms.

To determine the rate-controlling step of the adsorption of
the dye onto the prepared adsorbent materials, the kinetic data
Table 2 Comparison of the Langmuir maximum adsorption capacity of

Adsorbents pH
Temperature
(°C)

Adsorbe
(g L−1)

Sugarcane bagasse 5 30 10
Polypyrrole modied
nanocellulose

2 50 —

Activated carbon based-cocoa
pod husks

2 50 1

Fe3O4@carbon@ZIF-8 4 RTa 3
Eucalyptus wood sawdust 7 30 4
KOH-activated biochar 4 25 2
Fly ash Natural RTa 1
PANI@ZnO 5 25 0.4
Pine bark Natural 25 10
Cellulose/chitosan hydrogel — 25 2
Banana peel 7.9 30 1
Orange peel 7.9 30 1
Wastepaper nanocomposite 7 30 2
Kaolin 3 30 1
Aspergillus niger 6 — 2.67
CH1BC 6.5 RTa 1
CH2BC
CH1ABC
CH2ABC
CH1BBC
CH2BBC

a Room temperature.

20724 | RSC Adv., 2026, 16, 20715–20732
were analyzed with the Weber–Morris intra-particle diffusion
model.58 Since it was not possible to distinguish the two or three
subdivisions corresponding to the different stages of the
diffusion process, the tted curves of the Weber–Morris intra-
particle diffusion model showed a straight line (Fig. 6d–f) for
all the lms. This observation indicates that the multiple
diffusion steps of the adsorption process are smoothly over-
lapped. In addition, the linear regression of the plots qt vs. t

1/2

did not pass through the origin, resulting in the values of the
boundary layer thickness constant C different from zero in all
cases (Table S3), suggesting that the intra-particle diffusion was
not the only controlling step for CR adsorption onto bi-
ocomposite lms, as boundary layer diffusion also played
a signicant role in the process.11 Due to their low R2 (Table S3),
the intra-particle diffusion model was not suitable to t the
kinetic data of the adsorption of CR onto the different biochars
(BC, ABC and BBC). Due to their low adsorption capacities and
the intervention of the ltration step in the experimental
procedure, which signicantly affected the time and the cost of
treatment, the biochars were ignored and the experiments
continued with biocomposite lms only.

3.2.2. Adsorption isotherm studies. Fig. 7 shows the
adsorption isotherms (qe vs. Ce) of CR onto biocomposites. The
adsorbed quantity, which increases with the initial CR
concentration, can be attributed to the strong driving forces to
overcome the mass transfer resistance from the bulk solution to
the adsorbent surface induced by the concentration gradient.59

In order to describe and understand the interaction between the
CR and the biocomposites, the equilibrium data were analyzed
congo red on different adsorbents at various experimental conditions

nt dose Concentration
(mg L−1) Type Qmax Ref.

100–500 Powder 38.20 63
10–50 Powder 46.78 64

20–100 Powder 43.67 65

30–1000 Powder 566.53 66
5–30 Powder 31.25 67
25–100 Powder 6.238 68
10–50 Powder 22.12 14
50–200 Powder 69.82 69
5–100 Powder 3.92 5
10–70 Bead 40.00 70
10–120 Powder 18.20 71
10–120 Powder 14.00 71
20–100 Membrane 71.00 9
20–60 Powder 5.41 15
— Powder 14.72 72
15–340 Film 48.95 This work

55.26
28.94
44.72
32.98
62.23

© 2026 The Author(s). Published by the Royal Society of Chemistry
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using Langmuir, Freundlich, and Temkin isotherm models.
According to the nonlinear tting (Fig. 7) and the analysis of the
corresponding error function values (higher R2, and lower
RMSE and c2) (Table S4), it is concluded that the Freundlich
isotherm model adequately describes the adsorption process.
This indicates that CR was adsorbed on a heterogeneous bi-
ocomposite surface with uniform adsorption energy by forming
multilayers and leading to reversible adsorption suggesting that
the physisorption was involved in the adsorption process.29,60

Tan et al. (2021),61 while using chitosan-modied inorganic
nanowire membranes for CR removal, also found that the
Freundlich model was the best for simulating CR adsorption. In
addition, both the values of Freundlich exponent 1/n and the
separation factor RL calculated from the Langmuir constant (KL)
which are related to the favorability of the adsorption process
were between 0 and 1 (Table S4), indicating that the adsorption
of CR was favorable on all the biocomposites.62 The Langmuir
monolayer adsorption capacities (Table S4) within two bi-
ocomposite samples based on the same biochar increased with
the increasing chitosan/biochar ratio increases with the highest
value of 62.23 mg g−1 obtained for CH2BBC, suggesting that the
surface functional group (–NH2 and –OH) play an important
role in CR adsorption. Despite its low R2 (0.810–0.889), the
Temkin isotherm model may also indicate the involvement of
Fig. 8 Effect of (a) agitation seep ([CR]0 = 15 mg L−1, RT, t = 60 min, pH
([CR]0 = 15 mg L−1, t = 60 min, pH 6.5, 320 rpm), and (d) interfering ion

© 2026 The Author(s). Published by the Royal Society of Chemistry
electrostatic and p–p interactions between biocomposites and
CR.25

The CR removal performance of the prepared biocomposite
lms was evaluated by comparing their Langmuir monolayer
adsorption capacity with those of other reported materials lis-
ted in Table 2. In general, the biocomposite lms exhibit high
adsorption capacity. Their low-cost, environmentally friendly
synthesis process, easy recovery, and facile regeneration allow-
ing multiple reuse cycles as shown below, highlight their
potential as promising adsorbent materials for CR remediation
in aqueous solutions.

3.2.3. Effect of agitation speed. The agitation speed of the
solution is a key factor in the adsorption process, as it affects
the distribution of the adsorbate within the bulk solution and
inuences the formation of the outer peripheral boundary
layer.73 The results of the agitation speed of the CR solution and
the biolms are given in Fig. 8a. From this gure, it can be seen
that increasing the agitation speed from 0 to 320 rpm favors the
adsorption of CR molecules on the lms. In fact, increasing the
agitation speed signicantly reduces the resistance of the outer
boundary layer thickness, which favors the transfer of CR
molecules from the bulk solution to the surface of the lms
(adsorbent). This occurs because the CR molecules are pushed
toward the lm surface by the increase in turbulence and the
6.5), (b) pH ([CR]0 = 15 mg L−1, RT, t = 24 h, 320 rpm), (c) temperature
s ([CR]0 = [ion] = 15 mg L−1, RT, t = 24 h, pH 6.5, 320 rpm).

RSC Adv., 2026, 16, 20715–20732 | 20725
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dissipation of energy generated in the agitation area, increasing
the external mass transfer of CR into the adsorbent active
sites.60,74

3.2.4. Effect of pH. Fig. 8b shows that for all the lms, the
maximum amount of CR adsorbed was obtained at the initial
pH of 3. CH2BBC shows the highest qe of ∼14 mg g−1 which
decreases continuously with increasing pH, reaching the value
of ∼10 mg g−1 at pH 11. These observations are related to two
main parameters including the ionized structure of the CR and
the surface chemistry of the adsorbent. At pH > 5.5 the red color
of the anionic form of CR is observed while at pH < 5.5, it is
predominantly in its protonated form (blue), which consists of
two tautomeric and one azoic form (Scheme 1). Moreover,
Scheme 1 shows that the azo group (–N]N–) present in the CR
molecule is the most affected by the pH variation, leaving the
sulfonate group (–SO3

−) unprotonated,2,3 which would thus be
the most reactive site for the adsorption process.13 Regarding
the adsorbents, added to the surface functional groups di-
scussed by XPS and FTIR, the pHpzc evaluated by the dri
method75 were found to be approximately in the range of 6.27–
7.08 (Table 1 and Fig. S7). Therefore, at pH < pHpzc, the surface
charges of the lms are dominated by positive charges and vice
versa. Under strongly acidic conditions, most of the surface
functional groups (–NH2, –COOH, and –OH) are protonated due
to the availability of more protons in the solution, resulting in
a high electrostatic attraction of the sulfonate group (–SO3

−),
leading to higher adsorption capacities at pH 3. With increasing
pH, the surface becomes less and less protonated until the pH >
pHpzc, where the surface becomes negatively charged, reducing
the adsorption capacity due to less electrostatic attraction. In
Scheme 1 Illustration of the effect of pH on the structure of CR.

20726 | RSC Adv., 2026, 16, 20715–20732
addition, the presence of hydroxyl ions in the solution at higher
pH may compete with CR for adsorption sites. At a high pH
range, the adsorption of CR onto lms was still effective, indi-
cating that other interactions (e.g., H-bonding, n–p and p–p

stacking), besides electrostatic attraction, were involved in the
adsorption mechanisms of CR.76

3.2.5. Effect of temperature and thermodynamic. As shown
in Fig. 8c, the adsorption capacities of all the biolms increase
with increasing temperature, with a particular increase in the
uptake performance of CH1BC, CH2BC, and CH2ABC from 30 °C
to 45 °C, indicating that they are much more efficient at high
temperature compared to others, suggesting the endothermic
process of the adsorption. These observations can be attributed
to phenomena such as the swelling of the adsorbent with rising
temperature which leads to pore expansion and large exposure
of the adsorption sites for CR.77 On the other hand, the rising
temperature may increase the kinetic energy of CR leading to
more collisions with the surface of the lms, thus increasing the
adsorption.78 The thermodynamics of CR sorption onto the
prepared biolms was evaluated using the Gibbs–Helmholtz
equation. The van't Hoff plots related to the CR sorption on all
lms (Fig. S8) were used to determine the thermodynamic
parameters summarized in Table S5. For CH1ABC, the values of
DG° were all positive, indicating that the adsorption process of
CR on CH1ABC was unfavorable and nonspontaneous. This
explains, among other things, why CH1ABC has the lowest
adsorption capacity. However, for the other adsorbents, the
adsorption process becomes more spontaneous and favorable
(DG° < 0) with increasing temperature, especially particularly
for CH2BBC from which the DG° became negative at 308 K. The
positive values of DH° conrm the endothermic character of the
adsorption process. The adsorption mechanism of CR onto the
lms can also be elucidated from the magnitude of DH°.
Indeed, in the range of 0.4–80 kJ mol−1, the adsorption mech-
anism is dominated by physisorption, while in the range of 200–
800 kJ mol−1, chemisorption predominates.79 In the present
study, the magnitude of DH° is between ∼48 and ∼94 kJ mol−1,
indicating that the adsorption mechanism of CR onto lm is
controlled by physisorption. The positive value of DS° suggested
that at the liquid–solid interface, there is an increase in disorder
and randomness during the adsorption process of CR onto
lms.80

3.2.6. Interfering ions. Industrial textile dyeing effluents
typically contain dissolved inorganic ions such as Cl−, I−, SO4

2−,
CO3

2−, HPO4
2−, Na+, K+, Ca2+, Mg2+, Fe2+, and Ba2+. These ions

are present in auxiliaries used as acidiers, catalysts, dispersing
agents, and electrolytes,25 which may inuence the dye removal
process. As shown in Fig. 8d, the presence of interfering ions
signicantly affects the uptake of CR by biolm. Due to their
negative charges, the anions compete with CR containing the
sulfonate groups (–SO3

−) for adsorption sites (–NH2 and –OH),
leading to a reduction in CR removal efficiency.64 The promi-
nence of that reduction in the presence of I− may be due, in
addition to the aforementioned competition, to the formation
of complex molecules in solution that reduce the amount of free
CR for adsorption. The increase in CR removal efficiency in the
presence of Ca2+, Ba2+, and Mg2+ was not only attributed to the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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sorption phenomenon. Indeed, during the experiments, we
observed that the addition of multivalent cations (Ca2+, Ba2+,
Mg2+, and Fe3+) to the CR solution led to the reduction of the
concentration of this later before adsorption, which may be
attributed to the formation of a complex/precipitate as
mentioned in some reported works.81,82 Although there was
a reduction in the concentration of CR in the presence of Fe3+,
the removal efficiency decreased due to the presence of a large
amount of Cl− in the solution. K+ did not affect the initial CR
Fig. 9 FTIR spectra (a), XPS full scan (b), and high-resolution spectra of

© 2026 The Author(s). Published by the Royal Society of Chemistry
concentration, but may interact with –SO3
− through electro-

static interactions, reducing the number of free –SO3
− available

for reaction with surface functional groups of lms (–NH2 and –

OH). From this study, despite the slight antagonistic effect of
the co-existing ions, the biocomposite lms could be efficiently
used for organic dye sequestration from an aqueous solution.

3.2.7. CR adsorption mechanism. The SEM image of
CH2BBC aer CR adsorption shows that there is no signicant
change in the morphology (Fig. S9), indicating that the
C 1s (c), O 1s (d), N 1s (e), and S 2p (f).

RSC Adv., 2026, 16, 20715–20732 | 20727
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adsorption of CR did not alter the surface of the lm due to its
high stability. On the other hand, the elemental analysis derived
from EDS and XPS (Tables S1 and S2) shows a signicant
increase in carbon content and a decrease in oxygen content
aer adsorption, indicating that CR was successfully adsorbed
on the surface of CH2BBC.

The appearance of the peaks at about 1225, 1174, and
1063 cm−1 respectively assigned to C–N, S–O, and S]O vibra-
tions in the CR molecule4 on the biocomposite aer adsorption
(Fig. 9a) indicated that the dye was adsorbed on the surface of
biocomposite. The narrowing and intensication of the –NH/–
OH joint band centered at 3362 cm−1 on the biocomposite aer
CR adsorption indicated the formation of H-bonding between
the –NH/–OH of CH2BBC and –NH2 of CR.19 The peak at
1563 cm−1 on CH2BBC which was assigned to the C]C
(aromatic) vibration shied to 1584 cm−1 aer CR adsorption
indicating the p–p interaction between the aromatic ring of the
dye and that of the lm derived from BC.75
Fig. 10 Proposed adsorption mechanism of CR onto chitosan–biochar

20728 | RSC Adv., 2026, 16, 20715–20732
Two main features were observed on the XPS spectrum full
scan of CH2BBC-CR (Fig. 9b): (1) the rising of a peak attributed
to S 2p attributed to sulfur present in CR molecule and clearly
indicated that it was immobilized on the surface of CH2BBC,
and (2) the disappearance of the Na 1s peak indication the
occurrence of ion exchange between –COONa and CR.25 More-
over, in the high-resolution spectrum, we noticed a variation in
peak intensities and movement of the binding energy of C 1s, O
1s, and N 1s indicating/conrming the change of the surface
chemistry of CH2BBC aer CR adsorption. The deconvoluted
peak of C 1s (Fig. 9c) revealed that the content of C–C/C–H and
C]C increased indicating that a large amount of CR was
adsorbed onto the surface of CH2BBC.83 The reductions of C–O/
C–N content from 51.44 to 30.69% and that of N–C]O from
12.79 to 11.23% indicated their contribution to CR removal
which may be through H-bonding.83,84 The increase (from 3.14
to 3.79%) of O–C]O content aer adsorption may be due to the
reaction between N–C]O (–COOH) of CH2BBC and the
biocomposite film.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Reusability of biofilms (a) and reduction efficiency after each adsorption–desorption cycle (b).
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sulfonate group of CR.85 On O 1s spectra (Fig. 9d), the increase
in the percentage of –OH from 86.59 to 93.56% may correlated
to the interaction between –SO3

− and the protonated functions
of CH2BBC. The C]O content signicantly decreases from
13.41 to 6.44% due to the sharing of free electron pair bond of O
with CR through n–p interactions.66 This reduction may also be
due to the reaction between C]O (carbonyl) of CH2BBC and –

NH2 of CR to form an imine function as conrmed by the
increase of the C]N–C fraction from 8.57 to 28.43% in N 1s
spectra (Fig. 9e), which among other things, contributes to
conrm the chemisorption hypothesis presented above. The –

NH2 present on the lm may be involved in some interactions
with CR including H-bonding, n–p (p electron of the CR
benzene ring), conrmed by the slight increase of –NH2

+–/–
NH3

+. The S 2p peak aer deconvolution was split into two
(Fig. 9f) centered at 168.68 and 167.36 eV attributed to the
sulfone bridge (–C–S(O)2–C–) between the CR and CH2BBC.86

Although the study of the effect of pH revealed the importance
of the electrostatic interactions, additional investigations using
zeta potential–pH would be valuable to strengthen this asser-
tion. The overall mechanism of CR adsorption onto bi-
ocomposite is illustrated in Fig. 10.

3.2.8. Regeneration and reusability. Desorption and reus-
ability experiments were conducted to evaluate the stability and
efficiency of lms aer multiple adsorption–desorption cycles
to provide insight into a practical potential repeated use. It was
shown above that the adsorption mechanism could be governed
by hydrogen bonding, chemical reaction, and electrostatic
attraction between the surface functional groups of the bi-
ocomposite lm, sulfonate, and nitrogen-containing groups of
CR. The NaOH solution easily broke these interactions, thereby
promoting desorption.1 As expected, the adsorption capacities
of the different lms decreased aer four adsorption–desorp-
tion cycles (Fig. 11a). The biocomposites with high biochar
content lost signicant adsorption capacity aer the rst cycle
(CH1BC: 25%; CH1ABC: 26%; and CH1BBC: 14%) (Fig. 11b).
This could be due to: (i) some CR molecules being trapped by
© 2026 The Author(s). Published by the Royal Society of Chemistry
the biochar particles present in the composites through the
mechanism of chemisorption (i.e. the formation of imine and
sulfone bridges, as shown by the XPS aer adsorption) which
leads to the progressive occupation of active sites;87 (ii) pore
lling/blockage, which reduces the accessibility of adsorption
sites;88 or (iii) partial alteration of surface functional groups and
the texture of lms occurring during the cycling process.49

Nevertheless, CH2BC and CH2BBC retained ∼75% and ∼79% of
their adsorption capacities aer four adsorption–desorption
cycles, respectively, highlighting their strong potential for
practical applications.

It is important to note that the main objective of the
desorption process is to regenerate the adsorbent and transfer
the pollutant from the solid phase to a smaller volume of the
liquid phase. This concentrates the pollutant. To address the
eventual question of the fate of the concentrated desorbed
solution containing CR and NaOH, further treatment is
required. This treatment could be an advanced oxidation
process or electrochemical degradation. This would ensure
complete mineralization of the CR before discharged into the
environment.89

4. Conclusion

In the present study, the authors discussed the preparation and
extensive characterization of novel biocomposite lms based on
pristine, HNO3-, and KOH-modied biochar and
glutaraldehyde-crosslinked chitosan, which were applied for
the removal of congo red from aqueous solution. Despite their
low porosity, the biocomposite lms exhibited a rich surface
chemistry with oxygenated and aminated groups favorable for
CR uptake. Their excellent mechanical strength enabled easy
separation and reuse without ltration, offering a signicant
advantage over the powder adsorbents. Among the prepared
adsorbent materials, the biocomposite lm derived from KOH-
treated biochar with a chitosan–BBC ratio of 2 : 1 (CH2BBC)
achieved the highest adsorption capacity (62.23 mg g−1). A
RSC Adv., 2026, 16, 20715–20732 | 20729
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comprehensive study of the effect of pH, kinetics, isotherms,
and thermodynamics supported by the results of SEM-EDS,
FTIR, and XPS of CH2BBC aer CR adsorption revealed that
multiple interactions, including electrostatic attraction, p–p

stacking, H-bonding, n–p interaction, and sulfone bridging,
governed the adsorption mechanism. CH2BBC retained up to
79% of its adsorption aer four consecutive adsorption–
desorption cycles, highlighting its strong reusability potential
for CR removal from aqueous solution. In addition, these bi-
ocomposite lms need to be tested in real wastewater effluents
to evaluate their applicability for industrial-scale applications.
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