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Hexagonal boron nitride (h-BN) was structurally modified using a simple and efficient chemical weathering
method and assessed for its ability to remove anionic Congo Red (CR) and cationic Neutral Red (NR) dyes
from wastewater. Batch sorption experiments explored variables including solution pH (2-12), modified h-
BN dosage (0.25-1.0 g L™%), contact time (10-420 min), and dye concentration (10-500 mg L™%). Detailed
characterization revealed the integration of hydroxyl groups, distinctive rough and cracked surfaces,
increased interlayer spacing and crystal size, monodispersed stable solution, and enhanced solubility of
modified h-BN. Optimal dye removal occurred at 0.5 g per L dosage, with CR achieving 99.23 + 0.06%
efficiency at pH 2 (60-90 min) and NR 85.77 + 151% at pH 11 (90-120 min) in deionized water.
Electrostatic interactions between the modified h-BN and dye molecules drove pH-dependent
adsorption, following a pseudo-second-order kinetics model, indicative of chemisorption. Langmuir
isotherms confirmed monolayer adsorption on homogeneous surfaces. For similar parameters, in
a mixed dye system (i.e.,, CR:NR = 1:1), the removal efficiency favored at pH = 2 over pH = 11 (ie,
80.54 + 1.16% over 60.83 + 5.18%)—was less than mono-dye systems—which indicates that more CR

dye could be removed with the exact adsorbent dosage. A limited study was performed with clarifier
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Accepted 11th August 2025 inlet textile wastewater, which showed a decrease in removal efficiency compared to deionized
conditions. A steady decrease in removal efficiency was observed while performing adsorption—
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1 Introduction

The meteoric expansion of the textile industry has led to
increased use of raw materials, including fabrics, dye, and
water. Generally, textile wastewater contains cationic and
anionic dyes primarily used for dyeing nylon, acrylic, silk, and
wool fibers." The dye concentration of textile effluent varies
across different types of production units. Even though some
high values of dye concentration have been reported in the
literature, the usual textile dye concentration of 10-50 mg L™ " in
the clarifier outlet is considered a standard one.>* Despite the
textile sector's significant contribution to the economy of Ban-
gladesh, the sector's reliance on toxic and carcinogenic
substances, particularly synthetic dyes, including azo, vat,
reactive, and disperse dyes, poses a serious concern for
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environmental degradation.* Without adequate treatment, the
textile industry's wastewater is frequently released into the
environment, significantly impacting and creating freshwater
scarcity. Hence, developing sustainable and efficient water
treatment technologies has become necessary. Multiple treat-
ment approaches have been developed globally to manage dye-
containing wastewater sustainably. While the primary and
secondary treatment stages have been well-established through
extensive research, including chemical processes in coagula-
tion-flocculation tanks and biological methods in clarifier
tanks, the tertiary or advanced treatment stage remains an
active area of research crucial for achieving sustainable
management of water pollution.* This research focuses on the
adsorption process, a component of tertiary treatment, specifi-
cally for treating dye-contaminated wastewater due to its
economic feasibility, recyclability potential, suitability for large-
scale applications, and operational simplicity.®

Crystal violet, Basic Blue, Basic Red, Methylene Blue (MB),
and Neutral Red (NR) are some examples of cationic dyes that
have been extensively employed as model dyes in adsorption
research.®?® The current study has considered Neutral Red
(NR)—a synthetic azo dye with formula C,5H;,CIN,—commonly

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra03754a&domain=pdf&date_stamp=2025-08-20
http://orcid.org/0000-0002-9573-6533
http://orcid.org/0000-0001-8215-5169
http://orcid.org/0009-0006-3611-5354
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03754a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015036

Open Access Article. Published on 21 August 2025. Downloaded on 6/16/2026 3:30:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

used in the textile industry for its bright red color and water
solubility. It shows pH sensitivity, appearing red in acidic
conditions and yellow in neutral to alkaline environments. It
undergoes single-stage two electron transfer reduction, and can
serve as a corrosion inhibitor for carbon steel in acidic media,
increasing effectiveness with concentration.*** Cationic textile
dyes contain hydrochloride or zinc chloride complexes and
cause various health issues, from skin irritation to potential
cancer risks.> On the other hand, anionic dyes contain nega-
tively charged molecules and include direct and reactive dyes,
such as azoic, anthraquinone, and nitro dyes, all characterized
by their water-soluble ionic components.*® While reactive dyes
form covalent bonds with materials like cotton and wool, they
pose environmental concerns due to their low fixation rates and
tendency to hydrolyze in water.** Acid dyes, another anionic dye,
are commonly used for silk, wool, and synthetic fibers.
Although they dissolve well in water, their organic sulphonic
acid composition makes them potentially harmful to human
health.” Congo Red (CR)—with formula Cj3,H,,N¢Na,0¢S,—
consists of two azo chromophores and acidic auxochromes (-
SO;H) attached to benzene structures, has a linear symmetrical
structure with a hydrophobic center of two phenyl rings con-
nected via di-azo linkage and these phenyl rings are linked to
two charged terminal naphthalene moieties that contain
sulfonic and amino groups.* CR exhibits a red color in the basic
medium and a blue color in the acidic medium due to its di-azo
structure and is widely utilized in pulp, paper, textiles,
cosmetics, pigments, leather, pharmaceuticals, etc. Its extensive
use significantly contributes to industrial pollution and signif-
icant health risks due to its cytotoxic, carcinogenic, and muta-
genic properties.”® In brief, anionic diazo dye, such as CR, and
cationic dye, such as NR, are extensively used in the textile
industry but are significant pollutants in wastewater due to
their synthetic origin, toxicity, environmental persistence, and
resistance to biodegradation. Both dyes are common pollutants
in textile effluents and require effective removal methods, often
employing advanced materials like nanoparticles and carbon-
based adsorbents. The properties of both dyes are listed in
Table S1 of SI, and they were chosen for the current study.

In a system where dye acts as an adsorbate, several forces
may be present: van der Waals forces (ie., attraction and
repulsion of molecules), electrostatic interactions (e.g., charged
molecules), hydrophobic interactions (e.g., presence of
nonpolar molecules), hydrogen bonding (i.e., dipole interac-
tion), and 7- interactions (e.g., presence of aromatic rings).>®
These forces are pertinent when removing them using different
adsorbents. Several micro-, meso-, and macro-pores exist in an
ideal adsorbent. In addition, an abundance of surface func-
tional groups on the adsorbent surface is believed to boost
adsorption effectiveness. Under this circumstance, metallic
oxide nanoparticles such as TiO,, SiO,, MnO,, ZnO, and Fe,03,
metallic nanoparticles like silver (AgNPs), gold (AuNPs), and
boron nitride derivatives, as well as carbonaceous nano-
materials including carbon nanotubes, fullerenes, and gra-
phene have been used extensively for the selective removal of
dyes, e.g., methyl blue, methyl orange, Congo red, neutral red,
methyl green, and rhodamine B from wastewater.””*®* Moreover,
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nanocomposites, biochar, activated carbon, and other biomass-
derived adsorbents are also reported to be used successfully to
remove dyes from wastewater.””*

Boron nitride (BN) based materials, which share similarities
with the carbon family, represent a distinct category of nano-
materials such as nanoflowers, nanosheets, nanotubes, and
nanoparticles, and are characterized by their exceptional char-
acteristics, making them highly suitable scaffolds for many
applications.”® In particular, hexagonal boron nitride (h-BN)—
consists of stacked atomic layers with alternating boron and
nitrogen atoms and physically similar to graphite—have
recently attracted significant research interest for its remark-
able characteristics—such as high specific surface area (ie.,
~2600 m> g~ '), low density comparable to graphene (i.e., ~2.1
vs. ~2.3 g cm ), thermal stability (i.e., stable in the air up to
~800-900 °C), mechanical strength (i.e., ~100 GPa), conduc-
tivity, and resistance to corrosion and oxidation (i.e., insulating
and passivation effects)—which makes them particularly suit-
able for water treatment applications.’***** The BN nanosheets
(BNNS) are mostly few-layer sheets with thicknesses of 1-2 nm
or 3-6 layers.*'”'®* Similar to carbon nanotubes, there are BN
nanotubes (BNNT) with a tubular nanostructure of h-BN.
Besides, literature reported metal-doped, such as Cu and Ag,
BN structure, porous BN, BN carbon nitride (BCN), and BN
nanocomposites with different polymers. Specifically, BN
materials have demonstrated potential for the removal of
contaminants, i.e., organics, pollutants, antibiotics, and heavy
metals from aqueous solution, which was primarily attributed
to its structure, i.e., bulk w—7 bond, coexisting Lewis acidic and
basic sites, and pertinent functionalization, ie., numerous
structural defects and addition of functional groups.>***~** BN
structures, especially h-BN, have been intensively investigated
across multiple fields, including the water-energy-food-envi-
ronment-health nexus for membrane water filtration, solar
cells, batteries, carbon capture, hydrogels, epoxy cement,
ceramic oxides, and catalysis.****

In addition, BN's adaptable nature allows for modifications,
further enhancing its potential applications.**** High-quality
dispersions are stable and consist mainly of single-layer or
few-layer h-BN sheets with large lateral dimensions. This typi-
cally requires exfoliating the sheets from bulk h-BN crystals, as
the layers naturally stick together due to strong van der Waals
forces. The exfoliation and dispersion of h-BN can be achieved
through multiple complementary approaches: direct (single/
multiple) solvent interactions via IPA, ethylene glycol, ethanol/
water, etc., covalent surface modifications such as oxidation of
B sites, acidic/basic media treatments, stabilization by surfac-
tants or polymers, e.g., poly(vinyl alcohol) and pluronic acid,
biomolecule-assisted processes, ionic intercalation, and
thermal expansion methods.?** When using acids and bases,
strong protic acids or Lewis bases interact with acidic B sites to
protonate and exfoliate the sheets. Additional acids have been
utilized as intercalating agents, which may be classified into
acids or salts with few exceptions. Intercalating agents play
a role in breaking up the h-BN layers by allowing interlaminar
expansion and facilitating the process of exfoliation. Ions
intercalate between adjacent h-BN sheets and disturb the
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interactions between the layers. NaOH solution, NaOH/KOH,
and NaOH/LiCl have been used as intercalating agents to
exfoliate BN nanoparticles. However, these works were limited
to only functionalization and characterization without any
application specifically in dye removal processes.***' The
current study has considered using NaOH as an intercalating
agent to exfoliate pristine h-BN. A summary of earlier works on
h-BN dispersions directly by acids, bases, intercalating agents,
solvents, and covalent functionalization, and relevant experi-
mental exfoliation and dispersion protocols, including disper-
sion concentration and stability, are shown in Tables S2-S4 of
SI.

It has been established that h-BN can effectively capture
cationic and anionic pollutants and remove specifically charged
contaminants through functionalization, thereby offering
a promising advancement in wastewater treatment methods.**
For example, the functionalization of h-BN showed an improved
ability to adsorb Rhodamine B dye from aqueous solutions.*®*
Furthermore, BN nanocomposites or BN doped with another
metal particle have demonstrated enhanced adsorption
capacity and removal of metal ions, such as arsenic and fluo-
ride, from aqueous solutions.** While the initial findings are
promising, there is a significant knowledge gap in under-
standing these processes comprehensively. Extensive research
is essential to understand the mechanisms and assess their
viability for industrial-scale implementation.

h-BN, BNNS, BNNT, BCN, porous BN, BN fiber, h-BN
whisker, and metal-BN have been used as adsorbents to
remove anionic dyes (e.g., Sunset Yellow FCF, Methyl Orange,
and Congo Red) and cationic dyes (Rhodamine B, Methylene
Blue, Neutral Red, Indigo Blue, Malachite Green, and Methyl
Green) from wastewater.®>**" A wide range of adsorbent
dosages, i.e., 20 to 2000 mg L', of these BN structures was
tested for different adsorption experiments considering the
initial dye concentration of 5-300 mg L' to determine the
maximum adsorption capacity of these BN derivates for the
removal of dyes and other materials, e.g., heavy metals, and
antibiotics. In all cases, there was a strong correlation of solu-
tion pH, which dictates the surface charge of BN structures in
aqueous solution with types of dyes, anionic or
cationic.®?%"

To understand the adsorption mechanism, the kinetic data
were analyzed using different models, such as pseudo-first-
order, pseudo-second-order, and intraparticle diffusion
models.* The pseudo-first-order model is usually applicable
only during the initial stages of the adsorption process.*®
However, the pseudo-second-order model effectively character-
izes the adsorbate-adsorbent system interactions across the
complete contact duration and enables a direct calculation of
the initial adsorption rate and the adsorption capacity without
identifying any unknown factors."®*” A linear relationship
between Q, and ¢ indicates that intraparticle diffusion is the
rate-controlling mechanism of the adsorption process thereby,
the intraparticle diffusion model describes the time-dependent
intraparticle diffusion of adsorbate species, e.g., molecules,
ions, and particles, within the adsorbent matrix.*®* Conversely,
the presence of multi-linear segments in the plot suggests that

Le.,
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the adsorption process is governed by multiple sequential
stages, impacting the adsorption process.

Langmuir, Freundlich, and Sips isotherms were reported in
the literature to decipher monolayer and/or multilayer adsorp-
tion with homogeneous and/or heterogeneous surfaces.*” The
Langmuir and Freundlich isotherm models are based on the
assumption of monolayer and multilayer adsorption occurring
on homogeneous and heterogeneous adsorbent surfaces,
respectively.®®** The enthalpy of adsorption is either indepen-
dent or decreases logarithmically as the fraction of occupied
sites on the adsorbent increases in the case of the Langmuir or
the Freundlich isotherm models, respectively.**** However, the
Sips isotherm combines elements of both the Langmuir and
Freundlich isotherms: at low equilibrium adsorbate concen-
trations, it approaches the Freundlich isotherm, and at high
equilibrium adsorbate concentrations, it predicts the mono-
layer adsorption behavior characteristic of the Langmuir
mode.”>** For example, cationic Rhodamine B (RhB) and
Methylene Blue (MB) dyes were removed by BNNS at pH 8 since
the surface charge of BNNS was found to be —25 mV. The
adsorption mechanism was Langmuir (i.e., monolayer with
homogeneous surface), and the maximum adsorption capacity
from the isotherm study was reported to be 313 and 333 mg g™ "
for RhB and MB dyes, respectively. Furthermore, the reaction
mechanism was attributed to chemisorption resulting from
pseudo-2nd-order reaction kinetics.

Table 1 summarizes cationic and anionic dye removal using
BN and its derivatives under different adsorption process
parameters. The pristine (or bulk) BN materials were proven
less stable in an aqueous medium and less effective in dye
removal from contaminated water, necessitating dispersion and
exfoliation of BN, i.e., h-BN for the current study, via different
processes such as using solvents, acids/bases, intercalating
agents, polymers, etc. A range of functional groups, specifically
acyl (-COR), alkyl (-R), hydroxyl (-OH), amino (-NH,), amine (-
NHR), ether (-OR), and halogen (-X) groups, along with
heteroatoms have been incorporated in the BN framework via
chemical functionalization to improve the surface reactivity.*

This work evaluated the adsorption performance of struc-
turally modified hexagonal boron nitride (M-hBN) through
liquid phase exfoliation using NaOH for selective removal of
dyes, i.e., single dye system of either anionic dye (i.e., Congo
Red) or cationic dye (i.e., Neutral Red) and mixed dye system
(i.e., Congo Red and Neutral Red) from aqueous solutions.
Comprehensive material characterizations were conducted to
verify the efficacy of the synthesis process. The h-BN after
modification, i.e., M-hBN was used for further experiments,
starting with finding the solution pH where dye removal effi-
ciency was maximum. Subsequent experiments were conducted
to optimize the M-hBN amount, batch adsorption experiment
duration, and initial dye concentration. These adsorption
process parameter optimization experiments were further
utilized to develop kinetic models and isotherm studies. The
effectiveness of the M-hBN was assessed through a comparative
analysis of dye removal efficiency in both deionized (DI) water
and textile wastewater, considering single and mixed dye
conditions. In addition, the study evaluated the reusability

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Dye-contaminated wastewater treatment by BN and its derivatives®

Dye  Adsorbent dosage Dye conc.  Max. adsorption Isotherm
S/N BN structure Dye type (mgL™") pH (mgL™")  capacity(mgg ') model Kinetics  Ref.
1 h-BN SF A 400 — 75 ~58 to ~105 Langmuir PSO 14
2 h-BN CR A 500 2 100 620.58 + 32.07 Langmuir PSO This work
3 h-BN RhB C 400 — 100 ~140 to 208 Langmuir PSO 14
4 h-BN MB C 400 — 50-200 ~230 — — 15
5 h-BN NR C 500 11 100 559.38 + 25.78 Langmuir PSO This work
6 BNNS MO A 400 110 ~575 Freundlich  PSO 31
7 BNNS RhB C 250 6.6 5-80 ~76 Langmuir — 18
8 BNNS RhB C 400 8 108 ~313 Langmuir PSO 6
9 BNNS MB C 400 8 108 ~333 Langmuir PSO 6
10 BNNS MB C 1000 — 5-30 ~18 Langmuir PSO 17
11 BNNS 1B C 1000 — 5-30 ~18 Langmuir PSO 17
12 BCN NR C ~90 — 220 ~1350 Langmuir PSO 7
13 BCN MaG C ~90 — 120 ~1041 Langmuir PSO 7
14 BCN MB C — — 136.4 ~1220 Langmuir — 20
15 BCN BY C — — 101.4 ~560 Langmuir — 20
16 Porous boron carbide ~ MB C 2000 — 10 to 50 ~189 Langmuir PSO 16
17 Ag-BN RhB C 200 — 100-300 ~880 Langmuir PSO 13
18 Cu-BN RhB C 200 - - ~743 Langmuir PSO 11
19 Porous BN CR A 400 — 150 ~1096 (theo.) Langmuir PSO 19
20 Porous BN MG C 400 — 170 ~1203 Langmuir PSO 19
21 BN fiber MB C 240 8 25 ~392 Langmuir — 8
22 h-BN whisker RhB C 30 — 3 ~210 Langmuir — 9
23 h-BN whisker MB C 20 — 60 ~13973 Langmuir — 9
24 3D C-BN CR A 500 6 50 ~307 Langmuir — 12
25 3D C-BN MB C 500 6 50 ~408 Langmuir — 12
26 3D BN architecture BY C 400 — 90 ~424 Langmuir — 10
27 3D BN architecture CR A 400 — 110 ~717 Langmuir — 10

“ BN Structure: h-BN = hexagonal Boron Nitride, BNNS = BN Nanosheet, BCN = BN Carbon Nitride; Dye: SY = Sunset Yellow FCF, CR = Congo Red,
RhB = Rhodamine B, MB = Methylene Blue, NR = Neutral Red, MO = Methyl Orange, IB = Indigo Blue, MaG = Malachite Green, BY = Basic Yellow-
1, MG = Methyl Green; Dye Type: A = Anionic, C = Cationic; Kinetics: PSO = Pesudo-2nd-Order.

potential of the M-hBN to determine its regeneration capacity
under DI water conditions. The specific objectives of the current
study were to (a) synthesize structurally modified and exfoliated
h-BN from pristine h-BN using caustic soda (NaOH), and (b)
determine the removal efficiency of cationic and anionic dyes
using modified h-BN (i.e., M-hBN) at optimized process
parameters’ conditions. The research findings are expected to
offer input data for a pilot plant study (i.e., scalable industrial
processes) on effective dye removal from textile wastewater,
offering a practical solution to this growing environmental
challenge.

2 Materials and methods
2.1 Materials

All chemicals utilized in this study were of analytical reagent
grade. Hexagonal boron nitride (h-BN), ethanol (C,Hs;OH,
=99.5%, MW: 46.07 ¢ mol "), and hydrochloric acid (HCI) were
procured from Sigma-Aldrich, USA. Congo red (C3,H,,N¢Na,-
06S3, MW: 696.665 ¢ mol ™, Amax: 497 nm) and neutral red
(C15H1,CIN,, MW: 288.78 g mol ', A 276 nm), both sourced
from Loba Chemie Private Limited, India. Sodium hydroxide
(NaOH) was procured from Merck Specialties Private Limited,
India. All experimental solutions were prepared using deionized
(DI) water.

© 2025 The Author(s). Published by the Royal Society of Chemistry

2.2 Synthesis of structurally modified hexagonal boron
nitride

In this research, the structural modification was carried out
using the method proposed by Gang Zhao et al.* In brief, 1.5 g
h-BN powder was dispersed in a 0.625 M 400 mL sodium
hydroxide solution. This mixture was stirred magnetically at
30 °C for 24-h. The solution was then heated at 80 °C until it
completely evaporated, yielding a dry compound. This alkaline
treatment and evaporation process was repeated three times to
ensure complete modification. After the third cycle, the
compound was thoroughly filtered to remove excess sodium
hydroxide. The final step involved drying the modified product
at 80 °C for 12-h, resulting in the structurally modified boron
nitride. A schematic representation of the experimental
protocol is shown in Fig. S1 of SI.

2.3 Characterization of h-BN and modified h-BN

The surface functional groups of the synthesized materials were
detected with the help of Fourier Transform Infra-Red (FTIR)
spectroscopy. FTIR spectroscopy was executed with NICOLET
iS5, ThermoScientific. A field emission scanning electron
microscope (FESEM) was used to determine the morphology of
the materials. In contrast, energy dispersive X-ray spectroscopy
(EDX) was used to evaluate the compositional analysis of the

RSC Adv, 2025, 15, 29528-29543 | 29531
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material. FESEM and EDX were taken using EVO 18, ZEISS. X-
ray diffraction (XRD) was used to determine the crystalline
structure of the nickel ferrite nanoparticle using Rigaku Smar-
tlab XRD with Cu KP radiation at wavelength 2 = 1.54 nm,
scanning range 10°-80°, scanning speed 10° min~* with 40 kv
voltage and 40 mA applied current. The average size of the
crystals of synthesized particles was calculated using Scherrer
correlation as follows (eqn (1)).

kA
D=
B cos @

1)

where D is the average crystal size of the synthesized particles, &
is Scherrer constant, § is full width at half maximum (FWHM),
and 6 stands for Bragg's diffraction angle. Dynamic light scat-
tering (DLS) measurements and zeta potential analysis were
performed using a Zetasizer Nano ZS instrument (Malvern
Instruments Ltd, UK). The dye concentration in the aqueous
solution and solubility of the adsorbent were tested using a UV-
vis spectrophotometer (Model: SHIMADZU UV-2600, Japan).
The textile wastewater quality parameters, such as pH, dissolved
oxygen, total dissolved solids, electrical conductivity, etc., were
determined using a multiparameter water quality meter (Model:
Hanna HI98194 and SCAN Spectro: lyser V3, Austria).

2.4 Adsorption experiment design

The adsorption efficiency of the dye is dependent on the type
and nature of the dye, solution pH, initial dye concentration,
and adsorbent dosage.® The modified h-BN was used for the CR
and NR dye adsorption study. The process was optimized for
specific pH, initial dye concentration, adsorption dosage, and
duration of dye experiments. Fig. S2 of the SI shows a schematic
representation of the experiment design.

2.4.1 Effect of pH. The pH-dependent adsorption behaviors
of M-hBN towards Congo Red (CR) and Neutral Red (NR) dyes
were evaluated across a pH range of 2-12 (i.e., 2, 4, 6, 8, 10, 11,
and 12) at an initial dye concentration of 100 mg L™, keeping
the adsorbent (i.e., M-hBN) dose of 0.5 g L™'. The adsorption
process was allowed for a contact time of 480 min to ensure
equilibrium. After that, the dye solutions containing the
adsorbents were centrifuged for 10 min at 4000 rpm. The
supernatant was collected and analyzed for absorbance using
a UV-vis spectrophotometer. The dye concentration in the
supernatant was determined using a pre-established calibration
curve, as presented in Fig. S3 of the SI. The dye removal effi-
ciency, R. (%), and adsorption capacity, Q, (mg g~ '), for the dye
were calculated using eqn (2) and (3), respectively. These
equations quantitatively assess the adsorbent's performance in
removing dye from the aqueous solution under varying pH
conditions.

o — Ce 100
Dye removal efficiency, R.(%) = (Co=C) x 100 @)

. . C. —
Adsorption capacity, Q, (mg g‘l) = (G

In eqn (2) and (3), C, and C. are the initial and equilibrium dye
concentrations (mg L"), respectively; Q, is the adsorption
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capacity (mg g '), V is the solution volume (L), and m is the
mass (g) of adsorbents.

2.4.2 Effect of adsorbent dosage. Based on the literature
review, three different adsorbent dosages, i.e., 0.25, 0.50, and
1.00 g L', were chosen to study the effect of adsorbent dosage
on the uptake of dyes.***** The adsorption studies for CR and
NR were conducted at an optimum pH value of 2 and 11,
keeping an initial dye concentration of 100 mg L™'. The
adsorption process proceeded until equilibrium was achieved,
which was reported to be 480 min for both dyes. After that, the
solution containing the adsorbent and dye was centrifuged at
4000 rpm for 10 min. The supernatant was carefully collected,
and its absorbance was measured to determine the extent of dye
removal. This approach allows for a comprehensive analysis of
the effect of adsorbent dosage on the adsorption efficiency of
dye.

2.4.3 Kinetics analysis. The kinetic study of dye adsorption
onto M-hBN was conducted over a time range of 0-480 min,
with measurements taken at specific intervals: 10, 15, 30, 60, 90,
120, 240, and 480 min. The adsorption studies for CR and NR
dyes were conducted at an optimum pH value of 2 and 11, with
an initial dye concentration of 100 mg L' and an adsorbent
dose of 0.5 g L', After completion of each time interval, the
solution containing the adsorbent and dye was centrifuged at
4000 rpm for 10 min. The supernatant was carefully collected,
and its absorbance was measured to determine the extent of dye
removal. Linear forms of pseudo-1st order, pseudo-2nd order,
and intraparticle diffusion models are presented in eqn (4)-(6):

k
log(Q. — Q) = log 0. — 50 (@)
t 1 t
0" ko’ o )
0, = kigt™> + C (6)

where Q. (mg g ') is the amount of dye adsorbed at equilib-
rium, Q, (mg g~ ') is the amount of dye adsorbed over time ¢
(mins), k; is the equilibrium rate constant for the pseudo-1st-
order process (1/min), k, is the equilibrium rate constant for
the pseudo-2nd-order process (g mg ' min '), kiq is the intra-
particle diffusion rate constant (mg (g~* min~*?)), and C (mg
g~ ') is a constant related to the thickness of the boundary layer.

2.4.4 Isotherm analysis. The isotherm study of each dye
was conducted over an initial dye concentration range of 10-
500 mg L', with measurements taken at specific concentra-
tions: 10, 20, 30, 50, 75, 100, 150, 250, 400, and 500 mg L~*. The
adsorption studies for CR and NR dyes were conducted for
480 min at an optimum pH value of 2 and 11, keeping an
adsorbent dose of 0.5 g L. After attaining equilibrium for each
case, the solution containing the adsorbent and dye was
centrifuged at 4000 rpm for 10 min. The supernatant was
carefully collected, and its absorbance was measured to deter-
mine the extent of dye removal. The adsorption equilibrium
data were analyzed by Langmuir, Freundlich, and Sips isotherm
models to elucidate the adsorption mechanism.* The
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maximum theoretical dye adsorption capacity can be deter-
mined using eqn (7)-(9) for Langmuir, Freundlich, and Sips
isotherm models.

: . _ kaL Ce

Langmuir Isotherm Model : Q. = e (7)
Freundlich Isotherm Model: Q. = KrC,'"" (8)

)

N

. ks Ce

Sips Isotherm Model : Q. = OuksCe 9)

&)

14 ksCe

In these models, K;, (L mg™") is the Langmuir constant, repre-
senting the ratio of adsorption to desorption rates Kz (mg g~ %).
(L mg)"" is the Freundlich constant, where 7 is a dimension-
less factor indicating adsorption favorability (when n > 1,
suggests favorable adsorption), Ks (1/mg) is the Sips equilib-
rium constant, N is dimensionless heterogeneity factor (which
is between 0 and 1; when N = 1, the Sips equation simplifies to
the Langmuir isotherm), C. (mg L") is the equilibrium adsor-
bate concentration (in our case, equilibrium dye concentration
for CR and NR), Q, (mg g ') is the maximum adsorption
capacity derived from the model, and Q. (mg g™ ") is the equi-
librium adsorption capacity of the adsorbent.

From the Langmuir model, the separation factor, RL, can be
calculated using eqn (10),

1

Ri=— "
LT 11 K.C,

(10)
where, C, (mg L") is the initial dye concentration, and K (L
mg ) is the Langmuir constant. The dimensionless parameter
R;, determines the shape of the isotherm. (R;, > 1), indicates
unfavorable adsorption, (R, = 1) signifies linear adsorption, (0 <
Ry) reflects favorable adsorption.*®

2.4.5 Reusability. Reusability studies were performed to
evaluate the regeneration of M-hBN. After the first cycle of the
adsorption study (i.e., after 480 min), the collected M-hBN was

T
@
2

g <+——— Modification

s

Magnification
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regenerated using ethanol as the desorbing agent. For the
regeneration process, the used M-hBN was stirred in 60 mL of
ethanol at 150 rpm for 4 hours. After regeneration, the M-hBN
was recovered through centrifugation and reused for the next
adsorption cycle. The effectiveness of this regeneration process
was determined by comparing the removal efficiency of each
subsequent cycle with that of the first cycle.>®

2.4.6 Mixed dye system. The adsorption efficiency of M-
hBN in mixed dye (i.e., CR + NR) systems was performed in
two different mediums, ie., DI water and Textile wastewater
collected from the clarifier inlet of a textile ETP. For single-dye
systems, solutions of CR and NR were prepared at 100 ppm
concentration in both DI water and textile wastewater sepa-
rately. Additionally, binary dye systems were formulated by
combining CR and NRin a 1: 1 ratio, with each dye maintaining
a concentration of 50 ppm in DI water and textile wastewater
environments. Preliminary analysis of the collected effluent
using a UV-vis spectrophotometer confirmed the absence of
both CR and NR dyes, verifying that these were not employed in
the facility's manufacturing processes. In summary, the exper-
imental protocol maintained consistent conditions across all
sample matrices, employing an M-hBN dosage of 0.5 g L ™" for
480 min under both acidic (pH 2.0) and basic (pH 11.0) condi-
tions. This experimental design was uniformly applied across
all prepared systems, encompassing single-dye and binary-dye
configurations in deionized water and textile wastewater
matrices. Following the designated contact period, the super-
natant was carefully separated and subjected to UV-vis spec-
trophotometric analysis to quantify the residual dye
concentration, enabling the assessment of adsorption efficiency
under various experimental conditions.

3 Results and discussions

3.1 Characterization of synthesized materials

3.1.1 SEM and EDX analysis. Fig. 1 shows the SEM images
of pristine h-BN at different magnifications. The low magnifi-
cation image at 1-um scale (Fig. 1(a)) provides an overview of the

Densely packed nanosheets
with enhanced surface
roughness (irregular edges)

Fig. 1 SEM images of h-BN (a—c) and M-hBN (d—f) at different magnifications.
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layered, sheet-like morphology of the bulk h-BN particles,
consistent with the observations by Zhang et al.>” and Wang
et al®® At higher magnifications of 300 and 100 nm scale
(Fig. 1(b and c)), the bulk h-BN exhibits an opaque, thick-layered
structure with relatively smooth surfaces and further reveals the
bulk nature and absence of thin, transparent sheets, as reported
by Zhi et al.* for pristine h-BN. In contrast, Fig. 1(d-f) presents
the SEM images of M-hBN, showing distinct morphological
differences compared to the pristine h-BN. The low magnifica-
tion image at 1-um scale (Fig. 1(d)) reveals a more open, porous
structure with increased surface roughness, indicating
successful modification of the h-BN surface, similar to the
findings of Wang et al.>® The sheet-like morphology becomes
more apparent at the intermediate magnification of 300 nm
(Fig. 1(e)), where the surfaces display unique patterns and
textures attributed to the modification process. It highlights the
irregular, jagged edges of the modified nanosheets, differing
from the smooth edges of pristine h-BN. The high-resolution
image (Fig. 1(f)) at 100 nm scale clearly shows the presence of
surface defects and irregularities induced by the modification,
which is significantly different from the smooth surfaces of
pristine h-BN, as reported in the reference papers.*>* In
summary, the SEM analysis supported by the observations
confirms the bulk, layered structure of pristine h-BN and the
successful modification of h-BN, which results in thinner
nanosheets with increased surface roughness, distinctive
surface patterns, and structural defects. The M-hBN exhibits
a significantly altered surface morphology compared to the
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Fig. 2 (a) FTIR spectra, (b) XRD patterns, (c) hydrodynamic size, and (d)
effect) of h-BN and M-hBN.
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pristine h-BN, indicating effective surface functionalization of
the h-BN nanosheets.

The EDX analysis shows that pristine h-BN contains 42.54
and 57.46 wt% boron and nitrogen, respectively, which is close
to the theoretical B/N ratio of 1: 1 in h-BN. However, the M-hBN
sample exhibits notable changes with reduced B (41.21 wt%)
and N (52.74 wt%) content, alongside the introduction of
oxygen (O) (6.04 wt%), which suggests successful surface
modification or functionalization of the h-BN structure,
possibly through chemical treatment or surface oxidation
processes. The slight deviation from the original B/N ratio and
the incorporation of the ‘O’ group could indicate potential
changes in the material's surface properties. The corresponding
elemental mapping is shown in Fig. S4 of the SI.

3.1.2 FTIR analysis. FTIR spectroscopy analyzed the struc-
tural difference between pristine and modified h-BN, and the
spectra are shown in Fig. 2(a).*® The pristine sample shows
characteristic peaks at ~1335 cm ™" and ~758 cm ™" wavelength,
representing in-plane B-N stretching and out-of-plane B-N
bending vibrations, respectively. However, these peaks are
shifted to ~1370 cm " and ~768 cm ™" for structurally modified
h-BN. The enhanced B-N stretching and bending indicate the
thinning of h-BN after exfoliation. FTIR spectra for structurally
modified nanomaterials (i.e., M-hBN) exhibit a characteristic
peak at ~3464 cm ™, which is similar to the literature-reported
(i.e., ~3400-3500 cm™ ') stretching vibration of hydroxyl (~-OH)
groups.® This also corroborates the theoretical study on band
gap engineering of functionalization of h-BN sheets with
hydroxyl groups Bhattacharya et al.®* In addition, the intensity

1 ——M-hBN (b)
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UV-vis absorption spectra (inset photograph demonstrating the Tyndall
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ratio of the peaks at ~3464 cm™ ' and 1370 cm™ ' in M-hBN is
much larger than that in h-BN, indicating that h-BN was
successfully functionalized with hydroxyl groups.”” In brief,
FTIR spectroscopic investigation corroborates the successful
surface functionalization of hexagonal boron nitride, as evi-
denced by introducing a hydroxyl group while maintaining the
fundamental B-N bonding structure.

3.1.3 XRD analysis. The XRD patterns reveal significant
structural characteristics of pristine h-BN and M-hBN samples,
shown in Fig. 2(b). Both materials exhibit the characteristic
hexagonal phase at (002) crystallographic plane. The peak
position remains unchanged in both materials in terms of
a diffraction angle (i.e., 20 = 26.8°) and shape (i.e., visual
observation), suggesting that the exfoliation process did not
damage the crystalline structure of the pristine material.
Thereby, M-hBN retained the high crystalline structure of the h-
BN.%>%* However, the interlayer spacing of M-hBN expanded
compared with h-BN (i.e., 0.242 nm vs. 0.210 nm at d002), which
indicates successful intercalation while maintaining the
fundamental hexagonal structure. The crystallite size—
measured using the Scherrer equation—increased from
15.56 nm to 46.60 nm for h-BN and M-hBN samples, supported
by previous works.*®** Furthermore, the reduced intensity and
sharpness of diffraction peaks at higher angles assigned to the
(100), (101), and (004) planes indicate long-range crystalline
order and weakened c-direction stacking (perpendicular to the
BN layers).”®** In brief, XRD analysis suggests that the modifi-
cation process effectively expands the crystallite size and
interlayer spacing of M-hBN while preserving the essential
crystalline characteristics of h-BN.

3.1.4 DLS analysis. The hydrodynamic size of h-BN and M-
hBN at aqueous conditions (i.e., DI water) is found to be 765 nm
and 266 nm with polydispersity indices (PDI) of 0.404 and 0.07,
respectively, via DLS analysis; shown in Fig. 2(c). These results
indicate successful exfoliation and uniform dispersion of M-
hBN. The size distribution of M-hBN shows a predominant
single peak, suggesting the presence of well-dispersed nano-
sheets. This result is comparable to previous studies where
functionalized BN nanosheets showed effective hydrodynamic
diameters around 334 nm and a low polydispersity value of
0.051.%® The narrow size distribution and low PDI value confirm
that the surface modification effectively prevents significant
aggregation in the aqueous medium, consistent with the
enhanced colloidal stability reported for functionalized h-BN
systems.

3.1.5 UV-visible absorption spectra and Tyndall effect. The
solubility and dispersion stability of pristine and hydroxylated
h-BN, i.e., h-BN and M-hBN, were investigated using optical
absorption spectroscopy, a suitable approach given the inherent
superhydrophobicity and poor aqueous solubility of h-BN. Both
materials exhibit a strong absorption peak in the deep ultravi-
olet (UV) region (~200-220 nm), corresponding to their
intrinsic bandgap and originating from interband transitions
between the valence and conduction bands. As shown in
Fig. 2(d), the absorption peaks are distinctly observed at 214 nm
for h-BN and 201.5 nm for M-hBN, respectively. The blue shift
(214 nm — 201.5 nm) and the corresponding increase in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bandgap (5.79 eV — 6.15 eV) are attributed to structural and
electronic modifications induced by hydroxylation and exfolia-
tion, as confirmed by FTIR spectroscopy.******** These changes
contribute to the enhanced dispersion stability of M-hBN in
aqueous media. This trend is consistent with previous reports
on hydroxylated h-BN, where similar blue shifts were
observed—e.g., Ren et al. (2021) at 200-202 nm, Wang et al.
(2018) at 204.8 nm, and Nazarov et al (2012) at 196-
206 nm.'®*** Further evidence of improved dispersibility was
provided by the Tyndall effect observed in M-hBN dispersions,
where laser light scattering confirmed the formation of a stable
colloidal suspension—a behavior also reported in other func-
tionalized h-BN.*® This enhanced stability is particularly
advantageous for practical applications requiring uniform
aqueous dispersions, such as polymer nanocomposites and
optical limiting.***

3.2 Optimization of process parameters

3.2.1 Effect of variation of pH. Fig. 3 represents the pH-
dependent removal efficiency and adsorption capacity of CR
and NR dyes using M-hBN. For CR dye, the removal efficiency
exhibits maximum performance at acidic pH 2 (99.23 £ 0.06%),
followed by a sharp decline to 69.73 + 2.00% at pH 4, and
further decreases to approximately 23.80 + 1.85% at pH 12.
Conversely, NR removal efficiency demonstrates an opposite
trend, increasing from 35.13 + 0.60% at pH 2 to 85.77 £ 1.51%
at pH 11, maintaining high efficiency (85.77 £+ 1.51%) at pH 11
and 12. Similarly, the adsorption capacity (Q.) of CR dye exhibits
a significant decreasing trend as pH increases, with maximum
adsorption capacity observed at pH 2 (199.12 + 0.23 mg g )
and minimum at pH 8 (37.20 + 3.19 mg g~ '). Conversely, NR
demonstrates increasing adsorption capacity with increasing
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pH, reaching optimal performance at pH 11 (169.80 + 3.15 mg
g ).

The zeta potential of M-hBN is +0.182 mV at pH 2, indicating
a slightly positive surface charge that facilitates the adsorption
of the negatively charged anionic dye, CR, through electrostatic
attraction, resulting in high removal efficiency. As the pH
increases to neutral pH, the surface charge becomes negative
(zeta potential = —22.5 mV), causing electrostatic repulsion
with CR and reducing its removal efficiency.” Conversely, at
high pH levels (alkaline conditions, e.g., pH = 11), the adsor-
bent M-hBN surface becomes more negatively charged, evident
from the zeta potential value of —42.8 mV. For the current study,
this increased surface charge, ie., from —22.5 to —42.8 mV,
enhances the electrostatic attraction of the adsorbent with
positively charged cationic dyes, particularly the NR dye.

This may be why the removal efficiency is reduced from
(99.23 + 0.06%), at low pH to 23.80 + 1.85% at high pH value for
CR dye. For NR dye, pH increases from pH 2 to 12, and
increasing electrostatic attraction between adsorption sites and
NR cations causes an increase in NR removal and adsorption
capacity. As the pH decreases, the adsorbent surface becomes
increasingly saturated with protons, causing the NR cations to
compete with hydrogen ions for adsorption sites, reducing
adsorption capacity. This is likely due to the build-up of NR
cations at the interface, resulting in a positive charge on the
surface that hinders further adsorption of NR cations, thus
decreasing the removal efficiency.®® As reflected in the zeta
potential data and corresponding graph, the removal efficiency
trends for both dyes confirm that M-hBN's adsorption is gov-
erned by electrostatic interactions, making it highly effective for
selective dye removal based on pH adjustments.

3.2.2 Effect of variation of adsorbent dosage. The dye
adsorption capacity and subsequent dye removal efficiency of
M-hBN in the DI water system for both dyes were studied using
adsorbent dosages ranging from 0.25 to 1.0 g per L solution,
maintaining 100 ppm dye conc. In the case of CR and NR dyes—
shown in Fig. 4—it was observed that the adsorption capacity
decreased from 325.7 +£ 2.79 mg g~ ' t0 99.7 & 0.03 mg g ' and
261.37 £19.15mg g~ ' t0 89.0 & 2.36 mg g~ !, respectively, as the
adsorbent dosage increased from 0.25 to 1.0 g L™ ". However, the
dye removal efficiency increased from 81.43 4 0.57% to 99.23 +
0.06%, and from 65.35 + 4.78% to 89.0 £ 2.36% for CR and NR
dyes, respectively, over the same range of initial adsorbent
dosage. At low dosages, say up to 0.5 g L™, increasing the
amount of adsorbent typically offers increased surface area,
hydroxyl function groups, active sites, and greater availability of
unsaturated adsorption sites available for adsorption, which
leads to significant removal efficiency. The removal efficiency
doesn't change significantly beyond 0.5 g per L dosage due to
a decrease in adsorption capacity at higher dosages. Several
factors, such as aggregation/agglomeration of adsorbent parti-
cles, overlapping of adsorption sites, increase in diffusion path
length, etc., at higher dosages, may contribute to this.*”®

The gradual increase of adsorbent increases the total dye
removal (i.e., 65.34 to 85.77 to 89.00 mg NR dye per L solution).
Still, the incremental increase of this dye removal is not that
significant (i.e., 31.27% and 36.20% for 0.5 and 1.0 g L "
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Fig. 4 Effect of adsorbent dosage on dyes' adsorption capacity and
removal efficiency: (a) CR and (b) NR dyes.

compared to 0.25 g per L dosage). This is reflected in the
equilibrium adsorption capacity (i.e., as per eqn (3)), which
decreases with increased adsorbent dosage for both dyes. For
the subsequent experiments, an adsorption dosage of 0.5 g L™
was considered. This study generally reveals an inverse rela-
tionship between adsorption capacity (Q.) and adsorbent
dosage, while removal efficiency positively correlates with
adsorbent dosage. Similar results have been found for different
dyes using similar adsorbents, such as RhB and MB removal
using BNNS,®* MB and MO removal using functionalized gra-
phene oxide sheets,> CR removal using Zinc peroxide nano-
material,”* and NR removal using halloysite nanotubes from an
aqueous solution.*®

3.2.3 Effect of variation of contact time. The time-
dependent adsorption behavior of dye onto M-hBN was
systematically investigated under optimized conditions. Both
dyes exhibited characteristic two-phase adsorption kinetics:
a rapid initial uptake followed by a gradual approach to equi-
librium, shown in Fig. 5. For CR, the adsorption capacity
increased dramatically from 0 to 144.91 + 8.64 mg g~ ' within
the first 10 min, followed by a steady increase to 186.84 £
2.67 mg g ' at 30 min, ultimately reaching equilibrium at
198.82 4+ 0.09 mg g~ ' after 60-90 min. Similarly, NR demon-
strated rapid initial uptake, reaching 135.23 4+ 13.28 mg g ' in
the first 10 min, followed by a gradual increase to 147.98 £
9.79 mg g ' at 30 min, achieving equilibrium at 172.57 =+
1.62 mg g ' after 120 min. For 10 to 15 minutes, rapid
adsorption occurs due to more active sites, which are easily

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of contact time on the adsorption capacities (Qy).

available for the adsorption on the M-hBN. Consequently, M-
hBN can easily interact with dyes without hindrance in the
initial stage. With an increase in interaction time, adsorption
slows down, which implies the utilization of available active
sites for adsorption, thereby the active site becomes saturated.®
When adsorption is controlled by pore diffusion, reaching
equilibrium requires significantly more time. Thus, the rapid
adsorption of CR and NR suggests that chemical interactions
play a key role in the adsorption process.

3.2.4 Effect of initial dye concentration. The equilibrium
adsorption capacities (Q.) of M-hBN increase steadily with lower
initial dye concentration ranges (i.e., 10 to 250 mg L™ %), as
shown in Fig. S5 of SI, which is attributed to the enhanced mass
transfer process from the interaction of dye molecules with the
adsorbent.” At dye concentrations exceeding 250 mg L, the
ratio of available active sites on the adsorbent surface to the
number of CR or NR molecules decreases. This imbalance slows
the mass transfer rate, eventually reaching adsorption satura-
tion at a higher concentration range (i.e., 300-500 mg L™ %).
Therefore, CR showed ~17.7% higher uptake than NR for the
same adsorbent, considering the maximum adsorption capacity
of CR and NR are 620.59 + 32.07 mg g~ " and 559.39 4 25.78 mg
g ', respectively. As indicated by standard deviations, the
experimental uncertainty remained notably low (<2%) at
concentrations below 150 mg L™ for both dyes but increased at
higher concentrations, particularly above 400 mg L~'. The
distinct optimal pH conditions (CR at pH 2 and NR at pH 11)
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suggest different binding mechanisms dominated by electro-
static interactions. The superior performance of CR adsorption
likely stems from more favorable molecular interactions and
better accessibility to binding sites. These findings indicate that
the optimal operating range for practical applications lies
between 200-300 mg L', where capacity utilization and
removal efficiency are maximized. At dye concentrations
exceeding 250 mg L™, the ratio of available active sites on the
adsorbent surface to the number of CR or NR molecules
decreases. This imbalance slows the mass transfer rate, even-
tually reaching adsorption saturation.”

3.3 Comparison of adsorption capacities for different
adsorbents

M-hBN demonstrated exceptional adsorption capacities for
both NR and CR dyes, surpassing all compared adsorbents.
Considering the removal of CR dye, M-hBN adsorbent reaches
an (experimental) adsorption capacity of 620.59 & 32.07 mg g™ ',
which is 1.8-18 times higher than adsorbents such as porous -
alumina nanoshells (i.e., 370.4 mg g~ '), coal-based mesoporous
adsorbents (i.e., 189 mg g '), and Na-bentonite (i.e., 35.84 mg
¢~ 1).7%7¢ Similarly, for the removal of NR dye, M-hBN adsorbent
achieves (experimental) maximum adsorption capacity of
559.39 4+ 25.78 mg g~ ', outperforming materials like halloysite
nanotubes (i.e., 54.85 mg g~ '), Fe;0, hollow nanospheres (i.e.,
105 mg g '), and Mn-impregnated activated carbons (ie.,
217.39-285.71 mg g~ ') by 2-10 times.®*”””® Details in Table S5 of
SI. This remarkable performance is attributed to the structural
modifications of h-BN, enhancing its surface area, functional
groups, and electrostatic interactions. These findings establish
M-hBN as a highly efficient and competitive adsorbent for
cationic and anionic dyes, making it a promising candidate for
wastewater treatment applications.

3.4 Kinetics study

The kinetic behaviors of dye adsorption were investigated from
the data collected to study the effect of contact time on
adsorption capacity. Several models outlined in the literature
section, such as pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models, are fitted and shown in Fig. 6.
The corresponding model-fitted data are listed in Table 2.
Kinetics modeling parameters for CR and NR dyes. The
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Table 2 Kinetics modeling parameters for CR and NR dyes
Model CRatpH =2 NR at pH = 11
Pseudo-1st-order kinetics R*=0.73  Qcalc. =37.65 K; = 0.029 R*=0.89 Qcalc. =61.74 K; = 0.024
Pseudo-2nd-order kinetics R*=0.99 Q,calc. =200 K,=2.45x10" R*=0.99 Qcalc.=175.43 K,=1.44 x 10>
Intraparticle diffusion model 1st stage R>=0.99 C;=24x10" Kgqg =44.18 R2=099 C;=24x10"* Kiqq = 37.93

2nd stage R,” = 0.005 C, = 198.09 Kigz = 0.02 Ry’ =0.70 C, = 149.36 Kigz = 1.54

Parameter (Unit): Q,, calc. (mg g '); K; (1/min); K, (g mg ' min™"); C; and C, (mg g '); Kiq (mg g~ " min

adsorption studies in consideration do not fit (i.e., R* = 0.73 and
0.89 for CR and NR dyes) significantly well with the pseudo-first-
order model. The intraparticle diffusion analysis revealed a two-
stage adsorption process: an initial rapid uptake phase (0-4
min'’?) followed by a slower second stage (4-16 min'?). The
value of R* for the 1st stage of the intraparticle diffusion model
equals 0.99, indicating diffusion may be controlled by boundary
layer diffusion and surface adsorption. However, the values of
R? for the 2nd stage of the intraparticle diffusion model equal
0.005 and 0.70 for CR and NR dyes, respectively. This indicates
little or no intraparticle diffusion in pores.” Thereby, it can be
inferred that the adsorption of CR and NR hardly follows the
intra-particle diffusion model.** Interestingly, the pseudo-
second-order model provided the best fit for both dyes (i.e., R>
= 0.99). This indicates chemisorption as the rate-limiting step
for the adsorption of dye on the adsorbent, with CR showing
a higher rate constant (ie., k, = 2.45 x 10 ° g mg ' min™ ")
compared to NR (i.e., k, = 1.44 x 10> ¢ mg ' min~'). The
kinetics studies reveal that CR dye demonstrated superior
performance with a higher equilibrium capacity (200 mg g™ )
than NR dye (175.43 mg g '), reaching equilibrium more
rapidly while considering M-hBN as an adsorbent. The strong
alignment of kinetic data with the pseudo-second-order model
indicates that the adsorption of CR and NR on M-hBN is best
described by this model, which assumes chemisorption as the
rate-limiting step throughout the adsorption process.

3.5 Isotherm study

The adsorption behavior of dyes was systematically evaluated
using three isotherm models, and the corresponding data are
presented in Fig. 7 and Table 3, respectively. The Langmuir
isotherm for CR at pH 2 showed a correlation (R* = 0.96) with
a maximum adsorption capacity (Qma) of 602.06 mg g ',
experimentally found 620.59 + 32.07 mg g ', and R;, value from
0.0093 to 0.321. In contrast, NR at pH 11 demonstrated strong
fitting (R* = 0.97) with a maximum adsorption capacity Quax of
590.02 mg g ', experimentally found 559.39 + 25.78 mg g,
and Ry, value from 0.07662 to 0.8058. For each case, 0 < Ry <1
indicates that the adsorption of CR and NR onto M-hBN is
favorable.®

The Freundlich isotherm parameters for CR at pH 2 (R*> =
0.85) revealed Ky = 159.31 and n = 3.66. Whereas for NR at pH
11 (R* = 0.83), Ky = 46.51 and n = 2.408. For both of dyes, the n
values are >1, which indicates that the adsorption of CR and NR
is favorable. The Sips isotherm model for CR at pH 2 showed
a correlation (R*> = 0.88) with Qs = 717.56 mg g ', K5 = 0.029,
and N = 0.35. Sips isotherm model for NR at pH 11 exhibited the
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Fig. 7 Isotherm Models for (a) CR and (b) NR dyes.

fit (R” = 0.89) with Qs = 1467.76 mg g ', Ks = 0.0012, and N, =
0.427. For both cases, Q, deviated from the experimental value.
The isotherm analysis revealed strong alignment with the
Langmuir model for both dyes. Congo Red (CR) exhibited a high
correlation coefficient (R* = 0.96) with a theoretical maximum
adsorption capacity (Qmay) of 602.06 mg g, closely matching
the experimental value of 620.59 + 32.07 mg g~ '. Similarly,
Neutral Red (NR) demonstrated excellent fit (R> = 0.97) with
a theoretical Quax of 590.02 mg g ' corresponding to the
experimental value of 559.39 + 25.78 mg g . These results
confirm monolayer adsorption on a homogeneous surface for
both dyes.

3.6 Reusability

Fig. 8 represents the regeneration study of the adsorbent,
demonstrating notably different performance patterns for
Congo Red (CR) and Neutral Red (NR) dyes across seven
consecutive adsorption-desorption cycles. At pH 2, it exhibited
superior initial efficiency (99.23 £ 0.06%) compared to NR at pH
11 (85.77 £ 1.51%), maintaining this advantage throughout all

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03754a

Open Access Article. Published on 21 August 2025. Downloaded on 6/16/2026 3:30:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 3 Langmuir, Freundlich and Sips isotherm data for CR and NR
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Adsorption isotherms CRatpH =2

Langmuir isotherm R*=0.96 Qmax = 602.06 mg g~ * ki, = 0.264

Freundlich isotherm R*>=0.85 Ky = 159.31 n = 3.66

Sips isotherm R®>=10.88 Qs =717.56 mg g Ks = 0.029 N =0.35
Adsorption isotherms NR at pH = 11

Langmuir isotherm R* =0.97 Qmax = 590.02 mg g * ki, = 0.0241

Freundlich isotherm R*=0.83 Ky = 46.51 n = 2.408

Sips isotherm R*=10.89 Qs = 1467.7 mg g Ks = 0.0012 N = 0.427
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Fig. 8 Reusability efficiency of M-hBN.

cycles. Both dyes showed a gradual efficiency decline, with CR
experiencing an 8.20% total decrease (average 1.37% per cycle)
to reach 91.49 + 1.31% by cycle 7. In comparison, NR demon-
strated a slightly steeper 9.34% total reduction (average 1.56%
per cycle), reaching 75.89 + 0.50%. The performance gap
between CR and NR widened marginally from 14.45% to 15.60%
over the seven cycles, with CR maintaining industrially viable
removal efficiency above 90% throughout. Statistical analysis
revealed minimal standard deviation overlap, confirming
significant performance differences between the dyes. Notably,
CR exhibited increasing performance variability in later cycles
(particularly cycle 7), suggesting potential adsorbent degrada-
tion, while NR showed more consistent but larger standard
deviations throughout. Despite gradual degradation, the sus-
tained high performance of CR above 90% efficiency across all
cycles indicates strong potential for industrial applications.
However, replacement after 5-6 cycles may be optimal for NR
applications when efficiency drops below 80%. Ethanol washing
was applied after each cycle to dissolve the captured species and
regenerate the sorption sites. However, complete regeneration
may not have been achieved, gradually reducing removal effi-
ciency over successive cycles. Nevertheless, the efficiency
retention remained significant even after seven cycles.

3.7 Dye removal efficiency in mixed dye system

The viability of the synthesized functionalized hexagonal boron
nitride for removing CR and NR from DI water and textile
wastewater, with mixed dye system effects. The textile

© 2025 The Author(s). Published by the Royal Society of Chemistry

wastewater and DI water characteristics were measured and
tabulated in Table S6 of the SI. In brief, textile wastewater had
high TDS, TSS, and COD values compared to DI water. Fig. 9(a)
demonstrates varying removal efficiencies of CR under different
conditions. In DI water, CR alone showed the highest removal
efficiency at 99.23 £+ 0.06%, exhibiting remarkable consistency
as indicated by the extremely small error bar. When the same
concentration of CR was tested in textile wastewater, the
removal efficiency slightly decreased to 93.85 + 3.95%. The
larger error bar in this condition suggests more variability in the
removal process, possibly due to the complex matrix of textile
wastewater interfering with the adsorption mechanism.
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Fig. 9 The comparative (a) CR and (b) NR dye removal efficiency
study.
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An interesting trend emerged in the binary system (CR + NR).
When tested in DI water, the removal efficiency dropped to
80.54 £+ 1.16%, indicating a clear competitive effect between the
two dyes. However, surprisingly, the binary system in textile
wastewater showed improved performance at 90.05 £+ 0.66%.
The smaller error bar in this condition (i.e., compared to CR
alone in textile wastewater) suggests that the binary system
achieves more consistent removal in textile wastewater despite
the complex matrix. This could be attributed to the higher ionic
strength and dissolved solids in textile wastewater (TDS =
329 mg L"), facilitating a more stable adsorption process. This
suggests that while the complex matrix of textile wastewater
may introduce variability in single-dye systems, it might help
stabilize the removal process in binary systems, possibly
through mechanisms involving the wastewater's higher
conductivity (i.e., 658 uS cm ) and altered surface chemistry
due to dissolved organics (COD = 238 mg L™ ).

Fig. 9(b) represents significant variations in NR removal
efficiency across different conditions at pH 11. In the single-dye
system using DI water, NR demonstrated the highest removal
efficiency of 85.77 £ 1.51%, with the small error bar indicating
highly consistent performance. However, when the same
concentration was tested in textile wastewater, the removal
efficiency decreased substantially to 51.41 &+ 4.1%. This decline
can be attributed to the complex matrix of textile wastewater,
characterized by high TDS, COD, and conductivity. Introducing
a competing dye (CR) in the binary system led to further
performance deterioration, with removal efficiency dropping to
60.83 £ 5.18% in DI water and dramatically falling to 9.93 +
3.83% in textile wastewater. The progressively larger error bars
in more complex systems (binary and textile wastewater
conditions) suggest increasingly variable removal mechanisms,
likely due to competitive interactions and matrix effects. The
most striking observation is the severe impact of combining
both challenges (binary system in textile wastewater), which
resulted in a removal efficiency reduction of over 75% compared
to the ideal conditions (single dye in DI water). This compre-
hensive analysis indicates that while NR removal can be highly

CR (Anoinic,
pH 2)

Planar n--Stacking
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effective in controlled conditions at pH 11, its performance is
significantly compromised by the presence of competing dyes
and the complex matrix of textile wastewater, with the combi-
nation of these factors resulting in severely reduced removal
efficiency.

3.8 Mechanistic understanding of adsorption mechanism

The removal efficiency of CR in DI water was found to be high
(~100%) in the presence of positively charged +0.18 mV M-hBN;
as shown in Fig. 3(a). This is attributed to the positively charged
sites forming on the M-hBN surface, enabling strong electro-
static attractions with the anionic CR dye. At neutral pH (~7.0),
the zeta potential decreases to —22.5 mV, significantly reducing
the removal efficiency (~20%). This is due to the negatively
charged surface repelling the anionic dye molecules, limiting
their adsorption. Under alkaline conditions (pH 11), the zeta
potential becomes even more negative (—42.8 mV), and the
removal efficiency remains low (~20%). The abundance of
hydroxyl ions further strengthens the repulsion between the dye
molecules and the negatively charged adsorbent surface, pre-
venting effective removal. NR removal efficiency in DI water was
35% at neutral pH (~7.0) with negatively charged M-hBN (—22.5
mV), per Fig. 3(a). From pH 7.0 to 2.0, efficiency remains ~35%,
indicating protonation has minimal impact due to saturated
adsorbent sites. At pH 11.0, hydroxyl ions and a more negative
surface charge (—42.0 mV) increase NR removal to 85%. Beyond
PpH 2 for CR, pH 11 for NR, or an increase in adsorbent dosage
above 0.5 mg L™, efficiency gains were negligible, as shown in
Fig. 3(a) and 4(b).

In brief, the adsorption of CR and NR by M-hBN is driven by
electrostatic interactions, hydrogen bonding, and - stacking,
influenced by pH and material characteristics. Removal effi-
ciencies of 99.23% for CR at pH 2 and 85.77% for NR at pH 11,
with adsorption capacities of 620.59 mg ¢~ " and 559.39 mg g~
respectively, reflect the enhanced performance of M-hBN over
pristine h-BN. These outcomes result from hydroxyl groups and
structural defects introduced during NaOH-based chemical
weathering. Liu et al. (2014) reported enhanced methylene blue

O-or

with Aromatlc Rlngs

Electrostatlc
Attraction
(pH-Dependent)

NR (Cationic,
pH 11)

Defects, Expanded
Spacing, Increased
Surface Area

-~ NH,

dysical Trapping

of Larger Molecules

Physical Trapping
of Larger Molecules (CR)

Synergistic effects of electrostatic attraction, n—= interactions, structural defects, and
expanded surface contribute to enhanced adsorption of dyes on hydroxylated
defect-rich h-BN.

Fig. 10 Dye removal adsorption mechanism.
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adsorption by hydroxylated h-BN, driven by polarity and
hydrogen bonding.'® Bhattacharya et al (2012) reported
increased reactivity of hydroxyl-functionalized h-BN, supporting
its role in dye binding.** Lei et al. (2013) and Wang et al. (2018)
reported enhanced CR and RhB adsorption, respectively, by
defect-rich h-BN nanosheets, attributed to increased surface
area and porosity.'**>

The superior capacities and Langmuir fit highlight the
synergy of these features, distinguishing M-hBN from pristine
h-BN and literature benchmarks. Similar dye removal results,
highlighting chemisorption, Langmuir isotherm behavior, and
the influence of surface charge on pH, were reported for various
adsorbents, such as BNNS, iron nanoparticles, porous boron
nitride nanosheets, and functional 3D boron nitride architec-
tures for the removal of dyes such as MB, RhB, MO, CR, and BY
from wastewater®!*318384 and functional boron nitride, Fe;0,
hollow nanospheres, halloysite nanotubes, and BNNS for the
removal of dyes such as NR, MB, and RhB.*%%77:8

In summary, the exceptional adsorption capacity observed
can be attributed to two primary factors: (i) the structural
compatibility between the planar morphology of M-hBN and the
aromatic ring configurations present in both CR and NR
molecules, facilitating strong 7t stacking interactions; and (ii)
pH-dependent electrostatic interactions between the charged
surface of M-hBN and the respective ionic states of the dyes, i.e.,
anionic CR and cationic NR; and (iii) the structural defects
provide increased surface area, exposed boron/nitrogen sties,
and possible physical trapping for dye molecules. This syner-
gistic combination of non-covalent -7 interactions and elec-
trostatic forces with structurally modified nanoparticles,
depicted in Fig. 10, results in enhanced adsorption efficiency of
dyes.

4 Conclusion

Structurally modified h-BN effectively removed dyes under
different medium conditions and dye compositions. The dye
removal efficiency varied across media, peaking in DI water for
CR (99.23 £ 0.06%) and retaining 91.49 + 1.31% (CR) and 75.89
+ 0.50% (NR) after seven cycles, underscoring reusability.
Adsorption adhered to a pseudo-second-order kinetic model,
suggesting chemisorption as the dominant mechanism, and
followed the Langmuir isotherm, indicating monolayer
coverage. The process relied primarily on ~OH interactions with
dye ions, augmented by pore diffusion and m-7m stacking,
enabling selective removal based on ionic properties. This study
positions modified h-BN as a promising adsorbent for anionic
and cationic dyes in industrial wastewater treatment. Further
investigation into BN derivative toxicity, cost-effective func-
tionalization, pilot-scale optimization, and simultaneous
removal of heavy metals and antibiotics in real textile effluents
will enhance its practical applicability and scalability.
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