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Boron nitride has gained wide-spread attention globally owing to its outstanding characteristics, such as
a large surface area, high thermal resistivity, great mechanical strength, low density, and corrosion
resistance. This review compiles state-of-the-art synthesis techniques, including mechanical exfoliation,
chemical exfoliation, chemical vapour deposition (CVD), and green synthesis for the fabrication of
hexagonal boron nitride and its composites, their structural and chemical properties, and their
applications in hydrogen production and environmental remediation. Additionally, the adsorptive and
photocatalytic properties of boron nitride-based nanocomposites for the removal of heavy metals, dyes,

and pharmaceuticals from contaminated waters are discussed. Lastly, the scope of future research,
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wastewater treatment, is presented. This review is expected to deliver preliminary knowledge of the
DOI: 10.1035/d3ra08323¢ present state and properties of boron nitride-based nanomaterials, encouraging the future study and
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1. Introduction

In today's world, boron nitride (BN) nanomaterials are the most
popular, promising, and effective nanomaterials. BN is
a compound with equal numbers of alternately linked boron
and nitrogen atoms. Boron nitride was believed to be a type of
synthetic material, but recently, it has also been found in
natural minerals." BN is a compound that exists in several
forms, including a soft hexagonal (h-BN) form having sp’
bonded layered configurations, which is similar to graphite;
a hard cubic (c-BN) form, which is analogous to diamond; and
an amorphous (a-BN) form with properties that are the same as
those of amorphous carbon.>* Because of their advantageous
properties, including electrical insulation, high thermal
conductivity, chemical inertness, and optical transparency,
hexagonal boron nitride nanoparticles have attracted special
attention. These characteristics make BN appealing as a mate-
rial for various uses, including optical coatings, lubricants, and
protective and advanced ceramic composites. As shown in
Fig. 1, the crystal structures of BNs are represented by the cubic
boron nitride (¢-BN) and hexagonal boron nitride (h-BN). The
hardest form of BN is c-BN, which has high density and is
similar to a diamond crystal lattice. It is the second hardest
substance known to date. However, due to the lack of an easy
route for the preparation of c-BN compared to h-BN, research on
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¢-BN is limited. Similar to graphite, h-BN has a layered hexag-
onal structure comprising covalently bound B-N rings. It is
frequently utilized as a thermally conductive substance and an
electrical insulator because it is chemically and thermally
stable. Several h-BN nanostructures, similar to carbon-based
graphitic nanomaterials, are listed as nanowires, such as BN
fullerene, BN nanotubes (BNNTs), and BN nanofibers.>® These
h-BN nanostructures exhibit unusual band gap structures and
electrical capabilities. Therefore, they are among the top
research interests.” This review concentrates on the current
developments in h-BN nanostructure surface modification and
applications.

As a remarkable heat conductor, h-BN has 600 Wm ' K™ ' of
thermal conductivity and a broad band gap that varies from 5.5
to 6.4 eV depending on nanostructures. Considering this, h-BN
is well known as an electrical insulator.’*** h-BN has demon-
strated a wide range of possible uses in electrocatalysts,*
thermally conductive nanocomposites,'**® far ultraviolet light-
emitting diodes,* field emitters, nano-dimensional electronic
devices,”* and polymer nanocomposites for severe environ-
ments.”” Additionally, they are utilized in biological applica-
tions*® such as orthopaedic implants,** biosensing,>*®
medication, and gene delivery.>”*® There is a lot of interest in
the use of h-BN nanoparticles as functional fillers to reinforce
and modify polymer materials. For instance, BNNT-polymer
composites with high BNNT fractions were created by Zhi
et al.”® In this review, a variety of thermoplastics, including

poly(ethylene vinyl alcohol), poly(methyl methacrylate),
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Fig. 1 Crystal form of (a) hexagonal boron nitride and (b) cubic boron nitride.®

poly(vinyl butyral), and polystyrene, were used as a matrix. By
incorporating 20 wt% to 30 wt% of BNNTs into these polymers,
the resulting polymer composites achieved up to twenty times
the thermal properties of polymer nanocomposites, a break of
an electric field that was 20% stronger, and a temperature
expansion coefficient that was 20% lower.

To create dielectric epoxy composites with excellent thermal
conductivity,* we used h-BN nanoparticles as fillers. A reduced
dielectric loss factor with increased thermal conductivity of the
nanocomposites demonstrated their promise for packaging and
heat management in a micro-electronic gadget. Additionally,
BNNF (boron nitride nanofiber)-strengthened polymer nano-
composites were created and researched. The BNNF/polymer
composites, with 31.3 wt%, which show a superior in-plane
heat conductivity of 60 W m~' K™, were demonstrated by
BNNF. This makes this composite a suitable alternative for
thermal interface materials (TIMs) in heat management appli-
cations. A polymer composite with boron nitride nanosheets
(BNNSs) demonstrated a notable reduction in CTE and an
improvement in the elastic modulus® until the transparency of

the composite films was nearly identical to that of the pure
polymer films, demonstrating how they may be used in
composite optical windows, optoelectronic devices, and other
applications.

Even with these outstanding qualities and good uses, it is
important to note that, similar to other nanomaterials, the
high surface energy and significant tendency to agglomerate
severely restrict the practical applications of h-BN nano-
particles. The disadvantage is problematic in composite
applications due to low dispersion and surface characteristics.
Most researchers concur that these two factors are crucial to
the characteristics and application of polymer composites.
Dissimilar graphite carbon nano-materials, whose interfacial
and separation attributes may be easily tailored using a variety
of covalent and non-covalent surface modification techniques,
made the h-BN surface modification quite tricky. There are
numerous hypotheses that explain this observation. Firstly,
because of the electronegativity differences between boron
and nitrogen, the covalent sp> links between the boron and
nitrogen atoms are somewhat ionic, the same as the carbon-

Fig. 2

(a) Morphology of (i) and (i) h-BN sheets and (iii) and (iv) graphite sheets showing differences in the order in which they are stacked.?* (b)

Interaction between the neighbouring layers of a multi-walled nanotube .
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carbon bonds in a graphitic structure, which strengthens the
boron-nitrogen connections and makes them harder to sepa-
rate. Secondarily, the difficulties in the surface modification of
h-BNs are also due to the unique stacking order of the atomic
surface, shown in Fig. 2a.** More crystalline graphite causes
a Bernal (AB) stacking sequence, at which the atomic plane is
moved to half hexagon [Fig. 2a(i) and (ii)]. In h-BN, the
adjoining planes, hexagons are superimposed, similar to how
they are stacked in AA'; thus, the B atoms are stacked on top of
and below the equivalent N atoms in h-BN [Fig. 2a(iii) and (iv)].
These characteristics may cause a “lip-lip” interaction
between the nearby BN surfaces, as seen in Fig. 2b (for the sake
of clarity, only the constructions made of nanotubes are dis-
played here; this phenomenon also occurs in other nano-
structures, such as nanosheets).*> Bridges are then created by
the chemical bonds that occur between the atoms of boron
and nitrogen in the nearby layers. In conclusion, h-BNs are
more resistant to chemical modification than graphitic mate-
rials because of their greater chemical inertness. The new
material features of h-BN now make it an intriguing material
in its own right, enabling a wide range of optical,****** electro-
optical,**® and quantum optics®” functions.

By creating hyperbolic phonon polaritons in a natural
material, its extremely anisotropic crystal structure, character-
istics, and polar chemical bonding may be used in device
applications in IR nanophotonics.**** Even at ambient
temperature, its point defects, which have single-photon emis-
sion characteristics, can produce quantum emitters in the
visible to the near-IR region.*” In order to fully utilize h-BN for
electronic usage, techniques for manufacturing and prepara-
tion must be advanced, encompassing thin-film and bulk
crystal formation device integration, metallization, etching, and
deposition. The potential for several of these emerging appli-
cations was significantly enhanced by significant advances in
producing bulk, good-quality, isotopically nourishing mate-
rials.*®*° These initiatives are currently in the beginning stages.
However, improvements in mass growth,* chemical vapour
deposition (CVD),*" and molecular beam epitaxy (MBE)*** have
been observed.

Although various existing review articles discuss the appli-
cations of BN nanotubes, the present review article aims to
provide comprehensive information on BN nanostructures. For
the first time, the present state-of-the-art review summarizes the
structural properties of BN, its synthesis, development, modi-
fications and potential applications in the field of environ-
mental remediation and energy production. The scope of the
suture research is also discussed to promote further research on
the topic.

2. Properties and structure of BN

A highly anisotropic crystal of boron and nitrogen atoms is
tightly bound in the in-plane direction, known as hexagonal
boron nitride.** The B-N bond is polar covalent because the
electronegativity difference between nitrogen and boron is more
than 0.4 eV. Only van der Waals bonds exist between neigh-
bouring sheets when the sheets are out of the plane, as in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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case of graphite.*” Despite having an energy gap of about 6 eV, h-
BN is an indirect bandgap semiconductor with a very high
internal quantum efficiency for strong ultraviolet emission (up
to 40%). Because of the high anisotropic crystal structure of h-
BN, the frequencies of the typical lattice vibrational modes
(optic phonons), which have two different branches, are like-
wise highly anisotropic. These are termed upper (Ags = 6.2-7.3
pum) and lower (Ags = 12.2-13.1 pm) bands, where Ags stands for
the wavelengths in free space, and they are developed from in-
plane and out-of-plane phonons respectively. Each branch's
longitudinal optic and transverse optic phonons were spectrally
separated because of the polar nature, creating a highly
reflecting “Reststrahlen band”.*® Surface phonon polaritons are
possible in this band, with the optic and acoustic phonons
generating a phonon sideband in the ultraviolet luminescence
spectrum.

Hassel"” and Brager's*® recognized theory for BN is that it has
a graphite-like arrangement with B and N atoms replacing the
carbon atoms, and has been assigned structural type B.12 in the
“Struckturbericht”.*® The observed and computed intensities do
not correspond well with this structure, but a thorough re-
evaluation has been done, as the original work is susceptible
to additional criticism. Hence, the conclusion is that the Hassel
structure is wrong.

Copper and manganese K-radiation were used to produce
powder photographs of the crystalline structure of BN. There
were lines found that corresponded to 28 diffraction planes, or
these may all be classified based on a hexagonal unit cell with
dimensions at 35.5 °C of a = 2.50380 + 0.0001 A, ¢ = 6.6600 +
0.001 A. A calibrated microphotometer and a Geiger counter
spectrometer were both used to obtain intensity readings from
the photographs. It is clear from these findings and the density
that the layer structure of BN has an interlayer gap of 1/2 c; every
layer comprises a flat network of B;N; hexagons. Four possible
arrangements of these layers satisfy the symmetry of a unit cell.
Three of these methods involve distinct arrangements of B
and N atoms among the carbon atom-occupied positions for
graphite. The model that Hassel and Brager chose most closely
matches the measured intensities, as shown in Fig. 3 and 4, and
presents the fourth way. This is a novel form of packing where
the locations of the boron and nitrogen atoms are switched in
the neighbouring layers, and the hexagonal rings are placed
right on top of one another. A comparison of the calculated and
observed intensity demonstrates that BN has a novel form of
packing, and not the graphite type. A most striking result of this
distinction between the packing of BN and graphite is the
variation in the relative strengths of the Akl lines when & + 2k #
3n. These lines become stronger when [ is even and weaker
when [ is odd in BN. However, the opposite is true in graphite.
This discrepancy is clearly evident in the powder images and
cannot be explained by the carbon atoms’ different atomic
scattering strengths compared to B and N atoms.

The structural characteristics of various nanotubes are
examined using theoretical and experimental means. Using
molecular dynamics techniques and considering the inter-
atomic interactions, theoretical simulations of structures were
created. The Tersoff interaction potentials®® suggested for BN

RSC Adv, 2024, 14, 3447-3472 | 3449
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@ Boron atom O Nitrogen atom

Fig. 3 Hassel structure of BN.#”

Fig. 4 Newly suggested BN structure.*’

were used to define the structures.”® The LAMMPS software®*
was used to carry out the simulation, and the Ovito®> and VMD*
programs were used to display the simulation results. These
samples’ (nanotubes) thicknesses ranged between 20 to 200 nm.
Defocussing occurred on the range of many tens of nano-meters
during electron microscope investigation (30-100 nm). These
nanotube samples were generated in a gasostat using a graphite
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furnace for electron microscopy research.> An h-BN crucible
was used to hold a sample of Yttrium Aluminum Garnet (YAG),
which was then heated at a high temperature. The mp of YAG is
1942 °C. The raw powders contained in a tantalum ampoule
were sintered to create the YAG sample in a high-pressure solid
container.

2.1. Singlewall nanotubes

The best carbon nanotubes are cylindrical in form; for these
materials, the idea of chirality has been proposed. Chirality is
defined by two integers (m, n) representing the position of the
network hexagons that must line up with the hexagons at the
origin of the coordinate as a consequence of the network
convolution.*

Under this context, tubes were divided into three categories:
“zigzag” configurations (m, 0), “armchair” configurations (m, n
= m), and “chiral” configurations (m, n # m). The single-wall
nanotube diameter may be calculated using chirality indices.

D = 3d Vidy Vm? +mn + n? (1)

0

where d, refers to the gap between atoms in the hexagonal
lattice that are next to one another. This value for BN is
0.145 nm.

Fig. 5 depicts BN nanotubes with various chiralities. The
ideally cylindrical nanotube having smooth walls (a feature of
carbon nanotubes) was reportedly predicted. However, the
minimization of energy in the BN nanotubes results in the
development of distinctive “ribbed” walls (Fig. 5). Nitrogen
atoms are moved outward in the tube, while boron atoms are
pushed inward. The simulation shows that the B-N bond length
may vary between 1.5 + 0.1 A for tubes with various chiralities.
Electron diffraction patterns were used to identify the chirality
of the nanotubes.”

2.2. Multiwall nanotubes

Regarding the structure and layout, multiwall nanotubes are
more diverse than single-wall ones.>® Multiwall nanotubes of
transverse structures and longitudinal structures strongly
depend on their development. Different kinds of nanotubes

Fig. 5 Simulation of various chiralities in BN nanotubes: (a) zigzag, (b) armchair, and (c) chiral configurations.>®
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(a)

Fig. 6

Fig. 7 TEM image of a multiwall BN nanotube.>®

may result from synthesis.*® Like carbon nanotubes, hexagonal
BN nanotubes have an array of hexagonal networks arranged
ideally below one another (as opposed to a graphite structure),
with the B and N atoms alternately arranged throughout the Z
axis. The two forms of nanotubes we typically saw were regular
linear tubes and so-called bamboo-like tubes. The latter are
frequently paired with defective ones, and their potential uses
are not considered. However, it was demonstrated in ref. 59 and
60 that these nanotubes can be more advantageous than
traditional, unstrained BN nanotubes in several applications. In
contrast to regular tubes, bamboo-like ones are frequently
twisted and interlaced. Their width range varies between 40 and
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(a) TEM image and (b) HRTEM image of a bamboo-like nanotube.%¢

100 nm. A few tubes are filled, while others are empty (Fig. 6a).
The curvaceous bands in the nanotube tips may be seen in the
strong-resolution TEM images (Fig. 6b).

A multiwall BN nanotube is seen in Fig. 7. In experiments,
nanotubes with 50-60 walls have often been seen. However,
there are also specific tubes with 30 to 90 walls. As the number
of walls increases, the shape deviates more from the ideal
cylindrical shape. The interplanar distance may vary based on
the perturbing impact on adjacent tubes. Thus, in multiwall BN
nanotubes, many phenomena are present. EELS and element
mapping were used to investigate the chemistry make-up of
nanotubes. The nanotubes under review were demonstrated to
contain a BN core covered in a carbon coating.>®

Faceting causes the twisting of nanotubes. Additionally, the
chance of discovering a rhombohedral BN interlayer increases
with the number of walls inside a nanotube. Fig. 8 displays
three nanotubes with a variety of walls: 2, 4, and 10 walls,
respectively. The density of irregularities in packing various
walls increases with the number of walls. For a simulated 10-
wall nanotube, the beginning of faceting can be seen clearly.

3. Synthesis of BN

The development of h-BNs is crucial for surface modification.
This is because structural elements, including the diameter,
purity level, faults, and edge structure of BN, significantly
impact the surface modification of h-BNs, which have an
immediate connection to the synthesis procedures. This article

ssececesn,
- ‘e

Fig. 8 Simulation of (a) two, (b) four, and (c) ten-walled BN nanotubes.®*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 SEM images illustrating the mechanism of mechanical exfoli-

ation; (a) and (b) cleavage at the edge of h-BN nanoparticles, and (c)
and (d) peeling of h-BN thin sheets by ball milling.®®

briefly describes a few typical synthesis techniques for various
h-BN nanostructures.

3.1. Mechanical exfoliation

The mechanical exfoliation process is also defined as mechan-
ical peeling or mechanical cracking. Initially, sticky tapes were
employed to separate graphene monolayers using this
method.®* By using this method, layer h-BNs may also be
synthesized, and very thin sheets of h-BNs were achieved.®*** It
could not maintain the van der Waals link between the adjacent
h-BN layers by applying direct peeling force to the adhesive
tapes throughout mechanical exfoliation. Still, the robust
covalent boron-nitrogen bond structures remained intact and
were detected using an optical microscope. Unfortunately, this
method is not particularly effective for h-BNs due to the previ-
ously noted lip-lip interactions between the BN surfaces.** The
shear force was also used to exfoliate h-BNs mechanically
instead of the direct peeling force. The production of high-
quality BNNSs from ball-milling h-BN powders in an N, envi-
ronment was reported by Li et al® They adjusted the ball-
milling parameters to produce a mild shear force. Fig. 9
shows the SEM images of peeled h-BNs, and a suggested exfo-
liation pathway under a shear force that occurs in response to
the milling balls.

3.2. Chemical exfoliation

It has been demonstrated that chemical exfoliation, the liquid
exfoliation method, makes it straightforward to produce mono-
and few-layer BNNSs that are almost devoid of redundant
components like catalysts and might scale up to vast numbers.*®
Because of the strong interactions between polar solvent
molecules and h-BNs, high polar solvents, including N,N-
dimethylformamide (DMF), N-methyl-pyrrolidone (NMP), and
isopropanol (IPA), were utilized to promote the synthesis of
BNNSs. Large h-BNs might be divided into layered h-BNs by the
cooperative action of sonication and a polar solvent. We
produced pure BNNSs in thicknesses between 2 and 10 nm at
the milligram scale.

3452 | RSC Adv,, 2024, 14, 3447-3472
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3.3. Chemical vapor deposition (CVD) synthesis

Chemical vapour deposition (CVD) is applied to create excellent
quality and good-performance thin film nanoparticles. In
a basic CVD procedure, one or many more volatile preparations
are exposed to the surface, and they react with or degrade on the
foundation surface to generate the desired deposit. Lourie
et al.¥ initially used the CVD process to generate BNNTs. They
used borazine (B;HgNj3) as a precursor and Ni,B molecules as
a catalyst at 1110 °C in the synthesis of BNNTs. The SEM image
of BNNTs is illustrated in Fig. 10. Since then, several h-BN
nanostructures have also been created using CVD techniques.
Significant advantages include the relatively low power input,
excellent purity, and, most importantly, the extensibility of the
CVD process. Currently, the CVD development of h-BN nano-
sheets mostly utilizes the pyrolysis of a single precursor, such as
hexachloroborazine (B;N;Clg), borazine (Bs;HgN3),*® or tri-
chloroborazine (B;N3H;Cl3),* or the combination of two
compounds as the base material, like BCl;-NH3, BF;—-NH;, and
B,H¢-NH,.” Two typical chemical reactions involving two
substrates in one case (chemical reaction (2)) and one substrate
in the other (chemical reaction (3)), respectively, are given
below.

BF; + NH; — h-BN + 3HF 2)
(CIBNH); + NI(111) — h-BN/Ni(111) + 3(HCL) 3)

here, Ni(111) was the substrate for deposition. Beyond Ni(111),
various transition metal surfaces, such as Ru(001), Pd(111),
Pt(111), and Ni(755), that have similar lattice morphology with
h-BN can also be used as substrates.®® Ahmad et al.”* produced
high-quality h-BN nanowires using a straightforward CVD
process at 1200 °C throughout a 30-minute growth period.

3.4. Other synthesis techniques

In addition to the methods already described, several methods
have been investigated to create h-BN nanomaterials. Among

Fig. 10 SEM images of h-BN nanotubes.®’

© 2024 The Author(s). Published by the Royal Society of Chemistry
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them are laser ablation,”””* plasma-arc technique,””® and
plasma-enhanced pulsed laser deposition.”” The investigations
for all of these methods, which often demand significant input
energy (>2000 °C), are not as comprehensive as those for the
earlier techniques.

A chemical reaction known as a substitution reaction occurs
when an atom or functional group replaces one in a chemical
molecule.”® Han et al. used graphene sheets as templates to
create extremely crystalline h-BN utilizing a carbon substitution
process.”®”?

B,0,(g) + 3C(sheets) + N(g) — 2h-BN(sheets) + 3CO(g) (4)

They put B,O; powders in an open furnace, and coated them
with graphene sheets and molybdenum oxide (as a booster). For
30 minutes, the furnace was kept at 1650 °C in a flowing N,
environment. The residual carbon layers were then removed by
gathering the product and heating it in the air. Using electro-
spun polyacrylonitrile fiber as templates, the widely utilized
electrospinning method was employed to create constant BN
nanofibers (BNNFs). By altering the electrospinning process

View Article Online
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parameters, such as the applied electrical field and B,O; solu-
tion concentration, the diameter of the BNNFs may be
adjusted.” The FE-SEM images of the BN nanosheets synthe-
sized at 1200 °C are shown in Fig. 11.%°

3.4.1. Green synthesis of BN. The green dry ice-assisted ball
milling method prepared edge-functional two-dimensional
composite nanosheets of BN. The heat performance of the BN
aqueous nanofluids was first studied.** At a 5-vol% loading, we
discovered that the BN aqueous nanofluids had a thermal
conductivity of approximately 1.62 W m~" K. Fig. 12 depicts
the conceptual layout of the covalently functionalized BN
composite nanosheets. The conjugated m-system was not
impacted by this technique, which added the COOH groups at
the BN edges. The BN water nanofluids were generated by
ultrasonically mixing the BN with distilled water for 30 minutes.
It was generally known that BN's inherent hydrophobicity pre-
vented it from dispersing in water. Fig. 12d shows that the
liquid nanocomposite with a volume percentage BN nano-
structure showed high water compatibility and a uniform black
dispersion without evident macroscopic agglomeration.
Surprisingly, after many months of storage, no precipitation

Fig. 11

(\

Fig. 12 G/BN schematic diagram.®*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was seen, demonstrating the long-term stability of the BN-water
nanofluids.> The significant improvement in the BN's disper-
sion in water is caused by the -COOH group's solubility at the
BN's margins.*” Analyses of the morphology and microstructure
of the BN nanosheets were conducted using SEM and TEM. Few-
layer nanosheets (usually fewer than ten layers) were made up of
BN in the BN samples, and they could be clearly distinguished
from their edges. Using TEM measurements that range from 0.1
to 0.8 um, the lateral size of BN was measured.

4. Applications of BN and its
nanocomposites

In various fields, including chemistry, metallurgy, high-
temperature technology, electrotechnology, and electronics, h-
BN has become well-established.®* Their special qualities
suggest numerous prospective applications in numerous tech-
nical sectors, including high mechanical stiffness, broadband
gap, superior thermal conductivity, large surface area, and
thermal stability. In particular, functional fillers made from h-
BN nanoparticles have been employed extensively to create
high-performance polymer nanocomposites.” The use of BNs
and BN-based nanomaterials in prospective environmental
applications like membrane separation, adsorption, and pho-
tocatalytic degradation to remove impurities has been thor-
oughly researched.®*® BN-based nanomaterials have been used
in investigations on the surface assimilation of various inor-
ganic (bulk metals), as well as organic pollutants (mainly dyes
and medicines), and the information they provide can be useful
when employing these materials to treat water and
wastewater.®”

4.1. Adsorption of pollutants

4.1.1. Heavy metals. Heavy metals are substances with
a high density and low toxicity. Lead, iron, mercury, cadmium,
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zine, arsenic, copper, and chromium are a few examples of
heavy metals, and their actual volume is greater than 6 g m™>.%
Heavy metals enter the aquatic system through various path-
ways, and have environmental persistence and bio-
accumulation characteristics. These heavy metals harm human
health, as well as the quality of the underwater ecosystem.*>*°
According to Table 1, several inorganic pollutants were elimi-
nated by utilizing various BNs, including BN nanosheets, BN
nanoribbons, activated BNs, hexagonal BNs, and BN micro
rods. The immediate removal of metal ions in solo and trio
systems in simulated wastewater was used to examine the
surface assimilation processes of Cu>*, Cd**, and Ni*" on BN."

Adsorption in the solo adsorption process seems to occur
very quickly (2 min), and with the following removal order: Cu®*
> Cd*" > Ni*". However, the interaction of the metal ions in the
ternary system causes variations in the adsorption perfor-
mance. Cu** negatively impacted the elimination of Cd*" and
Ni**, whereas Cd>* and Ni*" were positively impacted by Cu>".
These results point to a variety of adsorption processes,
including the complex formation of metal ions with surface -
NH, functional molecules,®* ion interactions between metal
ions and H of -OH,** and electrostatic interactions related to the
pairings of -O and metal ions,* by incorporating a framework
agent in the heat breakdown process of the activated BN
substrate. It shows an exceptionally quick removal rate of
99.9 wt% (<6 h) and 90 wt% (<4 h) for different metal ions. It has
an incredibly massive surface area (2100 m?* g ') and a huge
pore volume (1.66 cm® g~ 1), effectively creating a new activated
BN.” It unquestionably demonstrates that the greatest
adsorption capabilities of excited BNs are significantly higher
than those of penetrable BN and adsorbents carbon reported in
early works.”**” It was found that excited BN with polar boron-
nitrogen bonds exhibits considerably stronger positively
attracting metal ions than excited carbon with covalent carbon-
carbon bonds. This results from the rich electron density that

Table 1 An overview of BN-based nanomaterials’ chemosorptive removal of several inorganic pollutants

Initial concentration

Maximum adsorption capacity

BN-based nanomaterial Species (mg L™ (mg g™ Ref.
BN cu*', cd*" & Ni** 10 18.42 + 0.33, 12.00 + 0.51 & 7.91 + 0.57 91
Activated BN Cr(m) 52 352 95
h-BN Cu(ir) & Ni(m) 300 to 700 200 & 95 98
Activated BN nanosheet Hg, Cu & Pb 40 ~200 to 400 99
BN-nanoribbon Cd & Cu 600 & 500 530 & 331 100
Porous BN-4 microrod Cu 200 365 101
Fe;0,~-BN As(m) & As(v) 0.134 to 0.556 & 0.856 30.3 &26.3 96 and 102
Polyaniline-h-BN PO437 & NO3; 100 106 & 67.9 103
2-C3N,/BCN NacCl 500 13.6 104
Amine-functionalized porous BN Cr(vi) 20 120.95 105
Diamide-pyridine-modified U(vi) 100 87.5 106
hierarchically porous boron nitride

P(AANa-co-AM)/BNNFs hydrogel pPb** 300 490 107
h-BN-Fe;0, nanocomposites Cr(vi) 25 208.6 108
FeS@h-BN nanocomposites U(vi) & Se(1v) 35&72 163.11 & 196.34 109
BCN-DAPhen U(vi) 100 2050.8 110
Macroporous boron nitride fibers cd*" & zn** 350 2989 & 1885 111
Porous BN Ni(1) 40 237.6 112
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polyelectronic nitride allots to metal ions and the “lop-sided”
density feature of ionic B-N bonding. The extensive surface area
and abundant interspaces in the excited boron nitride signifi-
cantly contribute to the material's high adsorption capacity and
efficiency.”*

With additional bulk metals, Pb®>" was efficiently removed
utilizing a small layer of BN nanosheets fabricated employing
a low-temperature manufacturing approach.”* According to the
results of interference testing, the adsorbents displayed a strong
affinity for Pb>* (845 mg g~ '), while being hindered by heavy
metal ions like Cd*, Ni**, and Cu®" ions (their adsorption
capacities were 312, 201, and 402 mg g~ ', respectively). In order
to explain the removal of Pb>", both chemical and physical
adsorption processes were utilized. At pH = 6, the electrostatic
interaction between the negatively charged BN adsorbents and
the positively charged ions may be a major factor in the Pb>*
adsorption on BN nanosheets. The “lop-sided” density features
of boron-nitrogen bonds form extra -NH, and B-OH bonds,
showing that multi-electron nitrides might modify different
electron densities on the metal ions. Therefore, the polarity of
boron-nitrogen bonds was adequate for removing Pb>".%* Over-
all, the large number of chemical linkages that form coordinate
bonds with lead ions on the BN nanosheets are largely
responsible for the high removal efficiency of lead ions,
including the strong B-O-Pb interaction and -NH,/Pb
complexation.'** Fig. 13a details the feasible mechanism of Pb>*
adsorption on BN nanosheets. Most earlier investigations on
the removal of heavy metals utilizing various BNs have estab-
lished that bulky metals were in opposite charge to manufac-
tured BNs and might interact electrostatically, accelerating the
adsorption response."*>"”

4.1.2. Dye compounds. The available water is rapidly
becoming polluted due to anthropogenic activities and growing
industrialization.”® Synthetic dyes that are widely utilized in

y
| |\ +Pb2*
AN N
(a-2) ~w,  NH,
! W
| | || +Pb>
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various industries, including paint, food, tanneries, smelting,
textiles, pulp and paper, cosmetics, and pharmaceuticals, are
one of the main causes of pollution. Synthetic dyes have
aromatic components and are often resistant to oxidizing
chemicals, light, and heat."® They are also not biodegradable.**®
They damage aquatic life and make the water less trans-
parent.””>"** According to estimates, a dyeing process may result
in the loss of 30% of the world's dye supply.** They are highly
soluble in water, making them easily transportable to the
environment and potentially dangerous to human health.***
Because certain dyes are particularly poisonous, dye wastewater
can cause cancer and mutation in people. It can also cause skin
irritation, allergies, and dermatitis.">***¢

Consequently, there is a pressing need to clean industrial
effluent with dye contamination. Reverse osmosis,"*” advanced
oxidation processes,'”® membrane filtration,'” coagulation-
flocculation,™° and adsorption™* are just a few of the methods
that can be used to treat industrial wastewater. Adsorption is
typically favoured among them because of its benefits,
including cheap operating costs, greater efficiency, and an
environmentally friendly nature.*

The study of methyl orange surface assimilation onto BN
nanosheets included theoretical and experimental analysis.'**
The synthesized adsorbent has the greatest experimental
adsorption capacity, 575 mg g ', which is attributable to the
strong Coulomb interaction between the positively charged BN
nanosheet and negatively charged methyl orange. Particularly,
it was found that the chemical hardness, electrophilicity, and
electronegativity data of the methyl orange-BN clusters are
1.45 eV, 5.51 eV, and 4 eV, respectively. The interaction between
the adsorbent surface and the dye chemical is another impor-
tant aspect of adsorption. According to research based on
calculations using density functional theory, the oxygen atom of
a methyl orange compound is closest to the BN nanosheet with

131

— | | |

Fig. 13 The probable mechanisms of (a.1) B-OH & (a.2) —NH in lead ion adsorption on the BN-550 nanostructure
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a range of 0.233 nm. The desorption and reusability of BN
nanosheets are allowed by the physical feature of methyl orange
adsorption on BN nanosheets. The modified structure is
symmetrical, and the reactions are exothermic, according to the
measured adsorption energy of methyl orange, which looked to
be —296 k] mol .

In a different investigation, negatively charged or activated
BN fibres and the cationic dye methylene blue interacted elec-
trostatically to reach the highest adsorption capacity of 392 mg
g ' at pH 8.0 and 30 °C.** Since the BN filament has a “lop-
sided” density feature of significant ionic boron-nitrogen
bonding, and poly-electron nitrides have the potential to allo-
cate a greater electron cloud to the positively charged solute, the
polar boron-nitrogen bond is suitable for methylene blue
chemical adsorption.*** At pH levels higher than 2, the surface
charge of the influenced BNs shifts toward a negative charge,
which enhances the adsorption of the positively charged
methylene blue. The penetrable BN, which has a massive pore
volume of 0.63 cm® g~" and a very large specific surface area of
1100 m> g ', enhances the adsorption performance.'
Furthermore, additional activated sites in activated BN signifi-
cantly improve the adsorption of methylene blue due to the
abundance of hydroxyl and amino functional groups and the
large density structural defects, which offer strong binding sites
and enhance the dissociation of methylene blue on the BN
fibres.**

Alayered BN—-carbon nitride nanocomposite was successfully
made by calcining a combination of BN particles and urea
(NH,CONH,) at an elevated temp of 600 °C, where urea is
thermally polymerized through a calcination reaction to
produce CN."™ Using BN particles and urea as substrates.
Fig. 14 depicts the expected creation process of the layered BN-
carbon nitride nanoparticles. At starting concentrations of
220 mg L™' and 120 mg L™, the BN carbon nitride nano-
composites successfully removed malachite green (1040 mg
g~ ") and neutral red (1350 mg g~ ') from H,0. Meanwhile, the

20005

-OH group in BN nanoparticle

g CN from urea
e, thermal
0 polymerization

BN nanoparticle
Fig. 14 The layered BN—carbon nitride composites (BN-30-600) are

thought to be generated using urea and BN nanoparticles as
precursors.*’
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anionic dyes MB (54.0 mg g ') and MO (55.9 mg g ') have
comparatively poor adsorption capabilities. This finding
suggests that neutral red withdrawal by the BN-carbon nitride
nanocomposite may not be primarily caused by electrostatic
attraction.

According to a prior study, the size of the pollutants signif-
icantly affects how well adsorbents remove them."® In
comparison to methylene blue (length = 1.42 nm and width =
0.54 nm) and methyl orange (length = 1.45 nm width = 0.43
nm), neutral red cationic dyes seem to have the lowest size (1.22
nm/0.49 nm). This is generally constant with their respective
volumes of neutral red = 188 cm® mol ', methyl orange = 209
em® mol ', and methylene blue = 207 cm® mol~*. However, the
size variance between these dyes is still insufficient to satis-
factorily explain why neutral red's removal is around twenty
times larger than that of methylene blue and methyl orange.
The adsorption energy appears to have little impact on the
removal of the adsorbent because the differences in adsorption
energies between both the adsorbent and dye compounds
(methylene blue = 352 kcal mol ', neutral red =
39.1 keal mol ™', methyl orange = 37.2 keal mol ") are likewise
negligible."** However, the biological neutral red molecules lack
H' ions, and are difficult to break down in H,O and precipitate
in an alkaline medium. As a result, it was proven that neutral
red might be eliminated by neutral red by attracting H'. By
using two additional cationic dyes (crystal violet and malachite
green), the high affinity of BN-30-600 for H' has been verified.**”

Using porous carbon-BN nano-scrolls resembling flower
stamens, amazing dye surface assimilation capability was seen
for eliminating methylene blue (250 mg g~ ') and Congo red
(620 mg g~ ). The results were related to a variety of charac-
teristics. Since pigments are filled in the cavities and adsorbed
on the carbon-BN nano-scroll surface, their high surface area
(890 m”> ¢ ') and porous structure are advantageous during the
dye molecule's adsorption process. Following MB and Congo
red adsorption, FE-SEM pictures reveal that the carbon-BN
scroll feature was mostly unchanged. FTIR spectra show that
the Congo red-coated carbon-BN with an aromatic benzene ring
stretching band at around 1600 cm ™" is more powerful than the
MB band.**® We saw strong interactions between dye molecules
and C-BN nanoscrolls. Raman and XPS investigations show
that the C-BN molecule has sp” hybrid carbon and BN domains,
resulting in conjugated m-7 interactions with the dyes,
including aromatic benzene (C¢Hg) rings. Furthermore, the B
atom of carbon-BN interacts with a Lewis base through the
nitrogen and sulfur atoms of Congo red and MB, creating Lewis-
acids and Lewis-bases interactions.'** Furthermore, negatively
charged ionized boron-oxygen bonding enhances the hydro-
philicity between carbon-BN and pigments, facilitating
enhanced adsorbing behaviour and exciting cationic dye
molecules like MB due to electrostatic interactions.*** The
summary of the adsorptive removal of dyes by BN-based nano-
materials is given in Table 2.

4.1.3. Pharmaceuticals. Antibiotics are frequently
employed to manage illnesses in humans, animals, and plants
due to their capacity to treat diseases brought on by
infections.'”*** However, a sizeable portion of these antibiotics
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Table 2 An overview of the adsorptive removal of dyes by BN-based nanomaterials
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Initial concentration

Maximum adsorption

BN-based nanomaterial Dye compound (mgL ™ capacity (mg g ") Ref.
BN-based nanosheet Methyl orange 110 575 133
h-BN Rhodamine B & sunset yellow FCF 100 & 75 140 to 208 & 58 to 105 131
Polydopamine microspheres Methylene blue 10 90.7 141
BN carbon nitride Neutral red & malachite green 220 & 120 1350 and 1041 137
Activated BN Congo red & methylene orange 50 300 & 400 95

h-BN Methylene blue 500 to 200 230 143
h-BN whiskers Rhodamine-B & methylene blue 3&60 210 & 13973 144
Calcium alginate immobilized graphene oxide Methylene blue 20 to 70 181.81 142
Ag-BN Rhodamine-B 100 880 145
Porous BN Methylene blue 10 to 50 189 146
Hexagonal boron nitride nanosheets Methylene blue & acridine orange 10 to 500 415 & 286 147
BNNS-PVDF Methylene blue 50 142.86 148
BNNS Methylene blue 50 to 300 322.5 149
Porous BN Congo red & methyl green 350 & 250 1096 & 1203 150
Cu-BNNS Rhodamine B 500 743 151
Boron carbon nitride Methyl blue & basic yellow-1 136.4 & 101.4 1220 & 560 152
Carbon-doped boron nitride Sulfamethoxazole 10 28.75 153
BCN Methylene blue 10 to 50 212.8 154
Oxygen-rich fish-scale-like porous boron nitride =~ Methylene blue 50 422.6 155
BNHSs with ultrathin shells Basic yellow 1 40 191.7 156

is excreted into the environment since they are not utilized in
metabolism. Therefore, it has been shown that they contami-
nate groundwater and surface water.'*”*** These can have
a negative impact on human health by reducing immunity. By
impacting smaller organisms like algae, they may potentially
represent a danger to the ecological sustainability of the envi-
ronment.'®> Because of this, removing antibiotic residue from
wastewater at the source, including hospitals, households, and
pharmaceutical industries, is crucial before releasing it into the
environment.

Pharmaceutical compounds have been found in aquatic
ecosystems since the 1990s, and Ternes,'* Heberer,' and
Kimmerer*** have identified them as new uncontrolled

pollutants. According to Halling-Serensen et al.,'** most phar-
maceutical compounds are naturally biologically active and
hydrophilic so that humans may easily absorb them, and
persistent so that they do not degrade before having a healing
impact. These substances of human origin are continuously
released into aquatic habitats through various channels, treated
wastewater being the main one. The outcome of these chem-
icals during wastewater treatment procedures is a key element
in regulating their quantities in aquatic habitats. Antibiotics
have been removed using a variety of methods, including ion
exchange, coagulation,”*'® liquid membrane separation,
photo-catalytic degradation,'®® reverse osmosis, ozonation,'®’
and adsorption. Adsorption is favoured over these other

Table 3 An overview of the adsorptive removal of pharmaceutical compounds by BN-based nanomaterials

Initial concentration

BN-based nanomaterial ~ Pharmaceutical compounds (mgL™) Maximum adsorption capacity (mg g~ ') Ref.
g2-BN Gatifloxacin 80 88.5 168
BN nanosheets Tetracycline, ofloxacin & cephalexin 200 346.66, 72.50 & 225.0 172
BN Tetracycline 10 369.79 169
BN nanosheets Tetracycline 50 to 100 1101 170
BNNSs Chlortetracycline hydrochloride & norfloxacin 1170 & 174 400 & 120 172
BN nanosheet Estrone 0.05 to 12 249 173
BN bundles Sulfadiazine & erythromycin 20 to 100 137 and 150 174
Ni-BN Tetracycline 20 to 100 430 175
Graphene-BN aerogel Ciprofloxacin 10.5 185 176
Carbon-doped BN Tetracycline 40 76.7 177
BN with boron vacancies Tetracycline 200 370 178
BNNS Tetracycline 50 to 300 322.5 149
CoO/P-BNFs Chlortetracycline 150 655.474 179
Carbon-modified HBN Bisphenol-A & paracetamol 35 to 100 49.75 & 67.56 180
GO/BNF Gemfibrozil 10.5 55.1 181
ZnTi LDH/h-BN Amaranth & diazepam 20& 5 99.5% & 99.8% 182
BN nanosheet Levofloxacin 10 17.61 183
Porous hexagonal BN Tetracycline 160 322.16 184
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Fig. 15 Sea urchin-like hexagonal BN's potential adsorption mecha-
nism diagram for methylene blue and tetracycline.**®

methods because it is straightforward to design, simple to
make, effective, inexpensive, and produces negligible harmful
by-products. Here, we investigated the use of BN as an adsor-
bent in the removal of three antibiotics from water, which are
tetracycline (TC), ofloxacin (OFL), and cephalexin (CFX). The
summary of the adsorptive removal of pharmaceutical
compounds by BN-based nanomaterials is given in Table 3.

A possible method of removing tetracycline from sea urchin-
like BN adsorbents is shown in Fig. 15, which has a maximum
adsorption efficiency of 370 mg g~ '. The structure that resem-
bles a sea urchin was manufactured using fibres, and it has
many mesopores that stretch by the centre toward the
surroundings. BN adsorbents with mesoporous and large
surface areas seemed particularly helpful for better adsorption.
Additionally, the sea urchin-like structure also prevents the
release of tetracycline. Contrary to scattered fibres and nano-
sheets, fibre clusters in BN nano-adsorbents with sea urchin-
like forms allowed for the precipitation of organic pollutants
in the core of the sea urchin, improving the adsorbing capacity.
As the principal electromotive force on the BN adsorbent
surface, -7 association plays a crucial role in the substantial
adsorption of tetracycline with aromatic benzene ring geome-
tries. Tetracycline physical formulations further showed Lewis
basicity due to a lack of solid bonding with chlorine. As a result,
interactions between sea urchin-like BN nanomaterials and
Lewis acids might be the source of the removal driving force and
lead to acid-base complexation.'*® Meanwhile, the introduction
of carbons in BN nano-adsorbents may successfully increase the
molecular orbital energy and reduce chemical stability,
increasing the adsorption capability of BN nano-adsorbents
that resemble sea urchins (minor stability implies better
adsorption capability).*® Moreover, the defects of the uneven
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BN-layered form
performance.
Utilizing BN nanosheets containing N defects, density
functional concept calculations were performed to evaluate the
adsorption process for tetracycline.'”® The conventional method
for chosen determining the electronic version of all linked
components and interactions was the hybrid density potential
with the dispersion-adjusted term, which has been successfully
used in BN adsorption techniques.'* Fig. 16 depicts the
adjusted forms of pure BN nanosheets, N-defective BN nano-
sheets containing N vacancies, and their corresponding adsor-
bed forms. Complexes formed by tetracycline molecule
adsorption on the nano-adsorbent surfaces were also modified.
After adsorption, BN nanosheets containing N-defects have
a nonplanar structure, especially in the combination of N-
defective BN nanosheets containing N vacancies and tetracy-
cline, demonstrating a strong association between them. The
calculated results revealed that the association energies were
—37.0 and —60.2 kcal mol™" for pure BN nanosheets and
tetracycline and N-defective BN nanosheets with N vacancy and
tetracycline, respectively. The construction of N-defects
throughout the BN nanosheet boosted the adsorptive intensi-
ties of tetracycline, enhancing the adsorption capabilities, as
shown by the significantly increased interaction energy value.'”®
Tetracycline, ofloxacin, and cephalexin were used to evaluate
the adsorption capability of BN nanosheets with a wide surface
area to other adsorbents.”” Graphene oxide (313 mg g %),
carbon nanotubes (100 mg g~ ), reduced graphene oxide (35 mg
g~ "), and activated carbon composites (262 mg g~ ') were all
outperformed by BN nanosheets produced by advanced a 1:1
water/methanol mixture and a temp of 900 °C for 2 hours. The
literature is quite poor in its results about ofloxacin adsorptive
elimination. Activated carbon (137 mg g~ '), magnetite-coated
zeolite (24.9 mg g~ '), bentonite (10.4 mg g~ '), and natural
zeolite (16.1 mg g ') all performed less well in adsorbing
cephalexin than BN nanosheets (225 mg g~ ). The larger surface
area (1800 m* g™ "), higher pore volume (2.75 cm® g™ "), and

support the improved BN adsorption

BNNSs... TC
E;,= -37.0 kcal/mon

BNNSs-Nv... TC
E;, = -60.2 kcal/mon

Fig. 16 Best possible structures of BN nanosheets (BNNSs) and N-
defective BNNSs with N vacancy (BNNSs—-Nv) and their related
adsorbed forms.*”°
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smaller sieve-like size (6.2 nm) of BN nanosheets may be
responsible for their improved adsorption ability for the three
antibiotics. The primary adsorption process is thought to
include m-m association between the three target substances'
aromatic benzene rings and the BN nanosheets' ring network.'”
In the case of tetracycline and cephalexin, a further adsorption
process is connected to the amino affinity between the
substances and BN nanosheets. As a result, ofloxacin had
a lower adsorption capability than tetracycline and cephalexin.
Tetracycline showed the highest level of adsorption among the
antibiotics because it had a greater composition of aromatic
benzene rings than the other antimicrobials.

4.2. Photocatalytic applications

4.2.1. Photodegradation of pharmaceuticals.
roquinolone antibiotics (FQs) are often used to treat diseases in
humans and animals, and this has caused ecological and
environmental hazards, such as water contamination, which
have received a lot of attention recently. Traditional wastewater
treatment procedures are inadequate for the accurate and entire
removal of FQs because of their stable chemical structure and
non-biodegradable characteristics. This makes it possible for
FQs to constantly reach the atmosphere through wastewater
discharges. Its presence has been regularly found in various
water matrices at quantities ranging from 0.6 to 5.6 ug L~ ".185187
Microbial populations and human resistance have been
observed to be negatively impacted by prolonged exposure to
surroundings containing FQs.'*®'* Therefore, it is critical to use
eco-friendly and effective techniques to regulate and eliminate
FQs from natural rivers.

The elimination of organic using
semiconductor-based photocatalysis, a new wastewater treat-
ment method, may be possible by utilizing sun energy to create
active species.’* > Because of its high stability, cheap cost, and
environmental friendliness, graphitic carbon nitride (g-C3N,),
a metal-free semiconductor, exhibits tremendous promise for
environmental remediation."**** Unfortunately, the poor yields
and large coupling rates of photocatalytic activity result from

Fluo-

contaminants

© 2024 The Author(s). Published by the Royal Society of Chemistry

being concealed by visible light, insufficient oxidation abilities,
and small specific surface area, and these factors continue to
restrict the photocatalytic efficiency of pure g-C;N, for envi-
ronmental clean-up. To address the limitations of g-C;Ny,
a number of techniques have been developed, including defect
195 heterojunction  design,’*® morphological
metal/non-metal modifications,”*'*®* and many

engineering,
controls,*”
others.

The h-BN can work as a co-catalyst to readily create hybrid
materials with nanomaterials, and increase the number of
target sites as its dimensions become closer to those of
quantum dots.*® Another benefit is that BNQDs have a lot of
oxygen-containing functional groups that are negatively
charged. These functional groups have a strong electrostatic
attraction to photogenerated holes, which indicates that they
have a lot of capability as hole channels to help separate pho-
tocarriers.”® The merging of flow engineering and BNQDs
alteration process procedures appears to be a possible way to
collaboratively improve the photooxidative capabilities and
carrier generation-separation performances of g-C;N,.
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Fig. 18 NOR degradation-based photocatalytic activity.?**
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Wu et al*** developed a special BNQDs-modified reduced
ultrathin g-C3N, nanosheets (BNRU) metal-free photocatalyst
for this investigation by combining self-assembly and thermal
treatments as illustrated in Fig. 17. A visible light catalyst was
employed to degrade typical FQs contaminants. Investigations
into the photocatalysts' structural compositions, energy band
structure, and optical and electrochemical characteristics were
conducted in detail. The creation of numerous environmental
factors (such as pollutant concentration, H,O constituents,
natural water matrices, solution pH, and mixed pharmaceuti-
cals H,O under natural solar light) was another method by
which the efficiency of the BNRU technology was demonstrated.
They were used to simulate actual water treatment processes.>**
Finally, feasible charge transfer methods and kinetics/pathways
for pollutant degradation throughout the photocatalytic process
were suggested.

NOR removal (removal of one group) studies under visible
(blue-LED) light irradiation were used to assess the prepared
materials' photocatalytic activity. Adsorption, direct photolysis,
and photocatalysis were all shown to contribute to the elimi-
nation of NOR in Fig. 18. After 30 minutes of dark adsorption to
reach adsorption-desorption equilibrium, the UCN and RUCN
absorbed 20.3% and 12.2% of the NOR, respectively. With the
addition of BNQDs, the NOR absorption efficiency improved,
which was ascribed to chemisorption dominated by interac-
tions between the BNQDs and NOR molecules in the form of -
7 stacking interactions.'”**** After 15 minutes of exposure to
visible light, 6.7% of the NOR had been degraded without using
photocatalysts, proving that a direct photolysis process was not
the predominant cause of the NOR removal. The UCN only
degraded 59.2% of the NOR after 15 minutes. However, the
removal effectiveness increased to 79.5% when the RUCN was
present. Remarkably, the BNRU composites considerably
improved the effectiveness of the NOR removal, allowing
ten mg L' of the NOR to decompose under the same
parameters.

A pseudo-first-order kinetic model was used to determine the
kinetic rate constant (Kops) of the well-prepared photocatalyst
for NOR degradation, as shown in Fig. 19. When BNQD packing

0.4
~031 | |
E 2|8 3 &
—§
v
0.11
00T D DS S O
C Ny FEFyes
T O Q«fb\;&e &ér&éh&%
: K

Fig. 19 Kinetic rate constant based on the photocatalytic activity.?%®
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relayed 2 x 10~ 2 wt%, it was evident that the BNRU composite
seemed to have the maximum photocatalytic activity (2BNRU),
compared to the UCN (0.0514 min~ "), which had a K, value of
0.3744 min~', was 7.28, 4.53, and 3.83 times higher, BNU
packing with 2 x 107> wt% BNQDs (denoted as 2BNU), and
RUCN loaded with 0.0977 min~" of RUCN, proportionately. On
the other hand, too many BNQDs blocked the reaction site,
decreasing the photocatalytic activity.>*® As a result, 2BNRU was
chosen as the best sample for future research into possible uses
for the photocatalytic process.

The degradation performance against many common FQs,
including ciprofloxacin (CIP), norfloxacin (NOR), ofloxacin
(OFX), lomefloxacin (LOM), and enrofloxacin (ENX), was tested
in order to assess the adaptability of the 2BNRU system. The
removal efficiencies for ENX, CIP, LOM, OFX, and NOR, after 15
minutes of exposure utilizing the 2BNRU system, were deter-
mined to be 87.7%, 100%, 94.4%, 94.6%, and 100%, respec-
tively, as shown in Fig. 20. According to calculations, the
relevant kinetic rate constants are 0.1266, 0.3153, 0.1883, 0.188,
and 0.3744, min ", as shown in Fig. 21. These results revealed
that the photocatalytic method was universally applicable and
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Fig. 20 Photocatalytic degradation efficiency.2*
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Fig. 21 Kinetic rate constants of 2BNRU for fluoroquinolones when
exposed to visible light.2*
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Table 4 An overview of the photodegradation of pharmaceutical compounds by BN-based nanomaterials
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Initial concentration

BN-based nanomaterial Pharmaceutical compounds n(mg L) Time (h) Efficiency (%) Ref.
g-C3N, (BNRU) Fluoroquinolone 10 0.5 46.9 201
ZnTi LDH/h-BN Diazepam 10 2 95 182
MnFeO;/h-BN Ibuprofen 15 2 66 204
Bi,WO¢/BN Tetracycline & ofloxacin 20 2 99.1 & 94.66 205
Ultrathin-h-BN/Bi,M0Og Tetracycline, oxytetracycline & 20 2.33 99.19, 95.28 & 91.04 206
doxycycline

AuNPs/h-BN Levofloxacin & hydrochloride 10 5 84.4 207
TiO,-BN-Pd Acetaminophen 1 4 90 208
BN/Fe;0,/MIL-53(Fe) ternary nanocomposite Ibuprofen 10 3 100 209
BN/Bi,Mo0Og Iohexol 20 2.5 92 210
Carbon nitride-modified boron nitride (CNBN)  Ciprofloxacin 10 4 98 211
Boron nitride/3,4,9,10-perylenetetracarboxylic =~ Tetracycline 20 3 70.52 212
dianhydride

SrwO,/BN/GCE Ornidazole 10 3 92.4 to 99 213
Ni(OH),-TiO, Tetracycline 100 2 74 214
MoSe,/ZnO/p-BN Ofloxacin 30 1 99.2 215
BN/SnO, Salicylic acid 25 0.66 82 216
BBOB/BNQDs Tetracycline 10 1 76.9 217
CuS/h-BN Ibuprofen 21.20 0.5 99.2 218
Ag@CP-BNQDs Tetracycline 10 0.5 80 219

performed better at degrading different FQs. Additionally, due
to its maximum release rate, the 2BNRU photocatalytic system's
degradation kinetics and processes were examined using NOR
as a sample contaminant. A summary of the photocatalytic
properties of the BN-based nanomaterials is given in Table 4.

4.2.2. Photodegradation of dye compounds. The colouring
of materials frequently involves the use of dyes. The amounts of
organic components are higher in dyes. They will seriously
damage the water when they get in.****** The standard dye
elimination methods mainly include adsorption®*?*** and pho-
todegradation.”**** Using photocatalysts to break down
contaminants during light exposure, photocatalysis has been
employed extensively in energy generation and environmental
clean-up.>%**

Various photocatalytic materials only eliminate pollutants
when exposed to UV light because they have broadband gaps. It
has been observed that some substances, such as dyes, have the
ability to sensitize a broadband gap photocatalyst by shifting
their photo-excited electron into the conduction bands of the
photocatalyst when exposed to visible light. This develops
a photocatalyst with a broadband gap that can break down
pollutants when exposed to visible light.>*®***® For instance, Gao
et al. evaluated the photocatalytic sensitisation degradation of
organic dyes when exposed to visible light.>** By photo-
sensitizing TiO, with eosin Y and rhodamine B, Diaz-Angulo
et al. claim to have improved the photodegradation and
absorption of acetaminophen and diclofenac.>**

It has been reported that the removal of organic contami-
nants is significantly enhanced by the photo-deposition of
platinum nanomaterials on dye-sensitized TiO,.***> Metal-based
and metal-free photocatalysts are the two primary types of
photocatalysts. Metal-based photocatalysts are used in envi-
ronmental and energy-related applications (including S-TiO,/

© 2024 The Author(s). Published by the Royal Society of Chemistry

NH,-Ui0-66,>** and Ag/AgCI@MIL-101 (ref. 234)) because of its
non-toxic and high stability.>®® The metal-free wide-bandgap
photocatalyst (BN) is used due to its widespread application
in water purification. Because of its extraordinarily high
chemical stability, BN is widely used to eliminate contaminants
from H,0.*® Due to its broad indirect bandgap of 5.5 eV,
ultraviolet light also makes it extremely difficult to move the
electron to the conduction band from the valence band in BN,
so it is often not a photocatalytic material.**” However, -OH
groups are available on the surfaces of BN made using the
oxygen-limiting technique. The bandgap of BN has been re-
ported to be reduced for hydroxylation from 5.5 eV to 3.94 eV.>**
Under UV light irradiation, BN made by this technique can
break down neutral red,*® thus implying that BN responds to
UV light by acting as a photocatalytic material. We have not
examined the impact of BN on how dyes break down sensitizing
when subjected to visible light. Herein, the oxygen-limited
technique creates BN material, and the sensitization decom-
position performances of Rh-B (thodamine B), MB (methylene
blue), MO (methyl orange), Rh-B/MB and Rh-B/MO on the
surface of BN under vis-light irradiation are studied.
According to Fig. 22, this removal experiment has two
periods: one is adsorption, and the other is photodegradation
when exposed to visible light. Using BN, Rh-B is eliminated
from the water by about 87.8%, with 42.6% of that removal
occurring by adsorption and the remaining 45.2% occurring via
photodegradation. As a result of band structures, BN cannot
absorb visible light and degrades Rh-B when exposed to it.>*
Under vis-light irradiation, BN was utilized to break uncoloured
AT to show if it is the photocatalytic substance that responds to
vis-light. BN absorbs about 10% of AT. The amount of atrazine
present at the start of the photodegradation period and the
conclusion of the photodegradation period is essentially the

RSC Adv, 2024, 14, 3447-3472 | 3461
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same. Because of this, BN cannot break colourless AT when
exposed to visible light. Instead, Rh-B is most likely degraded by
BN through a process known as sensitization
photodegradation.

When exposed to vis-light, investigations are being con-
ducted into the sensitized decomposition of methylene blue
and methyl orange by BN. In accordance with Fig. 23A, 18.3% of
methylene blue has been eliminated by BN under vis-light
irradiation, of which 6.1% have been eliminated by adsorp-
tion, and another 12.2% have been eliminated by
photodegradation.

Fig. 23B shows that 25.7% of methyl orange is eliminated,
with 18.3% coming through adsorption and 7.4% coming from
sensitization decomposition. The findings above demonstrate
that when exposed to visible light, various dyes exhibit varying
sensitization effects by BN. The greatest sensitization

(B)

2.0
Methyl orange (MO)
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18 = MO degradation by BN for 1.5 hours
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(A) The ultraviolet-visible spectra of MB elimination by BN via adsorption and photo-removal under visible light irradiation. (B) The
ultraviolet-visible spectra show the elimination of MO by BN using a combination of adsorption and photo-removal when exposed to noticeable
light. (C) The Rh-B/MB solution’s ultraviolet-visible spectra after being subjected to BN's adsorption and photo-removal processes while exposed
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to visible light. (D) The Rh-B/MO solution's UV-vis spectra after being subjected to BN's adsorption and photo-removal processes while exposed
to noticeable light.24°
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photodegradation effects are produced by Rh-B (45.2%), MB
(12.2%), and MO (7.4%). Rh-B is a cationic dye, and BN's surface
is negatively charged (—31 mvV). However, the interaction
between Rh-B and BN mostly depends on hydrogen bonds (the
hydrogen bond strength between the O atom in Rh-B and the H
attached to the O in the BN model is 2.4 A). Because MB has
a planar structure and is also a positively charged dye, the
interaction between methylene blue and BN is mostly caused via
- stacking (the distance of stacking is 3.5 A). It is vital to have
a suitable e-transfer route between the BN and sensitizer so that
the electron can transfer easily from the lowest unoccupied
molecular orbital of a sensitizer to a conductive band of BN.***
To let the electrons pass smoothly through the sensitizer into
the photocatalytic substance, they are both frequently associ-
ated in the sensitised solar cell.***?* As a result, hydrogen
bonds may be a richer electron transfer route than non-covalent
T-interactions of aromatic rings, which explains why Rh-B's
(45.2%) greater sensitization degradation efficiency than MB's
(12.2%), as well as MO's (7.4%).

Researchers also looked at the sensitized degradation of the
Rh-B/MB and Rh-B/MO mixture solution by BN when exposed to
visible light. When Rh-B is combined with MB or MO, exciting
outcomes are obtained. As shown in Fig. 23C, mixing MB and
Rh-B did not produce a new UV absorption peak (662 nm for MB
and 552 nm for Rh-B, respectively). This could be because Rh-B
is a non-planar cation, and MB and Rh-B are both cationic dyes.
As a result, in Rh-B/MB combinations, the connection between
Rh-B and methylene blue is not much stronger to alter the UV
absorption peaks of Rh-B and methylene blue. The ultraviolet
absorption peaks of a combination of Rh-B and methylene blue
are formed by superimposing their respective ultraviolet
absorption peaks. The total removal of Rh-B from the Rh-B/MB
combination is 21.4% (Fig. 23C), of which 12.2% is due to Rh-
B's adsorption on BN, and another 9.2% is due to Rh-B's
sensitization degradation on BN under visible light irradiation.
A total of 79.2% of the MB in the Rh-B/MB combination
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(Fig. 23C) is eliminated, of which MB's adsorption on BN
removes 33.8%, and another 45.4% is removed by MB's sensi-
tization degradation on BN when exposed to visible light. This
outcome is somewhat surprising, considering that Rh-B's
sensitization photodegradation by BN is prohibited, and Rh-B's
sensitization photodegradation by BN is promoted.

Similarly, studies are being conducted on the sensitization
photodegradation of Rh-B/MO. According to Fig. 23D, the
ultraviolet absorption peak of MO is responsible for the peak at
470 nm in the Rh-B/MO mixture, and the ultraviolet absorption
peak of Rh-B is responsible for the peak at 556 nm in the Rh-B/
MO mixture. As a result, the UV absorption peaks of Rh-B/MO
are a superposition of those of Rh-B and MO. Rh-B is a posi-
tively charged dye, while methyl orange is an anion dye. They
interact with each other with a greater energy of 21.2 kcal mol ™"
than Rh-B and MB (11.5 kcal mol ). A total of 23.1% of the Rh-B
in the Rh-B/MO combination is eliminated, of which 20.5% is
due to Rh-B's adsorption on BN, and the remaining 2.6% is due
to Rh-B's sensitization degradation on BN when exposed to
visible light. In contrast, MO is eliminated from the Rh-B/MO
combination by 13.9%, of which 3.2% is due to MO's adsorp-
tion on BN, and another 10.7% is due to MO's sensitization
degradation on BN when exposed to visible light. As shown, the
sensitisation degradation rate of Rh-B falls from 45.2% to 2.6%,
while that of MO slightly increases from 7.4% to 10.7%. The
summary of the photodegradation of dyes by BN-based nano-
materials is given in Table 5.

4.3. Hydrogen evolution reaction

Researchers are urged to identify alternative carbon-neutral
energy vectors as part of efforts to mitigate the impact of
global climate change.***** In light of this, hydrogen produced
from renewable sources is a prospective negligible-emission
fuel and a crucial resource for the chemical sector. Because of
its beneficial characteristics, like low density combined with the
maximum energy densities of all substances known to man and

Table 5 An overview of the photodegradation of dyes by BN-based nanomaterials

Initial concentration

BN-based nanomaterial Dyes n(mg L") Efficiency (%) Ref.
BN Rhodamine B 20 45.2 240
BN/SnO, Methyl orange 25 92 216
BN-TiO, Rhodamine B & methylene blue 10 98 & 92 245
ZnO/BNQD-4 Methylene blue & methyl orange 10 99 & 97.9 246
BN, chitosan & graphene-based composite (BNCG) Methylene blue 10 87 247
BN5-Ag;/TiO, Methylene blue 20 98 248
BN/C3N, Rhodamine B 5 97.2 249
h-BN@PbWO, Rhodamine B 5 99.9 250
ZnFe,0,/BN Congo red 10 92 251
h-BN/Sb,WOs Rhodamine B 25 80.8 252
ZnTi LDH/h-BN Amaranth 20 100 182
BN-modified bismuth oxyiodide Methyl orange 10 86 253
Ni-BaTiOs/h-BN Crystal violet 15 86 254
BN/Fe Methyl orange 150 99.1 255
h-BN/NiS,/NiS Rhodamine B 10 98.5 256
F-BN/TiO, Rhodamine B 150 92 257
BN nanotubes (BNNTS) Methyl orange 5 92 258

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Newly discovered substances with excellent photocatalytic
H, evolution potential from water splitting in one hour time of
irradiation

Catalyst loading Hydrogen evolved

Photocatalyst (&) (umol) Ref.
Porous BN 0.1 12 284
B/h-BN-Ni,P 0.05 883 274
Ni,P/CdS 0.01 334 285
Fe,05-TiO, 0.05 880 286
MoS,-graphene 0.15 667 287
SCu-CZS 0.01 425.5 288
Co/Cu,S 0.01 700 289

ease of collection and transport, this finds many uses in the
current environment. The potential of newly discovered nano-
materials for photocatalytic water splitting is shown in Table 6.

High manufacturing costs are one of the key obstacles to the
practical use of “green” hydrogen. However, if economically
reactive metal catalysts having more solar-to-hydrogen effi-
ciency are produced, solar-driven water splitting might be
a cost-effective method.?*"*** Highly active photocatalytic tech-
nologies have recently been produced employing various inno-
vative construction techniques through 2D materials as
platforms.”®*% The h-BN is the most notable member of this
family. It is excellent for various applications because of its
extraordinary chemical stability and heat conductivity.>*®>%”
Moreover, the unfavourable oxide-metal interactions in
heterogeneous catalysis can be eliminated by replacing oxide
supports with h-BN.>*® This has earlier been used for things like
CO, reduction,” H, synthesis,”® NO, reductions,”* NH;
synthesis,”* and the oxidation of organic contaminants.””
Recently, there has been a lot of interest in using h-BN as
a catalyst-assisted material combined with different nano-
composite materials for photocatalytic activities.

Charge separation and electron transport need to be made
easier by a catalyst and support that are well coupled to increase
the photocatalytic activities as illustrated in Fig. 24.”* The
charge carrier separation is facilitated by the photoexcited holes
being drawn to the negatively charged as-synthesized h-BN
nanostructures. The adsorption of hydroxyl ions is predicted
to cause a negative charge on the newly synthesized h-BN
surface.”>?®* In many photocatalytic applications, the
synthetic h-BN is a good catalyst support material for composite
catalysts due to its inherent behaviour.”””?”® On the other hand,
several methods for creating extremely effective and affordable
bifunctional materials have been discovered to accelerate the
hydrogen evolution process from water splitting.

Recently, NiS/Ni,P heterostructures were synthesized by Xiao
et al.”” for effective electrocatalytic water splitting. Because Ni,P
has the synergistic effects of the Ni vacancy trapping electrons
and the P site accepting protons, the Ni-P bond does have some
charge carrier separation that is advantageous for hydrogen
production.”® The inclusion of h-BN assists in prolonging the
charge carrier life period in the heterostructure, but Ni,P itself
is hampered by the quick coupling of the photogenerated
charge carriers across its small band gap. The h-BN/Ni,P

3464 | RSC Adv, 2024, 14, 3447-3472
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Fig. 24 Water splitting via photocatalytic hydrogen evolution.?”*

catalyst's band gap is adjusted for improved hydrogen forma-
tion by solar water splitting. This properly regulated band gap
increased the photocatalytic activity by regulating the recou-
pling process of the photogenerated carriers. Additionally, it
has been observed that the activity of photocatalytic hydrogen
evolution may be increased by doping specific semiconductors
with boron***** due to B's capacity to function as a photo-
catalyst for the generation of hydrogen from solar water split-
ting, which is shown in the equation below.>**

2B + 3H20 i 3H2 + B203 (5)

here, we developed an effective photocatalyst for solar water
splitting via a simple technique of catalyst loading using
surplus boron in the h-BN/Ni,P heterostructures.

Water is photolyzed by utilizing the electrons of the electron-
hole pairs produced with irradiation at low and close pH,
respectively, to convert H' or water molecules into H,. Photo-
excited electrons move from the valence band to the conduction
band of the narrow band-gap semiconductor Ni,P when the B/h-

......... » Primary reaction

--------- + Secondary reaction

H2 + BZOJ

5.76 eV

Negatively charged hBN ©

Fig. 25 The schematic illustration of the mechanism of the photo-
catalytic H, production by the B/h-BN/Ni,P nanocomposite.?®
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BN/Ni,P system is exposed to solar radiation, leaving holes in
the valence band. The redox process, which produces hydrogen,
is then started by the electrons moving toward the surface of
Ni,P's conduction band. The ionic interaction between the
anionic h-BN and the holes in the valence bands of Ni,P facil-
itates the further reaction. Hence, the impact of h-BN effectively
boosts the activities of the photocatalyst by reducing the rate at
which the charge carriers produced by photosynthesis
recombine.

Similarly, in the presence of sunlight, the excess boron
produced in the h-BN/Ni,P lattice further separates water into
H, through a secondary reaction, as seen in Fig. 25.>** In this
case, boron is not regenerated inside the photocatalytic
composite and is instead oxidized to B,O; under illumination
together with the production of hydrogen. According to the
hypothesized mechanism, Ni,P, assisted by h-BN, acts as
a major photocatalyst for hydrogen synthesis, whereas B can
increase the total hydrogen production through a different
reaction route.”®® Therefore, in the current system, B may be
considered a “hydrogen production booster” that is depleted as
the reaction progresses under irradiation. As a result, the main
photocatalyst and boron work together to increase the rate at
which hydrogen is produced overall. Our investigation shows
that bare Ni,P shows photocatalytic activity for producing
hydrogen from splitting water.””* Moreover, the mechanism's
efficiency is increased by including h-BN, perhaps by improving
the charge separation caused by photogeneration.””® Therefore,
the reactions would not completely stop even if boron were
consumed. As a result, the overall impact of the catalysts
improves the entire photocatalytic hydrogen-generating reac-
tion through solar water splitting.

5. Future prospects

Although BN-based structures are becoming fantastic materials
for various applications, including the removal of inorganic
contaminants from water bodies and the removal of dyes and
pharmaceuticals, several challenges remain.
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Due to its appealing qualities, including a wide surface area,
excellent chemical and mechanical strength, a lot of structural
flaws, more reactive sites, and functional groups, BN-based
nanomaterials exhibit confident adsorptive capability.
However, numerous other study fields may need to be examined
to assess the effectiveness and applicability of BN or BN-based
nanomaterials more accurately.

BN-based products have little or no toxicity, according to
most research studies that are currently accessible. However, it
is predicted that BN nanostructures can provide environmental
risks because of the complexity of nanoparticles and the unique
architectures of BN particles. Compared to carbon nanotubes,
some research claims that BNNTs are more cytotoxic.”*® There-
fore, an in-depth investigation is required to thoroughly assess
the toxicities and bio-compatibility of BN particles.

Other technological issues also present opportunities for
innovation, such as creating an online tracking system for
determining the purity and trace amounts of BN nanoparticles
in water. Most studies on BN-based nanomaterials revealed
results from laboratory tests, and the investigation is still in its
early stages. Evaluating the possibilities of BN-based nano-
materials in continuous operation systems is essential. Addi-
tionally, there is enormous potential for creating brand-new,
affordable, simple, profitable, and ecologically responsible
processes for the high-yield preparation of BN-based products.
Furthermore, it is essential to thoroughly research how BN-
based products interact with contaminants. Applying analyt-
ical and characterization methods to verify the theoretically
predicted adsorption mechanisms may be advantageous.

Another problem restricting the use of BN-based materials is
their tendency to aggregate. The solubility of unmodified BN
nanoparticles, which are often hydrophobic, in the aqueous
media is another issue and a possible study topic. To develop
strategies for simple dispersions, study of the surfaces of these
materials must be carried out, as must research on synthetic
methods. Although numerous types of research have docu-
mented the synthesis and characterization of BN materials,
further research is required to broaden this research area. It is
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e Solute Size
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Fig. 26 Future research areas for BN-based nanoparticles used as adsorbents.
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necessary to investigate suitable operationalized techniques
and materials to produce BN materials with the requisite
characteristics for particular applications. The solubility and
the dispersibility of BN nanoparticles in water may be enhanced
via chemical functionalization.*"*

Like most new materials, BN-based compounds have not been
used in actual applications to address genuine water purification
issues. Researchers need to examine whether it is possible to use
these incredible materials in practical applications. This neces-
sitates the creation of a system that can produce BN-based
products in large quantities at a reasonable cost, as well as
evaluating many commercial and economic factors. BN-based
compounds have not been evaluated in many sections of the
water purification industry. For instance, the desalination capa-
bilities of these materials have not received much attention.
Researchers might focus on using these materials in various
desalination systems to assess their effectiveness.

Using BN materials with antibacterial properties might create
new possibilities for post- or pre-treatment water and desalination.
Numerous theoretical studies have also predicted the exceptional
qualities of BN materials in purifying water. Researchers must
concentrate on creating novel BN structures and consider alter-
native environmental uses for old and new BN materials. There is
a high probability that BN-based materials will soon be introduced
to the market. Based on recent positive results, it may be reason-
ably predicted that BN-based materials may become the future
water purification materials. Fig. 26 summarises the potential
main areas of future research on BN-based nanomaterials from the
perspective of pollutant qualities, wastewater quality conditions,
and BN-based adsorbent capabilities.

6. Conclusion

Currently, BN is the most encouraging nanomaterial. This paper
describes various applications of BN, which was earlier consid-
ered a synthetic material of no advantageous use. In a broad
spectrum of introspection, it is widely used in heavy metals, dyes,
and pharmaceutical adsorption. Basic methods to synthesise
nanomaterials include mechanical exfoliation, chemical exfolia-
tion, and chemical vapour deposition. It also avails a greener
synthesis method, ie., green dry ice-assisted ball milling. The
fundamental properties that it holds enhance its beauty in the
field of its application, like large surface area, mechanical stiff-
ness, thermal stability, and superior thermal conductivity for
which it is attractive for the adsorption of various inorganic (heavy
metals) and organic pollutants, mainly dyes and antibiotics, and
the information they give can be useful for the treatment of water
and wastewater. Its uses in photodegradation are highly appreci-
ated and engulfed to remove organic pollutants. Hydrogen
evolution from water splitting is also carried out because of its low
density, combined with the highest energy densities of all
substances known to man and ease of storage and transportation.
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