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Cytotoxic and photocatalytic studies of hexagonal
boron nitride nanotubes: a potential candidate for
wastewater and air treatment
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Imen Kebaili,*" Md Mottahir Alam,? Israf Ud Din," Saleh Muhammad,” Zohaib Razzaq,”
Ibad Ur Rehman,? Habib Ahmad Abbasi® and Danish Hayat'

Boron nitride (BN) nanomaterials are rapidly being investigated for potential applications in biomedical
sciences due to their exceptional physico-chemical characteristics. However, their safe use demands
a thorough understanding of their possible environmental and toxicological effects. The cytotoxicity of
boron nitride nanotubes (BNNTSs) was explored to see if they could be used in living cell imaging. It was
observed that the cytotoxicity of BNNTs is higher in cancer cells (65 and 80%) than in normal cell lines
(40 and 60%) for 24 h and 48 h respectively. The influence of multiple experimental parameters such as
pH, time, amount of catalyst, and initial dye concentration on percentage degradation efficiency was
also examined for both catalyst and dye. The degradation effectiveness decreases (92 to 25%) as the
original concentration of dye increases (5-50 ppm) due to a decrease in the availability of adsorption
sites. Similarly, the degradation efficiency improves up to 90% as the concentration of catalyst increases
(0.01-0.05 g) due to an increase in the adsorption sites. The influence of pH was also investigated, the
highest degradation efficiency for MO dye was observed at pH 4. Our results show that lower
concentrations of BNNTs can be employed in biomedical applications. Dye degradation properties of
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BNNTSs suggest that it can be a potential candidate as a wastewater and air treatment material.

1 Introduction

In recent years, one of the most important and vital study topics
in biomedical sciences has been determining the pharmaco-
logical properties of nanomaterials." Water is the most essential
naturally occurring element, as it is essential for the existence of
all living things, as well as food production and economic
development. Water scarcity is currently affecting a vast number
of nations around the world. According to estimates, almost
40% of the global food supply is manufactured through
industrial processing that ultimately relies on water. Water
quality and seasonal availability have a direct impact on
economic success, social development, and environmental
protection.>* Water purity and quality are usually influenced by
population growth, urbanization, industrialization, and other
anthropogenic factors. The availability of pure water is influ-
enced by global population growth, with billions of people
facing a freshwater shortage.*® Dyes are frequently used to
decorate objects and contain various organic compounds.® They
will do a lot of damage to water if they get into it.” Adsorption
and photodegradation are the most frequent dye removal
procedures.*® According to research, millions of dyes including
methyl blue (MB), methyl red (MR), methyl orange (MO), congo
red, and Martius yellow, are used in many industries, including
construction, leather, printing, metal processing, and paper.'>**

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Water can be purified by using basic techniques to remove
small impurities and salts, however removing toxic dyes and
harmful metal ions with traditional experimental approaches is
extremely difficult.">** Water purification engineers and experts
are increasingly questioning the current exercise's practicality
in meeting the high water needs for customers while adhering
to increasingly strict requirements.*** Photocatalysis is
a method of degrading contaminants by using photocatalysts
and light irradiation. It is frequently applied in environmental
remediation and energy production.'®” Because of the wide-
band gaps of some photocatalytic materials, they can only
destroy contaminants when exposed to ultraviolet light (UV).*® It
has been reported that under visible light irradiation, some
materials including dyes can sensitize the photocatalyst with
a wide bandgap. They transfer their electrons (photo-excited)
into the conductive band, allowing the photocatalyst to
degrade pollutants.

Boron nitride (BN) is a semiconductor with a wide (direct)
bandgap of 5.97 eV." BN in its stationary phase is stable at
standard ambient temperature and pressure (SATP).*° It has
a structure similar to graphite, but instead of carbon atoms, it
has boron and nitrogen atoms.**

Researchers have been paying close attention to BN-based
nanomaterials in recent years due to their outstanding
biocompatibility,”®>*> robust mechanical and chemical
stability,***” for their prospective uses in clinical applications.
Due to its potential cellular internalization, scientists are trying
to investigate its therapeutic efficacy for gene carriers and drugs
delivery.”®*® Nanostructures (NS) of h-BN have extraordinary
physiochemical properties. Its nanosheets (BNNSs) are like that
of graphene with alternative boron and nitrogen atoms, instead
of carbon.? In addition to its similar mechanical properties and
thermal conductivity to graphene,*** BNNSs have many
advantages over carbon. These features comprised a consistent
bandgap (5-6 eV), thermal stability, oxidation resistance, and
enhanced chemical inertness among others.***® Because of
these properties, BNNSs appears as a very efficient and enticing
product for a range of applications. Devices made of BNNSs will
be able to operate easily in high-temperature and oxidative
environments. It can also be utilized to make insulating mate-
rials with exceptional mechanical and thermal properties.***”
Boron nitride nanotubes (BNNTSs) are the rolled-up sheets of h-
BN with all the excellent properties of other h-BN nano-
structures. Due to the absence of a well-known synthesis tech-
nique, the characteristics and applications of BNNTs have
continued to remain unexplored.

BNNTs are negatively charged, as a result, they are an excel-
lent h + carrier acceptor and could therefore be used in photo-
catalysis to increase h'/e carrier separation.’® Combining BNNTs
with photocatalysts can significantly improve photocatalytic
activities by enhancing visible light absorption and lowering the
hole/electron carrier recombination rates. As a result, the BNNTSs
could be a new photocatalyst with improved visible light-
responsive photocatalytic activity.**** Similarly, BNNTs and
other nanostructures of h-BN have potential applications in the
effective degradation of methylene blue from wastewater.** It has
been found that nanonets of ultrathin fibrous BN have a great
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potential to clean water via ultrafast MB dye degradation.*
However, the experiments to confirm the broad applicability of
BN nanostructures are still in the process. Studies exist in which
the main focus was on the efficient H, gas degradation on the
surface of modified BN nanostructures.”* BNNTs coated with
Fe;0,4 NPs have successfully been used for the removal of arsenic
from water by effective adsorption on its surface.” BN is
a chemically stable material that is frequently used to remove
contaminants from water.’* BN nanosheets (NSs) have excellent
Cu(u) adsorption characteristics,*” with an adsorption capacity of
678.7 mg g *.** Methylene blue,* tetracycline,® and rhodamine
B have adsorption capacities of 392.2 mg g~ *, 305 mg g~ ', and
210 mg g~ . BN is an excellent material for water purification and
has a wide range of applications.>

In the current work, the wide bandgap BNNTs are chosen to
further explore their properties as a photocatalyst due to their
widespread application in wastewater treatment. In addition,
the current study is aimed to explore the cytotoxicity, and dye
degradation properties of BNNTs. By using the experiential
interpretation, this study also gives a thorough insight into the
efficacy of BNNTs against cancer cells and as an improved dye
degradation material for the effective removal of organic
contaminants from wastewater. The impact of several parame-
ters such as initial dye concentration, time, pH, and amount of
catalyst on the performance of the produced BNNTs in the
adsorption of methyl orange (MO) dyes has been investigated in
detail.

2 Experimental details

2.1. Material and methods

The experimental set-up or system's main component in the
current work consists of a typical horizontal quartz tube
furnace. The set-up is set to run or heat (at 10 °C min~") and
maintained a temperature of 1200 °C (for 2 hours). In an
alumina boat, 50 mg crystalline boron-10 (*°B) powder is mixed
with 25 mg MgO powder. After that, 25 mg of maghemite (y-
Fe,03) powder (99.9% pure) is also added to the precursors and
properly mixed.”® A small one-end closed quartz tube is placed
under the heating filament of the furnace in such a way that the
closed-end was toward the gas inlet. The boat containing the
precursors is carefully inserted towards the closed end in the
tube. The furnace is switched on and the precursors are heated
up to 1200 °C in the argon atmosphere (at a rate of 200 sccm).
During this stage, the argon is replaced by ammonia gas and
maintained in such a situation for two hours. Afterward, the
ammonia flow is eventually replaced by Ar gas and the
temperature of the system is brought to room temperature.*
Here, the white color BNNTSs sample is collected from the boat.
The collected sample is characterized for surface morphology,
crystallinity, and elemental contents by different characteriza-
tion instruments.

2.2. Characterization

X-ray diffractometer (XRD) with a CuK radiation (=1.5418)
radiation source operating at 40 kV was applied to analyze the
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material's structural characteristics. A field emission scanning
electron microscope (FESEM) was used to examine the micro-
structure of the samples (FESEM, Sigma Carl Zeiss). X-ray
photoelectron spectra (XPS) were acquired by using a mono-
chromatic AlKa X-ray source (1486.6 eV) on an Omicron GMBH
spectrometer. The Raman spectroscopic analysis was carried
out by using a RENISHAW spectrometer. The absorption spectra
and other photocatalytic measurements were obtained by using
an Ultraviolet-visible (Shimadzu UV-2600) spectrophotometer.

2.3. Cytotoxicity assay

The cell lines (HEK-293 (ATCC, CRL-1573) and human cervical
cancer (HeLa) (ATCC, CRM-CCL-2)) were purchased from ATCC.
These cells were kept in Dulbecco’s medium (Is cove's modified)
supplemented with penicillin (100 pg mL™"), streptomycin (100
ug mL 1), fetal calf serum (FCS) (10%), and 2 mM Gluta MAX
and incubated at 37 °C in an environment of CO, (5%) and air
(95%) at 90% moisture content for cytotoxicity assays. HeLa
(cervical cancer) cell lines were tested for cytotoxicity. 5 x 10°
cells per well were incubated in varying concentrations of
BNNTs (2 mM L-glutamine, and RPMI-1640 (100 uL) supple-
mented with 10% FCS). The cytotoxic activity of BN-NTs was
investigated in a 96-well microtiter plate by using a standard
MTT assay for 24 and 48 hours. MTT is a test (non-radioactive)
used to check the vitality of cell cultures regularly. Each well
received 20 pL of MTT dye (5 mg mL~" in phosphate-buffered
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saline) solution quickly after the incubation time. The crystals
obtained by the cellular reduction of MTT were dissolved in 120
pL of dimethyl sulfoxide. Using ELISA-reader with a 570 nm
filter, plates were read after another 4 hours of incubation.
Triplicate's data were collected and the percentage of control
wells with cells (without BNNTS) to their relative cell viability
was calculated by using the relation:

e x 100 (1)
[ ]conlrol
where [Alcontrol @nd [A]ese represent the absorbance of the
control and test sample. Researchers were capable to calculate
the extent of MTT cleaved, which has a direct relation with the
viable cell population, by using a non-radioactive test for cell
proliferation.

2.4. Photocatalytic activity

For the removal of MO dye from aqueous solutions, dye
degradation studies were performed to investigate the adsor-
bent characteristics of BNNTs. The dye stock solutions were
made by dissolving a precisely measured amount of solid dye in
deionized water (DI). Dye solution (100 mL) with a defined
quantity was placed in a glass beaker (250 mL) and sonicated to
scatter a specific catalyst amount. On a magnetic stirrer, the
dispersed solution was consistently stirred at a constant speed
of 100 rpm. The solutions were extracted and filtered by using

Fig. 1 FESEM micrographs of boron nitride nanotubes with various magnifications (a) 10 000x, (b) 25 000x, (c) 50 000x, and (d) 100 000 x.
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a nylon syringe filter (0.45 m) to assess the remaining dye
concentrations after predefined time intervals. A UV-Vis spec-
trophotometer tuned to 466 nm was used to measure the
preliminary and final concentrations in aqueous solutions. The
percentage of dye removal effectiveness by BNNTs was

30000
(002)
250004
;; 20000+
]
2 150004
(2]
=
3
‘E 10000+
50004 (100)
A(1o1) (102) (004)
0 A\ A\
20 25 30 35 40 45 50 55 60
20 (Deg)

Fig.2 XRD spectrum of BNNTs shows various peaks corresponding to
its highly crystalline nature.
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estimated by using the following equation after assessing the
UV-Vis data:

G -G

0

degradation% = x 100 (2)
where degradation% represents the removal percentage of MO
dye, C, represents the concentration of dye (after degradation) at
any time, and C, is the initial concentration of dye. The effect of
experimental conditions on adsorption, such as pH, time,
initial dye concentration, and amount of catalyst was thor-

oughly explored.

3 Results and discussion

3.1. Field emission scanning electron microscope (FESEM)
analysis

The apparent structure, size, and morphology of the as-
obtained BNNTs were observed by field emission scanning
electron microscopy (FESEM). Morphological characteristics of
BNNTs in lower (10 000x, 25 000x) and higher (50 000x,
100 000x) magnification are shown in Fig. 1. The size and
morphology of synthesized BNNTs are shown to be greatly
influenced by the growth period. The diameter of BNNTS is non-
uniform and continuously varies throughout the sample,
ranging from 15 to 150 nm, as seen in Fig. 1(a)-(d). The tube's
length is likewise variable, ranging from 5 to 10 pm. Some of the
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Fig. 3 XPS analysis of the as-synthesized BNNTSs. The wide-scanned N 1s and B 1s spectra for nitrogen and boron contents of BNNTs are shown

in the bottom left and right-hand corners.
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BNNTs are very large whereas some are very small. Overall, the
longer tube has a lower diameter than the shorter one,
according to the findings. The micrographs show randomly
aligned BNNTs with obvious tips at their tops.

3.2. X-ray diffraction (XRD) analysis

The structural properties (elemental composition and phase) of
BNNTs were observed by the XRD. The XRD spectrum displayed
in Fig. 2 shows a high-intensity peak at 26.8° consistent with the
Miller indices of (002). The other peaks in the spectrum at 41.7°,
44.0°, 50.25°, and 55.22° correspond to the Miller indices of
(100), (101), (102), and (004) according to the JCPDS no: 034-
0421. The sharpness of the peaks shows that all the BNNTs are
highly crystalline.>*

3.3. X-ray photoelectron spectroscopy (XPS) analysis

XPS was used to assess the elemental compositions of the as-
prepared BNNTSs. B 1s (at 191 eV), C 1s (285 eV), N 1s (at 398.5
eV), and O 1s (533 eV) are the peaks tagged in the survey shown
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Fig.4 Raman spectrum with a major peak at 1385 (cm ) corresponds
to the h-BN nature of the synthesized BNNTSs.
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in Fig. 3. The binding energies of B 1s and N 1s peaks corre-
spond to boron and nitrogen concentrations in the as-prepared
BNNTs sample with h-BN nature.*>*® The wide scanned B 1s
and N 1s spectra were also obtained to identify the possible
impurities in the as-prepared sample shown on the bottom
right and left-hand corners of Fig. 3. As can be seen, none of the
wide scanned images are degraded. Both, on the other hand, are
of Gaussian type.®” This rule eliminates the possibility of raw
materials or precursors appearing as impurities in the prepared
material. XPS survey in Fig. 3 also shows the O 1s and C 1s
peaks. Both of these peaks could be the result of the material
being exposed to the air while being analyzed by XPS.*”

3.4. Raman spectroscopic analysis

The '°B-contents and h-BN structure of the BNNTs were
confirmed by using Raman spectroscopy of the as-prepared
sample. Fig. 4 shows the as-obtained Raman spectrum
acquired in the spectral region of 800-1600 cm . The Raman
spectrum displays a high-intensity peak at 1385 cm ™. Accord-
ing to the literature, this peak corresponds to the E,; mode of
vibration with *°B-contents in h-BN.*® Raman spectra are made
up of phonons (lattice vibrations) that are highly influenced by
the chemical structure of the supporting material as well as the
atomic bonds.”® Due to the lack of effect among inter-layer
interactions, monolayer h-BN generates predicted shortening
of the B-N bond across a few layers.®® A lower intensity peak at
1135 cm™ ' can also be found in the Raman spectra which refers
to a small quantity of H;BO;. This is due to spontaneous laser
contact with moisture in the air and the sample's B or
10B203.61

3.5. Cytotoxicity analysis

For screening viability in multiple samples, MTT assay is
extensively used because it is a simple, affordable, and quick
procedure. The assay does not distinguish between different
types of cell death and is sensitive to variability. The normal
cells and cancer cells viability depends on time and dose. HeLa,
a cancerous cell line, demonstrated 65% cytotoxicity after 24
hours of treatment at a concentration of 2 mg mL ™", which

90

70 o

50 =

Cell survival rate

30 -

110 T T T T
24 hours
(b)
95 4
@
‘:‘! 80 o
= |
2
> 65+
=
7] \\ i
—3 \\‘
7] = N\
Q 80 Hek-293
o) J
354
10 T T T T T 20 T T T T T
0.0 0.5 1.0 18 2.0 0.0 0.5 1.0 1.5 2.0

Concentration (mg/ml)

Concentration (mg/ml)

Fig. 5 Cytotoxic effect of BNNTs on Hela and Hek-293 cell lines, (0.5-2.0 mg mL™%) concentration for 24 & 48 h.
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Fig. 6 Absorption spectra of methylene orange dye on BN-NTs
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improved up to 80% after 48 hours as shown in Fig. 5(a). In the
normal cell line (HEK-293), at 2 mg mL " dose the cytotoxicity
was found 40% and a 24 hour treatment period, increasing to
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60% at a later stage (48 hours), as shown in Fig. 5(b). In cancer
cells, the cytotoxicity of BNNTs is higher than in normal cell
lines. The above results demand further studies to clearly
understand the mechanism of cell death.

3.6. Photocatalytic dye-degradation analysis

The degradation of MO dye on the surface of BNNTs was studied
to know more about the dye degradation properties of BNNTs.
Fig. 6 shows the absorption (UV-Vis) spectra of MO using BNNTSs
as a catalyst, which exhibits the remarkable degradation prop-
erties of BNNTs due to the rapid and intense degradation of the
dye on their surface. The impact of several experimental
conditions on percent degradation, such as pH, time, initial dye
concentration, and catalyst amount, was thoroughly explored.
The degradation efficiency of BNNTs was investigated with
varying concentrations for MO dye. The dye concentration was
adjusted from 5 to 50 ppm, while the amount of catalyst (0.05 g
L"), pH (4), and contact time (up to 80 minutes) remained
constant. When utilizing BNNTSs, the percentage of degradation
effectiveness was shown to decrease as the starting concentra-
tion of dye increased, as shown in Fig. 7(a). This could be due to
a decrease in the number of adsorption sites responsible for
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Fig. 7 Photocatalytic dye degradation by BNNTs in terms of (a) initial concentration of dye (5-50 ppm) (b) amount of catalyst (0.01-0.05 g) (c)

pH (2-10) and (d) irradiation time (0—80 min).
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degradation due to van der Waals interactions b/w catalysts and
molecules of dye. A series of adsorption tests were conducted to
explore the influence of catalyst amount on the percentage of
degradation effectiveness for MO dye. At an initial dye
concentration of 0.05 ppm and a pH of solution around 4, the
amount of catalyst was adjusted from 0 g L™ to 0.05 g L™* for
both dyes. Fig. 7(b) shows the % removal effectiveness of both
dyes with various catalyst concentrations of BNNTs. The find-
ings show that, as the amount of catalyst is increased, the
percentage degradation efficiency increases, which may be
interpreted by enhancement in the adsorption sites available on
the catalyst surface. The pH of the solution has a significant
impact on dye degradation examinations because it directly
affects the surface binding sites, and surface charges of the
catalyst as well as the dye molecule's structure. As a result, the
influence of pH on % degradation efficiency was investigated by
adjusting the solution pH from 2 to 10 using 0.1 M HCI and
NaOH solutions, as shown in Fig. 7(c). The degradation effi-
ciency was enhanced at low pH up to 4, possibly resulting in the
decline of —ive charge by neutralizing with H', however
decreased at pH beyond 4, possibly due to increasing compe-
tition between H' and dye. The presence of a —ive charge on the
BNNTs surface is consistent with the outcomes of degradation
of dye molecules with different charges at different pH levels, as
indicated by the zeta potential. As a result, the degradation of
dyes is considered to be extremely specific to the charge present
on the catalyst's surface. In degradation studies, time is a crit-
ical component in determining the rate of degradation. Lian
et al.,** discovered rapid dye degradation on the surface of BN-
NSs. In this work, similar adsorption behavior with a high
degradation rate was observed, with most degradation occur-
ring in the first 15 minutes and a modest increase is detected
after 80 minutes of exposure as shown in Fig. 7(d). As a result,
we may classify BNNTs as an ultrafast catalyst that would be
extremely valuable for the rapid and considerable destruction of
hazardous chemicals.

4 Conclusion

High quality of BNNTs was synthesized in a horizontal quartz
tube furnace at 1200 °C and affectively tested for its potential
biomedical applications (for their cytotoxic and -catalytic
potential) to see how they stimulated the normal and cancer cell
lines. The viability of normal cells (HEK-293) and cancer cells
(HeLa) was assessed by using an MTT assay. The cytotoxicity of
BNNTs was explored and found excellent in comparison to
previously used materials. It has been found that the cytotox-
icity of BNNTs is higher in cancer cells (65 & 80%) than in
normal cell lines (40 & 60%) for 24 h and 48 h respectively. The
catalytic activity of BNNTs was investigated by observing their
performance in the dye degradation process. The degradation
behavior of the prepared BNNTs towards the adsorption of
methyl orange (MO) dye, is also found very good. Variations in
experimental parameters such as initial dye concentration,
adsorbent dosage, pH, and time were used to optimize the
degradation conditions. The degradation effectiveness
decreases (92-25%) as the original concentration of dye
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increases (5-50 ppm). Similarly, the degradation efficiency
improves up to 90% as the amount of catalyst increases from
0.01 g to 0.05 g and the maximum influence of pH was observed
at pH 4. Our results show that lower concentrations of BNNTs
can be employed in biomedical applications. Dye degradation
properties of BNNTs suggest that they can be a potential
candidate for wastewater and air treatment materials.
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