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Herein, graphene-analogue nanoscale hexagonal boron nitride (h-BN) with a sheet-like morphology is
successfully synthesized by reacting borax (Na;B,0,-10H,0) and NH,4Cl powder as inexpensive starting
materials in air via a facile microwave-assisted method with a short reaction time (10 min). The as-
prepared product is structurally characterized via X-ray powder diffraction (XRD), Fourier transformation
infrared spectroscopy (FTIR), Raman spectroscopy, energy dispersive spectroscopy (EDS), field emission
scanning electron microscopy (FESEM), transmission electron microscopy (TEM) and BET surface area
measurements. X-ray diffraction indicates the formation of hexagonal boron nitride (h-BN) with lattice
constants of a = 2.50 and ¢ = 6.67 A. The purity of the BN nanosheets is confirmed via X-ray energy
dispersive spectroscopy, X-ray photoelectron spectroscopy, and Raman spectroscopy. TEM and FE-SEM
indicate that the as-synthesized product is composed of fine loosely aggregated plate-like particles with
lengths in the range of 0.5 to 3.5 um and thicknesses of 20-30 nm. EDX gives an average B/N atomic
ratio of about 1 : 1. FT-IR displays strong B—N absorptions at 1396 and 805 cm™?. In addition, ultraviolet-
visible (UV-vis) spectroscopy reveals that the as-prepared h-BN has an obvious band gap (5.92 eV). The
as-prepared BN nanosheets also have a relatively large specific surface area of 177.07 m? g~*. Due to
these characteristics, the as-prepared BN nanosheets exhibit a very quick adsorption rate for
cationic methylene blue (MB) and Rhodamine B (RhB) dye and their adsorption capacity is as high as
472.4 mg g~*. Furthermore, these BN nanosheets can also selectively adsorb MB from binary and ternary

Received 12th October 2017
Accepted 10th November 2017

DOI: 10.1035/c7ral1248¢ mixed dye solutions. Therefore, these BN nanosheets have wide promising applications in wastewater

rsc.li/rsc-advances treatment and the recovery of valuable organic compounds from wastewater.

Currently, various physicochemical and biological treatment
technologies such as coagulation, precipitation, filtration,
oxidation, activated sludge and adsorption processes have been

1. Introduction

During the past few decades, a large amount of wastewater

containing organic dyes and pigments, toxic metal ions, and
cleaning agents has been discharged into the aquatic environ-
ment with the rapid development of modern industry, which
will lead to devastating consequences to all living organisms."*
Especially, some colored organic dyes discharged from the
plating, textile, and printing industries are resistant to biolog-
ical degradation and generally stable to light, heat and oxidizing
agents due to their complex aromatic structures.** Additionally,
synthetic organic dyes are not only highly visible and, even in
small quantities, able to decrease gas solubility in water, but
also toxic, carcinogenic and mutagenic for human beings.**
Thus, the removal of dye pollutants from effluent is quite
desirous for water safety and human health protection.
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employed to remove dyes from aqueous solutions."*™ Among
them, adsorption is considered a promising method for
wastewater purification due to its high efficiency, simple oper-
ation and low energy consumption. To date, many polymeric
and inorganic adsorbents have been developed, such as acti-
vated carbon, carbon nanotubes, rice husk, metal oxides, clays,
zeolites, chitosan, and metal-organic frameworks (MOFs).'*2*
However, they frequently suffer from the disadvantages of
limited adsorption capacity and slow adsorption rate, and
generally limited by less adsorption sites, slow kinetics and
nonequilibrium of adsorption. Therefore, it is necessary to
develop new adsorbents with high adsorption capacity, high
selectivity and ultrafast adsorption characteristic towards
specific dyes.

In recent years, two-dimensional (2D) graphene-like hexag-
onal boron nitride (h-BN) has attracted considerable attention

This journal is © The Royal Society of Chemistry 2017
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due to its many unique physical and chemical properties, such
as low density, high temperature stability, high thermal
conductivity, low dielectric constant, excellent chemical inert-
ness, and high resistance to thermal shock and corrosion.*
These properties make h-BN an interesting material for many
applications such as lubricants, protective and optical coatings,
and advanced ceramic composites.””* To date, many methods
have been developed for the synthesis of hexagonal BN
including classical high-temperature routes (e.g., reaction of
boron oxide and ammonia, direct nitridation of boron with N,
at 1400-1900 °C and carbothermal reduction and nitridation of
boron oxide at 1500 °C), vapor deposition methods (e.g., reac-
tion of boron trichloride and ammonia), condensed-phase
pyrolysis techniques (e.g., thermal decomposition of borazene
or bisborazinylamine), solid-state metathesis, and pyrolysis and
combustion synthesis.***> Most of these methods have to be
carried out under high temperature or high N, pressure and
require long processing times. Furthermore, many of them also
involve the use of complicated expensive instruments and some
of them suffer from low production yields (less than 30%).
These problems either pose difficulty in mass production or
result in high production costs and thus hinder their practical
application.

Over the past few decades, the microwave irradiation (MWI)
technique has been developed for the fast synthesis of func-
tional inorganic nanomaterials.*® This method has unique
effects and significant merits such as easy workup, rapid volu-
metric heating, high reaction rate, short reaction time, energy
saving and production of inorganic nanoparticles with narrow
size distribution compared with other methods. Various inor-
ganic nanomaterials have been synthesized for different appli-
cations using the MWI technique.***

Based on the aforementioned considerations, in this work,
we develop a facile and rapid strategy for the preparation of
graphene-like hexagonal boron nitride (h-BN) nanosheets by
reacting borax (Na,B,0,-10H,0) with ammonium chloride
(NH,CI) as inexpensive B and N element precursors in a very
short time (10 min) in air atmosphere. To the best of our
knowledge, the microwave-assisted approach for the synthesis
of BN nanostructures has not yet been reported. The
morphology, structure and properties of the as-prepared h-BN
nanosheets are fully characterized via various physical and
spectroscopic methods and their adsorption performance
evaluated towards some organic pollutants in aqueous solu-
tions. This nanomaterial exhibits superior adsorption rate and
selective adsorption ability for cationic dyes. Remarkably, it
exhibits a large-scale adsorption capacity of 472.4 mg g~ * for
MB. Hence, it is a promising and environmentally friendly
adsorbent for the removal and separation of organic pollutants
in dye-wastewater.

2. Experimental
2.1. Materials

Borax (Na,B,0,-10H,0, 98%), ammonium chloride (NH,C],
99%) and other chemicals, such as copper(u) oxide, hydro-
chloric acid and sodium hydroxide were purchased from Merck
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Chemical Corporation. Methylene blue (MB, C;H;5CIN;S,
98%), Rhodamine B (RhB, C,sH3;CIN,O3, 98%) and methyl
orange (MO, C;,H;4,N3;NaO;S, 98%) were purchased from
Merck. All other chemicals were of analytical grade and were
used as received.

2.2. Preparation of BN nanosheets

To prepare BN nanosheets, a mixture of 10 g borax (Na,B,0,-
-10H,0) and 10 g ammonium chloride (NH,Cl) was ground to
give an intimate mixture. The mixture was taken in a porcelain
crucible which was placed in the middle of another larger
porcelain crucible filled with CuO powder as a secondary
microwave absorber. The reaction mixture was irradiated in
a microwave oven (MW frequency: 2.45 GHz) at 900 W in an air
atmosphere. The reaction was completed after an irradiation
time of 10 min. The product was cooled to room temperature
and washed three times with hydrochloric acid (HCl, 0.1 M).
The final product was collected, washed with 100 mL of
deionized hot water and then finally dried at 100 °C for char-
acterization and used as an adsorbent.

2.3. Characterization

X-ray diffraction (XRD) patterns were recorded with a X'Pert Pro
diffractometer (PANalytical, Netherlands) with Cu Ke radiation
(A =1.5406 A) at 40 kv and 40 mV between 10° and 80° (26) with
a step size of 0.03°. Fourier transform infrared (FT-IR) spectra
were recorded on a Shimadzu system FT-IR 8400 spectrometer
using KBr pellets over the range of 4000-400 cm™'. Raman
spectra were obtained on a Spex 1403 Raman spectrometer.
Optical adsorption spectra were obtained on a Cary 100 Varian
UV-vis spectrophotometer in the wavelength range of 200-
800 nm. The morphology and composition of the product were
determined on a MIRA3 TESCAN scanning electron microscope
(SEM) equipped with an energy dispersive X-ray analyzer (EDX)
for elemental analysis. The TEM image of the product was ob-
tained at the accelerating voltage of 200 kV. The sample for TEM
studies was well dispersed in ethanol to form a homogeneous
suspension by sonication for 30 min. Then the ethanol disper-
sion was dropped on a carbon-coated copper grid. Moreover, to
obtain the specific surface area and pore size distribution of the
BN product, nitrogen physisorption isotherms were obtained on
a Nova 2000 surface area and pore analyzer instrument at 77 K.
The specific surface area was calculated using the BET (Bru-
nauer-Emmett-Teller) model and the Barrett-Joyner-Halenda
(BJH) method was used to calculate the pore size distribution
from the adsorption branch. Magnetic measurements were
carried out at room temperature using a vibrating sample
magnetometer (VSM, Magnetic Daneshpajoh Kashan Co., Iran)
with a maximum magnetic field of 10 kOe.

2.4. Adsorption tests

To explore the adsorbent properties of the as-prepared BN
nanomaterials, adsorption studies were carried out for the
removal of MB, RhB and MO dyes from the aqueous solutions.
The chemical structure and basic properties of these dyes are
given in Fig. 1 and Table 1. Stock solutions of the dyes were
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Fig. 1 (a) XRD pattern, (b) FT-IR spectrum, (c) Raman spectrum, and (d) UV-vis absorption spectrum of the h-BN nanosheets.
Table 1 Comparison of the preparation conditions of h-BN nanosheets in the present work with some recently reported methods
Entry  Starting materials Reaction conditions Time (h)  Ref.
1 Boric acid (H3BO;3) + PVA (1:4) + NHz(aq) Heated at 1200 °C in an N, gas flow 10 62
2 NH,BF, + NaN; Solvothermal in benzene and CS,, 260 °C, 250 MPa 24 63
in N, atmosphere
3 NaBH, + FeCl; + NaN; In stainless steel autoclave, heated at 750 °C 12 64
4 H;BO; + NH,CI 950 °C under N, in the presence of CuO + KClI 4 65
5 B,0; + urea + Cu(NO3), Heated at 1250 °C, under NH; gas atmosphere 5 66
6 H;BO; + urea Heated at 900 °C in N, atmosphere 5 67
7 B,O; + guanidine hydrochloride Heated at 1100 °C, under H,/N, gas 2 68
8 B,0; + urea (1 : 10) Heated at 1000 °C, under nitrogen/hydrogen (5%) gas flow 3 69
9 B,0; + urea Heated at 550 °C + 1100 °C in N, atmosphere 4 70
10 Calcium hexaboride (CaBg) + NH,Cl In stainless steel autoclave, heated at 600 °C under argon atmosphere 48 71
11 NaBH, + NaN; In stainless steel autoclave, heated at 600 °C under argon atmosphere 8 72
12 H;3;BO; + NH,CI] + Mg In stainless steel autoclave, heated at 600 °C 10 73
13 Li,B,0; + NaN; + Mg In stainless steel autoclave, heated at 500 °C 12 74
14 NaBH, + CS(NH,), In stainless steel autoclave, heated at 550 °C 10 75
15 Na,B,0,-10H,0 + NH,CI Under MWI, at room temperature under atmospheric pressure 10 min This
and in air work

prepared by dissolving accurately weighted quantities of the
solid dyes in deionized water. In the adsorption experiment,
50 mL of dye solution with a known concentration (e.g
25 mg L") was added to a 100 mL glass beaker and a definite
amount of BN adsorbent (e.g. 60 mg) was dispersed in it via
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sonication. The dispersed solution was continuously stirred on
magnetic stirrer at a constant speed of 500 rpm. After pre-
determined time intervals, sample solutions were withdrawn
and centrifuged for 10 min to remove the suspended adsorbent
particles, and filtered to analyze the residual concentrations of
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dye. The initial and final concentrations in the aqueous solu-
tions were measured using a UV-vis spectrophotometer at 664,
554 and 463 nm for MB, RhB and MO dye, respectively. The
effect of experimental parameters such as adsorbent dosage and
time on the adsorption is discussed in detail. Upon analyzing
the UV-vis data, the removal efficiency (%) and the adsorbed
amount (g, mg g ') of the dye compounds were calculated
using the following equation:

Removal efficiency (%) = [(Co — C,)/Cp)] x 100
4. = (Co — C)VIim

where, C, and C, (mg L") are the initial dye concentration and
dye concentration at time (¢), respectively, V (L) is the volume of
the dye solution, and m (g) is the mass of the adsorbent.

3. Results and discussion

3.1. Characterization of the BN nanosheets

In the present study, we developed a synthetic process to obtain
porous BN nanosheets which relies on a fast microwave-assisted
approach. Briefly, a homogeneous mixture of borax (Na,B,0,-
-10H,0) with NH,Cl as very cheap boron and nitrogen sources
in the presence of CuO as a strong MWI absorber material was
irradiated in an MW oven for 10 min under air atmosphere to
yield a white product. For comparison, an Na,B,0;-10H,0 and
NH,CI mixture was irradiated in the MW oven in the absence of
CuO, and no BN was obtained even after 30 min. This control
test confirms that the reaction mixture does not absorb micro-
waves directly and needs a secondary absorber (e.g. CuO). In
addition, when the MW oven was opened after the reaction,
some gases were released. It is possible that during the MW
heating process, some NH,Cl decomposed, releasing a number
of gaseous species including HCI and NH;. The escape of gases
(gas bubbles) acts as fugitive templates for the final porous
structure. The reaction between Na,B,0,-10H,0O and NH,CI
takes place using the hot heating medium of CuO and the h-BN
product was obtained within several minutes. The possible
reaction equation for the synthesis of BN from Na,B,0;-10H,0
and NH,CIl under MWI can be expressed as follows:

N32B4O7' IOHQO(S) + 4NH4C1(S) -
4h-BN(s) nanosheets + 4HCl(g) + 17H,0(g)

The phase purity and crystal structure of the as-prepared BN
product were investigated via powder X-ray diffraction XRD
studies. Fig. 1(a) shows the typical XRD pattern of the product.
All the characteristic peaks at 26 = 27.18°,41.91°, 43.00°, 55.00°,
and 77.00° can be indexed as the hexagonal phase of BN crystal
with lattice constants of a = 2.50 A and ¢ = 6.67 A which are very
close to the reported value of h-BN (a = 2.51 A and ¢ = 6.69 A;
JPCDS, card no. 34-0421).*> Also, no impurity peaks were
detected. The sharpness of the peaks confirms the formation of
a highly crystalline single-phase BN nanomaterial with the P63/
mmc space group. The interlayer spacing (do,) estimated

This journal is © The Royal Society of Chemistry 2017
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according to Bragg's law is 0.335 nm, which is very close to that
of bulk h-BN of ~0.333 nm.* The broadened peaks in the XRD
pattern indicate the nanometer scale size of the as-prepared
crystallites. The crystallite size of this BN nanomaterial was
found to be about 20 nm by evaluating the line broadening of
the most intense (002) peak using the classical Scherrer
equation.*

To obtain further information on the types of chemical
bonds in the obtained BN, the FTIR spectrum of the as-prepared
product is presented in Fig. 1(b). In the FTIR spectrum, two
strong characteristic bands were observed at around 1396 and
805 cm ™!, which are similar to the reported result of h-BN.* The
former band results from the in-plane ring B-N stretching
vibration (E, mode) of the sp>-bonded BN, whereas the latter
band is attributed to the out of plane B-N-B bending vibrations
(A,, mode).”® Besides, the band centered at 3420 cm ™' is
attributed to the stretching mode of the N-H group.* Thus, the
FTIR results confirm the bond formation of boron nitride.

Raman spectroscopy was further employed to explore the
phase purity of the as-prepared BN nanosheets. As shown in
Fig. 1(c), in the Raman spectrum of the synthesized h-BN
sample a broad peak at ca. 1375 cm™ "' is observed, which is
ascribed to the high-frequency E,, vibrational mode of h-BN.**
The bulk BN powder displays a Raman shift at 1367 cm™ " as an
intrinsic E,, vibration.>® It has been reported that crystal
domain size, stack layer ordering, amorphization, elemental
doping and porosity could lead to such shifting and broadening
of the Raman peak compared to bulk BN.*” Furthermore, highly
porous BN displays the Raman shift at a higher frequency and
broader peaks compared to bulk BN.*® Therefore, the appear-
ance of the wide peak for the h-BN sample prepared in this work
is also attributed to the existence of rather weak interactions
between atomic layers leading to a disordered porous structure.
This Raman finding is also later confirmed by the FESEM and
BET results.

The optical properties of the BN sample were investigated via
UV-vis spectroscopy. As shown in Fig. 1(d), the UV-vis absorp-
tion spectrum of the BN nanosheets dispersed in ethanol
exhibits a relatively broad band with a strong absorption at
about 210 nm, which corresponds to a band gap of ~5.92 eV
and is quite close to the reported value for BN (~6.15 eV).*
Besides, there is also an absorption tail at the lower energy side
of the absorption peak, which indicates that high density
structural defects exist in the BN nanosheets.*

The morphology and structure of the as-prepared BN sample
were investigated via SEM. Fig. 2 shows the SEM images of the
BN nanostructure at different magnifications. The SEM images
show that the obtained particles are sheet-like in shape with
a thickness of 40-50 nm. As shown in Fig. 2(a)-(d), the as-
prepared h-BN sample presents the layered structure of a gra-
phene-analogue material. According to the SEM images, the
sample consists of fine loosely aggregated plate-like particles
with lengths in the range of 0.5 to 3.5 pm. The high magnifi-
cation images in Fig. 2(e) and (f) indicate that the surface of the
sheets is rough and compact with porous features, and they are
composed of BN fine nanoplates and nanoparticles with
thicknesses or sizes of 20-30 nm, which is consistent with the

RSC Adv., 2017, 7, 53984-53995 | 53987
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Fig. 2 Different magnification SEM images of the h-BN nanosheets.

above-calculated value from the Scherrer equation. Further-
more, the SEM images reveal that the BN nanosheets have many
pores and holes with diameters ranging from 20 to 100 nm,
which are created by gas bubbles during the synthetic process.

The size and microstructure of the as-prepared BN particles
were further investigated via TEM, as shown in Fig. 3. The TEM
sample was prepared by dispersing BN powder in ethanol under
ultrasonic vibration. From the TEM images in Fig. 3(a)-(d),
clearly the morphology of the particles is plate-like in shape
with a thickness of 20-30 nm, which indicates that the as-
prepared h-BN has a graphene-like structure. As evident from
the images, the morphology of the BN sample from the TEM
images agrees with the SEM results.

The chemical composition of the BN nanosheets was also
investigated via energy dispersive X-ray (EDX) spectroscopy.
Fig. 4 shows the EDX spectrum of the as-prepared product. In
the EDX spectrum, strong peaks of boron and nitrogen with the

53988 | RSC Adv., 2017, 7, 53984-53995

atomic ratio of B : N of 50.74 : 49.26 were observed. This finding
indicates that the nanosheets are composed of boron and
nitrogen atoms with an atomic ratio of 1.03 : 1, which is in good
agreement with the chemical stoichiometric ratio of BN. Slightly
rich boron may result from the surface hydrolysis during puri-
fication which could result in a small loss in nitrogen. The
existence of the gold (Au) peak at ca. 2.2 keV is ascribed to the
coating of the gold film before SEM observation. The inset in
Fig. 4 shows the elemental mappings of the product. In these
images, a uniform distribution of B and N elements is observed.

Further evidence for the formation of BN was obtained from
the XPS spectra of the sample, as shown in Fig. 5. They show
that the sample surface consists of nitrogen, boron, carbon and
oxygen, with binding energies of N 1s, B 1s, C 1s and O 1s at
398.7,191.5, 284.40 and 532.40 eV, respectively (Fig. 5(a)). The C
1s and O 1s peaks indicate that a small amount of impurity
elements exists such as C and O due to the adsorption of CO,,

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 EDX analysis of the h-BN nanosheets.

H,0 and O, on the surface of the sample. The B 1s peak at
191.5 eV (Fig. 5(b)) and the N 1s peak at 398.7 eV (Fig. 5(c))
indicate BN, which is in good agreement with that in the liter-
ature.”® The quantification of B 1s and N 1s peaks confirms that
the atomic ratio of B : N is 1.05 : 1, which closely agrees with the
stoichiometric composition of BN.

The surface area and porous structures of the BN nanosheets
were measured based on nitrogen adsorption-desorption. As
shown in Fig. 6(a), the isotherm shape could be categorized as
type IV with a distinct H3 hysteresis loop at high relative pres-
sures according to the IUPAC classification, which indicates the
presence of a mesoporous structure.® The BET specific surface
area obtained from the isotherms is 177.2 m> g *. It should be

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Full range survey XPS spectrum of the as-prepared BN
nanosheets. High-resolution XPS spectra of (b) B 1s and (c) N 1s.

noted that the surface area is much higher than that of
commercial BN powder (25 m* g~ ').%* The large surface area is
possibly caused by escaping gas for instance HCI, H,O and NH;,
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Fig. 6 (a) Nitrogen adsorption—desorption isotherm and (b) pore size distribution of BN nanosheets.

formed from the decomposition of the precursors. The total
pore volume is 0.686 cm® g~'. The pore size of the sample is
2.305 nm, which is estimated using the Barrett-Joyner-Halenda
(BJH) method from the adsorption and desorption branches of
the N, isotherms (Fig. 6(b)). Owing to their large specific surface
area, mesoporous nature, small pore diameter and high struc-
tural defect density, the BN nanosheets are expected to be an
excellent adsorbent.

Surface charge is one of the important parameter that
controls the type of adsorbate to be absorbed. The zeta potential
reveals the type and value of charge on the dispersed particles.
For the as-obtained h-BN nanosheets, the zeta potential value
was evaluated to be —52.5 mV in aqueous suspension and at
natural pH. The negative value of the zeta potential demon-
strates the presence of a negative charge on the surface of the
product sample.

Finally, the preparation of BN by the present method was
compared with some reported methods in recent years.®*”*
From the Table 1, it is clear that with respect to reaction
conditions and time, the present method is more suitable and
superior. Most of the reported methods required high temper-
ature and/or pressure, complicated expensive instruments,
expensive and/or sensitive starting materials, long reaction
times, inert atmosphere and strict operating conditions. Our
method has several advantages, such as low cost, high yield,
lack of organic solvents, substrates or vacuum systems and
especially a lack of inert atmosphere. For instant, the borax and
NH,CI used in this work are easily available, non-toxic and very
cheap sources of boron and nitrogen elements. The above
advantages make this MW-assisted synthesis process a very
attractive approach for the rapid and large-scale production of
BN in the future.

3.2. Dye adsorption studies

Boron nitride (BN) nanosheets, so-called ‘white graphene’,
consist of a few layers of hexagonal BN planes and have unique
properties compared with graphene. In addition, the polarity of
the B-N bond and high surface area of h-BN-related nano-
structures provide good adsorption properties for various
substances ranging from organic pollutants to hydrogen.”®””

53990 | RSC Adv., 2017, 7, 53984-53995

Since BN is composed of light elements, it is a promising
adsorbent with a high uptake gravimetric capacity. Its high
chemical and thermal stability also suggest that recycling could
be easily achieved. Nanostructured BN is therefore an ideal
candidate as an absorbent material.

To evaluate the adsorption capability of the as-prepared h-BN
nanomaterial for the removal of organic dyes from contaminated
water, three organic pollutants including cationic MB (molecule
size: 1.38 nm X 0.64 nm x 0.21 nm), cationic RhB (molecule
size: 1.56 nm x 1.35 nm x 0.42 nm) and anionic MO (molecule
size: 1.54 nm x 0.48 nm X 0.28 nm) were selected as models,
considering that both the charge and size of organic dyes are the
most important factors controlling the adsorption process. The
adsorption process was monitored using the characteristic
absorption peaks of the dyes at 664, 553 and 463 nm for MB, RhB
and MO, respectively. A decrease in the intensity of the charac-
teristic peaks with adsorption time indicates a decrease in the
amount of dye in the solution. The time dependent UV-vis
absorption spectra of the dyes in the presence of the BN nano-
material are shown in Fig. 7(a)-(c). The digital images and UV-vis
spectroscopic results show that the cationic MB and RhB dyes
are almost removed from aqueous solution in 0.5 min. As it can
be seen in Fig. 7(c), the characteristic absorbance band of MO
decreased slightly after 4 min with negligible fading of the
orange color. The results show that the BN nanomaterial is
a poor absorbent for anionic MO dye from aqueous solution. In
comparison, in Fig. 7(d), the adsorption rate of the MB and RhB
solutions quickly reached 98% and 78%, respectively, in the first
0.5 min while the removal efficiency of MO dye is less than 10%
even after 4 min. Obviously, BN has different adsorption abilities
towards different organic dyes. The different effects on the
removal of dyes is related to the structure and charge of the dye
molecules and the structure of the adsorbent material. The
presence of a negative charge on the surface of the BN nano-
material, as depicted by its zeta potential, is consistent with the
results of adsorption of differently charged dye molecules.
Therefore, the BN nanosheets demonstrate good adsorption
properties toward the cationic dye molecules MB and RhB.
However, the removal percent of RhB dye is lower than that of
MB dye, which is probably due to the large volume of RhB

This journal is © The Royal Society of Chemistry 2017
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(d) Comparison of adsorption efficiency (%) of dyes. Conditions: [dye] =

25mg L~'in 50 mL aqueous solution and mgy = 60 mg/50 mL at room

temperature. The insets show digital photos of the organic dyes in aqueous solution during the adsorption process.

molecules, which causes steric hindrance with the active
adsorption sites on the hybrid, and its weak m-m interactions
with the BN nanosheets. On the other hand, the appearance of
electrostatic repulsion between the negatively charged BN
nanomaterial and anionic MO dye molecule results in less
adsorption compared with cationic dye molecules. Therefore,
the adsorption of dyes is found to be very specific towards the
charge present on the surface of the adsorbate. The ultrafast
removal rate in the initial 0.5 min is attributed to the rapid
diffusion and strong electrostatic interaction of the cationic dyes

to the external surfaces of the BN nanosheets. Therefore, the as-
prepared BN nanosheets can be categorized as an ultrafast
adsorbent which would be highly useful for the quick and
significant removal of harmful compounds.

Selective adsorption and separation of a specific dye is more
attractive and challenging in the process of dye-wastewater
treatment. In this study, in view of the large uptake capacity
of the BN nanosheets for MB and RhB dye, it can be anticipated
that the BN nanosheets may also have outstanding adsorption
and separation behavior in the treatment of dye mixtures. The
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Fig. 8 Selective absorption capacity of BN toward mixed dyes of (a) MB/MO, (b) MO/RhB and (c) MB/RhB/MO. Conditions: Comg) = Como) =
Cowrng) = 25 mg L™, V = 50 mL, mgy = 60 mg at room temperature for time = 2 min. The insets show digital photos of the organic dyes in

aqueous solutions during the adsorption process.
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selective uptake of dyes was tested using dye mixtures and the
process was monitored by UV-vis spectroscopy. Since MB and
MO have similar molecule sizes, the preferable uptake of
cationic MB from the MB/MO mixture (Fig. 8(a)) may be
assigned to the existence of a negative charge on the BN
nanosheets. For further confirmation, cationic RhB was
selected to mix with anionic MO and the results reveal that RhB
dye was also preferably adsorbed on the BN nanomaterial from
this binary dye mixture, as illustrated in Fig. 8(b). To further
validate this point, a ternary mixture of MB, RhB and MO dye
was investigated. As exhibited in Fig. 8(c), the representative
bands of MB and RhB all disappeared quickly in the mixed dyes
and only the characteristic absorption peaks of MO were left,
which suggests that the BN nanosheets could selectively capture
cationic dyes when utilized in corresponding ternary mixtures.
The same conclusion is displayed in the insets of Fig. 8(a)-(c),
where only the orange color of MO dye can be seen in the final
solutions of mixed dyes after the adsorption process. This can
be attributed to the negative charge of the dye molecule, which
repels each other between MO and the BN nanosheets. This
further indicates that the adsorption process occurs mainly due
to the electrostatic interactions between the BN nanosheets and
dye molecules. Meanwhile, the aromatic backbone further
strengthens the connection between the adsorbent (BN nano-
sheet) and adsorbates (MB and RhB dyes) via m-m stacking
interaction.”® Due to the synergistic effect of electrostatic
interactions and m-m stacking interactions the BN nanosheets
possess selective adsorption ability towards some cationic
aromatic dyes.” Thus, the as-prepared BN nanomaterial is an
environmentally friendly active adsorbent for the removal of
different cationic organic pollutants.

The effect of adsorbent dosage on the removal efficiency for
MB and RhB dye was investigated. The adsorbent dosages were
varied from 15 to 30 mg and then to 60 mg at the initial dye
concentration of 25 mg L' and pH of about 6 for both dyes. The
removal efficiencies of both dyes with different amounts of
adsorbent are shown in Fig. 9. The results indicate an increase

15 30 60
Adsorbent dosage (mg)

Fig.9 Effect of adsorbent dosage on the removal of MB and RhB dyes.
Conditions: [dye]l = 25 mg L™, 50 mL, mgy = 60 mg at room
temperature for time = 0.5 min.
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in removal efficiency with an increase in adsorbent dosage,
which can be explained on the basis of the increase in the
availability of adsorption sites on the surface of the adsorbent.
With the adsorbent dose of 60 mg, both dyes (MB and RhB)
showed high removal (%) in the short time of 0.5 min.

The as-prepared BN nanosheets exhibited the adsorption
capacity of 472.4 mg g~ ' when 180 mg of BN nanosheets was
soaked in 1 L of 500 mg L' aqueous MB solution for 1 h. Table
2 lists a comparison of the adsorption capacity for MB adsorp-
tion on various types of adsorbents. It can be seen that the
adsorption capacity of the BN nanosheets used in this work is
larger than that of other adsorbents reported in the litera-
ture.”** Based on the above observations and the

Table 2 Comparison of the adsorption capacity of MB with some
reported adsorbents

Adsorption capacity

Entry Adsorbent (mgg™) Ref.
1 Activated carbon 135 79
2 Clay 6.3 80
3 Zeolite 10.86 81
4 Graphene/Fe;0, 33.66 82
5 Carbon nanotubes 35.4 83
6 Peanut husk 72.13 84
7 MWCNTs/Fe,03 42.3 85
8 CoFe, 04,/ MWCNT 14.3 86
9 Chitosan/montmorillonite  95.24 87
10 Chitosan/Fe;0, 45.1 88
11 Polyurethane foam 23.03 89
12 WOj; nanosheets 33.33 90
13 MOF-235 187 91
14 Graphene 153.85 92
15 HeP,W,304,/MOF-5 51.81 93
16 Graphene oxide (GO) 144.92 94
17 Polyaniline nanotubes 4.8 95
18 BN nanosheets 472.4 This work
100
904
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?
o~ 704
S—
© 60
>
g %
® 40+
M 304
=
204
104
0~
1 2 3 4

Adsorption cycles
Fig. 10 Recyclability of the BN nanosheets in the removal of MB dye.

Conditions: [dye] = 25 mg L™, 50 mL, mgy = 60 mg at room
temperature for time = 0.5 min.
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Fig. 11 (a) XRD pattern, (b) FT-IR spectrum, and (c) and (d) SEM images of the recovered BN nanomaterial after the fourth run.

characteristics of the BN nanosheets, we infer that the large
specific surface area, mesoporous nature, high porosity and
high structural defect density of the BN nanosheets contribute
to its enhanced adsorption capacity. Also, noncovalent inter-
actions such as mw-m stacking interactions between lamellar BN
nanosheets and aromatic rings also makes an important
contribution to its adsorption capacity. Thus, this material is
a promising excellent adsorbent for the treatment of toxic
organic pollutants in dye-wastewater.

The stability and reusability of adsorbents are important
standards for their practical application. To verify whether the
composite material is stable and can be recycled during
adsorption experiments, cycle tests using the BN nanosheets for
the removal of MB were conducted. After each cycle, the
adsorbent was completely separated by filtration. Subsequently,
fast release of the adsorbed MB was achieved by thoroughly
washing the adsorbent with a dilute solution of NaCl and
ethanol three times. Then, the desorbed adsorbent was added
to 50 mL 25 mg L~ " MB solution under stirring. As described in
Fig. 10, the BN nanomaterial showed almost identical rapid
adsorption of MB, and after four cycles, the regenerated
adsorbent was still able to remove 92% MB from the aqueous
solution. Thus, we conclude that the BN nanomaterial is reus-
able during adsorption experiments.

Now we further discuss the stability of this material. As
shown in Fig. 11(a) and (b), the XRD pattern and FTIR spectrum
of the recovered adsorbent after the fourth run are consistent
with that of the fresh BN sample (see Fig. 1(a) and b). These
observations confirm that the structure of the BN nanosheets is
stable under the reaction conditions and is not affected by the
reactants. The morphology of the recycled adsorbent particles
was also analyzed. Fig. 11(c) and (d) show the SEM images of the

This journal is © The Royal Society of Chemistry 2017

adsorbent after four cycles. It can be observed that the recovered
adsorbent almost retained its initial size and morphology (see
Fig. 2). Considering the abovementioned experiment results, we
conclude that the structure of the compound remains intact,
which further confirms its excellent stability and recyclability.

4. Conclusion

In summary, we have successfully synthesized graphene-like h-
BN nanosheets by reacting borax and NH,Cl under MWI in
10 min without any solvent or surfactant. The as-prepared h-BN
nanosheets were used as a novel adsorbent for the removal of
dye in aqueous solution. They exhibit the maximum adsorption
capacity of 472.4 mg g~ ' for MB dye. More importantly, they
present excellent ultrafast adsorption characteristics for cationic
organic dyes. Only 30 seconds is enough to achieve adsorption
equilibrium. Interestingly, they not only exhibit a rapid adsorp-
tion rate and high uptake capacity towards cationic dyes (MB
and RhB), but also exhibit fast selective separation and recovery
from mixed dyes (MB + MO, RhB + MO, and MB + RhB + MO).
This difference in the adsorption capacity of BN nanosheets for
organic dyes is attributed to the synergistic effect of electrostatic
interactions, w-m stacking between adsorbent and adsorbate,
and chemical structure of dye molecules. Thus, the h-BN nano-
sheets present powerful potential in separating dye mixtures in
aqueous solution. Furthermore, their high adsorption capacity
and ultrafast adsorption characteristics make them a potentially
attractive adsorbent in water purification.
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