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ABSTRACT: Novel boron nitride (BN) ultrathin fibrous net-
works are firstly synthesized via an one-step solvothermal process.
The average diameter of BN nanofibers is only ∼8 nm. This
nanonets exhibit excellent performance for water treatment. The
maximum adsorption capacity for methyl blue is 327.8 mg g−1.
Especially, they present the property of ultrafast adsorption for dye
removal. Only ∼1 min is enough to almost achieve the adsorption
equilibrium. In addition, the BN fibrous nanonets could be applied
for the size-selective separation of nanoparticles via a filtration
process.
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■ INTRODUCTION

The development of industry and human activity releases
increasing amounts of contaminants, such as metal ions, organic
dyes and cleaning agents, which has focused public concerns.1,2

So, wastewater treatment has attracted much attention in the
past decades because of grievous effluent discharge. Especially,
some dyes discharged from plating, textile, and printing
industries are resistant to diological degradation, which is
quite difficult to remove from the wastewater.3,4 Among the
various technologies (such as photocatalytic degradation,5

electrochemical degradation,6 and adsorption7,8), adsorption
is considered one of the most efficient and economical methods
for water purification.9 Then many polymetic and inorganic
adsorbents have been developed, such as carbonaceous
nanomaterials,10 porous metal oxides,11 clays,12 chitosan,13

and zeolites.14 However, they frequently suffer from the
disadvantage of limited adsorption capacity or slow adsorption
rate, which is generally limited by less adsorption sites, slow
kinetics and nonequilibrium of adsorption.15 Therefore, it is
necessary to develop new adsorbents with high adsorption
capacity and ultrafast adsorption characteristic.
Currently, various nanostructures have been applied for

removal of pollutants from wastewater, including hollow
spheres,16 nanoflowers,17 nanofibers,18 nanonets19 and so on.
Nanofiber network is one of the most promising adsorption
structures. Because of their high surface-to-volume ratio, high
porosity, and interconnected open pores, it can remarkably

enhance the physical and chemical adsorption. Su et al reported
the W18O49 nanowire networks with superior performance for
adsorption of MB, RhB and Pb(II).19 Xiong et al fabricated a
mesoporous NiO ultrathin nanowire networks, which also
presented excellent capacity on the adsorption of Congo red.20

Boron nitride (BN) is isostructural to graphite and has
received considerable attention due to its wide band gap, high
thermal conductivity, excellent oxidation resistance and good
chemical inertness.21−24 In the last decade, a lot of
investigations have been concentrated on the preparation of
various BN nanostructures, such as nanoparticles,25 nano-
tubes,26 nanofibers,27 nanoribbons,28 nanosheets,29 hollow
spheres,16 nanoflowers,30 etc. Among them, ultrathin fibrous
nanonets possibly indicate excellent performance on adsorption
and filtration because of large specific surface area, high surface-
to-volume ratio and interconnected open pores. However, the
efficient synthesis of BN nanofiber networks, especially
ultrathin fibrous nanonets, still remains a challenge. As we
know, this special microstructure has never been reported so
far. Herein, we present an original strategy to fabricate novel
BN ultrathin nanofiber network via a solvothermal process. The
synthesis of BN following the reaction of NH4BF4 and NaN3

was conducted at at 260 °C with an assistance of CS2. In the
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reaction process, NH4N3 gas, as a very important intermediate
(see Figure S1 in the Supporting Information), firstly formed
with the increase in temperature and then rapidly diffused into
the liquid medium (Scheme 1a). Secondly, the fresh NaBF4

would decomposed to generate BF3 gas (Scheme 1b). Then a
convective diffusion of gaseous NH4N4 and BF3 species would
induce the formation of BN nano-fragment in the reaction
medium. Because of the convective diffusion was precisely
conducted along the vertical direction, the fresh BN fragment
would easily stacked to form fibrous nanostructure. It was
reported that CS2 could induce the fast decomposition of
azides,31 which possibly promoted the formation of smaller BN
nano-fragment by improving the reaction activity of NH4N3. As
a result, ultrathin BN nanofibers (Scheme 1c) were obtained
with the assistance of CS2. However, the BN nanofibers were
too thin to vertically stand into an array shape. They then
naturally fell down and formed porous nanonet via connecting
with each other (Scheme 1d).

■ RESULTS AND DISCUSSION
The phase structure of as-obtained sample is firstly confirmed
by the XRD pattern (see Figure S2 in the Supporting
Information). The reflection peaks at ∼26 and ∼42° can be
indexed to the (002) and (100) planes of hBN, respectively. In
the FTIR spectrum (see Figure S3 in the Supporting
Information), besides the peak of adsorbed water at 3418
cm−1, only two obvious peaks, at 1410 and 780 cm−1 are
observed. They are attributed to ν(B−N) and δ(B−N−B)
modes of hBN, respectively.
Images a and b in Figure 1 show the typical BN nanofiber

network prepared with 50 μL of CS2 as the catalyst, in which a
large amount of uniform BN nanofibers are cross-linked with
each other. Meanwhile, the cross-linked nanofibers form a
nanonet structure with high porosity on the rough surface.
Furthermore, the TEM images shown c and d in Figure 1
indicate that the 2D nanonet is completely constructed by BN
ultrathin nanofibers, and a large amount of interconnected
open nanopores are clearly observed. These open nanopores
make the convection mass exchange within these nanonets
happen easily, thus rapid adsorption characteristic and selective
sieving performance can be expected. Besides, differing from
the conventional solvent-evaporation-induced self-assembly

process, the as-obtained BN network was formed by BN
ultrathin nanofibers interconnected via a large amount of
“knots”, rather than a simple accumulation process (Figure 1d,
e). A typical knot is shown in Figure 1e, which is formed by
several BN nanofibers with average diameter of ∼8 nm (Figure
1f and Figure S4 in the Supporting Information). The ultrathin
BN nanofibers can supply much more active adsorption sites
and should exhibit higher adsorption efficiency.
In addition, a group of comparative experiments showed that

suitable content of CS2 catalyst contributed to the formation of
BN ultrathin nanofiber networks. In the reaction system
without CS2 added, only BN nanorods with an average
diameter of ∼50 nm were obtained (see Figure S5a in the
Supporting Information). When 15 μL of CS2 were employed,
a large amount of BN nanofibers were fabricated (see Figure
S5b in the Supporting Information). The average diameter of
these nanofibers is ∼25 nm, but they could not assembly into
netlike nanostructure.
The nitrogen-sorption isotherm was measured to illustrate

the specific surface area (SSA) and pore volume of the BN
ultrathin fibrous nanonets (see Figure S6 in the Supporting
Information). They exhibit type IV isotherm with a H1
hysteresis loop, implying the mesoporous structure. The BET
SSA and BJH pore volume were evaluated to 114.5 m2 g−1 and
0.37 cm3 g−1. The pore volume is mainly attributed to the
network structure.
To explore the adsorption and filtration performances of BN

nanonets, firstly, its contact angle (CA) and zeta-potential were
measured to study the water wettability. The CA measurement
result indicates that BN nanonet exhibits well hydrophilic
(Figure 2a). Because a large number of dangling bonds expose
on the external surface of ultrathin nanofibers, the water
molecules easily adsorb on them. This process thus results in
the formation of abundant −OH to terminate these dangling

Scheme 1. Schematic Illustration of the Formation Process
of BN Ultrathin Fibrous Nanonets

Figure 1. BN ultrathin fibrous nanonets prepared by one-step
solvothermal process with CS2 as the catalysts. (a, b) Typical SEM
images and (c, d) the corresponding TEM images of BN nanonet with
different magnification ratios; (e, f) HRTEM images of a typical
fibrous knot (circled) and a BN nanofiber with diameter of ∼8 nm.
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bonds, which were identified by the FTIR spectrum (see Figure
S3 in the Supporting Inforamtion). The functional groups not
only facilitate superior sorption, but also increase the
hydrophilicity. The Zeta-potential result shows that the
nanonet sample has an overall negative surface charge at
above pH 4 (Figure 2b). The zeta potential decreases towards
acidic PH values. The low isoelectric point is an indication of
abundant acidic sites on BN nanonet. The functional group
(−OH) on the surface of BN nanonet is responsible for the
surface negative charge, which plays a key role in retaining the
contaminants via electrostatic adsorption process.
The adsorption kinetic test of BN nanonet was conducted to

evaluate its adsorption rate of pollutants from the wastewater.
Herein, methylene blue (MB) was chosen as the indicant
reagent for examining the adsorption performance. To directly
observe the quick removal of pollutants by the BN nanonet, 5
mg of sample was added to 10 mL of MB solution with an
initial concentration of 20 mg L−1. Figure 3a shows that the
color of MB solution almost disappeared within 10 s, i.e., more
than 98 % of MB was quickly removed from the solution.
Furthermore, to illustrate the quick adsorption nature of the
nanonet, the ratios of residual MB concentrations to initial one
at different time intervals were recorded after 5 mg of BN
product was added into 10 mL of MB solution with an initial
concentration of 200 mg L−1 (Figure 3b). About 51.3 % of MB
was removed after the sample was added into the solution for 1
min, whereas only ∼3.6 % additional MB was removed after the
next ∼120 min adsorption. The equilibrium adsorption capacity
was 219.6 mg g−1. In other words, the adsorption equilibrium

can be almost achieved in very short time, which is significantly
faster than that of commerical active carbon and some
traditional nanostructures. The ultrafast removal rate in the
beginning 1 min was attributed to the rapid diffusion and
strong electrostatic interaction of MB from the solution to the
external surfaces of BN nanonets.
The adsorption capacity at different equilibrium concen-

trations is shown in Fig. 3c. The Langmuir isotherm model was
employed to describe the relationship between the equilibrium
adsorption capacity (qe, mg g−1) and its equilibrium solute
concentration (Ce, mg L−1).32 The linear form of Langmuir
isotherm is expressed by eq 1

= +C q q b C q/ 1/ /e e m e m (1)

where qm (mg g−1) is the maximum adsorption capacity
corresponding to complete monolayer coverage, and b is the
equilibrium constant. The Langmuir isotherm for MB
adsorption on BN nanonet is shown in Figure S7 in the
Supporting Information. The experimental data fit the
Langmuir adsorption isotherm well. The maximum adsorption
capacity of BN nanonet for MB was as high as 327.8 mg g−1,
which is close to the maximum adsorption capacity of 296.7
mgg‑1 with the initial concentration of 350 mg L−1 (see Figure
S8in the Supporting Information). Moreover, when the initial
concentration of MB increased from 20 to 350 mg L−1, the
removal percentage of MB decreased from 99.2 to 42.2 %. So,
the removal efficiency of MB decreased with an increase in
initial MB concentration. The high adsorption capacity and
ultrafast removal percentage make the BN nanonet efficient in
wastewater treatment. In addition, the kinetic of adsorption is
an important characteristic defining the adsorption efficiency.
Herein, pseudo-second-order model (eq 2) was tested to
investigate the adsorption mechanism.33

= +t q k q t q/ 1/ /t 2 e
2

e (2)

where qt is the adsorption capacity at time t (min) and k2 (g
mg−1 min−1) is the rate constant of pseudo second order
model. As shown in Figure 3d and Figure S9 in the Supporting
Information, The experimental data fit the pseudo second order
model well on the basis of the correlation coefficient (R2). The
qe value of 218.3 mg g−1 calculated with this model was very
close to the experimental value (219.6 mg g−1 from Figure 3b).
This indicates that the rate-limiting step was a chemcial
adsorption process between the adsorbate and adsorbent.34

Then a simple experiment was conducted to intuitively verify
the ultrafast adsorption process. First, 20 mg of BN nanonet
sample was dispersed into 5 mL of ethanol by vigorously
stirring for several hours. The obtained suspension was then
casted into a filter funnel. After dried at ambient temperature,
an analogous filtration membrane obtained. Finally, 5 mL of
MB solution with a concentration of 200 mg L−1 flowed
through the filtrated membrane, as shown in Figure 3e. After a
few seconds, colorless water was obtained by filtrating the deep
blue MB solution with a flow rate of ∼2.5 mL min−1. The result
indicates that the MB species were completely adsorbed by the
BN nanonet sample (Figure 3f). The absorption spectra
correspond to an original (i: 10 mg L−1, which is obtained by
diluting the concentration of 200 mg L−1 to its 1/20 degree)
and filtration-treated (ii) MB solutions, respectively.
Except for the adsorption filtration of pollutant wastewater

(Figure 3e), the BN nanonet membrane can be also used as
nanomesh for separating nanoparticles with different particle

Figure 2. (a) Water contact angle (CA) on the BN nanonet; (b) Zeta
potential vs. pH value of the BN nanonet.
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sizes. Herein, two kinds of Au nanoparticles with average
particle sizes of 15 and 34 nm (see Figure S10 in the
Supporting Information) were selected for examining the
sieving performance of BN nanonet membrane. Just as
indicated by Figure 4, ∼90 % of the 15 nm Au nanoparticles
can freely pass through the nanonet membrane, which was
calculated from the adsorption intensities at 519 nm (Figure
4a). In a sharp contrast, almost all the 34 nm Au nanoparticles
(adsorption intensity at 526 nm) have been filtered out from
the solution, as shown in Figure 4b. The top surface of the BN
nanonet membrane before and after sieving the 34 nm Au
nanoparticles further confirm that it is an effective nanomesh
for separating nanoparticles according to their sizes (Figure 4c,
d). On the basis of the permeability property of the nanonet
membrane studied above, we attempted to use it for the
separation of Au nanoparticles from the binary mixture (15/34
nm). First, when the two kinds of Au nanoparticle solutions
were mixed together with a same volume, a new broad
adsorption peak appeared at 523 nm instead of two individual
peaks at 519 and 526 nm, respectively. Then, the mixture was
filtered through the membrane. After filtration, the adsorption
peak at 519 nm appeared again, which could illuminate that the

membrane rejected most of the 34 nm particles and allowed the
15 nm particles to pass freely (see Figure S11 in the Supporting
Information).

■ CONCLUSIONS

In summary, we first report a novel BN ultrathin nanofiber
networks prepared by one-step solvothermal process. Suitable
content of CS2 catalyst in the reaction system has a significant
effect on the formation of net-like nanostructure. The average
diameter of BN nanofibers is only ∼8 nm, which is the thinnest
up to now. They exhibit the maximum adsorption capacity of
327.8 mgg‑1 for MB. More importantly, they present excellent
ultrafast adsorption characteristic for the organic dye. Only ∼1
min is enough to almost achieve the adsorption equilibrium.
The high adsorption capacity and ultrafast adsorption
characteristic make it a potentially attractive adsorbent in
water purification. In addition, a filtration membrane consisting
of these nanonets also displays a sieving performance for
nanoparticles with different sizes via a filtration process.

Figure 3. (a) Absorption spectra of the (i) original (20 mg L‑1) and (ii) adsorbing-treated MB solutions. The MB solution was treated by adding 5
mg of BN nanonet into 10 mL of MB solution. Inset: photograph of the original and treated solutions. (b) Adsorption rate curve of MB on BN
nanonets. The adsorption rate test was conducted with an initial MB concentration of 200 mg L−1; (c) adsorption capacities at different equilibrium
concentrations; (d) the adsorption capacities at different time intervals; (e) photograph shows the filtration performance of BN nanonet membrane
for MB solution; (f) corresponding absorption spectra of the (i) original (10 mg L−1) and (ii) filtration-treated MB solutions.
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