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ABSTRACT
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Newly few-layered boron nitride (BN-550) nanosheets were developed by a
low-temperature synthesis method, which was used to rapidly and efficiently
adsorb lead ions (Pb2?). The samples were characterized by using XRD, FT-IR,
EELS, SEM, TEM, AFM and XPS, revealing that it possessed the large specific
surface area (696 m2 g-1), ultrathin sheet structure (1.2 nm thickness), and
abundant chemical bonds as multiple adsorption sites. The adsorption properties showed that higher adsorption capacity (845 mg g-1) for lead ions and less
equilibrium time (15 min) than many adsorbents reported at present. The
adsorption kinetics and isotherms of BN-550 belonged to the pseudo-secondorder model and Langmuir model, respectively. The easy recyclability and
stability of BN-550 were verified by the experiments regeneration and pH.
Interference experiments indicated that the adsorbents were strong affinity for
Pb2? under the interference of other heavy metal ions such as Ni2?, Cu2?, and
Cd2? ions (their adsorbing capacity individually are 201, 402, and 312 mg g-1).
The XPS and FT-IR analysis revealed that the excellent adsorption performances
for Pb2? attributed to the chemical binding reactions with the numerous surface
functional groups, such as the strong B–O–Pb interactions and –NH2Pb
complex. The threshold value of Pb2? removal on BN-550 nanosheets was
1080 mL g-1 when Pb2? concentration was 50 mg L-1 in adsorption column.
The unique characteristics render ultrathin nanosheets highly promising as an
ideal candidate for the removal of lead ions.
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Introduction
The excessive content of heavy metal ions was
released into the water caused by human activities
increasing, directly leads to the deterioration of the
environment quality and severely endangers human
body health [1–3]. In industrial activities of manufacture, lead ions are frequently consumed, and then
the risk of lead pollution constantly increases. Due to
the nonbiodegradability and bioaccumulation of
Pb2?, the health problem caused by lead ions was
taken seriously. The function of nervous, digestive,
the male reproductive, and the bone hematopoietic
was damaged by the excess lead ions in the body,
especially children [4, 5]. The chemical precipitation,
ion exchange, membrane filtration, and adsorption
were applied to remove heavy metal ions from water
[6–8]. Typically, adsorption is a commonly used
method for removing heavy metal ions due to the
operability and low cost of the adsorbent [9]. Unfortunately, the common adsorbent materials are inefficient and unstable in the face of complex
environments, such as active carbon, silica gel, chitosan adsorbent and zeolite [10–12]. In recent
research, porous thin-layer materials with large
specific surface area and abundant active adsorption
sites was widely concerned, especially boron nitride
nanosheets, such as urchin-like boron nitride, cheeselike carbon-BN, and O-doped BN nanosheets [13–15].
The hexagonal boron nitride (h-BN) with the similar structure of the honeycomb lattice for graphene
readily achieved high specific surface area and
abundant surface chemical bonds [16–18]. For all
these reasons, h-BN has great application prospect in
adsorption of heavy metal. Recently, Li et al. reported
that a activated boron nitride was synthesized at
1300 °C and the adsorption capacity of Cr3?, Co2?,
Ni2?, Ce3?, Pb2? ions were 353, 215, 235, 282, and
225 mg g-1, respectively [19]. Li et al. stated that the
Pb2? ions were powerfully removed by the impact of
the atom vacancies of boron in oxygen-rich boron
nitride nanosheets with thickness 2 nm [20]. Liu et al.
indicated that nanosheet-structured boron nitride
spheres with thickness (9.1–3.1 nm) possessed the
adsorption capacity of Cu2?, Pb2?, and Cd2? were
678.7, 536.7, and 107.0 mg g-1, respectively [21]. In all
these studies, h-BN nanosheets synthesized by high
temperature have good adsorption capacity for heavy
metal ions [22]. For reasons of energy saving,

nanosheets synthesis should be focused on at lower
temperatures. Fewer layers of boron nitride materials
are contemplated for synthesis due to the ability to
provide more surface adsorption sites.
In this work, an efficient adsorbent based on the
few-layered boron nitride (BN-550) nanosheets were
obtained at lower temperature. In the process of
synthesis, the more energy conservation of muffle
furnace preservation heat without gas circulation.
The few-layered BN-550 nanosheets were composed
of the abundant ultrathin nanosheets around 1.2 nm
thicknesses with the large surface area (696 m2 g-1)
and average pore diameter (9.9 nm). The few-layer
structure and large specific surface area contributed
to the adsorption site for BN-550. In particular, the
adsorption capacity and equilibrium time of the fewlayered BN-550 nanosheets for Pb2? removal was
much higher and shorter than the reported boron
nitride, respectively. It has the stronger affinity for
Pb2? under the interference of other heavy metal ions
such as Ni2?, Cu2?, and Cd2? ions. When Pb2? concentration was 50 mg L-1, the threshold value of
Pb2? removal on BN-550 nanosheets was
1080 mL g-1. The excellent adsorption performance
mainly ascribes to the electrostatic attraction and
abundant adsorption site on the surface of the fewlayered BN-550 nanosheets.

Experimental
Materials
The urea (CH4N2O) we used was manufactured by
Macklin Biochemical (China). The boric acid (H3BO3)
and other chemicals used in the interference test were
compounded in Sinopharm Chemical (China). Only
analytical grade reagent can be used in our
investigation.

Synthesis of BN-550 nanosheets
The high-temperature solid method was adopted in a
typical procedure. 3.09 g H3BO3 and 36 g CH4N2O
were well blended in 20 mL distilled water by continuously stirring at 85 °C until obtaining white solid,
and then dried at 85 °C for 12 h to obtain white
powders. Subsequently, the white powders were
placed in a ceramic crucible with a cap, then calcined
at the rate of 3 °C min-1 to reach a series of
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temperatures (450, 500, and 550 °C) for 3 h in a
muffle furnace, as compared to the synthesis temperature of reported boron nitride shown in Table S1
in Supplementary material. According to the different temperatures of calcination, the BN-450, BN-500,
and BN-550 nanosheets were assigned to samples at
three temperatures, respectively.

Characterization methods
The crystal structure of BN-550 nanosheets was
explored by the X-ray diffraction (XRD, PANalytical,
Cu-Ka radiation). The field emission scanning electron microscopy (FE-SEM, FEI Sirion 200 FEG, 10 kV)
and high-resolution transmission electron microscopes (HRTEM, JEOL, JEM-2010, 100 kV) with Zeiss
Auriga microscope were used to observe the surface
topography and elemental mapping of the BN-550.
The structure of few-layer was photographed by
Atomic force microscopy (AFM, Veeco, Multimode
V). The Excellent specific surface area was found by
the Brunauer–Emmett–Teller (BET, Micromeritics,
Tristar II 3020M, N2, 300 °C). The chemical bonds of
the BN-550 before and after removal Pb2? were
explored by the Fourier transform infrared spectroscopy (FT-IR, Thermo Nicolet, Nicolet 8700, KBr)
and X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250Xi, Al Ka hv = 1486.6 eV, 30 eV).
Malvern Zetasizer 3000 HSA was used to calculate the
zeta potentials. The all concentration of Pb2? ions
were computed by the atomic absorption spectrometer (PERSEE, TAS-990) and inductively coupled
plasma mass spectrometry (ICP-MS, PlasmaQuad 3).

Batch adsorption experiments
The batch experiments of adsorption with the variational initial concentration (C0) of Pb2? ions, adsorption temperature, time, and solution pH were
achieved, which contributed to explore thoroughly
the adsorption properties of the BN-550 nanosheet
[23].
During the kinetics experiment, 100 g adsorbents
and 100 mL 1000 mg L-1 Pb2? solution was mixed
and shaken (pH = 6, temperature = 25 °C, revolution = 150 rpm, and times = 1–30 mn). Samples that
need to be detected are sampled by injector with the
membrane filter (0.22 lm) at different time nodes.
During the isotherms experiments, 10 mg adsorbents and 10 mL different concentrations of lead ion
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solution were being placed into the shaker with
150 rpm at 25, 35 and 45 °C for 24 h to establish the
adsorption isotherm of Pb2? in pH = 6.
In the process of the experiment, we just change the
pH value of Pb2? ions solution from 3 to 10. The
10 mg BN-550 nanosheets and 10 mL 1000 mg L-1
Pb2? solutions were blended into 15 mL polypropylene tube at 25 °C, and then proceed as operated
above. The adsorption capacities of the BN-550
nanosheets at the different pH values were listed,
which will help us find the optimum adsorption at
certain pH value.
To resolve the challenge of the environment
diversity and investigate thoroughly the impact of
ions interference, the Ni?, Cu2?, and Cd2? ions
commonly found in the water were selected. And
then 10 mg adsorbent and 10 mL of 1000 mg L-1
Pb2? ion solution was mixed into polypropylene
flasks with different concentrations levels of the coexisting cations (Ni?, Cu2?, and Cd2?) in pH = 6.0.
The supernatant liquid was extracted by a 5 mL
syringe and then the filtered samples were tested by
the Atomic absorption spectrometer.
To study the adsorption capacity of BN-550
nanosheets under actual water conditions, the
adsorption column (see Fig. S1) and the simulated
real water were established. In addition, the real and
complex water deserved to be study by adsorption
experiments, the simulated real water was prepared
by adding 50, 100, or 200 mg L-1 of Pb2? and
200 mg L-1 of NO3-, Cl-, Ca?, and Mg2? ions at
pH = 7.

Analysis
The adsorption capacity of BN-550 nanosheets was
computed by the following formula [24]:
qe ¼

ðC0  Ce ÞV
m

ð1Þ

The initial concentrations (C0, mg L-1), the final
equilibrium concentrations (Ce, mg L-1), the volume
of solution (V, L), and the weight of the adsorbent (m,
mg) were used in the above formula.
The equilibrium adsorptions isotherms of Pb2?
ions were fitted by Langmuir [Eq. (2)] or Freundlich
[Eq. (3)] model [25]:
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qe ¼

qm KL Ce
1 þ KL Ce

ð2Þ

1

qe ¼ KF Cne

ð3Þ

KL and KF are the equilibrium constant of the
Langmuir and Freundlich models (L mg-1),
respectively.
The pseudo-first-order and pseudo-second-order
models use Eqs. (4) and (5) to analyze the type of
kinetics adsorption [26]:
lnðqe  qt Þ ¼ ln qe 

K1 t
2:303

t
1
t
¼
þ
qt K2 q2e qe

ð4Þ
ð5Þ

The adsorption capacity (qe, mg g-1), the adsorption capacity at time t (qt, mg g-1), the constant of
pseudo-first-order adsorption (K1, min-1) and
pseudo-second-order adsorption (K2, mg g-1 min)
were mentioned in above formula [26].

Results and discussion
Characterization of BN
The XRD diffractograms of the different temperatures
samples are presented in Fig. 1a. The (002) and (100)
peaks were distinctly figured at 2h = 24.85°–25.79°
and 2h = 42.80°–43.54°, respectively, which were
more broadened and weak than the standard peak
[27]. In addition, compared to the pure h-BN material, the (002) diffraction peaks of BN-T (BN-450, BN500, and BN-550) nanosheets turned slightly to lower
angles. The BN-550 conforms to the characteristics of
crystal structure on hexagonal boron nitride. Further
analysis of the XRD patterns indicated that the (002)
peak was more narrow than low temperature with
the increase in the synthesis temperature [28].
In Fig. 1b, it demonstrated that the FT-IR patterns
of the BN-T, which possesses more abundant surface
bonds with increasing temperature. The BN-550 had
the more abundant type of chemical bonds compared
with the BN-450 and BN-500. The position of the peak
including 3440, 3248, 1624, 1400, 1255, 1103, 1026, 930,
and 783 cm-1 were registered to the B–OH bonds, B–
NH2 bonds, C=O bonds, B–N bonds, C–N bonds, C–
O bonds, N–H bonds, B–N–O bonds, and B–N–B
bonds [19, 29]. The abundant surface bonds of BN-

550 nanosheets may result in the optimal adsorbing
capacity of lead ions than the others (see Fig. S2 in
Supplementary material). Considering its excellent
adsorption performance, the BN-550 nanosheets were
selected in the following studies.
The curve graph about EELS of B, N, and C atoms
K-edges of BN-550 nanosheets is described in Fig. 1c.
The pronounced peaks at 188.25 and 195.75 eV were
assigned to the characteristic K-edges of B atom,
indicating the low-energy peak (188.25 eV) belonging
to B–C bond, and the high-energy peak (195.75 eV)
originating the B–N bond [30]. The N K-edge
observed around 390–410 eV. The sharp p* peak
along with broad s* peak was confirmed attribute to
the sp2 hybridization configuration in each core–edge
absorption [31]. The B:N atomic ratio was around 3:2,
implying that the redundant boron atoms didn’t
combine with nitrogen atoms. In the C K-edge, the
peak position of 282.75 and 294 eV were marked as
the typical characteristic of graphitic carbon, which
exposed that graphite carbon was present in the BN550 nanosheets [31].
The presence of the elements C, B, and N was
further evaluated by XPS. The atomic percentage of
B, N, and C in the surface of BN-550 nanosheets is
figured to be around 33%, 22%, and 22%, respectively, which indicates that extra boron atoms do not
bind to the nitrogen atoms, instead to generate B–O
bonds or a B–C bonds. In Fig. 1d, the B 1s spectra was
composed of three constituent containing the B–C
bonds, B–N bonds and B–O bonds corresponding at
190.5, 191.4 and 192.6 eV, respectively [32]. The content of B–O bond (37.3%) and B–N (53.4%) bond was
far greater than that of B–C (9.3%), which indicated
BN-550 nanosheets had a plurality of boron atoms
bonded to the oxygen atoms at the edges. The N
1s spectra (Fig. 1e) could be fitted at 397.8 eV (N–B
bonds), 398.7 eV (graphitic N–C bonds) and 399.9 eV
(–NH2), respectively. The higher content of the graphitic N–C bonds (48.5%) or –NH2 (43.4%) than that
of N–B (9.1%) showed that the plenty of C atoms and
H atoms were linked with N atoms in the network
[33]. The three peaks at around 284.77, 286.32 and
288.62 eV were registered to the C–C bonds, C–N
bonds and C–O bonds in the C 1s spectra (Fig. 1f),
respectively, indicating the content of C–N bonds
(52.8%) were more than that of C–C (26.1%) or C–O
bonds (21.1%) [30].
These results distinctly demonstrated that the BN550 nanosheets were composed of B, N, and C atoms,
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Figure 1 a XRD patterns of
BN-450, BN-500, BN-550
nanosheets and b FT-IR
spectra of BN-450, BN-500
and BN-550 nanosheets;
c EELS spectra of BN-550
nanosheets; d B 1s, e N 1s, f C
1s XPS spectra of BN-550.

which can be mutually corroborated by the details of
element mapping on BN-550 nanosheets in Fig. 2.
Further analysis showed that the related elements
were uniformly distributed on BN-550 nanosheet. In
inset of Fig. 2, the atomic percentage of B, N, C, and
O in the surface of BN-550 nanosheets is shown to be
around 35.17%, 32.64%, 21.35%, and 9.61%, respectively. It indicated that extra boron atoms may form

chemical bonds with carbon and oxygen, such as B–C
and B–O bonds.
The SEM image in Fig. 3a indicates that the BN-550
nanosheets possessed the representative porous thin
structure. The TEM image (Fig. 3b) exhibited the
sample existed the fluffy and crumpled framework
structure and interconnected wrinkled layers supplementary large space. The thin-layer structure
along with a large amount of the wrinkle can be
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Figure 2 The EDS graph
(inset is the weight and atom
percentage of each element)
and element mapping of B, N,
C, and O atoms on BN-550
nanosheets.

further shown in Fig. 3c. The formation of slight
wrinkle and turbostratic morphology brings about
the huge specific surface area on BN-550 nanosheets
[20]. Besides, by analyzing from Fig. 3d, the BN-550
nanosheet possessed some hole and highly rough
edges that implying multiple adsorption sites may be
generated on surface. The AFM measurement in
Fig. 3e, f demonstrates that the commendable fewlayer structure was figured by the thrice line-scan
profiles. The thickness results of the number 1, 2, and
3 corresponds 1.17 nm, 1.21 nm, and 1.27 nm, which
are thinner than the reported boron nitride nanosheets, as shown in Table S1 in Supplementary material.
The concave point on the line-scan profiles revealed
that there was much structure of holes in few-layer,
which was more special than other reported boron
nitride. The BN-550 nanosheets with few-layers and
holes can provide more typical surface area to contribute the remarkable adsorption performance for
Pb2? ions.
In Fig. S3, the illustration indicated that the nitrogen adsorption–desorption isotherm belonged to the
visible hysteresis loop of H3 type with dominant
mesoporous structure [5, 34]. The dominate porosity
distribution ranged from the micropore (* 2 nm) to
mesopore (* 10 nm) in Fig. S3 inset, which revealed
the marked porosity in the structure. The value of the
BET surface area and BJH adsorption average pore
diameter were figured by the BET method, which
were 696 m2 g-1 and 9.9 nm, respectively.

Adsorption kinetics
The investigation of the adsorption equilibrium time
will contribute to the application of the adsorbent in
practice [23, 35]. The adsorption kinetic curve is
shown in Fig. 4. The adsorption equilibrium time is
marked as approximately 15 min (C0 = 1000 mg L-1,
pH = 6.0, m = 10 mg, and V = 10 mL at 298.15 K). In
addition, the results indicate that the rapid removal
of lead ions on BN-550 is compared to the reported
adsorbents within less time in Table 3.
After the adsorption kinetics are fitted by the
pseudo-first-order (Fig. S4 in the electronic Supplementary material) and pseudo-second-order model
(Fig. 4 inset), the relevant parameters are listed in
Table 1. The fitting coefficient of pseudo-secondorder model and qe (cal) were 0.99 and 917 mg g-1,
respectively, which was optimal result than the
parameters of pseudo-first-order model. This indicates that the adsorption process of BN-550 nanosheets for Pb2? ions is a chemisorption process [36].

Adsorption isotherms
The adsorption properties of adsorbents are further
studied by the adsorption isotherm experiments,
which will demonstrate changes in adsorption
capacity at different temperatures [37]. The adsorption isotherm of Pb2? shown in Fig. 5 indicates with
the increase in the initial concentration, the
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Figure 3 a The SEM images
of the BN-550 nanosheets on
the 500 nm scale bar; b TEM
images of the nanosheets
showing holes and frameworks
on the nanosheets; c the TEM
image of a single layered
nanosheet structure; d highresolution TEM image of a
single nanosheet with holes on
the nanosheets; e the AFM
image of several pieces
nanosheets with holes, and
f the excellent length and
thickness of a single nanosheet
in the line-scan proﬁles.

adsorption capacity of BN-550 nanosheets gradually
increased until saturated adsorption at a certain
temperature. Subsequently, the adsorption isotherm
is fitted by the Langmuir and Freundlich adsorption
models at 298.15, 308.15 and 318.15 K (pH = 6.0,
m = 10 mg, and V = 10 mL), respectively. The Langmuir model was judged to be more compatible with
the process of adsorbing lead ions on BN-550
nanosheets, due to related parameters of Langmuir
adsorption model (R2 = 0.98–0.99) is closer to 1 than
that of the Freundlich adsorption models
(R2 = 0.82–0.83). Further, it exposed that the adsorption process on the surface of the BN-550 is
monophasic to remove Pb2? ions [24].The more
detailed parameters are shown in Table 2. Moreover,
the results of isothermal adsorption experiment

demonstrated that the maximum capacities of
removal Pb2? ions were 926, 962, and 980 mg g-1 at
298.15, 308.15, and 318.15 K, respectively. In this
work, this was the maximum adsorption of Pb2? ions
in reported h-BN materials, such as 423 mg g-1 for
Pb2? on oxygen-rich porous boron nitride nanosheets, 225 mg g-1 for Pb2? on activated boron nitride,
115 mg g-1 for Pb2? on urchin-like boron nitride,
220 mg g-1 for Pb2? on O-doped BN, and
536 mg g-1 for Pb2? on BN spheres [13, 15, 19, 20, 38].
The adsorption capacities of reported adsorbents are
listed in Table 3. In conclusion, the adsorption
capacities of the BN-550 nanosheets were enhanced
by the increasing temperatures and initial concentrations of Pb2? until the saturated adsorption.
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Figure 5 The adsorption isotherms of Pb2? ions on the BN-550
nanosheets at 298.15, 308.15, and 318.15 K, respectively, the
main graph were Langmuir model simulations, the inset was
Freundlich model simulations.

Figure 4 The adsorption kinetic of Pb2? ions on the BN-550
nanosheets at 298.15 K and inset is related pseudo-second-order
kinetic plots.

Adsorption thermodynamic parameters
analysis

and slope obtained after fitting are the relevant
thermodynamic parameters, which are displayed in
Table 4. Calculation of thermodynamic data was
shown in Supplementary material. The values of
positive DH0 and negative DG0 indicated this was the
spontaneous and endothermic chemical reaction for
Pb2? ions adsorption on BN-550 nanosheets [41–43].

It was significance that we know whether is
endothermic or exothermic in the adsorption process.
The standard free energy change (DG0) is computed
from Eq. (6) [39]:
DG0 ¼ RTlnK0

ð6Þ
-1

The effect of pH on Pb21

-1

where R = 8.314 J mol K , K° is the adsorption
equilibrium constant. Values of lnK0 are Y-intercept
V
e
m
) versus Ce.
in plotting lnKd (Kd ¼ C0CC
e

To study the effect of pH value on the adsorption
capacity of the BN-550, which promotes BN-550
nanosheets to be applied in complex pH values [44].
At different pH values (pH = 3–10), the zeta potentials of the BN-550 nanosheets are measured in
Fig. S7a. When pH = 4 and 5, the zeta potentials of
the BN-550 nanosheets were 10.7 and - 12.4 eV,
respectively, which indicated that the zero charge
potential was between pH = 4 and 5. Further analysis
showed that the surface of BN-550 had the negative

0

The standard enthalpy change (DH ) and the
standard entropy (DS0) are calculated from the plot of
ln K0 versus 1/T for Pb2? adsorptions by Eq. (7) [40]:
ln K0 ¼

DS0 DH0

R
RT

ð7Þ

The point diagram and fit lines of lnKd and Ce are
plotted in Fig. S5. In Fig. S6, the points of lnK0 and 1/
T were fitted to establish a linear plot. The intercept
Table 1 The parameters of
the two types of kinetics
models in Fig. 4

C0 (mg L-1)
Pseudo-ﬁrst-order model
Pb2?
1000
C0 (mg L-1)
Pseudo-second-order model
Pb2?
1000

qe(exp) (mg g-1)

k1 (min-1)

qe(cal) (mg g-1)

R2

845

0.038

1339

0.98

qe(exp) (mg g-1)

k2 (g mg-1 min)

qe(cal) (mg g-1)

R2

845

8.8878 9 10-5

917

0.99
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Table 2 The parameters of the two types models on the BN-550 nanosheets in Fig. 5
Temperature (K)

298.15
308.15
318.15

Langmuir constants

Freundlich constants

qm(cal) (mg g-1)

qm(exp) (mg g-1)

KL (L mg-1)

R2

KF (mg1-n Ln g-1)

n-1

R2

926
962
980

845
910
945

0.056
0.065
0.089

0.99
0.98
0.98

90
99
129

0.46
0.46
0.44

0.86
0.90
0.94

Table 3 The adsorption capacities of Pb2? ions on recently reported materials
Adsorbent sample

Adsorption capacities (mg g-1)

Equilibrium time (min)

References

The magnetic graphene oxide and MgAl-layered
Hydroxyapatite/calcium silicate hydrate
Polydopamine/MnO2
Oxygen-rich porous boron nitride nanosheets
Activated boron nitride
Urchin-like BN
O-doped BN
BN spheres
BN-550 nanosheets

192.3
543.5
185.2
423.0
225.0
115.0
220.0
536.0
845.0

*
*
*
*
*
*

[39]
[24]
[35]
[20]
[19]
[13]
[15]
[38]
This work

Table 4 The thermodynamic parameters of removal Pb2? ions on
the BN-550 nanosheets
T (K)

DH0 (kJ mol-1)

DS0 (J mol-1)

DG0 (kJ mol-1)

298.15
308.15
318.15

22.55

104.37

- 8.65
- 9.51
- 10.72

charge, which promoted the attraction of the BN-550
to Pb2? ions, thereby achieving the effect of removal.
In addition, a graph trend of adsorption capacities
and pH values is constructed in Fig. S7b. The results
show indicated that the adsorbing capacities of Pb2?
gradually increased between pH = 3–8. It may be due
to the gradual increase in OH-, which promotes the
adsorption of heavy metal ions. Further analysis
shows that the maximum adsorbing capacity of Pb2?
was 983.0 mg g-1. When pH value greater than 9,
their adsorption capacity gradually keep steady. In a
word, the BN-550 nanosheets retained high adsorption capacity for removal Pb2? ions at pH = 3–10.

200
60
600
50
360
120

* 200
* 15

Interference and multi-component
adsorption
The reported boron nitride currently used as adsorbent to purify heavy metal such as nickel, copper,
cadmium, and lead [19, 24, 45]. It is novel to explore
the competitive effects of the metals ions with Pb2?
on adsorption. The adsorption capacity of three metal
ions with Pb2? in single, binary and quaternary
solutions made a thorough inquiry and is demonstrated in Fig. 6a. In independent solution, the
adsorption capacity for Ni2?, Cu2?, Cd2?, and Pb2?
ions are 210, 402, 312, and 845 mg g-1, respectively.
In the two components solutions of Ni2?, Cu2?, or
Cd2? with Pb2?, the adsorption capacity for Pb2? ions
slightly lowered, but the adsorption capacity for
Ni2?, Cu2?, and Cd2? were 78%, 88%, and 48% of that
in independent solution, respectively. In the quaternary solutions, the adsorption capacity for Pb2? ions
only reduced by 11%, however, the adsorption
capacity for other heavy metal precipitately lessened.
The result revealed that Pb2? ions were preferentially
adsorbed on BN-550 nanosheets, relative to Ni, Cu,
and Cd ions.
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Figure 6 a Adsorbing capacity of Ni2?, Cu2?, and Cd2? with
Pb2? in single, binary and quaternary mixtures (each metal
concentration: 1000 mg L-1, adsorbent dose: 1.0 g L-1,

temperature: 25 °C, pH: 6.0), and b Pb2? removal efﬁciency on
the BN-550 nanosheets after ﬁve regeneration cycles.

Attributed to the reduce in available binding sites,
the adsorption capacity of BN-550 nanosheets in
diversified metal ions solution is less than that of
single metal ion. In multi-metal solution, the metal
ion with stronger affinity is more likely to occupy the
all-purpose adsorption sites than weaker affinity,
thus maintains adsorption capacity [46]. The results
from the above indicate that the adsorption for nickel,
copper and cadmium ions has little effect on
adsorption of lead ions, implying the greater affinity
of BN-550 nanosheets for Pb2? than Ni2?, Cu2?, and
Cd2?. This case of superior adsorption of Pb2? in
diversified metal solutions was also mentioned in
other studies [44, 46–48].

the BN-550 nanosheets had excellent chemical stabilities and reusabilities for the removal of Pb2?.

Desorption and regeneration
The reversibility and reusability of Pb2? adsorption
onto the BN-550 nanosheets were also demonstrated
by quintic continuous adsorption–desorption cycles.
The initial concentration of the Pb2? solutions was
1000 mg L-1. After adsorption, the adsorption
recovery of Pb2? ions on the BN-550 nanosheets was
accomplished with a 0.1 mol L-1 HNO3 solution. The
BN-550 nanosheets were renovated by a series of
operations including separation and desiccation, and
then reused to adsorb Pb2?. After the quintic
adsorption regeneration cycles, the adsorption
capacities of Pb2? declined slightly from 845 to
750 mg g-1 and are shown in Fig. 6b, indicating that

Removal mechanism
The physical adsorption and chemical adsorption
were considered as the possible mechanism of
removal Pb2? [49]. Electrostatic attraction, as a
physical adsorption, may play a role in the removal
of Pb2? ions on BN-550 nanosheets. This is because
the negative charge on the surface of BN-550 has an
attractive effect to lead ions in the process of
adsorption experiments at pH = 6. In addition, the
chemical binding reaction provides more selective
and less reversible adsorption on Pb2? and occurs
between Pb2? and the surface functional groups. The
polarity of B–N bonds was more suitable for
adsorption on metal ions, due to the ‘‘lop-sided’’
density characteristics of B–N bonds will form more
B–OH bonds and –NH2 bonds, implying that the
multi-electron nitrides can shift the more electron
densities on the metal ions [19].
The changes in the infrared absorption peak of
different chemical bonds before and after Pb2?
adsorption are compared in Fig. 7a. For example, the
peaks of –NH2 (* 3248 cm-1) disappeared, The peak
of B–N bonds (* 1400 cm-1) skewed, and The peaks
of C–O bonds (* 1103 cm-1) and B–N–O bonds
(* 930 cm-1) merged. Not only B–N bonds, but also
the –NH2, B–N–O bonds and C–O bonds contributed
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Figure 7 a The FT-IR spectra
of BN-550 nanosheets, b XPS
spectra of the BN-550
nanosheets, c B 1s, and d N
1s before and after Pb2?
adsorption.

to the high adsorption capacities of the BN-550
nanosheets for Pb2?.
The mechanism of removal Pb2? ions on the BN550 nanosheets was explored by the peak shift of The
XPS spectra before and after Pb2? adsorption. After
adsorption, the XPS spectra of Pb 4f are found in
Fig. 7b. In Fig. 7c, the XPS spectra of B–N and B–O
bonds were offset to 191.7 and 192.7 eV, which indicated that the B–N and B–O bonds had the effect on
the adsorption for lead attribute to ‘‘lop-sided’’ density characteristics of B–N bonds and the strong Pb–O
interactions [20, 23]. Before adsorption (Fig. 7d), the
XPS spectra of N 1s were divided into the B–N bonds
(397.8 eV), graphite N–C (398.7 eV) and –NH2 groups
(399.9 eV), respectively [50]. After adsorption
(Fig. 7d), it can be seen that the binding energies for
the peaks increase substantially, which may attribute
to the bonds between N and Pb was form by a lone
pair of electrons on nitrogen, namely, –NH2Pb
complex [23].
In a word, High performance of removal Pb2? ions
is mainly because of the rich chemical bonds forming

coordination bonds with Pb2? ions on the BN-550
nanosheets, such as the strong B–O–Pb interactions
and –NH2Pb complex [51]. The possible mechanism
of removal Pb2? ions on the BN-550 nanosheets is
presented in Fig. 8. The negative charges attraction
and surface functional groups provided powerful
impact to remove Pb2? ions on BN-550 nanosheets.

Practical application
It was important significance to study the adsorption
performance for adsorbent application in real water.
The ingredient of simulated real water is listed in
Fig. 9 and Table 2, which indicated that the features
of simulated water samples were complex and
unhealthy. The schematic diagram of the bed
adsorption experimental is shown in inset of Fig. 9,
which embodied the operability of the experiment. In
the regulations of the World Health Organization
(WHO), the concentration of lead ions must be less
than 10 lg L-1 in drinking water, thus the threshold
value need to be discovered to facilitate the
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Figure 8 The possible
mechanism of a B–OH and
b –NH2 adsorption for Pb2?
on BN-550 nanosheets.

water is 10 mL min-1, the 1080, 800, and 460 mL of
simulated real water can be treated by 1 g of adsorbent, respectively. Thus, the threshold value of Pb2?
removal on BN-550 nanosheets were 1080, 800, and
460 mL g-1 when Pb2? concentrations were 50, 100
and 200 mg L-1, respectively. The results indicate
that a high adsorption threshold is assigned the low
concentration of lead ion. Consequently, this superior
adsorption performance of BN-550 nanosheets for
Pb2? ions demonstrated that they have high efficiency for Pb2? ions and could be used as an excellent
candidate in real water.

Conclusions
Figure 9 The threshold capability of removal Pb2? at different
initiaL concentrations on BN-550 nanosheets in simulated real
water (C0 (NO3-, SO42?, Cl-, Mg2?, and Ca2?) = 200 mg L-1,
adsorbent quality = 1 g, the velocity of water = 10 mL min-1,
pH = 7), inset is the simulation diagram of adsorption
experiments.

application of the adsorbent in practice [52]. The
threshold value refers that the maximum flow rate of
water meets the WHO limit (0.01 mg L-1) at a certain
weight of adsorbent. In Fig. 9, the experimental
results showed that when the concentration of lead
ions are 50, 100, and 200 mg L-1 and the velocity of

In summary, the few-layered BN-550 nanosheets
were synthesized at the lower temperature than
reported boron nitride, which possess the porous
structure and ultrathin nanosheets. The process of
removal Pb2? ions was fitted in the pseudo-secondorder model and Langmuir model, which indicated
that it was an endothermic and spontaneous reaction.
The parameters suggested that the equilibrium
absorption capacity could get to 845 mg g-1 at 25 °C
within 15 min. Furthermore, the few-layered BN-550
nanosheets had favorable reusability and strong
affinity for Pb2? ions. The XPS and FT-IR analysis
revealed that the excellent adsorption performances
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attributed to the electrostatic bindings and the
chemical binding reactions with the numerous surface functional groups. In simulated real water,
attribute to high efficiency for Pb2? ions, BN-550
nanosheets could be used as an excellent candidate in
real water. In the near future, more thin and largescale of boron nitride nanosheets will be synthesized
like the thin layers of graphene, which will be loaded
with other adsorbent materials for contaminant
removal in real water.
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