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ABSTRACT: In this paper, a series of silver nanoparticle
(AgNP)-decorated boron nitride (Ag-BN) with different Ag
amounts were successfully synthesized by a one-pot pyrolysis
method and used as novel high-efficiency adsorbents for the
removal of organic pollutant tetracycline (TC) and rhodamine B
(RhB). According to the adsorption capacity of the samples, the
obtained optimal Ag/B molar ratio was 1%. The adsorption data
fitted well with the pseudo-second-order kinetics and Langmuir
isotherm models with the maximum adsorption capacity of 358
and 880 mg/g for TC and RhB, respectively. The thermodynamic
studies suggested that the adsorption process was spontaneous
and endothermic in nature. The introduction of AgNP onto BN
enhanced the adsorption capacity on account of tunable electronic
properties. The adsorption mechanism is discussed in detail with the effect of pH, density function theory (DFT), and
thermodynamics.
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■ INTRODUCTION
With ever-increasing attention to the water environment, there
is now a great deal of demand for the removal of organic
pollutants from wastewater. The organic pollutants containing
benzene rings are generally residual in the environment and
harmful to public health. Different technologies for treating
water pollutants have been proposed, such as coagulation,1−3

adsorption,4−7 hydrolysis,8,9 photocatalysis,10−12 and electro-
chemistry,13−15 as well as biodegradation.16−18 Among which,
adsorption is selected as a much potential process because of
the low cost, easy operation, outstanding designability, and high
efficiency.19−22

Up to now, different nanomaterials have been control-
prepared as adsorbents in order to acquire desired adsorption
performance, such as FeOOH,23,24 MnO2,

25,26 WO3,
27,28

MOF,29,30 thermoresponsive polymers31−33 and so on. Each
of the materials has inherent limitations, and their structures are
unstable in an harsh environment.34 Boron nitride (BN), as an
analogue of graphite, has aroused much attention due to its
being lightweight and having large specific areas, thermal
stability, and chemical inertness.35−39 In recent years, BN was

investigated and employed widely for adsorption. Lei et al.
reported that porous BN nanosheets had a superior adsorption
for oils, solvents, and dyes.19 Zhang et al. fabricated the
mesoporous hexagonal boron nitride fibers, which had high
adsorption capacity for organic pollutants.40 Yu et al.
synthesized nanosheet-structured boron nitride spheres and
applied for water cleaning.41 Tang et al. prepared porous
hexagonal BN and studied the adsorption performance for
tetracyclines.42 Furthermore, several modification methods
were also used to enhance the adsorptive capacity of BN.
Mechanical solid-state exfoliation was used to modify BN (7 h
for mill and 1 h for pyrolysis) and exhibited high lysozyme
adsorption performance and excellent recyclability.43 Acid
solution was introduced to activate BN fibers (8.5 h for
synthesis and treatment) in order to expose more active sites
and enhance the adsorption behavior.44 These modifications of
BN can efficiently improve the adsorption performance.
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However, the processes are time consuming and complex
operations. Therefore, the development of new modifications
with simple operations is highly desirable.
In our previous work, we found that the electronic properties

of BN played a significant role in adsorption,34,45 and the Lewis
acid−base interaction was also demonstrated according to the
density function theory (DFT).46,47 Both experimental and
theoretical studies confirmed that the adsorptive activity of BN
was related to its electronic properties. Recently, silver
nanoparticle (AgNP) has been proposed as modified materials
in many fields, such as surface-enhanced Raman spectrosco-
py,48,49 reduction reaction,50,51 and lithium ion batteries52,53

due to the excellent electrical conductivity and charge mobility.
Therefore, the superiority of BN and AgNP motivated us as to
whether we could design an appropriate and simple strategy to
couple them for more efficient adsorption.
In this study, we demonstrate a one-pot pyrolysis strategy for

the in situ synthesis of AgNP-decorated boron nitride (Ag-BN)
with tunable AgNP loading amounts for enhancing the
adsorption behavior of tetracycline (TC) and rhodamine B
(RhB). The adsorption activity, including adsorption kinetics,
isotherms, thermodynamics, pH effect, and recycling are
investigated systematically. Additionally, the adsorption mech-
anism is discussed further.

■ EXPERIMENTAL SECTION
Materials. Boric acid (GR, ≥ 99.8%), urea (AR, ≥ 99.0%), silver

nitrate (AgNO3, AR, ≥ 99.8%), and methanol (GR, ≥ 99.7%) were
purchased from Sinopharm Chemical Reagent. Tetracycline (TC, >
98.0%) and rhdamine B (RhB, 95.0%) were purchased from Sigma-
Aldrich.
Synthesis. In a typical synthetic method, boron acid, urea, and

AgNO3 were dissolved in a methanol aqueous solution54 with a molar
ratio of 1:30:X. The mixture was heated at 55 °C until the solution was
boiled away. The obtained light gray powders were calcined at 900 °C
for 5 h in a N2 atmosphere. The obtained products were designed as
Ag(X)-BN, where X was 0.1%, 0.2%, 0.5%, 1%, and 2%. For
comparison, pure BN was also prepared by the same procedure
without adding AgNO3.
Characterization. FT-IR spectra were recorded on a Nexus 470

spectrometer from 4000 to 400 cm−1 using powder-pressed KBr
pellets at room temperature. Ultraviolet−visible diffuse reflectance
spectra (UV−vis DRS) in this system were obtained via a UV−vis
spectrometer (Shimadzu UV-2450 spectrophotometer) by a diffuse
reflectance method with BaSO4 powder as the substrate. The phase
structural characteristics of the samples were determined by X-ray
diffractometry (XRD) using a Bruker D8 diffractometer with Cu Kα
radiation. The chemical states of the prepared samples were analyzed
by X-ray photoelectron spectroscopy (XPS) using a VG MultiLab
2000 spectrometer using Mg KR (1253.6 eV) radiation. The

morphology of the sample was investigated by a scanning electron
microscope (SEM) (JEOL JSM-7001F). The pH values of the reaction
solutions were measured using a pH meter (Starter 2100, Ohaus
Instruments Co., Ltd.). The nitrogen adsorption−desorption iso-
therms were obtained using a TriStar II 3020 surface area and porosity
analyzer (Micromeritics Instrument Corporation, USA).

Adsorption. Batch adsorption experiments were carried out at
room temperature to investigate the adsorption behaviors of TC/RhB
onto Ag-BN with different Ag amounts. Typically, the sample (5.0 mg)
was placed into 25 mL aqueous solutions containing one of the
pollutants with different concentrations in a flask and shaken in a
rotary shaker for a period of time to reach adsorption equilibrium. The
concentration of pollutants was determined by a UV−vis spectropho-
tometer (UV-2501) based on the standard curve. The equilibrium
adsorption capacity (qe) was calculated on the basis of the eq 1.

=
−

q
C C V

m
( )

e
e0

(1)

where C0 and Ce are the initial and the equilibrium concentrations of
pollutants in the test solution (mg/L), V is the volume of the testing
solution (L), and m is the weight of the adsorbent (g).

The initial pH of the TC solution was adjusted in the range of 2−10
using NaOH or HCl solutions to study the effect of initial solution pH
on TC adsorption by Ag(1%)-BN. Adsorption isotherms were
conducted with initial concentrations ranging from 100 to 300 mg/
L. For regeneration, the TC-adsorbed Ag(1%)-BN was washed with
ethanol for 2 h to reach desorption equilibrium. Then, the mixed solids
were washed several times with ethanol and reused in adsorption
experiments. The process was repeated five times.

■ RESULTS AND DISCUSSION

Characterization of Samples. FTIR spectra of Ag-BN
with different Ag amounts are shown in Figure 1a. Two
characteristic peaks around 1380 and 800 cm−1 were attributed
to the vibrations of B−N stretching and B−N bending,
respectively.41 The FTIR spectra of Ag-BN were very similar to
that of pristine BN. The results revealed that the original h-BN
framework remained almost unchanged. Additionally, UV−vis
DRS spectra were also used to investigate the chemical
component information on samples. The results are shown in
Figure 1b. Sharp peaks at 241 nm were found in the spectra of
both BN and Ag-BN, which contributed to h-BN.55 It was
noted that new peaks around 380 nm emerged distinctly in
Ag(1%)-BN and Ag(2%)-BN, which were assigned to the
surface plasmon band of silver.56

Figure 1c showed the crystallographic structure of the
prepared samples in the 2θ range of 10°−80°. Two broad peaks
centered at 2θ = 25.68−26.34° and 2θ = 42.48° were indexed
to the (002) and (100) crystal planes of BN (JCPDS no. 34-
0421).57 Four distinct diffraction peaks at 2θ = 38.02°, 44.24°,

Figure 1. FTIR spectra (a), UV−vis DRS (b), and XRD pattern (c) of Ag-BN with different Ag amounts.
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64.32° and 77.3° corresponding to the (111), (200), (220) and
(311) planes of Ag(0) (JCPDS no. 04-0783) were observed for
Ag-BN samples.58 The intensity of the characteristic peak
intensified gradually with the increase in the AgNP
concentration. In addition, the (002) diffraction peak shifted
slightly to higher angles along with the increase in the AgNP
concentration. According to the Bragg eq (2d × sin θ = nλ), the
(002) diffraction peak shifted slightly to a higher angle,
indicating the decrease in the interplanar distance.34 h-BN

typically exhibited AA′ stacking, in which each B atom eclipses
with an N atom on the adjacent layer due to favorable
electrostatic interaction.36,59 In the following XPS part, it had
been proved that the B atom tended to be more positively
charged. Then, the interaction of interlayer stacking may
become stronger due to the increasing of electrostatic
interaction, resulting in the decrease in the interplanar distance.
Most probably, the shift in the (002) peak was attributed to the
change of electronic properties of the B atom.

Figure 2. XPS spectra of Ag(1%)-BN: (a) full scan of Ag(1%)-BN, (b) Ag 3d of Ag(1%)-BN, (c) B 1s of BN and Ag(1%)-BN, and (d) N 1s of BN
and Ag(1%)-BN.

Figure 3. SEM images of BN (a) and Ag(1%)-BN (d). TEM images of BN (b) and Ag(1%)-BN (e). HRTEM images of BN (c) and Ag(1%)-BN (f).
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X-ray photoelectron spectroscopies (XPS) were investigated
to ascertain chemical states and electron transfer of BN and
Ag(1%)-BN. As depicted in Figure 2a, B, N, O, C, and Ag are
detected in Ag(1%)-BN. In the high-resolusion XPS spectra of
Ag in Ag(1%)-BN (Figure 2b), two peaks at binding energies of
368.8 and 374.9 eV are observed and ascribed to the Ag 3d5/2
and Ag 3d3/2, respectively, which indicated that silver was
present only in metallic form.60,61 This can be taken as
additional evidence for the formation of Ag(0). To further
discuss the effect of AgNP, the high-resolusion XPS spectra of
B and N in BN and Ag(1%)-BN were also investigated,
respectively. As shown in Figure 2c, the bonding energy for B
1S in Ag(1%)-BN has shifted to a higher value compared to
BN. This shift demonstrated that some electrons deviated away
from the B atom, implying that the B atom tended to be more
electropositive.62 In Figure 2d, the slight variation of N 1S is
also observed due to the decorating of AgNP. Therefore, boron
can present increased electropositivity when decorated with
AgNP.
The SEM image in Figure 3a shows BN with a fluffy cloud-

like sheet structure. Figure 3d is the SEM image of Ag(1%)-BN,
which shows that Ag(1%)-BN also had the fluffy structure, and
AgNP on the surface of BN can be seen clearly. Additionally,
the typical TEM images of BN and Ag(1%)-BN (Figure 3b, e)
illustrated the curled sheets microscopic structure of BN, and
the AgNP was anchored onto the BN nanosheets. The size
distribution of AgNP is shown in Figure S1, and the average
size was 176 nm. Figure 3c shows the HRTEM image of BN.
The disordered lattice fringes could be observed due to the
poor crystallinity, which is supported by XRD. The formation
of Ag(1%)-BN was further confirmed by HRTEM (Figure 3f).
It can be seen that AgNP had distinct lattice spacing of 0.211
nm, corresponding to the (200) crystal plane of Ag(0) (JCPDS
no. 04-0783). The above results indicated that AgNP had been
decorated on BN successfully.
The N2 adsorption−desorption isotherms of adsorbents are

illustrated in Figure S2. It can be seen that all isotherms
conformed to type II based on the IUPAC classification, and
the type H3 hysteresis indicated the presence of slits pores
stacked by the layer structure. The pore size distributions
obtained by the DFT model presented the probable pore size
centered about 2 nm, which also indicated the microporosity of
BN. Table 1 displays the textural properties of BN samples,

which is calculated by the Brunauer−Emmett−Teller (BET)
specific surface area (SBET). The Ag(1%)-BN possessed the
largest SBET of 1378 m2/g. But when the content of Ag
increased to 2%, the value of SBET decreased to 834 m2/g. This
may be due to the structural pore collapse or the excess
aggregation of Ag nanoparticles.
Effect of Content of AgNP on Adsorption. The

adsorption capacities of Ag-BN with different Ag amounts for

TC/RhB were explored with an initial concentration of 200
mg/L and a temperature of 298 K. The measured adsorption
capacities of all the samples are shown in Figure 4. Based on the
experimental results, it can be found that suitable decorated
content of 1% AgNP on BN exhibited the best adsorption
capacity.

We proposed that the enhancement of adsorption capacities
was due to the interfacial coupling between Ag and BN with the
introduction of appropriate content AgNP onto BN. The
decoration of AgNP on BN would reduce the outer surface
electron cloud density of BN and increase the electropositivity
of B atoms, which were demonstrated in the XPS part. As we all
know, Lewis acid−base interaction plays a significant role in
adsorptive behavior. In this system, BN acted as a Lewis base
due to the virtual orbitals of the B atoms, and TC/RhB acted as
a Lewis acid because of the lone pair electrons in the oxygen
atoms. The increased electropositivity of virtual orbitals in the
B atoms could build powerful interactions between BN and
TC/RhB and result in an enhancement of adsorption capacity.
A similar phenomenon was also reported in our previous
work.45 The decrease in adsorption capacity for Ag(2%)-BN
may be caused by the aggregation of Ag nanoparticles and the
sharply declined specific surface area (Table 1).

Effect of Solution pH on Adsorption. The effect of initial
solution pH on TC adsorption onto Ag(1%)-BN was studied
within the pH range between 2 and 12 at 298 K with the initial
concentration of 200 mg/L. As shown in Figure 5a, the
adsorption capacity is observed to decrease with the increase in
pH value. It suggested that an acidic condition facilitated TC
adsorption. BN has an overall negative surface charge,63 and
TC has three pKa values, resulting in different charges under
different conditions. When the solution pH is below 3.3, TC
exists as a cation (TCH3

+). At pH between 3.3 and 7.7, TC
exists as a zwitterion (TCH2

0). When pH is higher than 7.7, the
dominant species become TCH− and TC2−, which exist as
anions.64,65 At lower pH, the dominant interaction of
electrostatic attraction caused a more positively charged TC
to absorb onto Ag(1%)-BN. But as pH values increased, the
level of deprotonation of TC increased and TCH− and TC2−

became the dominant species gradually. The increase in the
proportion of negatively charged TC species resulted in an
electrostatic repulsion interaction between TC and negativly
charged Ag(1%)-BN, so less TC was adsorbed onto Ag(1%)-
BN at higher pH conditions. Therefore, pH played a significant

Table 1. Texture Properties of Ag-BN with Different Ag
Amounts

Sample SBET (m2/g) Pore size (nm)

BN 1101 2.1
Ag(0.1%)-BN 1161 2.3
Ag(0.2%)-BN 1148 2.1
Ag(0.5%)-BN 1357 2.1
Ag(1%)-BN 1378 2.1
Ag(2%)-BN 834 2.4

Figure 4. Adsorption capacity of TC/RhB for Ag-BN with different Ag
amounts.
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role during the adsorption process due to electrostatic
interactions. It is noteworthy that when the pH was greater
than 3.3, no electrostatic attraction existed between TC and
Ag(1%)-BN. But the adsorption capacity still stayed at a high
level. It may profit from the nonelectrostatic π−π interaction
between bulk π systems on the Ag(1%)-BN surface and TC
molecules which contained both benzene rings and CO and
CC.66

To better understand the interaction between the TC and
Ag(1%)-BN, a density functional theory (DFT, B3LYP/6-
31+G(d,p)) calculation was performed. The selected model
consisted of a single Ag atom and a cluster of h-BN. This
computational model was first optimized to a local minimum.
Then, the local minimum was analyzed by a reduced density
gradient (RDG) algorithm (Figure 5b).67 The RDG algorithm
was a powerful visualized method to understanding the weak
interaction.68 As can be seen from Figure 5b, the colorful areas
between TC and Ag(1%)-BN represent the weak interaction
between them. It clearly shows that the TC molecule interacted
with the substitute by different interaction types. The left three
cycles show typical O−H···π, N−H···π, and C−H···π
interactions, which can be called σ−π interactions. The right
red cycle shows an interaction between the benzene ring and
the h-BN surface, which can be called a π−π interaction. In
order to further discuss the interactions, we further extended

our analysis to the larger cluster (Ag4 cluster). The RDG
surface of the Ag4 cluster model (Figrue S3) got the same
results with a single Ag model, which was conformed to the
interaction nature in the current system. Hence, it can be
concluded that σ−π and π−π interactions between TC and
Ag(1%)-BN also played an important part during the
adsorption process. Combined with the above analysis, the
adsorption mechanism was σ−π and π−π, and the electrostatic
interactions which deduced from the results of pH effect.

Adsorption Kinetics. Equilibrium time and kinetics
parameters are some of the most significant parameters during
the adsorption process. The effect of contact time for TC/RhB
adsorption onto Ag(1%)-BN at 298 K is shown in Figure 6a.
The adsorption capacity was increased rapidly and gradually
tended to be steady up to 120 min. Further increase in the
contact time did not cause any obvious rise due to the
equilibrium of surface sites for adsorption.69 Therefore, the
adsorption equilibration time was selected at 120 min. Two
kinetic models, pseudo-first-order and pseudo-second-order,
were used to investigate the adsorption behavior which is
shown in eqs 2 and 3, respectively.

− = −lg q q lg q k t( )e t e 1 (2)

Figure 5. (a) Effect of initial pH on the adsorption of TC onto the Ag(1%)-BN. (b) Gradient isosurfaces (s = 0.35 au) for complex TC-Ag-BN. The
surfaces are colored on a red−green−blue scale, ranging from −0.04 to 0.02 au. Red indicates strong attractive interactions. Green indicates typical
van der Waals interactions, and blue indicates strong nonbonded overlap.

Figure 6. (a) Effects of contact time on the adsorption capacity. (b) Plots of the pseudo-second-order kinetic model of TC/RhB onto Ag(1%)-BN,
respectively.
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1

t e e2
2
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where qe and qt (mg/g) are the adsorption capacity at
equilibrium time and time t, respectively. k1 (min−1) and k2
(g·mg−1·min−1) are the rate constant of pseudo-first-order
model and pseudo-second-order models, respectively. The
corresponding parameters calculated from the above two
equations are listed in Table 2. The plots of the pseudo-
second-order kinetic model are shown in Figure 6b. According
to the correlation coefficient R2, the adsorption behavior can be
described well with the pseudo-second-order model.70 t1/2
reflects the time when qt reached one-half of qe (t1/2 =
k2
−1qe

−1). t1/2 with a short time (3.74 and 1.33 min) indicated
that the adsorption behavior of TC/RhB onto Ag(1%)-BN had
a rapid adsorption rate.
Adsorption Isotherms. The adsorption isotherm, provid-

ing the surface properties of adsorbents, is necessary to
establish the distribution of adsorbates between the liquid
phase and the solid phase. Langmuir and Freundlich models are
the most common models to evaluate the adsorption
equilibrium.
The Langmuir isotherm

= +
C
q

C
q q K

1e

e

e

m m L (4)

where Ce (mg/L) is the equilibrium concentration of TC/RhB,
qe (mg/L) is the adsorption capacity at the equilibrium point,
qm (mg/g) is the maximum adsorption capacity, and KL is the
Langmuir constant.
The Freundlich isotherm

=q K Ce F e
n1/

(5)

where Ce and qe are the same as defined above, KF is the
Frendlich constant, and n is the adsorption intensity.
The average percentage error (APE%) is written as

∑= | − | ×
=

APE q q q N% ( )/ / 100
i

N

e exp e cal e exp
1

, , ,
(6)

where qe,exp and qe,cal are the adsorption capacity of experimental
value and calculated value by the isotherm models, respectively.
N is the number of experiment data points. The Langmuir and
Freundlich isotherms are shown in Figure 7. qm, KL, n, KF, and
APE% can be calculated by eqs 4−6, and the results are shown
in Table 3. For the adsorption of TC/RhB, higher correlation
coefficient R2 and lower APE% values of Langmuir fitting
suggested that Langmuir was the better isotherm model for
describing the adsorption process onto Ag(1%)-BN than the
Freundlich model, and the adsorption was proposed as
monolayer adsorption on the surface of Ag(1%)-BN. The
obtained maximum adsorption capacity (qm) of TC and RhB
was 358 and 880 mg/g, respectively. Compared with some
reported adsorbents (listed in Table S1), Ag-BN was a good
candidate for adsorption.

Adsorption Thermodynamics. Thermodynamics esti-
mated in different temperatures (298−328 K) would reflect
the thermodynamic feasibility and spontaneous nature of the
adsorption process, and the parameters are calculated according
to the follow equation71

= Δ
′

− Δ
′

K
S

R
H

R T
ln

(7)

Table 2. Kinetic Parameters for TC/RhB Adsorption onto Ag(1%)-BN at 298 K

Pseudo-first order Pseudo-second order

qe (mg/g) k1 (min
−1) R2 qe (mg/g) t1/2 (min) k2 (g·mg−1·min−1) R2

TC 154 0.026 0.831 294 3.74 0.0009 0.999
RhB 235 0.033 0.722 667 1.33 0.0011 0.999

Figure 7. Langmuir and Freundlich isotherms of TC (a) and RhB (b) adsorption on Ag(1%)-BN.

Table 3. Isotherm Parameters of TC and RhB Adsorption on Ag(1%)-BN at 298 K

Langmuir Freundlich

qm (mg/g) KL (L/mg) R2 APE% KF (L/mg) n R2 APE%

TC 358 0.009 0.990 2.7 12.50 1.71 0.965 7.7
RhB 880 0.113 0.984 2.0 221 3.33 0.918 4.8
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Δ = − ′G R T Kln (8)

where R′ (8.314 J/(mol·K)) is the gas constant, T (K) is the
system temperature, and K is thermodynamic equilibrium
constant (K = lnqe/Ce). As shown in Figure 8a, the adsorption
capacity appears as a decreasing trend with the rise in
temperature. The results suggested that the adsorption behavior
of TC on Ag(1%)-BN was favored at lower temperatures within
the appropriate temperature range. ΔS and ΔH were calculated
from eq 7 with lnK versus 1/T (Figure 8b). ΔG was obtained
from eq 8. All the thermodynamic parameters are presented in
Table 4. The negative values of ΔH indicated an exothermic
nature of adsorption, while the negative values of ΔS illustrated
the decreasing randomness at the solid−liquid interface during
the adsorption process. Meanwhile, the negative values of ΔG
suggested that the adsorption was a spontaneous process.
According to eq 8, ΔG was inversely proportional to qe, and the
smaller value of ΔG indicates a larger value of qe. Therefore, qe/
Ce of Ag(1%)-BN/TC was larger than that of BN/TC, which
also indicated that Ag(1%)-BN showed higher adsorption
capacity than BN. It is well known that ΔH indicates reactive
heat, which means the variation of the reactive energies. The
smaller ΔH value indicated stronger interactions between TC
and adsorbents.68 Decorating AgNP onto BN changed the
electronic properties of BN, making the boron atom more
electropositive, resulting in the enhancement of interaction
between Ag(1%)-BN and TC and the increase in adsorption
capacity.
Regeneration Performance. The regeneration of an

adsorbent is a key factor for its industrial application. The
TC-loaded Ag(1%)-BN was eluted by 20 mL ethanol at 60 °C
for regeneration. The results are shown in Figure 9. During the
first two cycles, the removal efficiency had no obvious change.
But after the second cycle, an obvious decline was observed.
The reason maybe that after several cycles the BN stacked layer
by layer caused the decrease in π−π interaction. Nevertheless,
the removal efficiency of Ag(1%)-BN for TC remained above
70% even after five cycles, demonstrating good regeneration
performance as well as good potential in industry applications.

■ CONCLUSIONS
In conclusion, AgNP was successfully decorated on BN by a
simple one-pot pyrolysis method, and the obtained Ag-BN was
proved to be a high-efficiency adsorbent. The superior
adsorption performance was exhibited in terms of rapid
adsorption rate, good recycling capability, and high maximum
adsorption capacity (358 mg/g for TC and 880 mg/g for RhB
according to the Langmuir isotherm). Importantly, the
introduction of AgNP tailored the electronic properties of
BN and increased its adsorption capacity. Lewis acid−base
interaction, electrostatic interaction, and σ−π and π−π
interactions played important roles in this adsorption process.
We hypothesized that this novel strategy can be used to tune
the electronic properties of other adsorbents for improving
their adsorptive behavior.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications Web site at the TEM images and the size
distribution of Ag nanoparticles of Ag(1%)-BN, pore size and

Figure 8. (a) Effect of temperature on adsorption of TC onto Ag(1%)-BN (a). (b) Regressions of van’t Hoff for thermodynamic parameters.

Table 4. Thermodynamic Parameters for Adsorption of TC onto BN and Ag(1%)-BN

ΔG (kJ/mol)

Adsorbents 289 K 308 K 318 K 328 K ΔH (kJ/mol) ΔS (J/(mol·K))

BN −1.19 −0.76 −0.36 −0.0084 −12.93 −39.47
Ag(1%)-BN −2.39 −1.71 −0.70 −0.040 −26.42 −80.54

Figure 9. Recycle times of the TC removal with Ag(1%)-BN as the
adsorbent.
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BET data, the RDG surface of the Ag4 cluster model and the
list of adsorption capacity for other adsorbents. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acssuschemeng.7b04481.
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