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ABSTRACT: Developing non-carbon-based adsorbents is essen-
tial for removing heavy metals from post-incineration flue gas. In
this study, a new high-temperature-resistant adsorbent-activated
boron nitride (BN) was prepared using precursors combined with
a high-temperature activation method. The adsorption character-
istics of BN for Zn, Cu, and Cd in simulated flue gas and sludge
incineration flue gas were investigated using gas-phase heavy metal
adsorption experiments. The results showed that BN prepared at
1350 °C for 4 h had defect structures, abundant pores, functional
groups, and a high specific surface area of 658 m2/g. The adsorption capacity of BN in simulated flue gases decreases with increasing
adsorption temperature, whereas it is always higher than that of activated carbon (AC). The total adsorption capacities for Zn, Cu,
and Cd were the highest at 50 °C with 48.3 mg/g. BN had strong adsorption selectivity for Zn, with a maximum adsorption capacity
of 54.45 mg/g, and its adsorption process occurred mainly on the surface. Cu and Cd inhibited Zn adsorption, leading to a decrease
in the Zn adsorption capacity. In sludge incineration flue gas, BN can quickly reach adsorption equilibrium. The BN had a synergistic
disposal capacity for heavy metals and fine particulate matter. The maximum adsorption capacity was reduced compared to the
simulated flue gas adsorption capacity, which was 5.1 mg/g. However, BN still exhibited a strong adsorption selectivity for Zn, and
its adsorption capacity was always greater than that of AC. The rich functional groups and high specific surface area enable BN to
physically and chemically double-adsorb heavy metals.

1. INTRODUCTION
With the development of the national economy and the
promotion of urbanization, the urban sewage discharge system
and treatment facilities have continuously improved, and
sludge production has increased annually. According to
statistics from 2021, the production of wet sludge (80%
water content) in China is about 71.15 million tonnes.1−4

Sludge treatment and disposal technologies widely used in
China include sanitary landfills, land use, composting, and
incineration.5−8 Sludge incineration has become a more
commonly accepted solid waste treatment method worldwide
because of its ability to achieve sludge reduction quickly and its
harmlessness and resourcefulness, and the rate of sludge
incineration treatment has increased from 21 to 38% in recent
years.9−11 Heavy metals in dry sludge account for 0.5−4% of
the total dry weight and are easily enriched in fly ash particles
or escape directly into the gaseous state during high-
temperature incineration, causing pollution and environmental
damage.12−16 Therefore, heavy metals in the flue gas are
usually removed by pre-treatment before combustion,
controlled during combustion, and removed by adsorption
after combustion. Among these, post-combustion heavy metal
adsorption control technology is currently a research hotspot.
Researchers have focused on developing activated carbon
(AC), kaolin, mineral oxides, and other non-carbon-based
adsorbents.17−19 AC is widely used because of its rich surface

functional groups and pore structure. However, it exhibits low
adsorption efficiency at high temperatures, limited regener-
ation, poor fly ash reusability, and high operating costs.17

Therefore, developing new high-temperature-resistant and
efficient non-carbon-based adsorbents is significant for
developing heavy metal adsorption control technologies after
combustion.
Boron nitride (BN) has good thermal stability, oxidation

resistance, chemical inertness, high specific surface area, large
surface functional groups, a graphene-like structure, and B−N
polar bonds. As a result, BN has a better adsorption capacity
than carbon-based adsorbents.20,21 Li et al. prepared reactive
boron nitride using a simple structural modulation method
with a surface area of up to 2100 m2/g and maximum
adsorption amounts of 215, 225, 235, and 282 mg/g for Co2+,
Pb2+, Ni2+, and Ce3+, respectively.22 Liu et al. synthesized BN
fibers using a Lucerne sponge as a template and a carbon
thermal reduction method, which showed significant adsorp-
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tion performance for Pb2+, Cr3+, Zn2+, and Cd2+ with
maximum absorption capacities of 453, 723, 1885, and 2989
mg/g, respectively, with Cd2+ and Zn2+ breaking the reported
maximum.23 Wang et al. observed that BN could rapidly
adsorb heavy metals and achieve adsorption equilibrium for
Cu2+ and Pb2+ within a short period.24 Other studies have
shown that BN has a selective adsorption capacity for heavy
metals. Different preparation methods result in different
selective adsorption capacities for BN.25−27 Wang et al.
conducted adsorption experiments in a quaternary system
and observed that the adsorption capacity of BN reached 845
mg/g for Pb2+ with significant selectivity and 312, 402, and 201
mg/g for Cd2+, Cu2+, and Ni2+, respectively.28 Azamat et al.
investigated the mechanism of heavy metal adsorption from
wastewater by BN nanotubes using molecular dynamics
methods and showed that BN nanotubes selectively adsorb
Zn2+.29 BN has received significant attention as an efficient
adsorption material.30−34 However, research has primarily
focused on wastewater treatment, and few studies have
reported its gas-phase heavy metal adsorption capacity.
Therefore, a high-temperature-resistant and highly efficient

BN adsorbent was developed in this study using precursors
combined with a high-temperature activation method. The BN
microscopic morphology was regulated by changing the
activation time and temperature. The adsorption character-
istics of BN for the heavy metals Zn, Cu, and Cd under
simulated flue gas and sludge incineration flue gas were
investigated using a self-designed gas-phase heavy metal
adsorption experimental rig. Activated carbon was established
as the control group to analyze the mechanisms influencing the
adsorption capacity of the BN.

2. MATERIALS AND METHODS
2.1. Materials. Melamine (C3H6N6), boric acid (H3BO3),

zinc chloride (ZnCl2), and other chemicals were purchased
from Sinopharm Reagent Co., Ltd. (China). All the chemical
reagents used in this study were analytically pure. The raw
sludge (79% water content) was obtained from a city
wastewater treatment plant in Dalian, Liaoning Province
(China), and its heavy metal content is shown in Table 1.
The raw sludge was dried, ground, sieved (150 μm), and
prepared for use.

2.2. Preparation of Active Boron Nitride Adsorbent.
In this study, a combination of precursors and high-
temperature activation was used to prepare BN. Boric acid
and melamine in a molar ratio of 2:1 were added to 1000 mL
of deionized water, placed in a magnetic agitator, stirred for 2 h
at 300 rpm and 85 °C, then cooled, filtered, washed with water,
and dried at 90 °C for 24 h to obtain the BN precursor. The
precursor was placed in a tubular atmosphere furnace (GSL-
1700X, Kejing, Shenyang, China) under a nitrogen atmosphere
and activated at 1350 °C for 4 h to obtain the BN adsorbent
for backup.
2.3. Simulated (Sludge) Flue Gas Heavy Metal (Zn,

Cu, and Cd) Adsorption Experiments. This study utilized a
self-designed gas-phase heavy metal adsorption experimental
rig, as shown in Figure 1. The simulated flue gas was provided

as a gas-phase heavy metal source via the thermal volatilization
of zinc chloride, copper chloride, and cadmium chloride (3 g
each). A corundum crucible containing the metal chloride salt
(sludge) was placed in the heating zone of a horizontal tube
furnace, and the temperature was set at 1000 °C to ensure that
the experimental sample could be fully volatilized (burned).
The air compressor provided a stable atmosphere, and the
outlet was connected to an adsorption unit and a tail gas
treatment unit. The simulated flue gas flow rate was 300 mL/
min, the adsorbent mass was 0.1 g, and the tail gas absorption
solution was a dilute acid. At the end of the experiment, the
adsorbent was removed, cooled, and placed outside.
2.4. Analyses Methods. Scanning electron microscopy

(SEM, Zeiss Gemini 300) and high-resolution field-emission
transmission electron microscopy (TEM, Thermo Fisher F20)
were used for microscopic morphological and structural
analyses. The specific surface area and pore size distribution
of the BN were analyzed using a fully automated physisorption
instrument for the specific surface area (BET, Mac ASAP
2460) and X-ray diffraction (XRD, RIKEN Smart Lab-SE,
Japan) to analyze the crystallinity and diffraction angle. The
heavy metal content was determined using a microwave
digestion instrument (Shanghai Xinyi, MDS-15) using the
triple acid combination (HNO3−HF−HClO4) method for the
adsorbent and sludge ash digestion. An inductively coupled
plasma emission spectrometer (ICP-OES, Platinum Elmer
Optima-ICP8300) was used to determine the heavy metal
adsorption.

3. RESULTS AND DISCUSSION
3.1. Selection of Preparation Conditions of BN. The

specific surface area size is an important factor affecting the
physical adsorption of adsorbents.35 The experiments inves-
tigated the effect of activation time (3, 4, and 5 h) and
activation temperature (1300−1600 °C) on the specific surface
area of BN, as shown in Figure 2. The results showed that

Table 1. Heavy Metal Content of Raw Sludge (mg/g)

As Cd Cr Cu Ni Zn

0.0111 0.0027 0.1243 4.3928 0.0604 0.6867

Figure 1. Gas-phase heavy metal adsorption test bench.

Figure 2. Specific surface area of BN under different preparation
conditions.
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when the activation time was short or the temperature was low,
the precursor was not completely pyrolyzed, the residual
impurities were not completely volatilized, and the pores were
blocked, so the specific surface area of BN was low. When the
activation time was long or the temperature was high, the
micropores shrank and part of the pore structure was
destroyed, decreasing the specific surface area. The analysis
of orthogonal experiments revealed that the maximum specific
surface area of BN was 658.58 m2/g when the activation
temperature was 1350 °C and the activation time was 4 h, 54.6
times higher than that of ordinary BN. All subsequent studies
used the BN prepared under these conditions as the adsorbent.
3.2. BN Characterization Analysis. 3.2.1. Analysis of BN

Pore Structure. The N2 adsorption−desorption isotherm of
BN is shown in Figure 3. The isotherms are distinct type-I

isotherms with H4 hysteresis lines, indicating the presence of
micropores and narrow-slit mesopores. The pore volume was
about 0.59 cm3/g, and the characteristic pore sizes were 0.88,
2.2, and 3.61 nm, with an average pore size of about 2.9 nm.
BN has a higher surface area and a suitable pore size
distribution, which provide more activated adsorption sites and
improve the trapping capacity of BN for heavy metals in the
gas phase.36

3.2.2. Physical Phase Analysis of BN. The X-ray diffraction
pattern of BN is shown in Figure 4. The characteristic peak at
2θ = 25.46° is the (002) plane, and the characteristic peak at
2θ = 42.4° is the (100) plane. The diffraction peak had a

higher degree of a coincidence than the standard picture card.
The prepared BN was a hexagonal BN material.

=d n2 sin (1)

where θ is the angle between the incident ray and sample, d is
the crystal plane distance, λ is the wavelength of the incident
light, and n is the diffraction level.
The calculated d = 0.349 nm indicates that the BN prepared

using this method was less crystalline and had various defects
on the surface and inside, and the defective structure provided
more activated sites to promote adsorption.20

3.2.3. Analysis of BN Morphology. The SEM and TEM
analysis plots of the BN are shown in Figure 5. After high-
temperature activation, the BN exhibited an independent rod-
like fiber structure with a relatively uniform size and pore size
distribution. The length was approximately 10 to 50 μm, and
the diameter was approx. 0.5 to 3 μm. The surface of BN has
many pore structures with a uniform distribution. The TEM
test results show that the BN had a rod-like structure filled with
pores. As shown in Figure 5d, the crystallographic arrangement
is hexagonal; however, there are more regions of low
crystallinity. After measurement and calculation, the layer
spacing was determined to be at approx. 0.34 nm, slightly
larger than the theoretical value of the BN crystal plane
distance (0.33 nm). This result is consistent with the XRD
results.

3.2.4. XPS Analysis of BN. The chemical bonding of the BN
surface was analyzed using an X-ray photoelectron spectros-
copy analyzer, as shown in Figure 6. From Figure 6a, BN
contained binding energy peaks for B 1s (190.57 eV), N 1s
(398.93 eV), C 1s (284.97 eV), and O 1s (532.38 eV).37

Figure 6b shows a fine map of B 1s, and the results show that
the B 1s map contained B−N bonds (190.76 eV) and B−O
bonds (192.87 eV), with the B atom forming a B−O bond with
the O atom that was favorable for adsorption.38 Figure 6c
shows the N 1s fine spectrum with binding energy peaks at
398.34 and 398.69 eV, corresponding to polar B−N and −NH2
bonds, respectively, with the polar B−N bond being much
higher than the −NH2 bond. The abundance of surface
functional groups and chemical bonds may be the key to the
efficient adsorption capacity of BN.
3.3. Adsorption Properties of Active BN for Zn, Cu,

and Cd. Figure 7 shows the total adsorption capacities of BN
and AC for heavy metals Zn, Cu, and Cd in simulated flue gas
at 50−250 °C. The results show that the total adsorption
capacity of both adsorbents for mixed heavy metals decreased
with increasing temperature. The maximum adsorption
capacities were 48.3 and 34.9 mg/g at an adsorption
temperature of 50 °C, which were 2.8 and 7.4 times the
adsorption capacities at 250 °C, respectively. During the
adsorption of gas-phase heavy metals, the kinetic energy of the
molecules was converted to thermal energy, which is generally
an exothermic process. Thus, an increase in the temperature
leads to a decrease in adsorption.39,40 The total adsorption
capacity of BN for the heavy metals Zn, Cu, and Cd in the
simulated flue gas was greater than that of AC. This
phenomenon became more significant with an increase in
temperature. This was due to the gradual inactivation of the
AC with increasing temperatures.17 When the temperature was
higher than 150 °C, the deactivation phenomenon was more
significant, and the adsorption capacity for heavy metals was
significantly reduced. Table 2 compares the adsorption
capacity of different adsorbents for heavy metals in the gas

Figure 3. N2 adsorption−desorption isotherm of BN.

Figure 4. XRD analysis diagram of BN.
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phase. The results show that the BN adsorbent prepared in this
study has a better adsorption capacity among the reported
adsorbent materials.
Figure 8 shows the adsorption capacities of BN and AC for

heavy metals Zn, Cu, and Cd in simulated flue gas at 50−250

°C. The results show that the adsorption patterns of the two
adsorbents for the individual heavy metals were consistent with
the total adsorption capacity pattern, which showed a
decreasing trend with increasing adsorption temperature. The
adsorption capacities of BN for heavy metals Zn, Cu, and Cd

Figure 5. SEM (a, b) and TEM (c, d) diagrams of the BN.

Figure 6. Plots of the total XPS spectrum (a), B1s fine spectrum (b), and N1s fine spectrum (c) of BN.
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were consistently higher than those of AC at 50−250 °C. The
adsorption capacity of BN was the highest for Zn, reaching
28.74 mg/g, which was 4.3 and 2.3 times higher than the
maximum adsorption capacities for Cu and Cd, respectively,
reflecting the strong adsorption selectivity for the heavy metal
Zn. The AC adsorption capacity for Cd is the highest at 50 °C,
reaching 15.21 mg/g, which is 2 times and 1.2 times the
maximum adsorption capacities of Cu and Zn, respectively. In
contrast, the adsorption capacity of Zn was higher than that of
Cd with increased adsorption temperature. This indicates that
AC did not show strong adsorption selectivity and that the
adsorption temperature had a more significant effect on the
adsorption capacities of different heavy metals.
The above analysis shows that the heavy metals’ adsorption

capacity of BN is always greater than that of AC. This is due to
the abundant polar B−N bonds, −NH2 groups, and B−O
bonds on the surface of BN may have chemical reactions with
heavy metals. During adsorption the polar B−N bonds within
BN are prone to break, forming B−OH bonds and −NH2
groups, the B−OH bonds may form coordination bonds with

heavy metals, which make heavy metals adsorbed in the form
of oxides; the −NH2 groups may complex with heavy metals,
making BN have higher adsorption efficiency.43,44

3.4. Adsorption Performance and Mechanism of
Active BN for Zn. BN has strong adsorption selectivity for
the heavy metal Zn. This section experimentally investigates
the variation in the adsorption capacity of BN and AC for the
heavy metal Zn at 50−250 °C in simulated flue gas, as shown
in Figure 9. The results show that the adsorption capacity of

BN for the heavy metal Zn was greater than that of AC, and
the difference in adsorption capacity was more significant as
the adsorption temperature increased. The adsorption capacity
of BN at 250 °C was 7.5 times higher than that of AC.
The BN had a maximum adsorption capacity of 54.45 mg/g

for the heavy metal Zn at 50 °C. The maximum adsorption
capacity of AC was 37.38 mg/g. Both capacities are higher than
the adsorption capacity of the simulated mixed heavy metal
flue gas. This indicates that Zn, Cu, and Cd compete with each
other in the gas-phase adsorption process, and Cu and Cd
inhibit the adsorption of Zn by the BN.
To further characterize the Zn adsorption behavior of BN,

SEM-energy-dispersive X-ray spectroscopy (SEM-EDS) was
used to characterize before and after adsorption, as shown in
Figure 10 and Table 3. The appearance of uniformly
distributed micron-size clusters on the surface of the BN
after the adsorption of Zn indicates that the heavy metal Zn
was successfully adsorbed on the adsorbent surface. Energy
spectrum analysis of the adsorbed substances on the surface of

Figure 7. Effect of adsorption temperature on the total adsorption
capacity of BN and AC.

Table 2. Adsorption Capacity of Different Adsorbents

adsorbent adsorption capacity (mg/g)

kaolin 33.0 41
silica−aluminum based 2.6 18
AC 17.5 42
AC 34.9 this article
BN 48.3 this article

Figure 8. Effect of adsorption temperature on the adsorption of Zn, Cu, and Cd by BN (a) and AC (b).

Figure 9. Effect of adsorption temperature on the adsorption of Zn by
BN and AC.
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BN using EDS showed that the adsorbent surface mainly
contained B and N and adsorbed Zn, of which the weight
percentage of Zn was approx. 19.69%. The energy spectrum
analysis showed that the adsorption of Zn by BN was higher
than the ICP-OES test results. This is because Zn forms
agglomerate on the surface, and the agglomerate size is
generally in the micron range, which is larger than the average
pore size of BN, resulting in the occurrence of the main
adsorption behavior on the BN surface.
3.5. Adsorption Characteristics of BN for Zn, Cu, and

Cd in Sludge Incineration Flue Gas. To investigate the
high-temperature adsorption characteristics of heavy metals in
sludge flue gas by BN, adsorption experiments were carried out
on sludge combustion flue gas at 1000 °C. The adsorption
temperature was 250 °C, the adsorption time was 5−25 min,
and AC was set as the control group. As shown in Figure 11,

the adsorption of 0−15 min active BN increased gradually and
reached equilibrium at 15 min, with a maximum adsorption
capacity of 5.1 mg/g. The maximum adsorption capacities for
Zn, Cu, and Cd are 3.92, 0.52, and 0.66 mg/g, respectively. BN
exhibited a high adsorption selectivity for Zn in sludge flue gas,
and the adsorption capacity of Zn was 7.5 times higher than
that of Cu. With an increase in adsorption time, the adsorption
capacity maintained dynamic equilibrium, desorption at high
temperatures did not occur easily, and the adsorption was
stable. The adsorption capacity of BN for sludge flue gas was
always higher than that of AC. With an increase in adsorption

time, the deactivation of AC intensified, and the overall
fluctuation of AC adsorption capacity was small; the maximum
adsorption capacity was only 2.2 mg/g and did not show
significant adsorption selectivity. The analysis revealed that, in
addition to gaseous heavy metals in the gas phase, the sludge
flue gas produced fine particulate matter, which had a
competitive mechanism with heavy metals, resulting in a
lower adsorption number of heavy metals than the simulated
flue gas. This indicates that BN can synergistically dispose of
heavy metals and fine particulate matter. In contrast, heavy
metal pollution in practical applications is closely related to
fine particulate matter,45,46 broadening the direction for new
non-carbon-based adsorbent-BN applications.
The adsorption process of Zn in sludge flue gas by BN was

analyzed using the quasi-primary kinetic model and the quasi-
secondary kinetic model, as shown in Figure 12. The results

show that the quasi-primary kinetic model better describes the
adsorption process of BN on Zn. The correlation coefficients
of the quasi-primary and quasi-secondary kinetic models were
not significantly different. Therefore, the adsorption of Zn in
sludge flue gas by BN can be considered as a combined effect
of physical and chemical adsorption.
To further analyze the limiting steps in the process of BN

adsorption of Zn, a diffusion model in the particle is used to
perform a kinetic analysis of the adsorption process, as shown
in Figure 13. The results indicate that the adsorption process
of Zn by BN can be divided into three stages. The first stage is
a fast adsorption stage with k1 of 0.826. The electrostatic
adsorption effect allows Zn to adsorb rapidly on the BN
surface. The second stage is the intraparticle diffusion stage,
with a gradual decrease in slope indicating an increase in the
diffusion resistance for BN to adsorb Zn, and Zn gradually

Figure 10. SEM comparison before (a) and after (b) adsorption of BN.

Table 3. Elemental Content on the Surface of BN Adsorbent
(Weight Percentage)

B N Zn C O

32.65 30.85 19.69 12.25 4.56

Figure 11. Adsorption of Zn, Cu, and Cd in sludge flue gas.

Figure 12. Kinetic analysis of Zn, Cu, and Cd adsorption by BN.
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diffuses toward the internal adsorption sites. In the third stage,
the adsorption of BN on Zn reached saturation, and the fitted
curve did not cross the origin, indicating that in addition to the
influence of intraparticle diffusion factors, it may also be
influenced by other factors.

4. CONCLUSIONS
In this study, a BN adsorbent was prepared using precursors
combined with a high-temperature activation method. The
effects of the activation time and temperature on the
microscopic morphology of BN were investigated, along with
the adsorption characteristics of BN for Zn, Cu, and Cd in
simulated flue gas and sludge incineration flue gas. The results
show that the BN prepared at an activation temperature of
1350 °C and an activation time of 4 h has the maximum
specific surface area (658 m2/g). At this time, the BN has a
typical intermediate pore structure with a pore volume of
about 0.59 cm3/g, an average pore diameter of about 2.9 nm,
and a short rod-like fiber structure with a length of about 10−
50 μm, a diameter of about 0.5−3 μm, and a surface pore in
the abundant class. The BN prepared by this method has high
purity without mixing other impurities, low crystallinity, and
more defective structures. XPS analysis shows that BN surface
contains abundant functional groups and chemical bonds.
The total adsorption capacity of BN in the simulated mixed

heavy metal flue gas decreased with increasing temperature.
The maximum adsorption capacity (48.3 mg/g) was obtained
at 50 °C. The total adsorption capacity of BN was always
greater than that of AC, and when the adsorption temperature
was higher than 150 °C, AC showed deactivation, whereas BN
did not. BN has strong adsorption selectivity for Zn, and its
adsorption capacity is 4.3 times that of Cu and 2.3 times that of
Cd. During the adsorption process, the abundant polar B−N
bonds, −NH2 groups, and B−O bonds on the BN surface have
potential chemical reactions with heavy metals. The maximum
adsorption capacity of BN for Zn in simulated Zn flue gas was
54.45 mg/g. There was a competitive mechanism among Zn,
Cu, and Cd in the adsorption process, and Cu and Cd
inhibited Zn adsorption. The adsorption of Zn by BN occurred
mainly on the adsorbent surface.
In the sludge incineration flue gas, the adsorption rate of BN

was high and reached adsorption equilibrium at 15 min, with a
maximum adsorption capacity of 5.1 mg/g. The maximum
amounts of Zn, Cu, and Cd were 3.92, 0.52, and 0.66 mg/g,
respectively. The BN had a high adsorption selectivity for Zn

in sludge incineration flue gas, and the adsorption capacity for
Zn was 7.5 times higher than that for Cu. The adsorption of
heavy metals by BN is the result of a combination of physical
adsorption and chemical adsorption.
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