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Abstract

Hexagonal boron nitride (hBN) was used as CuOx/TiO> catalyst carrier and its
effect on NO reduction with NHz was studied. After hBN was treated with concentrated
HNOs3, CuOx/TiO2 nanoparticles were dispersed well on hBN, and the addition of hBN
was found to promote NO oxidation, at the same time suppress the NHz oxidation to
NO, thus promoted the selective catalytic reduction of NO at reaction temperature
between 150 to 350 °C, and high De-NOx efficiency of 90.6% was achieved at 275 °C.
Our study indicates that hBN is a promising catalyst promoter and carrier with excellent
stability compared to carbonaceous materials.
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1 Introduction

The control of nitric oxides (NOx) emission from fuel combustion processes,
which cause harmful effects on ecosystem and humanity, has received increasingly
concern. Selective catalytic reduction (SCR) has been proved to be one of the most
effective methods for NOx emission reduction [1] A variety of catalysts have been
investigated, including noble metals [2-4], ion-exchanged zeolites [5-7], and metal
oxides [8, 9]. Especially, V20s-WO3/TiO2 based catalysts have been commercial
applied despite their toxicity [10, 11]. It is therefore necessary to develop novel
catalysts to replace vanadium. Among them, Cu-zeolite based catalysts with low
toxicity have been extensively investigated as SCR catalysts using NHs- and HC-SCR
of NOx, which showing promising properties due to their high thermal stability and
hydrocarbon resistance [12, 13]; though they deactivated rapidly by moisture and SO>
at low temperatures [14].

Besides the catalyst optimization, catalyst carriers and/or promoters are also
important for good SCR performance. For example, copper oxides support on Al,O3
[15], TiO2 [16], SiO2 [17], ZrO2 [18], carbonaceous materials [19] or their composites
[20-22] have been extensively investigated as SCR catalysts, especially carbonaceous
materials have been systematically studied recently as carrier/promoter for their large
surface area and good adsorption of NOx [23, 24]. Nevertheless, due to their instability
under high temperature and oxygen enriched conditions, the carbon-based catalysts
could be difficult to adapt to the complex exhaust gases at relative high temperature.

Hexagonal boron nitride (hBN), being isostructural with graphite, presents a higher
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stability towards oxidation than carbon, which makes it a promising candidate for
catalyst support under extreme operating conditions [25], even as-deposited ultrathin
hBN films are stable in the presence of metallic catalysts in oxygen-rich environments
below 500 °C [26, 27]. In addition, hBN is hydrophobic, preventing moisture
condensation on its surface [28]. But few results using hBN as carrier/promoter have
been reported, in fact it was reported that the dispersion of active components,
especially metal oxides, on hBN is poor, which hindered to its application [29]. In this
study, we found that using a sol-gel method, CuOx/TiO2 nanoparticles could be well
dispersed on nitric acid pretreated hBN. As a result, high performance of selective
catalytic reduction of NO was achieved over the good dispersed CuOx/TiO2-hBN
catalysts.
2 Experimental
2.1 Catalyst preparation

Hexagonal BN (99.9% metals-basis, Aladdin) were pretreated in concentrated
HNO3 at 60 °C for 3h, the suspensions were filtrated, washed with distilled water until
the pH reached up to 7, and the obtained precipitates were dried at 100 °C for later use.
The catalysts were prepared by classical sol-gel method. Pretreated hBN were first
stirred in ethanol for good dispersion, and tetrabutyl titanate was added (keeping
stirring). Then copper nitrate and acetic acid, in distilled water and ethanol, was added
into the above solution, and the resulted solution was stirred until sols were formed.
The sols were aged at ambient conditions to obtain good gels, and then dried at 100 °C

overnight and calcined at 500 °C for 4 h in a N2 atmosphere to acquire CuOx/TiO»-
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hBN. Four samples with different hBN concentrations and same Cu loading were

prepared to investigate the effect of hBN on SCR of NO by NH3, as shown in Table 1.

2.2 Catalyst characterization

X-ray diffraction (XRD) patterns were recorded on a Philips XD-98 X-ray
diffractometer with Ka radiation (A= 0.15406 nm). A Hitachi S-4800 scanning electron
microscope (SEM) was used to characterize the morphology of the samples. Brunauer—
Emmett-Teller (BET) surface areas were measured using an ASAP2000 physical
adsorbent. X-ray photoelectron spectroscopy (XPS) data were obtained using a Thermo
ESCALAB 250, the X-ray source was an Al Ko radiation, and all binding energies were
referenced to the 284.8 eV Cls.

H.-temperature-programmed reduction (H2-TPR) experiments were performed
using 100 mg of each catalyst. The samples were pretreated in helium from 40 °C to
400 °C at a temperature increment of 10 °C/min. TPR experiments were performed at
a heating rate of 10 °C/min under a mixed flow of 10% H. in helium at a flow rate of
30 ml/min. NHs-temperature-programmed desorption (NHs-TPD) experiments were
performed using 200 mg of each catalyst to determine their NH3 adsorption ability. The
sample was pretreated in a N2 stream (30 ml/min) at 400 °C for 1 h, and then cooled to
100 °C. The pretreated sample was exposed to a mixed flow of 4% NHz in Ar at a flow
rate of 20 ml/min for 3 h at ambient temperature, and then heated from 100 °C to 850
°C at a heating rate of 10 °C/min. The H>-TPR and NHs-TPD data were recorded using

an on-line gas chromatograph equipped with a thermal conductivity detector.
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NO-temperature-programmed oxidation (NO-TPO) experiments were performed
in a fixed-bed flow reactor using an NO-NO2-NOx analyzer (Testo AG testo 350) to
record the NO and NO: signals. The catalysts were pasted on three Al plates and
inserted into the fixed-bed [19], then it was heated from 80 °C to 420 °C, and 800 ppm
of NO was fed in the presence of oxygen (5.4 %, v/v) and a N2 balance at a total flow
rate of 1000 sccm and a gas hourly space velocity (GHSV) of 75,000 h™.

NO-temperature-programmed desorption (NO-TPD) and NO2-temperature-
programmed desorption (NO2-TPD) experiments were performed on the catalysts using
Testo AG testo 350 to record the NO and NO: signals. The samples were exposed to a
800 ppm NO flow and 5.4 vol% O- for 2 h at 400 °C and cooled to 100 °C in the same
gas stream, followed by a N2 purge during sample cooling to 80 °C. Once the NO signal
returned to the baseline level, the temperature was ramped from 80 °C to 420 °C in N2
at a rate of 10 °C /min.

2.3 Catalyst activity test

The catalytic activity tests were carried out in the same fixed-bed flow reactor with
1.2 g catalyst samples pasted on three Al plates (4 cm x 10 cm) [30]. The simulated gas
for these tests contained 800 ppm NO, 800 ppm NH3 and 5.4 vol% O- balanced by N>
at total flow rate of 2000 sccm from 100 °C to 400 °C and a GHSV of 75,000 h. The
inlet and outlet concentrations of NO and NO2 were monitored using Testo AG testo
350.

3 Results and discussion

3.1 Catalyst activity
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Catalytic activities of NO removal over CuOx/TiO2-hBN catalysts are shown in
Fig. 1(a). The catalytic performance over all catalysts displayed same volcano shaped
plots, which could be divided into four stages: the NO conversions all increased with
temperature gradually up to 150 °C; and then rapidly increased and reached up to the
maximum values at 275 °C; the quick decrease of activity at temperature from 300 °C
to 375 °C could be due to the side reaction of NHs oxidation [31]; at temperature above
375 °C, the catalytic activities almost lost completely. The Cu-Ti presented the lowest
activity for the reduction of NOx in the investigated window (100-400 °C), which was
in agreement with the previous reports [31, 32]. The addition of hBN promoted the NO
conversion evidently, the maximum of 90.6% NO conversion was achieved over Cu-
Ti-BN-10, compared with 73.2% over Cu-Ti. However, when hBN was further
increased to 15 wt%, the catalytic activity decreased again, this could be due to the
decrease metal oxides dispersion caused by hBN agglomeration, which was supported
by BET surface area decrease from 78.1 to 73.5 m?/g as shown in Table 1.
To simplify the complicated surface reaction, kinetic parameters were calculated
from NO conversion based on the following equations (1-2) on assumption that the

reaction is first-order dependent on NO and zero-order dependent on NH3 [33, 34].

k =—%~In(1—x) @)
k= A-exp(%) (2)

Where K is the reaction rate coefficient (mL/g/s), V is the total gas flow rate (mL/s), M
is the mass of the catalyst (g), x is the conversion of NOx (%), Ea is the apparent

activation energy (J/mol), A is the pre-exponential factor, R is the gas constant (8.3145

6
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J/mol/K), and T is the reaction temperature (K).

As shown in Fig. 1(b), the reaction constant over Cu-Ti-BN-10 was as high as 33
mL/g/s, compared with other catalysts. The apparent activation energies (Ea) were
calculated according to equation (2) and shown in the inset of Fig. 1(b) and Table 2.
The increase of k and decrease of Ea indicated a remarkable promotion for NO catalytic
reduction with the introduction of hBN.

3.2 XRD analysis and SEM observation

Fig. 2 shows the XRD patterns of hBN and CuOx/TiO2-hBN catalysts. From the
XRD peaks, it is evident that TiO> existed as anatase phase (25.3°). Besides, a
hexagonal structure (26.8°) was kept in hBN. The peaks at 35.5° and 38.7°
corresponding to CuOx appeared in all CuOx/TiO2-hBN catalysts. Typical SEM images
of the Cu-Ti and Cu-Ti-BN-10 catalysts are shown in Fig. 3. The grain size of CuOx in
Cu-Ti was found to be larger than those in Cu-Ti-BN-10, which was in line with the
BET surface area results in Table 1.

3.3 XPS analysis

Fig. 4(a) shows the O 1s XPS spectra of CuOx/TiO2-hBN catalysts. The O1s peaks
could be fitted into three peaks referred to the lattice oxygen (O%) at 529.7 eV (hereafter,
denoted as Op) and the chemisorbed oxygen (O2? or O°) belonging to defect-oxide at
531.1~531.7 eV (hereafter, denoted as O.) [35-37]. The relative concentration ratio of
O4/(04+0p) ranked as follows: Cu-Ti-BN-15(37.5%)> Cu-Ti-BN-10(29.0%)> Cu-Ti-
BN-5(28.5%)> Cu-Ti(25.5%). In addition, with the increase of BN concentration, the

O, peaks of CuOx/TiO2-hBN shifted to a higher binding energy (531.12 eV, 531.13 eV,
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531.44 eV and 531.56 eV, respectively), which could facilitate the oxidation of NO to
NO- on the surface of catalyst [36, 38]. Fig. 4(b) presents the Cu 2p XPS spectra of
CuOx/TiO2-hBN catalysts. The satellite peaks at 940.0-945.0 eV and 960.0-965.0 eV,
and the other peaks of Cu are corresponded to the different copper oxides, namely, Cu*
(932.8 and 952.6 eV) and Cu?* (935.1 and 955.0 eV) [19, 21]. The relative intensity of
Icu+/ (Icu++lcu2+) of Cu-Ti-BN-10 (69.9%) is higher than that of Cu-Ti (64.5%), which
could contribute to a higher NOx reduction activity [35, 39, 40].
3.4 H2-TPR and NHs-TPD analysis

The Hy-TPR results are shown in Fig. 5(a) to investigate the reducibility over
CuOx/TiO2-hBN catalysts. For Cu-Ti sample, four convoluted peaks detected could be
ascribed to the sequential reduction of: (i) highly dispersed copper oxide species in
close interaction with the support (139 °C), (ii) stepwise reduction of small and
dispersed copper oxide to copper metallic (220 °C), (iii) the oxygen reduction of the
support surface (395 °C) [16, 41]. Another broad peak at 493 °C could be ascribed to
the reduction of bulk CuO, which is associated with bad dispersion of CuOx on the
support [41]. The almost disappearance of the peak at 493 °C for hBN supported
catalysts indicates a good dispersion of CuOx, in agreement with the SEM analysis.

The NHz3-TPD results are shown in Fig. 5(b). All the profiles display three peaks
centered at about 129 °C, 198 °C and 245 °C, which could be attributed to the NHs
desorbed by weak and medium acid sites. A same type of acid sites appears to be
presented in these catalysts. From Fig. 5(b), the addition of hBN reduced the quantity

of medium acid sites for NHs adsorption, especially for Cu-Ti-BN-5 and Cu-Ti-BN-10
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as shown in Table 2.
3.5 NO-TPO and NOx-TPD analysis

The SCR reaction rate can be substantially increased when a fraction of NO in the
exhaust is converted to NO; [33, 42, 43]. Thus, the NO-TPO performance was studied
and is shown in Fig. 6(a). The NO oxidation increased with temperature and reaches at
a maximum value at about 375 °C due to the thermodynamic limits [44]. With the
addition of hBN up to 10 wt%, the highest NO oxidation over each sample increased
from 17.5% to 19.9%, and 24.7%, respectively. This indicated that hBN strengthened
the oxidation activity of the catalysts. But it decreased to 18.8% when further adding
hBN to 15 wt%.

The adsorption of NOx species on the catalyst surface was also reported to play an
important role in NO reduction [45]. Fig. 6(b) shows the NOx (NO and NO>) desorption
profiles of these catalysts. The storage of NO2> was observed to be much higher than
that of NO over this series of catalysts. Moreover, Cu-Ti-BN-10 represented the best
adsorption capacity of NO and NO. while Cu-Ti performed the worst. The signal of
gaseous NO, detected over all the catalysts, showed two peaks at 100—200 °C and
200—300 °C attributed to physical and chemical adsorption, respectively. In addition,
NO: desorption also represents two peaks, a weak peak at 150-250 °C and a strong at
250—350 °C. The NOx-TPD results demonstrated that the addition of hBN promoted
both the NO physical adsorption and NO> chemical adsorption on the catalyst surface.
Fig. 6 indicated that NO especially NO2> were mainly adsorbed on the catalyst surface

during de-NOx at temperature below 350 °C.
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3.6 NHs Oxidation analysis

The selectivity in a SCR reaction is mainly governed by ammonia activation as
the reaction temperature increases. However, over oxidation of NHsz to NOx are
undesirable byproducts in a SCR reaction [31]. The NHz oxidation to NOx during
reaction is presented in Fig. 7, NHz conversion over all CuOx/TiO2-hBN catalysts kept
at almost 0% below 250 °C, and then increased rapidly to 90% at 300 °C. while the
NHz oxidation over Cu-Ti was evident at 250 °C, indicating a suppression of NH3
oxidation by hBN. This was in agreement with the previous literatures [15, 31, 42]. In
addition, the NO formation was also suppressed by hBN, as shown in Fig. 7(b). The
NHz oxidation to NO reached to 22.8% over Cu-Ti at 300 °C compared to 6.8% over
Cu-Ti-BN-15. Fig. 5 clearly indicated that the addition of hBN reduces the side reaction
of NHs oxidation, which was beneficial to NO removal. Further addition of hBN (15%)
increased the NH3 oxidation to NOx could be attributed to the high concentration of
surface adsorbed oxygen species as shown in Fig. 4. As a result, the de-NOx efficiency
reduced as shown in Fig. 1. By the way, due to limitations of the instrument, the

formation of N2 and N2O was not measured in this study.

3.7 Influence of SO2 and H20 on SCR activity
SO, and H20O always exist in the exhaust even after the desulfurization and are
detrimental to NOx removal at low temperatures. The influence of SOz on the Cu-Ti-

BN-10 catalyst at different temperatures was further investigated as shown in Fig. 8 (a).

10
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The reaction temperature determines on deactivation behavior of SO.. NO conversion
decreased from 86% to 64% at 250 °C. With temperature increased, the SO
deactivation phenomena weakened. Moreover, the existence of SO, improved the SCR
activity at 350 °C, which was in agreement with our previous studies [46]. Details of
SO> influence was shown in Fig. 8 (b), NO conversion slightly decreased from 85% to
83% with 50 ppm SO added, when SO- increased to 200 ppm, the NO conversion
decreased to 58% within 80 min, and it recovered to 64% after SO> was switched off.
The efficiency kept at 62-65% by 250 °C heating in N2 for 1 h. This indicated that CuOx
based catalysts are easily deactivated by SO> [47]. Fortunately, after further heating the
catalyst at 300 °C for 1h, the activity recovered back to its initial level.

The effect of H2O on the de-NOx activity over the Cu-Ti-BN-10 catalyst at 250
°C was further examined and shown in Fig. 9. When 10% H>O was introduced into the
system, the NO conversion decreased from 82% to 62% in 2 hours and then kept
unchanged, but it recovered to the original level quickly after the H,O was switched off.
Even SO, was added at the same time, H20 induced deactivation can also be recovered.
So the de-NOx efficiency decrease is mainly attributed to the competitive adsorption of
H20 and the reactant NH3 [48].

The correlation among the performance of catalysts, the adsorption and oxidation
behavior of NO and NHs could be established according to Fig. 1, 5, 6 and 7. The SCR
reaction could be divided into four stages according to temperature as was discussed in
Fig. 1. In Stage-1 for temperature below 150 °C, the catalysts showed low de-NOx

activity might due to the low NO and NHz activation as shown in Figs. 6 and 7 [32]. In

11
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Stage-2 for temperature from 150 to 275 °C, the activation of NHs happened (Fig.7).
Moreover, the NO to NO> oxidation was also promoted, which accelerated the SCR
activity through the fast reaction of 2NHz + NO + NO2—2N> + 3H20 [49, 50]. The
different apparent activity energy in Stages-1 and -2 as shown in the inset of Fig. 1(b)
and Table 2 supported this assumption. Because of the excessive oxidation of NHs (Fig.
7) and the decrease adsorptive capacity of NO and NO., the SCR activity began to
decrease rapidly above 275 °C in Stage-3 at temperature from 275 to 350 °C. Finally in
Stage-4 for temperature above 350 °C, NOx were totally desorbed, and NO to NO:
oxidation was minimized due to the thermodynamic limits. Moreover, the NH3
oxidation became severe. All these could account for its low SCR performances. Note
that, the increase of NO reduction efficiency below 275 °C (Fig. 1) is accompanied with
adsorption of NO, indicating that the adsorbed NO> plays an important role for SCR
activity [21]. Based on the discussion above, the NOx reduction possibly follows the
L-H mechanism through the reaction between NOx adsorbed and NH3z adsorbed at
temperature below 350 °C [21].
4 Conclusions

In summary, we found that CuOx/TiO2 could be well dispersed over nitric acid
treated hBN, and the SCR activity was significantly promoted especially with 10% hBN
addition. The increased specific area, the promoted oxidation of NO to NO, the strong
NOx adsorption, and also the suppressed side reaction of NHz oxidation are all
beneficial for NOx conversion. High de-NOx activities with a maximum conversion of

90.6% were achieved at 275 °C. Moreover, the regeneration of catalyst deactivation

12
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caused by SO; at low temperature could be achieved by heating the catalyst at 300 °C,
and SO; improved the SCR activity at 350 °C. Our study indicates that hBN is a
promising catalyst promoter and carrier with excellent stability compared to

carbonaceous materials.
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Tables:

Table 1 Summary of the catalysts prepared via the sol-gel method.

Surface Cu atomic

Catalysts (A, B)? hBN (Wt%)  concentration (%)° e Notation
(m?/g)

CuOx/TiO2 (5.90, 0) 0 6.1 30.7 Cu-Ti
CuOx/TiO2-hBN (5.90, 1) 5 4.1 42.1 Cu-Ti-BN-5
CuOx/TiO2-hBN (5.90, 2) 10 4.5 78.1 Cu-Ti-BN-10
CuOx/TiO2-hBN (5.90, 3) 15 4.7 73.5 Cu-Ti-BN-15

pretreated hBN - - 22.4 BN

&The letter of A and B represent the measured mass of copper nitrate and hBN,
respectively.

b Surface atomic concentration as calculated by XPS.

Table 2 Ea and NH3 desorption peak area of the catalysts.

Ea from Fig.1(b) Peak area from Fig.5(b)
Notation
100-175°C 175-250 °C 100-150 °C 150-200 °C 200-300 °C
Cu-Ti 95.3 39.3 0.18 0.46 0.36
Cu-Ti-BN-5 43.2 34.8 0.34 0.42 0.24
Cu-Ti-BN-10 43.5 23.0 0.26 0.48 0.20

Cu-Ti-BN-15 57.9 31.9 0.25 0.43 0.30
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Fig. 1 (a) NOx conversion over CuOx/TiO2-hBN catalysts. (b) The kinetic rate
constant k over the catalysts. Reaction condition: [NH3z] = 800 ppm, [NO] = 800 ppm,

[O2] = 5.4%, balance N2, and GHSV = 75,000 h™2,
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Fig. 2 XRD patterns of the hBN and CuOx/TiO.-hBN catalysts.
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Fig. 3 SEM images of (a) Cu-Ti-BN-10; (b) Cu-Ti.
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Fig. 4 XPS results of (a) O 1s and (b) Cu 2p in CuOx/TiO2-hBN catalysts.
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Fig. 5 (a) H2-TPR and (b) NH3-TPD profiles of the CuOx/TiO2-hBN catalysts.

22



Page 23 of 26

RSC Advances

_
=
S
[
=
1

[ [
= th
" 1 '}

NO Oxidation (%)

| —=—Cu-Ti-BN-15

| ——Cu-Ti-BN-5

—e— Cu-Ti-BN-10

—v— Cu-Ti

1 v 1 v 1 v T v T v 1 v L}
100 150 200 250 300 350 400
Temperature (°C)

200 1

150 4

100 4

NO:2 Concentration (ppm) T

(=]
L

NO Concentration (ppm)

100 150 200 250 300 350 400
Temperature (°C)

Fig. 6 (a) NO-TPO by Oz over the CuOx/TiO2-hBN catalysts. Reaction conditions:

[NO] =800 ppm, [O2] = 5.4%, balance N2, and GHSV = 75,000 h™*. (b) NOx-TPD

L) v L . T hd T . 1 A L] A 1
100 150 200 250 300 350 400
Temperature (°C)

profiles of the CuOx/TiO2-hBN catalysts dosed with NOx at 400 °C and then cooled

to 100 °C in NOx prior to temperature ramping.
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Fig. 7 NH3-TPO by Oz over CuOx/TiO2-hBN catalysts. Reaction conditions: [NH3] =
800 ppm, [O2] = 5.4%, balance N, and GHSV = 75,000 h™*.NH3-TPO profiles of the

CuOx/TiO2-hBN catalysts dosed with NH3 at 400 °C and then cooled to 100 °C in

NO/O> prior to temperature ramping.
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Fig. 8 (a) Effect of SO2 on NOx conversion over the Cu-Ti-BN-10 catalyst at
different temperatures, reaction conditions: [NHs] = 800 ppm, [NO] = 800 ppm, [O2]
= 5.4%, 200 ppm SO (when used), balance N2, and GHSV = 75,000 h™%; (b) Effect of
SO2 concentration on NOx conversion over Cu-Ti-BN-10 catalyst at 250 °C, reaction

conditions: [NHs] = 800 ppm, [NO] = 800 ppm, [O2] = 5.4%, [SO,] = 50-200 ppm

(when used), balance N2, and GHSV = 75,000 h ™1,
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Fig. 9 Influence of H2O on NOx conversion over the Cu-Ti-BN-10 catalyst at 250 °C,
reaction conditions: 200 ppm SOz and 10% H20O (when used), [NHz] = 800 ppm,

[NO] =800 ppm, [O2] = 5.4%, balance N2, and GHSV = 75,000 h™*.,
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