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Abstract: Direct decomposition of NO into N2 and O2 is an ideal technology for NOx removal.
Catalyst deactivation by sulfur poisoning is the major obstacle for practical application. This paper
focuses on strengthening the SO2 resistance of metal-exchanged HZSM-5 catalysts, by investigating
the metals, promoters, preparation methods, metal-to-promoter molar ratios, Si/Al ratios and metal
loadings. The results show that in the presence of SO2 (500 ppm), Fe is the best compared with Co,
Ni and Cu. Cs, Ba and K modification enhanced the low-temperature activity of the Fe-HZSM-5
catalyst for NO decomposition, which can be further improved by increasing the exchanged-solution
concentration and Fe/Cs molar ratio or decreasing the Si/Al molar ratio. Interestingly, Cs-doped
Fe-HZSM-5 exhibited a high NO conversion and low NO2 selectivity but a high SO2 conversion
within 10 h of continuous operation. This indicates that Cs-Fe-HZSM-5 has a relatively high SO2

resistance. Combining the characterization results, including N2 physisorption, XRD, ICP, XRF,
UV–Vis, XPS, NO/SO2-TPD, H2-TPR and HAADF-STEM, SO4

2− was found to be the major sulfur
species deposited on the catalyst’s surface. Cs doping inhibited the SO2 adsorption on Fe-HZSM-5,
enhanced the Fe dispersion and increased the isolated Fe and Fe-O-Fe species. These findings could
be the primary reasons for the high activity and SO2 resistance of Cs-Fe-HZSM-5.

Keywords: NO decomposition; Fe-exchanged HZSM-5; Cs modification; SO2 resistance

1. Introduction

The maritime transportation industry is the major driving force of the global economy.
Currently, more than 90% of the world’s trade is conducted by international shipping [1],
which emits harmful gases, such as SOx (sulfur oxides), NOx (nitrogen oxides), CO2 (carbon
dioxide) and PM (particulate matter), due to the use of cheap low-quality fuels. Thus, ship
emission pollution seriously affects the natural environment and human health [1–3].

The International Maritime Organization (IMO) has been inspecting ship emission
pollution since 1988, and it has already established specific regulations to limit ship emission
pollution. For example, the “International Convention for the Prevention of Pollution from
Ships” Annex VI (MAPPOL 73/78/79) was passed in 1997, which has been constantly
revised and imposed stricter restrictions on SOx and NOx emission in 2008 and 2019,
respectively [1]. Currently, the limitation of SOx emission from ship exhaust entered into
force on a global maritime transportation scale on 1 January 2020, whereas NOx emission
from ship exhaust was planned to be reduced by 80% in the Baltic Sea and the North
Sea, as the NECA area, after 1 January 2021 [4]. Until now, the technologies for maritime
NOx emission reduction have not been well-established due to the complexity of actual
operation conditions.

The most desirable method for maritime NOx removal is to directly decompose NO
into harmless N2 and O2, due to cost-effectiveness, process simplicity and eco-friendliness,
because it does not require any reductants such as NH3, urea or hydrocarbons. From the

Catalysts 2022, 12, 1579. https://doi.org/10.3390/catal12121579 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal12121579
https://doi.org/10.3390/catal12121579
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-5869-9382
https://orcid.org/0000-0001-6673-3141
https://doi.org/10.3390/catal12121579
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal12121579?type=check_update&version=1


Catalysts 2022, 12, 1579 2 of 13

thermodynamic viewpoint, NO decomposition is favored, i.e., ∆G = −86 kJ/mol [5], but
is limited by dynamics due to the high activation energy of 364 kJ/mol [6]. Therefore,
it is generally accepted that an efficient catalyst is the key to lower the energy barrier.
Unfortunately, all reported catalysts, i.e., noble metals, metal oxides, perovskite-type
oxides and zeolites, suffer from “oxygen inhibition”, caused by the strong chemisorption
of superficial oxygen, which finally results in catalyst deactivation. This deactivation is
more severe for noble metals, metal oxides and perovskite-type oxides. To accelerate O2
desorption from the active sites, a high reaction temperature (>600 ◦C) is required for these
catalysts [7–10].

Cu-based zeolite catalysts exhibit a relatively high activity of NO decomposition at
low temperature due to a weaker “oxygen inhibition”, especially for the Cu-ZSM-5 catalyst.
In 1986, Iwamoto et al. first reported a 90% NO decomposition at 450 ◦C using a Cu-
ZSM-5 catalyst, which shows a higher resistance to “oxygen inhibition” in comparison
with noble metals and metal oxides [11]. Since then, a lot of attention has been paid to
Cu-ZSM-5 catalysts, and most studies focus on understanding the reaction mechanism,
adjusting the hydrothermal stability and regulating the copper species through zeolite
topology, preparation methods, Si/Al molar ratios and metal modifications in the absence
of SO2 [7–10].

Existing studies on NO catalytic decomposition are mostly performed under relatively
mild conditions, but the ship exhaust gas is unstable, complex and rich in SO2, ca. 500 ppm.
More importantly, to avoid reheating of the ship exhaust gas, the devices for NOx abatement
have to be located upstream of the wet-scrubbing desulfurizer. That is, ship exhaust gas
with SO2 first passes through a catalyst bed that is used for DeNOx, which makes the
catalyst strongly deactivated by SO2. Therefore, the SO2 resistance of the catalyst has
always been the biggest obstacle for practical application, and developing a SO2-resistant
catalyst for NO decomposition is indispensable for maritime NOx removal.

However, the resistance to SO2 of Cu-ZSM-5 has seldom been carried out. Iwamoto et al.
found that Cu-ZSM-5 displays a very poor resistance to SO2 poisoning, and the catalyst
deactivated completely at 673–923 K [12]. In recent years, Fe-based catalysts were exten-
sively investigated in the NH3–SCR reaction, exhibiting a better sulfur-tolerant property
than Cu-based catalysts [13–20]. However, only a few studies reported Fe-based catalysts
for NO decomposition, and, furthermore, the sulfur resistance of Fe-based catalysts was
also missed in these studies [21–24].

This study focuses on developing Fe-based HZSM-5 catalysts with a high SO2 resis-
tance, by adjusting the metals, promoters, preparation methods, metal/promoter molar
ratios, Si/Al molar ratios and metal loadings. The activity of NO decomposition and
SO2 resistance of the prepared samples are evaluated under the conditions of simulated
ship exhausts with 1000 ppm NO, 500 ppm SO2 and 10 vol.% O2 with N2 as the balance
gas. The catalysts are characterized by N2 physisorption, XRD, ICP, XRF, UV–Vis, XPS,
NO/SO2-TPD, H2-TPR and HAADF-STEM. Finally, the role of Cs as the best promoter in
improving activity and the SO2 resistance of Fe-HZSM-5 are discussed.

2. Results

This paper focuses on the SO2 resistance of the prepared zeolite catalysts. Thus, the
catalysts were exposed to a high concentration of SO2, ca. 500 ppm, for all the tests. A
series of strategies were adopted to improve the SO2 resistance of Fe-HZSM-5 catalyst for
achieving a superior performance for NO decomposition. Here, SO2 conversion was used
to evaluate the SO2 resistance of catalysts. That is, a high conversion of SO2 (i.e., a low SO2
concentration in the outlet gas) presents a high sulfur deposition on the catalyst’s surface.

2.1. NO Decomposition Activity of Metal-Exchanged HZSM-5 Catalysts

Figure 1 shows the influence of the exchanged metals on NO conversion, SO2 conver-
sion, and the by-product NO2 formed during NO decomposition. However, no N2O was
observed over metal-exchanged HZSM-5 catalysts at 300–550 ◦C in this study. As presented
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in Figure 1a, pure HZSM-5 had a very low NO conversion, whereas metal-exchanged
HZSM-5 catalysts significantly enhanced the conversion of NO. The Fe-exchanged sample
exhibited the highest NO conversion among the Fe-, Co-, Ni- and Cu-exchanged samples.
Meanwhile, by-product NO2 was produced, and its selectivity changed with metal type,
which was observed to be a negative value in the case of pure HZSM-5, as shown in
Figure 1b. The negative value mainly originated from the co-contribution of NO2 formation
and consumption, according to the calculation equation of NO2 selectivity that is shown
in Section 4.3. That is, no extra NO2 was produced in the absence of a metal active site;
meanwhile, some NO2 molecules that existed in the feed gas were adsorbed by the HZSM-5
zeolite, which is rich in micropores. Additionally, metal-exchanged HZSM-5 led to sulfur
deposition on the surface of the catalyst, as confirmed by the SO2 conversion shown in
Figure 1c, which changed with the metal type as well. In addition, reaction temperature
had a significant influence on the catalytic activity of the metal-exchanged catalysts. NO
conversion firstly increased then decreased, and a similar changing trend was observed
for SO2 conversion, though the temperatures at the turning points of NO conversion and
SO2 removal were different. For the best Fe-HZSM-5 catalyst, the optimal temperature is
350 ◦C, which corresponds to a high NO conversion but a low SO2 deposition.
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gas, GHSV = 15,000 h−1.

2.2. NO Decomposition Activity of Promoter-Doped Fe-HZSM-5

To strengthen the activity of the Fe-HZSM-5 catalyst for NO decomposition, various
promoters were employed to modify Fe-HZSM-5 using ion co-exchange, including alkali
metals (Li, Na, K, Cs), alkaline earth metals (Mg, Ca, Ba) and rare-earth metals (La, Ce,
Sm), as presented in Figure 2. In comparison with the Fe-HZSM-5 catalyst, promoter
doping greatly enhanced NO conversion, and this enhancement is more pronounced in
a low temperature range (<400 ◦C), except for Na, as shown in Figure 2a–c. For alkali
metals, K and Cs exhibited a similar enhancement. Ba and Sm were the best for the alkaline
earth and rare-earth metals, respectively. By contrast, K, Cs and Ba displayed a much
better enhancement at a low temperature (<400 ◦C). More importantly, the selectivity of
by-product NO2 was significantly decreased due to promoter addition, especially at a low
temperature range, as presented in Figure 2d–f. In brief, promoter doping improved the
conversion of NO but inhibited the formation of by-product NO2, resulting in an increase
in N2 selectivity.

Choosing the best promoters (K, Cs, Ba), different doping methods were comparatively
investigated, as shown in Figure 3. Taking K doping, for example, K-Fe represents Fe firstly
exchanged with HZSM-5, then K. Whereas Fe-K was the opposite exchange order, while
Fe/K means Fe and K co-exchanged with HZSM-5. As indicated in Figure 3, metal and
promoter exchanging with HZSM-5 one by one is a better method than co-exchange. It can
be seen that Fe-K, Cs-Fe and Fe-Ba show a higher NO conversion than the other catalysts.
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2.3. SO2 Resistance of Promoter-Doped Fe-HZSM-5

SO2 resistance of the catalyst is one of the most important factors for the practical
application of DeNOx for ship exhaust gas. It is generally accepted that SO2 in exhaust gas
can easily poison the catalyst, leading to a quick decrease in the catalytic activity of the
catalyst. The Fe-K-HZSM-5, Cs-Fe-HZSM-5 and Fe-Ba-HZSM-5 catalysts all exhibited a
high NO conversion, as concluded above. Therefore, the SO2 resistance of these catalysts
was comparatively evaluated with time at 350 ◦C in the presence of 500 ppm SO2, as
shown in Figure 4. Clearly, the enhancement of the promoter on the activity of Fe-HZSM-5
was confirmed again by the continuous operation. In comparison with Fe-HZSM-5, NO
conversion increased from 25% to 45% for Cs-Fe-HZSM-5, increasing by ca. 80%. More
importantly, Cs-Fe-HZSM-5 exhibited a better SO2 resistance, since its NO conversion
slightly increased, whereas the NO conversion of Fe-K-HZSM-5 gradually decreased
within 10 h of operation. It is worth noting that the catalysts with a high NO conversion
correspondingly exhibited a high SO2 conversion. However, this finding does not apply to
the formation of the NO2 by-product, since Cs-Fe-HZSM-5 displayed a lower selectivity of
NO2 in comparison with Fe-HZSM-5. These phenomena indicate that SO2 might prefer to
deposit on the Cs site, since Cs displays a stronger basicity than Fe, which protects the Fe
site from sulfur poisoning to some extent. Therefore, Cs-Fe-HZSM-5 is the best regarding
the NO conversion, NO2 selectivity and SO2 resistance among the catalysts studied.
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2.4. Potentials for Improving NO Conversion

Figure 5 showed the potential ways for improving NO conversion. It is worth noting
that the Fe/Cs molar ratios and Si/Al molar ratios of HZSM-5 and the exchanged-solution
concentration all significantly affect NO conversion. Clearly, NO conversion can be en-
hanced by increasing the Fe/Cs molar ratio or decreasing the Si/Al molar ratio of HZSM-5
zeolite. Furthermore, increasing the exchanged-solution concentration of Fe nitrate has
also been found to be an effective way to improve NO conversion. These findings point
out that the number of Fe sites plays an important role in NO conversion, which has been
further demonstrated in our recent work, and the related studies will be reported in the
near future.
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3. Discussion

The above-mentioned experimental results show that the Cs-doped Fe-HZSM-5 cata-
lyst exhibited a high NO conversion as well as SO2 resistance but a low NO2 selectivity.
To understand this phenomenon, a series of characterization techniques including N2 ph-
ysisorption, XRD, ICP, XRF, UV–Vis, XPS, NO/SO2-TPD, H2-TPR and HAADF-STEM were
employed to analyze the physicochemical properties of the Cs-doped Fe-HZSM-5 catalysts.

3.1. Structure-Activity Correlations

Figure 6 and Table 1 present the XRD, UV–Vis, XPS, ICP and XRF results of Cs-Fe-
HZSM-5, Fe-Cs-HZSM-5 and Fe/Cs-HZSM-5 catalysts, with Fe-HZSM-5 as a reference. The
employed HZSM-5 zeolite has a Si/Al molar ratio of ca. 30, which is determined by XRF in
Table 1. XRD patterns reveal that all the metal-exchanged HZSM-5 samples still preserve
the typical MFI topology of the HZSM-5 zeolite, because only the diffraction peaks of
HZSM-5 have been observed and no additional peaks related to Fe or Cs species appeared,
as shown in Figure 6a [25]. However, Fe species existed in HZSM-5, which can be confirmed
by ICP in Table 1 and UV–Vis in Figure 6b. Thus, it can be speculated that the Fe species
existed in the form of amorphous oxide and were highly dispersed in HZSM-5, so that they
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were too small to be detected by XRD. From the UV–Vis results, three O2− → Fe3+ charge-
transfer transitions corresponding to three kinds of Fe oxo species were detected, including
isolated Fe3+ located at the ion-exchange sites (<300 nm), small oligomeric FexOy clusters
(300–400 nm) and Fe2O3 nanoparticles (>400 nm, sub-bands at 470 nm and 560 nm) [26–30].
The Cs-Fe-HZSM-5 sample exhibits the highest amount of isolated Fe3+ and oligomeric
FexOy, since the quantity of the Fe species is highly correlated to the absorbance intensity.
Generally, binary Fe3+-O-Fe3+ (hydroxylated bi-nuclear Fe3+ sites) was considered be the
major small oligomeric FexOy species in Fe-exchanged HZSM-5 with a low Fe/Al molar
ratio, as shown in Table 1, which is supported by existing reports [27,31].
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Table 1. Composition of Fe-HZSM-5, Cs-Fe-HZSM-5, Fe-Cs-HZSM-5 and Fe/Cs-HZSM-5 catalysts
determined by ICP, XRF and XPS.

Samples

ICP XRF XPS

Fe
(wt.%)

Cs
(wt.%)

Fe:Cs
(mol)

Si:Al
(mol)

Fe
Atomic

(%)

Cs
Atomic

(%)

Fe3+

Area (%)

Fe 0.590 0 - 28.57 1.23 0 46.59
Cs-Fe 0.610 0.057 25.64 29.58 0.40 0.26 53.77
Fe-Cs 0.367 0.044 20.01 30.04 0.39 0.28 51.80
Fe/Cs 0.373 0.054 16.51 29.98 0.38 0.40 49.56

XPS analysis reveals that the Fe species in Fe-exchanged HZSM-5 existed in both
Fe3+ and Fe2+, and Cs-doping enhanced the content of the Fe3+ species, which is more
pronounced in Cs-Fe-HZSM-5, as shown in Figure 6c and Table 1 [32,33]. This can be further
confirmed by the H2-TPR results in Figure 7a. Two reduction peaks were observed at
around 350 ◦C and 400 ◦C. The peak at 350 ◦C was attributed to the reduction of Fe3+ in the
Fe2O3 nanoparticles located in the channels of HZSM-5, whereas the peak at 400 ◦C was the
typical reduction of isolated Fe3+ to Fe2+ [32,33], which was more evident for Cs-Fe-HZSM-5
in comparison with Fe-HZSM-5. This suggests that Cs doping enhanced the content of the
isolated Fe3+ species, which is consistent with the UV–Vis results. Figure 7b showed the N2
adsorption–desorption isotherms for Fe-HZSM-5 with or without Cs modification. Clearly,
all the isotherms rose rapidly at P/Po < 0.1, which is the characteristic of a microporosity
material with a type I isotherm. Besides, H4-type hysteresis loops at 0.4 < P/Po < 1.0 were
presented for these isotherms, which is indicative of the presence of narrow slit-like pores
in these samples [34]. Cs and Fe-exchanged HZSM-5 decreased the narrow slit-like pores
of HZSM-5, as shown in Figure 7b, as well as the pore volume, as shown in Figure 7c.
Correspondingly, the surface area of HZSM-5 decreased from 362 to 349 m2/g.
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Cs-Fe-HZSM-5 was the best for NO decomposition, though it exhibited the high-
est amount of isolated Fe3+ and Fe3+-O-Fe3+. These findings indicate that isolated Fe3+

species and Fe3+-O-Fe3+ dimer could be the active sites for NO decomposition through a
redox process. The main steps are shown in Equations (1)–(3) (� representing an oxygen
vacancy), which is supported by the reported literature using Cu-exchanged ZSM-5 cata-
lysts [7]. Compared to isolated Fe3+, Fe3+-O-Fe3+ was reported to be more reducible and
temperature-dependent, and it was considered to be the main active sites at a high tempera-
ture. However, Fe3+-O-Fe3+ could be dissociated into isolated Fe3+ at a temperature as low
as 423 K [29]. Therefore, Fe3+-O-Fe3+ plays an important role in this study regarding the
relatively high reaction temperature. In addition, the by-product NO2 detected in the outlet
gas may originate from NO oxidation through Equation (4) [28]. Similarly, Equation (5)
could be mainly responsible for the SO2 conversion, especially at a high temperature.

2[Fe-O-Fe]→ 2[Fe-�-Fe] + O2 (1)

[Fe-�-Fe] + 2NO→ [Fe-O-Fe] + N2O (2)

2N2O→ 2N2 + O2 (3)

[Fe-O-Fe] + NO→ [Fe-�-Fe] + NO2 (4)

[Fe-O-Fe] + SO2 → [Fe-�-Fe] + SO3 (5)

3.2. Understanding SO2 Resistance of Promoter-Doped Fe-HZSM-5

As indicated by the continuous operation in Figure 4, significant SO2 is deposited on
the surface of promoter-doped Fe-HZSM-5 catalyst, but it does not decrease the conversion
of NO over these catalysts, which is more pronounced for Cs-Fe-HZSM-5 within 10 h. To
understand this phenomenon, XPS was employed to analyze the deposited sulfur species,
as shown in Figure 8. Clearly, SO4

2− was detected on the catalyst’s surface, which can
be confirmed by the binding energy of ~170 eV [35–37], indicating that SO2 was oxidized
into SO4

2− during the reaction process. The amount of SO4
2− deposition on the catalyst’s

surface followed the order of Fe > Cs-Fe > Fe-Ba > Fe-K; meanwhile, the peak of SO4
2−

slightly shifted toward a low binding energy in the same order. It is worth noting that Fe
and Cs-Fe had a similar amount of SO4

2− deposition, but they exhibited the lowest and
the highest NO conversions, respectively, as shown in Figure 4. These experimental results
indicate that a part of SO4

2− reacts with the Cs sites in addition to the Fe sites, which
protects a portion of the Fe sites from being poisoned by SO4

2. This can also be supported
by the obvious decrease in the Cs signal and Fe signal in Figure 8. Different from the Cs
signal, the XPS signals of K and Ba were very weak, but their relative quantities were
higher than that of Cs, as determined by the elemental mapping analysis shown in Figure 9.
This means that most of the K and Ba existed in the channels of HZSM-5 but not on the
surface of catalysts. Therefore, the surface Fe sites deactivated by reacting with SO4

2− and
by SO2/SO3

2− that can be confirmed by a S 2p signal at around 168 eV for the K- and



Catalysts 2022, 12, 1579 8 of 13

Ba-doped Fe-HZSM-5 samples [37]. In addition, the Fe species was well-dispersed on Cs-
Fe-HZSM-5 in comparison with the samples of the K- and Ba-doped Fe-HZSM-5, as shown
in Figure 9. These could be the main reason that the Cs-Fe-HZSM-5 catalyst possessed high
NO conversion and SO2 resistance. Although, if the reaction operates over a much longer
period of time, the catalyst would finally be deactivated by the sulfur accumulation.
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In addition, NO adsorption and NO/SO2 coadsorption, followed by NO and SO2
desorption experiments, were performed to further understand the SO2 resistance of the
Cs-Fe-HZSM-5 catalyst, as presented in Figure 10. In the case of only NO adsorption, the
Cs modification (Cs-Fe-HZSM-5) obviously enhanced the intensity of the NO adsorption
peak at a high temperature (250–400 ◦C) compared with Fe-HZSM-5. In contrast, in the
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case of NO/SO2 co-adsorption, as shown in Figure 10b, the presence of SO2 hindered the
NO adsorption on both the Fe-HZSM-5 and Cs-Fe-HZSM-5 catalysts at a high temperature
(250–400 ◦C), indicating SO2 occupied the corresponding Fe sites. This can be further
demonstrated by the signal of SO2 desorption in Figure 10c. Interestingly, compared with
the sample of HZSM-5, Fe-HZSM-5 greatly enhanced the adsorption of SO2, but Cs doping
inhibited the SO2 adsorption, which is supported by the similar SO2 adsorption amounts of
Cs-Fe-HZSM-5 and HZSM-5, as shown in Figure 10c. Therefore, protecting the Fe active site
from SO2 adsorption by Cs doping is one of the reasons for the high NO conversion and SO2
resistance of the Cs-Fe-HZSM-5 catalyst at 350 ◦C. Furthermore, the sulfur deposition on
the surface of the catalyst mainly existed in the form of metal sulfate for the 10 h operation
reaction at 350 ◦C, because the adsorbed SO2 species completely desorbed from the catalyst
when the temperature was higher than 250 ◦C, as shown by Figure 10c.
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Figure 10. NO and SO2 TPD profiles of Fe-HZSM-5 and Cs-Fe-HZSM-5: (a) NO desorption profiles
after NO adsorption; (b) NO desorption profiles after NO/SO2 coadsorption; (c) SO2 desorption
profiles after NO/SO2 coadsorption. 5000 ppm NO with N2 as balance gas for NO adsorption,
5000 ppm NO, 2500 ppm SO2 with N2 as balance gas for NO/SO2 coadsorption.

4. Materials and Methods
4.1. Materials
4.1.1. Metal-Exchanged Catalyst

The template of the commercial HZSM-5 zeolite with SiO2/Al2O3 = 30 was removed
when it was purchased from Nankai University Catalyst Co., Ltd., China. Before use,
HZSM-5 was calcined at 400 ◦C for 2 h to remove the impurities (e.g., adsorbed H2O). The
water absorption of 1 g HZSM-5 was 1.2 mL, which was measured by incipient wetness
impregnation. That is, deionized water was added to the 1 g HZSM-5 powder dropwise
under stirring, until the 1 g HZSM-5 was completely soaked by water; meanwhile, no extra
water was left. In this condition, the amount of the water used was the water absorption of
1 g HZSM-5.

HZSM-5 catalyst was prepared by aqueous-phase ion exchange. Specifically, the precur-
sor metal nitrates (Fe(NO3)3·9H2O, Co(NO3)3·6H2O, Ni(NO3)2·6H2O and Cu(NO3)3·3H2O)
were dissolved in deionized water to achieve 0.02 mol/L solution. Then, 6 g HZSM-5
powder was soaked in 14.4 mL metal nitrate solution at 70 ◦C for 2 h under continuous
stirring (2.4 mL/g HZSM-5). Next, the resulting mixture was filtered and washed with
deionized water until pH of the filtrate was around 7, and the process was repeated twice.
Subsequently, the paste was dried at 120 ◦C for 5 h before being calcined in air at 540 ◦C for
4 h. The resulting sample was pressed and sieved into 20–40 mesh for activity test.

4.1.2. Promoter-Doped Fe-HZSM-5 Catalyst

The M-Fe-HZSM-5 catalyst was prepared in two steps. The first step was to obtain
Fe-HZSM-5 using the above-described procedures (4.11). The second step was as follows.
The resulting Fe-HZSM-5 sample was dispersed in 14.4 ml 0.01 mol/L metal nitrate solution
to obtain 1:2 molar ratio of M to Fe, and the suspension was stirred at 70 ◦C for 2 h, followed
by filtering and washing with deionized water. Finally, the paste was dried at 120 ◦C for
5 h, before being calcined in air at 540 ◦C for 4 h. The Fe-M-HZSM-5 catalyst was prepared
using a similar process as M-Fe-HZSM-5. Differently, the promoter M firstly exchanged
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with HZSM-5 to obtain M-HZSM-5. After that, the Fe exchanged with M-HZSM-5. The
M/Fe-HZSM-5 catalyst means that promoter M and Fe co-exchanged with HZSM-5. The
preparation process was similar to that described in 4.1.1, but the difference is that the
precursors of promoter and iron nitrate were dissolved in deionized water together.

4.2. Catalyst Characterization

N2-physisorprtion was performed on a BET apparatus (Micromeritics Tristar II2020,
Atlanta, GE, USA) to measure the physical properties of catalyst materials, such as internal
and external specific surface area, pore size distribution and pore volume. The specific
surface area was calculated by Brunauer–Emmett–Teller (BET) formula. A 0.15–0.2 g sample
was firstly treated in vacuum at room temperature for 30 min and then heated to 350 ◦C for
5 h to remove the impurities. Finally, nitrogen adsorption and desorption were carried out
under the temperature of liquid nitrogen, and the physical adsorption curve of the catalyst
was obtained. X-ray diffraction (XRD) was recorded on a Rigaku D-Max 2400 (25 mA,
40 kV), with Cu-Kα ray from 5–80◦ and a scanning speed of 10◦/min. X-ray photoelectron
spectroscopy (XPS) was achieved on an ESCALAB XI+ (UK) using the Al Kα ray source
(150 W), with 500 µm plate size, 50 eV energy of passage and 0.05 eV of energy step. X-ray
fluorescence spectroscopy (XRF) data were recorded on a S8 TICER X (BRUKER AXS,
DE) to analyze the composition of the catalysts. H2 temperature programmed reduction
(H2-TPR) test was conducted on a Quantachrome Chem BET 3000 system to analyze the
redox properties of the catalysts. A 0.15 g sample was firstly pretreated at 550 ◦C for 1 h
in N2 atmosphere to remove impurities such as H2O and CO2 adsorbed on the surface
of the catalysts. After cooling to 50 ◦C, the temperature was raised from 50 ◦C to 800 ◦C
at a rate of 10 ◦C/min in 10 vol.%H2/Ar atmosphere, and the signal of H2 consumption
was collected. Diffuse reflectance UV–Vis spectroscopy (DR UV–Vis) was achieved on
an Agilent UV-550 photometer. NO-TPD and NO/SO2-TPD data were recorded using
an on-line mass spectrometry (Decra gas analysis mass spectrometer, Hiden Company,
Warrington, UK) connected with the reactor for the catalyst test. A 1 g catalyst was firstly
pretreated in an argon flow (50 mL/min) at 540 ◦C for two hours. Then, the sample was
cooled to 50 ◦C, and 5000 ppm NO with N2 as balance gas (or a mixture of 5000 ppm NO
and 2500 ppm SO2 with N2 as balance gas) was adsorbed with a flow rate of 100 mL/min at
50 ◦C for 30 min. After that, the adsorbed sample was degassed at 50 ◦C in Ar atmosphere
with a flow rate of 100 mL/min for 0.5 h. Finally, the sample was heated from 50 ◦C to
750 ◦C at a rate of 10 ◦C/min, during which the desorbed NO and SO2 were recorded by
MS with a SEM detector.

4.3. Activity and Sulfur Resistance of Catalysts

The NO decomposition performance of the prepared catalysts was carried out in a
continuous-flow fixed-bed quartz reactor under the simulated ship exhaust of 1000 ppm
NO, 500 ppm SO2 and 10 vol.% O2 with N2 as a balance gas, as shown in Figure 11. The
simulated gas mixture was fed to 2 g catalyst with 20–40 mesh at a total flow rate of 60 L/h,
and the corresponding gas space velocity was 15,000 h−1. Specifically, before the test, the
catalyst was in situ heated to 300 ◦C, and then the activity data were collected from 300 ◦C
to 550 ◦C at an interval of 50 ◦C. The sulfur resistance was tested in a similar way, but the
difference is that the reaction temperature was maintained at 350 ◦C and the activity data
were collected at an interval of 0.5 h. The inlet and outlet gas composition were monitored
using a Madur IR Photon II analyzer (Austria, madur Photon Infrared gas analyser). It
is worth noting that a small amount of NO2 was detected to be around 70–80 ppm in the
above simulated feed gas. In addition, no N2O was produced, and NO2 was the only by-
product observed in this study. Thus, the indicators of catalyst evaluation mainly include
NO conversion, SO2 removal and the selectivity of N2, which were calculated according to
the following equations.



Catalysts 2022, 12, 1579 11 of 13

NO conversion (%) =
[NO]in − [NO]out

[NO]in
× 100% (6)

SO2 conversion (%) =
[SO2]in − [SO2]out

[SO2]in
× 100% (7)

NO2 selectivity (%) =
[NO2]out − [NO2]in
[NO]in − [NO]out

× 100% (8)

N2 selectivity (%) = 100% − NO2 selectivity (%) (9)
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5. Conclusions

A series of metal-exchanged HZSM-5 catalysts were prepared and evaluated for
the NO decomposition that occurred in simulated ship exhaust gas with 1000 ppm NO,
500 ppm SO2 and 10 vol.% O2 with N2 as the balance gas. Fe was found to be the most active
metal. Cs, Ba and K were found to be better promoters at improving the low-temperature
activity of Fe-HZSM-5, among Li, Na, K, Cs, Mg, Ca, Ba, La, Ce and Sm. In addition, the
NO conversion was greatly facilitated by increasing the exchange-solution concentration
and Fe/Cs molar ratio as well as by lowering the Si/Al molar ratio. The Cs-Fe-HZSM-5
catalysts show a high NO conversion and SO2 conversion but a low selectivity of the NO2
by-product within 10 h of continuous operation. This indicates that the Cs-Fe-HZSM-5
catalyst has a relatively high SO2 resistance. The catalyst characterization results (N2
physisorption, XRD, ICP, XRF, UV–Vis, XPS, NO/SO2-TPD, H2-TPR and HAADF-STEM)
show that SO4

2− was the major species deposited on the catalyst’s surface. Cs doping not
only inhibited the SO2 adsorption on Fe-HZSM-5 but also enhanced the Fe dispersion and
increased the isolated Fe and Fe-O-Fe species. These could be the primary reasons for the
high NO conversion and SO2 resistance as well as the low NO2 selectivity observed over
Cs-Fe-HZSM-5 for NO decomposition.
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