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Abstract: In order to realize the resource utilization of coal gasification slag (CGS) and to effectively
control the emission of nitrogen oxides (NOx) in coke oven gas, the effect of the reaction conditions and
vanadium loading over the CGS catalysts was carried out for the selective catalytic reduction (SCR)
of NO by NH3. The various vanadium loaded CGS catalysts were prepared using impregnation
methods. The addition of 1% vanadium to the CGS catalyst (V1/CGS) significantly enhanced
the NO conversion at a wide temperature range of 180–290 ◦C. The catalysts were characterized
by N2 adsorption/desorption, X-ray photoelectron spectroscopy, H2-temperature programmed
reduction, NH3-temperature programmed desorption, Inductively coupled plasma optical emission
spectrometer (ICP-OES), thermo gravimetric analyses (TGA), Fourier Transform infrared spectroscopy
(FTIR), Scanning electron microscope-Energy dispersive spectrometer (SEM-EDS), and X-ray powder
diffraction (XRD). The experimental results show the following: That (1) the NO removal efficiency
of the sample CGS3 was the best, and it could be up to 100% under the experimental conditions;
(2) The NO removal efficiency of the catalysts was higher in the atmosphere with SO2 than that
without SO2; (3) The XRD results indicated the active component of vanadium was homogeneously
dispersed over CGS and the active component of catalyst was V2O5 according to the XPS results.
In particular, the NH3-TPD spectra of the vanadium loaded CGS catalyst showed that vanadium
produced more acid sites, and the Lewis acid sites on the vanadium species were the active sites for
the catalytic reduction of NO at 240–290 ◦C.
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1. Introduction

The coking chemical industry is an important part of the coal industry. However, the nitrogen
oxides emitted from coke oven flue gas pollute our living environment and endanger our physical
health. Therefore, the coking industry’s flue gas treatment is imminent. According to reports, NH3-
selective catalytic reduction (SCR) technology is the most effective technology for removing NOx from
flue gases [1,2]. The commonly adopted commercial catalyst is V2O5–WO3(MoO3)/TiO2 [2–4], and its
working temperature must be above 300 ◦C in order to obtain good catalytic activity and to avoid pore
plugging caused by the deposition of ammoniumsulfate salts over the catalyst surface. However, at low
temperatures, the presence of H2O and SO2 can seriously affect SCR activity [5]. According to the
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literature, some catalysts (such as MnO2/Al2O3, CuO/AC (activated carbon), and Fe2O3/AC) show
a high SCR activity at 120–250 ◦C, but they are prone to SO2 deactivation because of the formation
of sulfate salts [6–8]. Developing a catalyst that is resistant to SO2 poisoning is critical to the SCR
process. Studies have shown that in resisting the anti-ammonium sulfate, activated carbon or coke as
a carrier is superior to TiO2 and SiO2 [9]. Zhu et al. [10] reported a carbon-supported vanadium oxide
(V2O5/AC) catalyst for the SCR reduction. The catalytic activity was greatly promoted in the presence
of SO2. Numerous studies have reported that coal and coal-based materials (e.g., coal fly ash) could be
prepared for activated carbons [11,12]. So, from the perspective of simplifying the process and saving
costs, can we use coal gasification slag (CGS) as an alternative activated carbon for NO removal?

CGSs are solid by-products of the coal gasification process, including coarse slag (slags from
lock hopper) and fine slag (slags from filter). They contain rich silica, alumina, and iron oxide as
well as calcium oxide, magnesium oxide, titanium dioxide, and other inorganic materials. Recently,
there have been some studies regarding the properties and applications of CGSs. Acosta et al. [13]
used a 50% of lowcarbon coal gasification slag (burning loss rate only 2.64%) and clay to prepare the
building bricks. Acosta et al. [14] found that the gas installations of a combined cycle (GICC) slag
can be used as a raw material to produce glass fibers, glass ceramics, and ceramic sintered materials,
in principle. However, most of the CGS is generally stored or placed in landfills, resulting in a waste
of resources and pollution of the surrounding environment. Considering the similar properties of
the CGS and coal-based materials, can coal gasification slag be high valued-added when used as an
alternative source of activated carbon? For example, highly porous activated carbons were prepared
from a coal gasification slag (CGS) precursor, and Pb2+ was removed from aqueous solution by KOH
activation [15]. However, few studies have focused on using CGS to remove NOx in flue gas.

In this study, CGS was used as a carrier and a V/CGS catalyst was prepared by pore volume
impregnation. The SCR experiments were carried out by using a fixed bed reactor. The effects of
the vanadium loading, temperature, and atmosphere on the NO removal activity of catalyst were
investigated. The feasibility of using the gasified slag as the support for the SCR of NO by NH3

was discussed.

2. Results and Discussion

2.1. Effect of Carrier

Figure 1 shows that the NO conversions increases with the increase of temperature, and the
NO conversion of the catalyst is close to 100% in the temperature range of 260–290 ◦C. In the range
of 180–260 ◦C, V1/CGS3 shows a relatively higher DeNOx activity than V1/CGS1 and V1/CGS2,
which may be due to the physical properties of V1/CGS3 catalyst (see Table 1). Therefore, CGS3 was
used as the support in the following experiments. Figure 2 shows the N2O formation and N2 selectivity
experiment of the V1/CGS3 catalyst. Clearly, the N2O formation slightly increases with an increase in
temperature. Moreover, the N2 selectivity of the V1/CGS3 catalyst is always above 97% during the
reaction, indicating that the catalyst has a good selectivity.
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Figure 3 shows the NO conversion curves over CGS3 modified with different amounts of V2O5. 
Compared with the raw CGS3, the NO reduction efficiencies of the V/CGSs are observed to be higher. 
S. Hums et al. [16] agrees that V2O5 could be more active than other vanadium species such as 
vavadates or polivanadates. The CGS activities are quite low in the reaction temperature. After the 
temperature reached 260 °C, the NO conversion rate decreased. But, the activity of the catalyst 
changed greatly when adding vanadium to the CGS. These results indicate that V loading is crucial 
to the SCR reaction. Moreover, it can be observed that the V0.8/CGS3 catalyst activity is lower than 
that of the V1/CGS3 catalyst, which may be due to the difference in the amount of V on the carrier. 
Adding litter vanadium to the catalyst does not influence the activity. However, when the content of 
V2O5 continues to increase, the catalyst activity decreased remarkably. At a certain temperature, the 
NO conversions over the V1/CGS3 catalysts are in the following order of increasing: 7 wt%–3 wt%–1 
wt%. It is possible that when the amount of V is lower, the vanadium active site on the catalyst surface 
is less. In addition, less SO2 is adsorbed on the surface and less ammonium sulfate is formed on the 
surface of the catalyst, thus the activity is higher. Huang Zhanggen et al. [17] showed that the 
V2O5/AC catalyst activity can be enhanced by the large specific surface area activated coke carrier, 
because of the NH3 adsorption and the dispersion of V2O5 on the catalyst. Figure 4 shows the Brunner-
Emmet-Teller (BET) specific surface area of different samples, and it can be seen that the BET specific 
surface area of the V1/CGS3 catalyst is larger than the other catalysts. In addition, the specific surface 
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Figure 2. N2O formation and N2 selectivity for experiments of V1/CGS3.

2.2. Effect of V Loading

Figure 3 shows the NO conversion curves over CGS3 modified with different amounts of V2O5.
Compared with the raw CGS3, the NO reduction efficiencies of the V/CGSs are observed to be
higher. S. Hums et al. [16] agrees that V2O5 could be more active than other vanadium species such as
vavadates or polivanadates. The CGS activities are quite low in the reaction temperature. After the
temperature reached 260 ◦C, the NO conversion rate decreased. But, the activity of the catalyst changed
greatly when adding vanadium to the CGS. These results indicate that V loading is crucial to the SCR
reaction. Moreover, it can be observed that the V0.8/CGS3 catalyst activity is lower than that of the
V1/CGS3 catalyst, which may be due to the difference in the amount of V on the carrier. Adding litter
vanadium to the catalyst does not influence the activity. However, when the content of V2O5 continues
to increase, the catalyst activity decreased remarkably. At a certain temperature, the NO conversions
over the V1/CGS3 catalysts are in the following order of increasing: 7 wt%–3 wt%–1 wt%. It is
possible that when the amount of V is lower, the vanadium active site on the catalyst surface is less.
In addition, less SO2 is adsorbed on the surface and less ammonium sulfate is formed on the surface of
the catalyst, thus the activity is higher. Huang Zhanggen et al. [17] showed that the V2O5/AC catalyst
activity can be enhanced by the large specific surface area activated coke carrier, because of the NH3
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adsorption and the dispersion of V2O5 on the catalyst. Figure 4 shows the Brunner-Emmet-Teller
(BET) specific surface area of different samples, and it can be seen that the BET specific surface area
of the V1/CGS3 catalyst is larger than the other catalysts. In addition, the specific surface area of the
V1/CGS3 catalyst is slightly higher than that of the carrier. On the one hand, the difference is caused
by the uneven distribution of CGS3 itself. On the other hand, the difference in data may be caused
by certain experimental errors, such as the error of sampling and weighing the sample. Of course,
the surface area was not the determining factor for the SCR activity. In a word, considering the effects
of the V loading on the NO removal rate of the V/CGS3 catalyst, the suitable V loading is 1 wt%.

Catalysts 2018, 8, x FOR PEER REVIEW  4 of 16 

area of the V1/CGS3 catalyst is slightly higher than that of the carrier. On the one hand, the difference 
is caused by the uneven distribution of CGS3 itself. On the other hand, the difference in data may be 
caused by certain experimental errors, such as the error of sampling and weighing the sample. Of 
course, the surface area was not the determining factor for the SCR activity. In a word, considering 
the effects of the V loading on the NO removal rate of the V/CGS3 catalyst, the suitable V loading is 1 
wt%. 

 
Figure 3. NO conversion of catalysts with different V loadings. 

  

Figure 4. Surface areas of samples. 

2.3. Effect of Atmosphere 

As is known to all, the content of O2 and H2O in flue gas is much higher than that of SO2 and 
NO, and the literature indicates that O2 and H2O have an effect on catalytic activity [1,18]. So, the 
effects of O2 and H2O on DeNOx activity were investigated using transient response technology, as 
shown in Figure 5. In stage one, the NO conversion stabilized at about 95% under all of the 
atmosphere conditions. But in stage two, when the O2 was cut off and N2 was added to keep the total 
flow rate unchanged, the NO conversion rate decreased sharply, indicating that the SCR reaction 
mainly consumed gaseous O2. In stage three, O2 was added to make the atmosphere composition the 
same as that in stage one, and the catalytic activity was quickly restored. The NO conversion of stage 
four (cutting off the water in the atmosphere) is basically the same as stage five (adding to water), 
maintaining 100%. It indicated that a smaller amount of H2O has no effect on catalytic activity at 

Figure 3. NO conversion of catalysts with different V loadings.

Catalysts 2018, 8, x FOR PEER REVIEW  4 of 16 

area of the V1/CGS3 catalyst is slightly higher than that of the carrier. On the one hand, the difference 
is caused by the uneven distribution of CGS3 itself. On the other hand, the difference in data may be 
caused by certain experimental errors, such as the error of sampling and weighing the sample. Of 
course, the surface area was not the determining factor for the SCR activity. In a word, considering 
the effects of the V loading on the NO removal rate of the V/CGS3 catalyst, the suitable V loading is 1 
wt%. 

 
Figure 3. NO conversion of catalysts with different V loadings. 

  

Figure 4. Surface areas of samples. 

2.3. Effect of Atmosphere 

As is known to all, the content of O2 and H2O in flue gas is much higher than that of SO2 and 
NO, and the literature indicates that O2 and H2O have an effect on catalytic activity [1,18]. So, the 
effects of O2 and H2O on DeNOx activity were investigated using transient response technology, as 
shown in Figure 5. In stage one, the NO conversion stabilized at about 95% under all of the 
atmosphere conditions. But in stage two, when the O2 was cut off and N2 was added to keep the total 
flow rate unchanged, the NO conversion rate decreased sharply, indicating that the SCR reaction 
mainly consumed gaseous O2. In stage three, O2 was added to make the atmosphere composition the 
same as that in stage one, and the catalytic activity was quickly restored. The NO conversion of stage 
four (cutting off the water in the atmosphere) is basically the same as stage five (adding to water), 
maintaining 100%. It indicated that a smaller amount of H2O has no effect on catalytic activity at 

Figure 4. Surface areas of samples.

2.3. Effect of Atmosphere

As is known to all, the content of O2 and H2O in flue gas is much higher than that of SO2 and NO,
and the literature indicates that O2 and H2O have an effect on catalytic activity [1,18]. So, the effects
of O2 and H2O on DeNOx activity were investigated using transient response technology, as shown
in Figure 5. In stage one, the NO conversion stabilized at about 95% under all of the atmosphere
conditions. But in stage two, when the O2 was cut off and N2 was added to keep the total flow
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rate unchanged, the NO conversion rate decreased sharply, indicating that the SCR reaction mainly
consumed gaseous O2. In stage three, O2 was added to make the atmosphere composition the same
as that in stage one, and the catalytic activity was quickly restored. The NO conversion of stage
four (cutting off the water in the atmosphere) is basically the same as stage five (adding to water),
maintaining 100%. It indicated that a smaller amount of H2O has no effect on catalytic activity at
260 ◦C, which is different from the conclusion that water will inhibit and poison the catalyst under
the condition of SO2 [5,19–21]. In stage six, the NH3 was cut off, and N2 was added to keep the total
flow rate unchanged. At this time, the NO conversion gradually decreased to 16%. After the recovery
of NH3 in stage seven, the NO conversion increased rapidly to 95%. According to the phenomenon
of stage six and stage seven, the main substance is the adsorptive NH3 involved in the SCR reaction.
Hence, it can be seen that O2 and NH3 are crucial in the process of SCR.

As can be seen from Figure 5, O2 is crucial in the NH3-SCR process, but how much O2 is required
to ensure the reaction? Different concentrations of O2 were investigated, as shown in Figure 6.
When the O2 content was 1.9%, the NO conversion was stable at about 90% after 60 min. When the
O2 concentrations were 3.8% and 5.9%, respectively, the NO conversion curves basically coincided,
indicating that the activity did not change with the O2 concentration during the NH3-SCR process.
Therefore, the oxygen content under the experimental conditions is sufficient for the SCR reaction.

Transient response experiments revealed that H2O had no significant effect on the
activity at 260 ◦C. To further explore the effect of H2O and SO2 on the DeNOx activity,
a temperature-programming experiment was designed. The results are shown in Figure 7. When H2O
was added to the reactant gas, the NO conversion rose slowly and eventually reached 60%, while over
60% was reached in absence of H2O. This phenomenon is well documented in the literature on
Mn-based catalysts [22] as a result of the competitive adsorption of H2O and NH3. Moreover, it also
can be seen from Figure 7 that the NO conversion is the best in the presence of SO2, reaching 100% at
240–290 ◦C. This result agrees with the XPS analysis, where the SO2 promotion was attributed to the
formation of SO4

2− on the catalyst surface, which increased the NH3 adsorption and promoted the
NH3 reaction with NO. However, the NO conversion decreased sharply when the reaction temperature
is lower than 220 ◦C in the presence of SO2 and H2O. Zhu et al. [10] has reported that there was higher
activity over the V2O5/AC catalyst when SO2 was present in the reactant gas mixture. They believe
that the reason is the formation of sulphate species on the catalyst surface. In summary, catalytic
activity was promoted by SO2. The possible reason is that V2O5 provides the adsorption and oxidation
sites for SO2, and increases the acidity, thus promoting the catalyst activity.
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2.4. Effect of Reaction Temperature

As shown in Figure 3, 240–290 ◦C is the optimum temperature for the catalyst, and the NO
conversion increases with the increasing reaction temperature, and the NO conversion is up to 95% at
240 ◦C. The effect of temperature on the SCR activity is that the increase of temperature will increase the
thermal reaction of the molecules, and more molecules will reach the activated state, thereby improving
the NO conversion. Moreover, the stability of the V1/CGS3 catalyst experiment was investigated, as
shown in Figure 8. The results showed that the NO conversion was maintained at 100% within 30 h of
continuous testing at 260 ◦C. It shows that the catalyst exhibits a better stability.
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2.5. The Physical Properties of CGS

When the V/CGS catalyst is used for the reduction of NO by NH3, the catalytic activity is affected
by the specific surface area of the carrier. For this purpose, three different gasification slags were
selected to prepare the V1/CGS catalyst, so as to select the best active gasification residue carrier.
The surface area and pore structure of the catalysts are listed in Table 1. It can be seen that the
BET surface areas and mesopore volumes of CGS3 are between the CGS1 and CGS2 carrier, but its
micro-pore area is higher than the other two CGSs, by up to 111 m2/g. It can be seen that after
loading vanadium, the BET areas and micro-pore volumes of the catalysts are increased slightly.
According to the literature, the conversion rate of NO can be improved to a certain extent by micropore
and mesoporous; the micro-pores were conducive to the dispersion of the active component and
the mesopores ensured that the reactants can enter to the interior of the AC [23,24]. In the study,
the addition of vanadium to the CGS catalyst led to new micro-pores and mesopores, thus improving
the NO conversion (shown in Figure 3). Moreover, after the reaction, the BET surface areas and
micropore volumes of V1/CGS3 decreased significantly. The results suggested that the ammonium
sulfate salts or H2SO4 may have formed during the SCR reaction, or indicated that a large amount of
material was generated in the reaction, blocking the channel [25].

Table 1. Physical property of the coal gasification slags (CGSs) and V1/CGS Catalysts.

Samples BET Surface Area
(m2/g)

Micro-Pore Area
(m2/g)

Mesopore Volume
(cm3/g)

Micro-Pore Volume
(cm3/g)

CGS1 212.8 94.5 0.13 0.04
CGS2 318.7 93.1 0.27 0.04
CGS3 311.4 111.0 0.18 0.05

V1/CGS3 fresh 321.5 115.6 0.19 0.05
V1/CGS3 used 203.5 61.2 0.15 0.03

Table 2 presents the ash analyses of the CGSs’ catalyst. The samples were calcined at a high
temperature and then digested with concentrated acid. Finally, the element analysis was carried out
using ICP. There are mainly SiO2, CaO, Fe2O3, and Al2O3 in the ash. SiO2 is often taken as a catalyst
support, and it is advantageous for the SCR reaction. Of course, Al2O3 has been widely used as a carrier
in the field of catalysis because of its pore structure, surface acidity, and other properties [26,27]. It has
been reported that CaO can deactivate the SCR catalyst because it interacts with the active component
V2O5, thereby reducing the acidity and reducibility of the catalyst surface [28,29]. However, CaO has
a certain desulfurization activity. Ma et al. [30] used activated coke, prepared from semicoke through
steam, to support Ca for the flue gas SO2 removal. Ca/AC showed a high SO2 removal capacity.
Moreover, Fe2O3 is taken as a support for removing Hg. For example, Yang et al. [31] used Mn/γ-Fe2O3
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magnetic adsorbents to remove the elemental mercury from the flue gas. In the present study, Fe2O3 has
a slight effect on the SCR reaction. Moreover, Li et al. [32] reported that although the total contents of
the ashes in the ACs were equal to or higher than the V2O5 loadings in the catalysts, the ashes cannot
interfere with the catalytic activity of V2O5. In a word, it can be seen from Table 2 that the ash content
of CGS3 is less than that of other gasification slags, indicating that its carbon skeleton structure plays
a major role and provides a specific surface area and pores.

Table 2. Elemental analysis of CGS3 and V1/CGS3 catalyst.

Samples Composition (wt %)

SiO2 Fe2O3 CaO Al2O3 Na2O TiO2 V2O5

CGS1 14.5 20.0 7.9 3.9 0.8 0.2 0
CGS2 12.8 6.4 5.1 5.1 0.8 0.2 0
CGS3 11.9 3.0 2.9 3.1 0.5 0.1 0

V1/CGS3 fresh 8.9 2.9 2.6 2.6 0.4 0.1 1.3
V1/CGS3 used 7.4 2.5 3.0 2.3 0.3 0.1 1.0

2.6. Thermo Gravimetric (TG) and Derivative Thermo Gravimetric (DTG

As Figure 9 shows, it was obvious that the mass of the CGSs began to significantly decline
at 470 ◦C, and the weight losses of the CGSs were different, for which CGS2 was 50% and CGS3

was 54%. The departure of the water molecules and hydration may be responsible for this
phenomenon. In a word, it can also indicate that the gasification slag has a certain stability under the
experimental temperature.
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2.7. XRD

The XRD patterns of the catalyst samples are depicted in Figure 10. It was observed that all of
the samples show two broad peaks at 25◦ and 43◦. These peaks could be ascribed to the diffraction
of the graphite (002) and (100) crystal planes, respectively [33]. It also showed that the other peaks
of patterns were ascribed to the SiO2 and CaCO3. For the CGS3 and V1/CGS3 peaks, the intensity
and peak width were almost same. Moreover, with the increase of V loading (1%–7%), the intensity
and width of the peak becomes weak, but the diffraction peaks attributed to the V species were not
observed, suggesting that the loaded active phase was highly dispersed on the CGS support, so that
the catalytic activity improved, as shown in Figure 3.
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2.8. XPS

In order to investigate the chemical information of V1/CGS3 surface, the surface binding energies
and valence states of the various catalyst materials were studied using XPS analysis. The results
are shown in Figure 11. The XPS spectrogram of the sample 505–530 eV is shown in Figure 11a.
According to the V 2p photoelectron peak, the peak at 516.4–517.0 eV was assigned to V5+, the peak
at 515.7–516.2 eV was ascribed to V4+ [34], and the peak at 513.1–514.7 eV was assigned to V3+ [35],
respectively. V5+ is a stable oxidation state and has an important influence on the catalyst activity.
In Figure 11a, it can be discerned that the V 2P3/2 peak at 517.2 eV in the fresh catalyst is ascribed to
V5+, and in the used catalyst, there is a new peak at 516.3 eV ascribed to V4+, which indicates a partial
reduction of V5+ to the lower-valence V4+, and there may be V2O4 or VOSO4 on the used catalyst
surface, except for V2O5. In the SP3/2 spectrum, as shown in Figure 11b, no peaks were observed on
the fresh catalyst. In adition, the SP3/2 spectrum of the used catalyst was composed of two peaks at
168.5 and 169.2 eV. The peak at 168.5 eV is attributed to the S6+ species. It may confirm the formation
of a small amount of VOSO4 during the activity test. The last peak may correspond to H2SO4, because
the peak at 169.7 eV was assigned to H2SO4 in the literature [36]. At present, it is not clear what caused
the peak deviation.
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2.9. FTIR

Figure 12 shows the FTIR spectra of the V1/CGS3 before and after the SCR reaction in the presence
of H2O and SO2. There is a broad band at 1000–1220 cm−1 attributed to the V5+=O stretching vibration
in V2O5/AC, which is stronger than the fresh catalyst [37]. The phenomenon shows that the symmetry
of the vanadium species is higher than that of the fresh catalyst. The bands at 1104 and 668 cm−1

may be the vibration of the SO4
2− ions. The SO4

2− ions show two infrared peak at 1104 (ν1) and
613 (ν2) [4]. The band around 1460 cm−1 was assigned to the symmetrical bending vibrations of the
NH4+ species [38]. Leo et al. [39] showed that the band at 1000 cm−1 was due to the V–O stretching
vibration peak of VOSO4. Hwever, Raziyeh et al. [40] showed that the bands at 1410 cm−1 and
1150 cm−1 were attributed to VOSO4, which may be due to the influence of the carrier carbon changing
its symmetry. Therefore, the 1400 cm−1 band is attributed to the formation of VOSO4. The catalyst after
the SCR reaction is shown to contain SO4

2− and NH4
+ by FTIR, which suggests that the ammonium

sulfate salts deposited on the catalyst surface during the SCR reaction.
Therefore, it can be seen from the XPS and FTIR results that H2SO4, ammonium sulfate,

and VOSO4 are formed on the surface after the NH3-SCR reaction.
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2.10. SEM-EDS

Figure 13 shows the EDS spectra of the vanadium distribution on different samples. It can be
seen that by increasing the vanadium loading, the vanadium is more likely to aggregate together
and is more compactly dispersed on the surface of the CGS3. When the V loading is slightly higher,
more active reaction sites can be provided for the SCR reaction. However, when the V loading is too
high, the pores of the catalyst are blocked to some extent, and the specific surface area is lowered,
which inhibits the SCR reaction. The results can be seen from Figures 3 and 4.
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2.11. NH3-TPD

TPD analysis, one of the most common techniques, was carried out to characterize the functional
groups on the carbonaceous surfaces [41]. The acid strength in V1/CGS3 was determined by NH3-TPD.
Figure 14 shows the NH3-TPD profiles over CGS1, CGS2, CGS3, V1/CGS3, V3/CGS3, and V7/CGS3.
It was observed that the V1/CGS3 catalyst shows two types of acid sites, so NH3 can be adsorbed on the
catalyst. According to the authors of [42], it could be considered that the formation of a low-temperature
peak was mainly attributed to the desorption of ammonia bound to weak Bronsted acid sites and
physisorbed ammonia molecules, while the high-temperature maximum could be caused by the
desorption of NH3 from the Lewis acid sites. With the addition of V to the CGS support, the bound
NH3 absorption increased significantly, suggesting that V produced more acid sites for the catalyst.
In particular, the vanadium species showed a significant adsorption ability toward NH3 at the Lewis
(L) acid sites. Huang et al. [43] found that the Lewis acid sites on the surface of the V2O5/CNT are the
active sites in the process of NH3-SCR at low temperatures. Moreover, it was clear that by increasing
the vanadium loading (1%–7%), the peak intensity of the L acid site becomes weak. According to the
EDS results, the more vanadium supported on the carrier, the easier it is to gather together. As a result,
the effective active component of vanadium provided on the catalyst is reduced, thereby reducing
the activity. This is the main reason that the activity is reduced when the amount of vanadium is
increased. All in all, in connection with the catalytic activity, it is believed that the Lewis acid sites
on the vanadium species were the active sites for the SCR of NO with NH3 at 240–290 ◦C on the
V1/CGS3 catalyst.
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2.12. H2-TPR

The redox ability of the VOx species was thought to be another key factor in the SCR process.
Temperature program reduction (TPR) has become one of the techniques to characterize the reduction
behaviors of the dispersed VOx species. As shown in Figure 15, the CGS1, CGS2, and CGS3 catalysts
only showed one broad peak, which may be related to the nature of the gasification residue itself.
With the introduction of V into the support, it was obviously observed that the V1/CGS3 catalyst
shows two redox peaks. The redox peaks in the range of 450–600 ◦C were assigned to the reduction
of the VOx monolayer species from V5+ to V3+ [44]. With the addition of vanadium, the redox peaks
shifted to the lower temperature side, which could be due to a good dispersion of V.
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3. Materials and Methods

3.1. Preparation of Supports and Catalysts

Three gasification residues are chosen and labeled as CGS1, CGS2, and CGS3 (China), respectively.
The CGS was grounded to 40–60 mesh, and a V/CGS catalyst was prepared using pore volume
impregnation [5]. The vanadium oxide was supported on the CGS with an aqueous of ammonium
meta-vanadate (Tianjin, China, 99%) in oxalic acid (Tianjin, China, 99%). The V loading in the catalysts
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were determined by the concentration of the ammonium meta-vanadate used in the impregnation.
After the impregnation, the catalyst was dried at 50 ◦C and then 120 ◦C for 5 h, and subsequently
calcined in N2 for 5 h at 500 ◦C and pre-oxidized in air at 250 ◦C for 5 h.

3.2. Catalytic Activity Test

The SCR activity measurement was conducted in a fixed-bed quartz reactor. Mass flow meters
were used to control the flow rate. The catalyst was placed in the middle of the reactor (D24 × 50 mm)
and heated to the experimental temperature in the atmosphere of N2, and then passed into the
simulated flue gas and the reducing agent, NH3. To prevent the formation of ammonium sulfate
salts [1] in the inlet tubing of the reactor, the gases were sent to the buffer bottle fully mixed before
entering the reaction tube. The simulated flue gas composition was as follows: 500 ppm NO, 500 ppm
NH3, 200 ppm SO2 (when used), 3 vol% H2O (when used), and 6 vol% O2, and the balance gas
that was used was N2. In all of the runs, the total gas flow rate was maintained at 400 mL/min.
The concentration of the inlet and outlet NO was simultaneously measured usng an on-line Flue
Gas Analyzer (KM9106) equipped with an NO sensor. The NO conversion was calculated using the
formula given below.

ηNO =
CNO,in − CNO,out

CNO,out
× 100% (1)

SN2 =
CNO,in + CNH3,in − CNO2,out − 2 × CN2O,out

CNO,in + CNH3,in
× 100% (2)

where ηNO is the NO conversion, and CNO,in and CNO,out are the NO concentrations in the inlet and
outlet gas, as measured by a flue gas analyzer, respectively. SN2 is the N2 selectivity, CNO2 , out is the
NO2 concentration in the outlet gas, CN2O,out is the N2O concentration in the outlet gas, and CNH3 ,in is
the NH3 concentration in the inlet gas.

3.3. Catalysts Characterization

The specific surface area and pore structure parameters of the catalysts were determined using
the nitrogen physical adsorption instrument (Micromeritics, Norcross, GA, USA). The inductively
coupled plasma optical emission spectrometer (ICP-OES) (SPECTRO, Kleve, Germany) was used to
analyze the ash contents of the catalysts. The surface element valence of the sample was analyzed by
X-ray photoelectron spectroscopy (Thermo Fisher Scientific, Waltham, MA, USA). The structural
characterizations of the catalysts were analyzed using X-ray powder diffraction (XRD) (Rigaku,
Tokyo, Japan). The diffraction patterns were scanned in the 2θ range from 10◦ to 70◦ at the
scanning rate of 5◦/min. The thermo gravimetric analyses (TGA) were performed with a NETZSCH
Thermal Analysis System to study the catalyst stability (NETZSCH Corporation, Bavaria, Germany).
The Fourier Transform infrared spectroscopy (FTIR) spectra were collected on a Bruker TENSOR 27
(Bruker Corporation, Karlsruhe, Germany). The surface morphology of the samples was studied by
field-emission scanning electron microscopy (SEM) (JEOL, Tokyo, Japan), combined with an energy
dispersive spectrometer (EDS) (Bruker, Karlsruhe, Germany).

Temperature program reduction (TPR) and temperature programmed desorption (TPD) tests were
carried out on the AutoChem II type high performance chemical adsorption instrument (Micromeritics,
Norcross, GA, USA). The 150 mg samples were dried at 150 ◦C for 30 min in Ar (30 mL/min),
and cooled to 50 ◦C. Then, the sample was heated up to 800 ◦C at a 10 ◦C/min rate in 10% H2/Ar
atmosphere. For NH3-TPD, the 150 mg samples were pretreated in carrier gas for 30 min at 150 ◦C,
and then exposed to 10% NH3/He (30 mL/min) at 50 ◦C for 30 min, followed by a temperature ramp
to 700 ◦C at a rate of 10 ◦C/min; the concentration of desorbed NH3 was determined by the thermal
conductivity detector.
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4. Conclusions

In this work, the SCR activity and physicochemical properties of the V/CGS catalyst have
been investigated. The results showed that the prepared catalyst in the 240–290 ◦C temperature
range showed good catalytic activity. The high-carbon content gasification slag has a developed
pore structure and is similar to the structure of activated carbon made of coal. The active metal
vanadium shows good activity, and the main active component for DeNOx of V1/CGS catalyst is V2O5;
the V1/CGS catalyst impregnated with 1 wt% vanadium has the best DeNOx activity; and the NO
conversion increases from 60% to 100% with the increasing temperature (200–250 ◦C). The vanadium
loaded CGS catalyst showed that vanadium gave rise to more acid sites for the catalyst, and the Lewis
acid sites on the vanadium species were the active sites for catalytic reduction of NO, and the certain
sulfur-resistance ability over V/CGS is shown. The above results indicate that the gasification slag
can be used as a carrier to prepare a carbon-based catalyst for the NOx removal from the flue gas.
The simultaneous removal of SO2, NOx, and Hg over this catalyst will be studied in our future work.
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