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Abstract
Gasification technology can effectively realize energy recovery from municipal solid waste (MSW) to reduce its negative 
impact on the environment. However, ammonia, as a pollutant derived from MSW gasification, needs to be treated because its 
emission is considered harmful to mankind. This work aims to decompose the  NH3 pollutant from MSW gasification by an 
in-situ catalytic method. The MSW sample is composed of rice, paper, polystyrene granules, rubber gloves, textile and 
wood chips. Ni–M (M=Co, Fe, Zn) bimetallic catalysts supported on sewage sludge-derived biochar (SSC) were prepared 
by co-impregnation method and further characterized by X-ray diffraction,  N2 isothermal adsorption, scanning electron 
microscopy, transmission electron microscopy and  NH3 temperature programmed desorption. Prior to the experiments, 
the catalysts were first homogeneously mixed with the MSW sample, and then in-situ catalytic tests were conducted in a 
horizontal fixed-bed reactor. The effect of the second metal (Co, Fe, Zn) on the catalytic performance was compared to 
screen the best Ni-M dual. It was found that the Ni–Co/SSC catalyst had the best activity toward  NH3 decomposition, whose 
decomposition rate reached 40.21% at 650 °C. The best catalytic performance of Ni–Co/SSC can be explained by its smaller 
Ni particle size that facilitates the dispersion of active sites as well as the addition of Co reducing the energy barrier for 
the associative decomposition of NH species during the  NH3 decomposition process. Besides, the activity of Ni–Co/SSC 
increased from 450 °C to 700 °C as the  NH3 decomposition reaction was endothermic.
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Introduction

The production amount of municipal solid waste (MSW) 
in China has increased sharply due to the accelerating 
urbanization process and living standard improvement. 
The total MSW production has increased from 31.3 million 
tons in 1980 to 235 million tons in 2020 and is estimated 
to reach 480 million tons in 2030 [1], which puts great 

pressure on its treatment. The MSW treatment methods cur-
rently include incineration, landfill, and composting [2–4], 
of which incineration is the mainstream treatment approach 
at present for its versatile applications in electricity and heat 
generation. However, disadvantages such as low energy uti-
lization, toxic dioxin production and heavy metal emission 
[5–7] derived from incineration have driven researchers to 
find supplementary or substitute treatment methods. Gasifica-
tion, an effective technology for waste-to-energy (WTE) con-
cept [8] that thermally converts MSW into gaseous products, 
can effectively improve the energy recovery rate and control 
large-scale pollution. Therefore, it has become increasingly 
popular in the field of solid waste treatment [8–10]. Cur-
rently, the commonly used gasification mediums for waste 
gasification are air,  O2,  H2O,  CO2, etc. Among them, using 
 CO2 as the gasification medium can produce more CO, which 
has received more attention in recent years. As the main com-
ponent of synthesis gas, carbon monoxide is an important 
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raw material for the synthesis of a series of basic organic 
chemicals and intermediates. The usage of  CO2 as a gasifica-
tion medium can also effectively consume  CO2 in industrial 
flue gasses, enabling the fueling of  CO2 and the recycling of 
carbon. Nevertheless, MSW naturally contains nitrogen and 
part of it is inevitably transformed into ammonia during the 
gasification process [11, 12], which is detrimental to equip-
ment due to its corrosion characteristics. Besides,  NH3 is also 
widely recognized as the precursor of  NOx which is harm-
ful to the ecological environment and human health [13]. 
Hence, the ammonia emitted during MSW gasification must 
be treated to reduce its negative environmental impact as well 
as improve the gas product quality to meet end-use needs.

Currently, common methods used for removing  NH3 from 
the gas phase include solid adsorption, catalytic decomposi-
tion, electrochemical treatment and biological techniques. 
Among the above methods, solid adsorption is convention-
ally applied for low-temperature  NH3 removal. Electro-
chemical treatment presents several issues, such as complex 
mechanisms and significant electrical losses. Moreover, the 
widespread utilization of biological treatment faces great 
challenges, as it is time-consuming due to its low efficiency. 
The catalytic decomposition is more suitable in high-tem-
perature environments [14], which matches the gasification 
conditions that usually proceed under high temperature. In 
research of catalytic decomposition of  NH3, the core part is 
the development of efficient and stable catalysts. At present, 
most research on metal catalysts is centered on Ni, Fe and 
Ru active components [12, 15, 16], among which Ru pos-
sesses the most satisfying activity toward  NH3 decomposi-
tion. However, its wide application is restricted due to its 
relatively high cost [17–19]. The catalytic activity of Fe is 
lower than that of ruthenium- and nickel-based catalysts, 
although it is easily accessible [20]. Comprehensively, Ni-
based catalysts are more promising, as they achieve a good 
balance between activity and cost. Hence, it is economic 
and feasible to employ Ni-based catalysts for the catalytic 
decomposition of  NH3 during MSW gasification [21–23].

Apart from active components, Ni-based catalysts 
are also composed of supports and promoters. Struc-
turally, the catalyst support generally plays a role in 
dispersing the active components as well as improving 
the stability, which has a significant impact on  NH3 
decomposition performance. Traditional catalyst sup-
ports include carbon-based materials, metal oxides and 
molecular sieves, among which carbon-based materials 
are a group of attractive and promising substrates due 
to their high specific surface area and favorable thermal 
stability [24–26]. A lot of precursors can be manufac-
tured into carbon materials such as biomass, plastics, 
tires and sewage sludge. As a massive pollutant, the dis-
posal and utilization of sewage sludge has recently been 
under the spotlight [27]. The preparation of biochar from 

sewage sludge pyrolysis is receiving considerable atten-
tion because it is applied versatilely in many fields, such 
as aqueous pollutant absorption and catalysis or cata-
lyst support, due to its large surface area, well-devel-
oped pores, rich functional groups and original metal 
elements [28]. However, the exposed literature on the 
utilization of sewage sludge-derived biochar (SSC) as 
a catalyst support is scarce, which leaves room for us to 
conduct systematic research.

As a promoter, it is of great importance to enhance the 
activity of Ni-based catalysts [29, 30]. Boisen et al. [31] 
compared the adsorption energy of  NH3 on several metal 
surfaces during  NH3 decomposition and found that they 
are in the following order: Ni < Co < Ru < Fe < Mo. Thus, 
it can be theoretically predicted that the  NH3 decomposi-
tion activity can be enhanced when combining another 
metal such as Co, Fe and Mo with Ni to form bimetallic 
catalysts. However, it was found that the functional tun-
ing and catalytic activity of Mo–X catalysts are largely 
limited by the large miscibility gap present in the binary 
alloy. Hence, the usage of Co and Fe as the secondary met-
als should be the focus of future research. Wu et al. [32] 
synthesized a series of Ni, Co and Ni–Co catalysts via the 
co-impregnation method and found that Ni–Co bimetal-
lic catalysts presented better catalytic activity toward 
 NH3 decomposition than single Ni or Co metal catalysts. 
Although researchers have made great advances in  NH3 
catalytic decomposition, a relevant investigation focusing 
on the process of MSW gasification is still worthwhile 
considering the complexity of MSW composition and its 
gasification process. Unlike the conventional gas phase 
treatment, in-situ catalytic decomposition of  NH3 is a new 
technology that premixes the MSW sample with catalyst 
and simultaneously causes the gasification of MSW and 
catalytic decomposition of emitted  NH3, which has no 
additional requirements for the treatment unit and facili-
tates the simplification of the process [33].

In the present work, the preparation procedure of SSC 
supported Ni–M (M=Co, Fe, Zn) bimetallic catalysts and 
their activity for in-situ  NH3 decomposition during the 
MSW gasification process were reported. The catalysts 
were characterized by a series of techniques such as X-ray 
diffraction (XRD),  N2 isothermal adsorption, scanning 
electron microscopy (SEM), transmission electron 
microscopy (TEM) and  NH3 temperature programmed 
desorption  (NH3-TPD). The effect of the added promoter 
was compared, and the reaction temperature on the  NH3 
decomposition performance was investigated. This work was 
initially intended to provide a solution for  NH3 pollution 
control and treatment in the solid waste disposal field. 
The novelty lies not only in the usage of SSC as a catalyst 
support obeying the concept of “waste to value” but also in 
the practice of in-situ catalysis to simplify the process.
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Experiment

Materials

The MSW sample employed in this study comprised six 
components, including rice, paper, polystyrene granules, 
rubber gloves, textile and wood chips, with a mass 
percentage of each component being 50%, 15%, 10%, 10%, 
10% and 5%, respectively. The proximate and ultimate 
analyses of each component are listed in Table 1.

The sewage sludge was obtained from a local 
sewage treatment plant. The Nickel acetate tetrahydrate 
(Ni(CH3COO)2·4H2O, Analytical Reagent), cobalt chloride 
hexahydrate  (CoCl2·6H2O, AR), iron nitrate nonahydrate 
(Fe(NO3)3·9H2O, AR) and zinc nitrate hexahydrate 
(Zn(NO3)2·6H2O, AR) were purchased from Sinopharm 
Chemical Reagent Co., Ltd (Shanghai, China). Gases 
including  N2,  CO2 and  H2 were ordered from Shangyuan 
Industrial Gas Co., Ltd (Nanjing, China).

Catalyst preparation

The SSC was obtained by the pyrolysis method, as shown in 
Fig. 1a. Specifically, the newly acquired sewage sludge was 
first dried in an oven at 105 °C for 12 h and then crushed 
to particles with diameters of 180–250 μm for further use. 
Subsequently the sludge particles were placed in a tempera-
ture-programmed fixed-bed furnace for pyrolysis. The whole 
pyrolysis process was carried out at 600 °C for 2 h with a  N2 
flow of 0.5 L/min and eventually the residue was collected 
as SSC.

The SSC supported catalysts were prepared by the co-
impregnation method as depicted in Fig. 1b. A typical 
preparation process mainly includes four steps: co-
impregnation, drying, calcination and reduction. The 
SSC material was first added into a solution of mixed 
Ni(CH3COO)2·4H2O and a second metal salt  (CoCl2·6H2O, 
Fe(NO3)3·9H2O, Zn(NO3)2·6H2O). The mixture was stirred 

for 2 h and then placed in a water bath at a constant tem-
perature of 60 °C for 4–5 h to ensure adequate impregna-
tion. After being dried in an oven at 110 °C overnight, the 
catalyst precursor was calcined in a tube furnace at 450 °C 
under a  N2 atmosphere for 4 h and was further grinded 
into powder shape. Finally, the as-prepared catalyst was 
reduced at 450 °C for 3 h under a  H2 atmosphere. Four 
types of Ni-based catalysts were prepared in all and the 
designed Ni content and second metal content were 15% 
and 5% (in weight), respectively (Table 2). To facilitate the 
expression, the catalysts were recorded as Ni/SSC, Ni–Co/
SSC, Ni–Fe/SSC, and Ni–Zn/SSC.

Catalyst characterizations

The crystal structure and physical phase analysis of the 
catalysts were detected by XRD on a SmartLab-3KW 
apparatus (RIKEN, Saitama, Japan) with Cu Kα radiation 
(λ=0.15406 nm) operating at a voltage of 40 kV and current 
of 40 mA. The catalyst samples were scanned at a rate of 
10°/min from 2θ=5 to 90° at a step of 0.02°. The particle 
size of the catalyst was calculated using the Debye–Scherrer 
equation, as shown in Eq. (1), where D (nm) is the particle 
size, K is the Scherrer constant, γ is the X-ray wavelength 
(λ=0.15406 nm), B (rad) is the half-height width of the 
diffraction peak, and θ (°) is the Bragg diffraction angle [34].

The microstructural properties of the catalysts were 
determined via  N2 isothermal adsorption at −196 °C using 
a Mike TriStar II 3020 analyzer (Micromeritics, Norcross, 
GA, USA). The specific surface area was calculated by 
Brunauer–Emmett–Teller (BET) method and the pore size 
distribution was acquired by Barrett-Joyner-Halenda (BJH) 
method.

TEM was used to observe the distribution state of the 
loaded metal on the support, which was analyzed by a Tecnai 

(1)D =
K�

Bcos�

Table 1  Proximate and 
ultimate analyses of the MSW 
components

*Air dried basis
MSW municipal solid waste

Sample Proximate analysis (%, ad*) Ultimate analysis (%, ad*)

Moisture Volatile Ash C H O N S

Rice 13.1 77.12 0.41 39.42 6.58 50.02 1.20 0.09
Paper 10.05 76.78 0.41 45.31 6.10 45.99 0.18 0.16
Plastic 0.01 99.77 0.01 91.62 7.61 1.54 0.09 0.02
Rubber 0.90 91.62 5.50 77.35 8.79 5.98 6.78 0.78
Textile 5.73 86.98 0.24 42.30 6.19 50.37 0.25 0.06
Wood Chips 18.31 68.79 1.40 41.94 5.48 42.69 0.18 0.04
MSW 9.64 81.35 0.91 49.73 6.73 39.83 1.343 0.15
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G2 F20 field emission transmission electron microscope 
(FEI, Hillsboro, OH, USA) with an accelerating voltage of 
200 kV, a point resolution of 0.24 nm and a line resolution 

of 0.14 nm. The surface morphology and element dispersion 
of the catalyst were observed by a S4800 (Hitachi, Japan) 
cold field emission SEM operating at 5.0 kV.

Fig. 1  Schematic diagram of (a) sewage sludge pyrolysis, (b) catalyst preparation, and (c) the fixed-bed gasification reactor
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NH3-TPD was conducted on a TP-5080 chemisorption 
instrument (Tianjin, China) to elucidate the  NH3 desorp-
tion behavior associated with  NH3 decomposition-related 
species over catalysts. Typically, the appropriate amount of 
catalyst (100 mg) sample was heated to 300 °C under He 
flow, kept for 1 h and further cooled to 100 °C. Then, after 
adsorption of  NH3 at 100 °C for 30 min to saturation state, 
He was purged into and the temperature was increased from 
50 °C to 800 °C at a rate of 10 °C/min to complete the des-
orption process.

Catalyst testing

The experimental system of in-situ catalytic decomposition 
of  NH3 from MSW gasification in this study is schematically 
shown in Fig. 1c. The  CO2 gasification reagent was provided 
by a gas cylinder with its flow rate controlled by a flowmeter. 
The horizontal reactor with a length of 1000 mm and inner 
diameter of 80 mm was heated by an electric heating rod 
with a temperature adjustment range from 30 °C to 1300 °C. 
The heating rate and reaction temperature were adjusted 
by a temperature controller. The pipeline connecting 
the reactor outlet and the condenser was wrapped with 
heating tape, which was maintained at 200 °C during the 
gasification process to prevent tar condensing and blockage 
in the pipeline. In a typical case, prior to the test,  CO2 was 
first purged into the reactor for 30 min to expel air from 
the system. When the reactor was heated to the desired 
temperature under 0.5 L/min  CO2 flow, a crucible with the 
mixture of MSW sample and the reduced catalyst (5 g each) 
was introduced into the reactor and gasified continuously 
for 20 min. After cooling to room temperature, the crucible 
was extracted from the reactor, and the residue inside was 
collected and sealed in plastic bags. The tar fraction was 
condensed by ice water in a vertical spherical condenser and 
further absorbed by 150 mL isopropanol alcohol prior to gas 
collection. Afterwards, the emitted  NH3 was absorbed by 
a 100 mL  H2SO4 solution with a concentration of 0.1 mol/L. 
The rest of the gas products of MSW gasification were 
finally collected by a gas bag and further analyzed by a gas 
chromatograph (GC 2018, Shimadzu, Japan).

For  NH3 quantification, the absorbed  H2SO4 solution was 
analyzed through Nessler's reagent method [35]. Generally, 
1.0 mL of Nessler’s reagent was added to 0.5 mL of absorbed 
 H2SO4 solution. The liquid mixture was then subjected to 
an ultraviolet spectrophotometer (Lambda365, PerkinElmer, 
Waltham, MA, USA) at a wavelength of 420 nm to determine 
the nitrogen element mass in 0.5  mL absorbed  H2SO4 
solution, which was calculated based on the pre-measured 
standard curve, as shown in Fig. 2. The obtained nitrogen 
element mass can be further used to calculate the total 
emitted  NH3 from MSW gasification according to Eq. (2). 
The ratio of the nitrogen mass in  NH3 to the total nitrogen in 
the MSW sample was calculated according to Eq. (3), where 
m (mg) is the nitrogen element weight in the emitted  NH3, 
α is the absorbance and mad (mg) is the nitrogen element 
weight in the emitted  NH3 after adding catalyst under the 
same working conditions. The performance of the catalyst 
was evaluated by the decomposition rate of  NH3 (η), which 
was calculated according to Eq. (3)

 

Results and discussion

XRD and  N2 isothermal adsorption–desorption 
analysis

The XRD patterns in Fig. 3 can reflect the crystal struc-
ture and physical phase of the SSC sample and the 
changes after loading Ni, Co, Fe and Zn on this support. 

(2)m =
100

0.5 × 1000
×

�−0.01242

0.00365

(3)� =

m −mad

m
× 100%

Table 2  Nominal composition of the four catalysts

SSC sewage sludge-derived biochar

Catalyst sample Composition (%, in weight)

Ni Second metal SSC support

Ni/SSC 20 – 80
Ni–Co/SSC 15 5 80
Ni–Fe/SSC 15 5 80
Ni–Zn/SSC 15 5 80

Fig. 2  Standard curve of nitrogen element mass vs. absorbance
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Multiple diffraction peaks corresponding to quartz  (SiO2) at 
2θ=20.86°, 26.64°, 36.55°, 39.47°, 42.45°, 50.14°, 59.96° 
and 68.14° can be observed in the SSC sample, which are 
attributed to the (100), (011), (110), (012), (200), (112), 
(121) and (203) crystal planes of  SiO2 (PDF#99-0088). 
Furthermore, after loading Ni, Ni–Co, Ni–Fe and Ni–Zn, 

the four catalysts show similar XRD patterns to the SSC sup-
port. All the catalyst samples contain the characteristic peaks 
of  SiO2, indicating that the structure of the SSC support 
was maintained in the catalyst and was not heavily affected 
by the loading metal. In addition, three new peaks emerged 
on the basis of SSC diffraction peaks at 2θ=44.35°, 51.74° 
and 76.23°. They are typical diffraction peaks of metallic 
Ni, which correspond to the (110), (200) and (220) crystal 
planes (PDF#87-0712), implying that the active Ni species 
were successfully loaded on the SSC support by reduction. 
Moreover, the four catalysts showed similar diffraction 
peaks even with different promoters. However, the diffrac-
tion peaks ascribed to Zn, Fe and Co are absent in the XRD 
patterns, possibly due to their high dispersion in the cata-
lyst or forming bimetallic alloys with high dispersion [36]. 
The Ni particle size calculated according to Debye–Scherrer 
equation is listed in Table 3 [34]. As can be seen, the Ni 
particle sizes for the bimetallic catalysts all decrease after 
adding the second metal, which is specifically in the order of 
Ni–Co/SSC<Ni–Fe/SSC<Ni–Zn/SSC<Ni/SSC. It is noted 
that Ni–Co/SSC exhibits a smaller particle size than those 
of other catalysts, implying that the Co additive promotes 
the dispersion of Ni on the SSC support. According to some 
studies, the high dispersion of active sites is beneficial to 
enhance the  NH3 catalytic decomposition performance [37, 
38]. 

The microstructures of the prepared SSC support and 
reduced Ni/SSC and Ni–M/SSC catalysts were characterized 
by  N2 adsorption–desorption, and the isotherms are shown 
in Fig. 4a. According to the classification of the International 
Union of Pure and Applied Chemistry, the adsorption iso-
therms of SSC, Ni–Co/SSC and Ni–Fe/SSC accord well with 
type IV isotherms with H3-type hysteresis loops, while the 
isotherms of Ni/SSC and Ni–Zn/SSC present typical type IV 
shapes with H2 hysteresis loops. The hysteresis loop in the 
isotherms indicates the capillary coalescence phenomenon. 

Fig. 3  XRD patterns of SSC support, Ni/SSC and Ni–M/SSC cata-
lysts. XRD X-ray diffraction, SSC sewage sludge-derived biochar

Table 3  Microstructural parameters of SSC support and reduced Ni/
SSC and Ni-M/SSC catalysts

Sample Surface 
area  (m2/g)

Pore vol-
ume  (cm3/g)

Average pore 
size (nm)

Ni particle 
size (nm)

SSC 56.33 0.13 8.73 –
Ni/SSC 172.36 0.19 4.31 10.4
Ni–Co/SSC 116.60 0.20 6.46 8.4
Ni–Fe/SSC 131.18 0.22 6.45 8.6
Ni–Zn/SSC 163.81 0.18 3.89 9.6

(a) (b)

Fig. 4  (a)  N2 adsorption–desorption isotherms, and (b) pore size distribution of SSC support and reduced Ni/SSC and Ni–M/SSC catalysts
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This means that the SSC support and catalysts are mainly 
mesoporous, and slit pores are formed by the accumulation 
of lamellar particles [39]. In the range of lower relative pres-
sure, the  N2 adsorption capacity of the samples is weak due 
to monolayer adsorption. As the pressure increases to a cer-
tain level, the adsorption amount increases sharply due to 
multilayer adsorption. The pore size distribution obtained 
from the isotherms is shown in Fig. 4b. It can be seen that 
the pore size of five samples are mostly centered at around 
3 nm, indicating the mesoporous characteristics of the sam-
ples. From Table 2, it can be observed that the surface area 
of the four catalysts is larger than that of the SSC support, 
which is caused by the development of micropores in the 
catalyst after metal addition [38]. Moreover, the surface area 
of bimetallic catalysts (such as Ni–Co/SSC) is smaller than 
that of a single metal catalyst (Ni/SSC), as the addition of 
a promoter might block some of the catalyst pore channels. 
Besides, the pore volume of catalysts also increases to some 
extent after metal loading. Finally, the average pore size of 
the five samples is in the range of 2–10 nm, indicating the 
mesoporous nature of the samples [9]. This is in good agree-
ment with the results predicted by the  N2 adsorption iso-
therms in Fig. 4a.

TEM and SEM analysis

To further intuitively observe the morphological structures 
and distribution state of loading metal on the SSC support, 
the catalyst samples were characterized by TEM and SEM 
and the results are shown in Figs. 5 and 6. The TEM images 
of the four catalysts show that the particle size of the Ni–Co/
SSC catalyst is significantly smaller than that of the other 
three catalysts while Ni/SSC presents the largest Ni parti-
cle size, which is consistent with the results calculated by 
XRD in Table 3. This phenomenon further confirms that the 
addition of the second metal promotes the dispersion of the 
active sites [40]. 

From the SEM image of SSC presented in Fig. 6a, it can 
be observed that the surface morphology of SSC is roughly 

smooth and dense, displaying an irregular lamellar structure. 
Part of the SSC surface was destroyed and numerous 
particles of different sizes were scattered sporadically on the 
carbon layer surface, which resulted in a rough and irregular 
surface morphology. After loading the metal particles, it can 
be seen from Fig. 6b that the metal particles are attached to 
the lamellar SSC support surface with slight agglomeration. 
The overall morphology of the catalyst is relatively rough 
with little pore structure. The fresh Ni–Co/SSC catalyst 
was further characterized via element mapping, from 
which the element distribution over the catalyst can be seen 
(Fig. 6d–f). It can be noted that apart from the main element 
in SSC support (Si), the loaded Ni and Co elements can 
also be observed distinctly with uniform distribution on 
the support in the catalyst. The Si element from mapping 
characterization agrees well with the results of Fig. 3 that 
the main material of SSC is  SiO2. Fig. 6c provides the SEM 
image of the spent Ni–Co/SSC catalyst. It can be noticed 
that the pore structure is obviously much more abundant 
after the catalytic gasification process, which may be due 
to a series of reactions between the carbon of SSC and the 
gasification medium  CO2 to activate it, thus changing its 
pore structure [28].

NH3‑TPD analysis

Figure 7 displays the  NH3-TPD results of SSC, Ni/SSC 
and Ni-M/SSC. It can be seen that the  NH3-TPD curve of 
Ni/SSC shows three distinct desorption peaks at 188.2 °C, 
395.8 °C and 600.7 °C, which correspond to the weak, mod-
erate and strong acidic sites of the catalyst, respectively. 
Related studies have demonstrated that the two desorption 
peaks appearing at 100–200 °C and 300–500 °C correspond 
to weak and strong adsorption of  NH3, respectively. The 
high-temperature peak (>500 °C) corresponds to the asso-
ciative decomposition of NH species [37]. In contrast, the 
 NH3-TPD curve of SSC only presents two desorption peaks 
at 190.1 °C and 400.5 °C with no high temperature peaks. 
This also indicates that the metal loaded on the SSC support 

Fig. 5  TEM images of fresh reduced catalysts (a) Ni/SSC, (b) Ni–Co/SSC, (c) Ni–Fe/SSC, and (d) Ni-Zn/SSC. TEM  transmission electron 
microscopy
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produces active sites for associative decomposition of NH 
species, which as a result enhances the  NH3 decomposition 
performance. After the addition of the second metal (Co, 
Fe, Zn), Ni–M/SSC presented a similar  NH3-TPD curve to 
Ni/SSC. The difference lies in the shift of the strong acidic 
desorption peak toward lower temperature for Ni–Co/SSC 
and Ni–Fe/SSC, indicating that the energy barrier of the 
two catalysts for associative desorption of M–NH bonds is 
reduced. It can also be observed that the high-temperature 
desorption peak of Ni–Zn/SSC is shifted right. This may 

lead to a decrease in its  NH3 decomposition performance. 
It has been investigated that the associative decomposition 
of NH species is the control step of the  NH3 dehydrogena-
tion reaction [41]. Therefore, compared to the Zn promoter, 
the addition of Co and Fe reduces the energy barrier for the 
associative decomposition of NH species during the  NH3 
decomposition process.

In‑situ catalytic  NH3 decomposition

Effect of catalyst type

The in-situ catalytic  NH3 decomposition performance of 
SSC and its loaded metal catalysts during MSW gasifica-
tion was investigated at 650 °C under a  CO2 atmosphere. 
The  NH3 decomposition rate and the corresponding  H2/N2 
proportion in the product gas are shown in Fig. 8. It can be 
seen from Fig. 8a that both single component Ni/SSC and 
bimetallic Ni–M catalysts have catalytic activity toward  NH3 
decomposition during MSW gasification and their activity 
is diverse, which is in the order of Ni–Co/SSC>Ni–Zn/
SSC>Ni–Fe/SSC>Ni/SSC. Specifically, the  NH3 decom-
position rate is 22.48% for Ni/SSC and 40.21%, 27.22%, 
and 34.54% for Ni–Co/SSC, Ni–Fe/SSC, and Ni–Zn/SSC 
catalysts, respectively. This demonstrates that the addition of 
a second metal promotes in-situ  NH3 decomposition, which 
may be caused by the synergy effect between Ni active sites 

Fig. 6  SEM images of (a) SSC, (b) fresh Ni–Co/SSC, (c) spent Ni-Co/SSC, and SEM mapping images of fresh Ni–Co/SSC (d-f). SEM scanning 
electron microscopy
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and second metal [36]. Besides, the smaller Ni particle 
size resulting from the addition of second metal indicates a 
more uniform distribution of Ni active sites, which is also 
beneficial for enhancing the catalyst activity [37]. Among 
the three Ni–M bimetallic catalysts, the  NH3 decomposi-
tion performance of the Fe and Zn added catalysts is lower 
than that of the Co added catalyst. The lowest decomposi-
tion rate of Ni–Fe/SSC is probably due to the relatively high 
bonding energy between Fe and N, which occupies active 
sites for subsequent adsorption and decomposition [42]. 
The enhanced catalytic performance of Ni–Co/SSC can be 
explained by its smaller Ni particle size, which facilitates the 
dispersion of active sites as well as a reduced energy barrier 
for the associative desorption of NH species during the  NH3 
decomposition process.

Interestingly, it was found that the addition of pure SSC 
also results in a slight decrease in the produced  NH3 amount 
during MSW gasification, and its  NH3 decomposition rate 
can reach 9.48%. The unexpected catalytic activity of SSC 
material may be derived from the residual calcium, iron 
and other metal elements in the SSC, as proven by some 
researchers [43]. Moreover, to examine  NH3 decomposition 
from another perspective, the  H2 and  N2 contents in the 
gasification gas were tested, and the results are shown in 
Fig. 8b. It can be seen that the percentages of  H2 and  N2 in 
the product gas are generally in the same order as the  NH3 
decomposition rate in Fig. 8a, among which Ni–Co/SSC has 
the largest  N2 and  H2 content in product gas. As  N2 and  H2 
are the products of  NH3 decomposition, their percentages 
also indirectly reflect catalyst activity. Furthermore, it can 
be observed that there is no  H2 produced during pure MSW 
gasification, which may be consumed by some oxidized 
components such as CO and  CO2 [44]. Thus, it can be 
deduced that  H2 production originates entirely from the 

decomposition of  NH3 during in-situ catalytic gasification 
process, while  N2 is co-produced from MSW gasification 
and  NH3 decomposition.

Effect of reaction temperature

After comparing the performance of the catalysts above, it 
was found that Ni–Co/SSC exhibited the best  NH3 decom-
position activity at 650 °C. Thus, in this section, the effect 
of temperature on  NH3 decomposition over Ni–Co/SSC was 
investigated. Fig. 9 shows the effect of reaction temperature 
on the in-situ  NH3 decomposition ability and  H2/N2 content 
in the product gas over the Ni–Co/SSC catalyst. As shown 
in Fig. 9a, with increasing temperature, the production of 
 NH3 during the MSW gasification process without catalyst 
first increases to a peak at 500 °C and then decreases until 
700 °C. After adding the Ni–Co/SSC catalyst to the MSW 
sample for gasification, it was discovered that  NH3 produc-
tion decreased to different extents. The  NH3 decomposition 
rate and the corresponding  H2 content generally increase 
with reaction temperature, which can be explained by the 
fact that a higher temperature favors the  NH3 decomposition 
reaction because the reaction is endothermic [45]. In the 
temperature range of 450–550 °C, the catalyst has almost no 
activity as proven by the quite small  NH3 decomposition rate 
(about 2%). This indicates that the in-situ decomposition of 
 NH3 emitted from MSW gasification at lower temperatures 
is not feasible, which is possibly caused by the slow reaction 
kinetics. As the reaction temperature exceeds 550 °C, the 
decomposition rate of  NH3 gradually increases with increas-
ing temperature and finally reaches a maximum of 43.78% 
at 700 °C.

From Fig. 9b, it can be observed that without adding 
the Ni-Co/SSC catalyst, there is still no  H2 produced during 
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pure MSW gasification even under higher temperatures 
such as 700 °C. Considering that the gasification medium 
is  CO2, the generation of  H2 is inhibited in the oxidizing 
atmosphere [44]. However,  N2 is produced in the whole 
temperature range and its percentage in product gas 
increases with reaction temperature at first and then reaches 
a maximum at 550 °C. After mixing with catalyst, it can be 
noted that the generation pattern of  H2 is similar to the  NH3 
decomposition rate in Fig. 9a, which is because no  H2 is 
produced from pure MSW gasification and the production 
of  H2 is entirely derived from the decomposition of  NH3. 
However, the  N2 generation curve does not fully coincide 
with the  NH3 decomposition curve, as partial  N2 is derived 
from MSW gasification. The above results indicate that 
the reaction temperature has a significant influence on 
the in-situ  NH3 decomposition activity of the Ni–Co/SSC 
catalyst, and appropriately increasing the temperature can 
improve the  NH3 catalytic decomposition performance that 
finally effectively reduces the emitted  NH3 during the MSW 
gasification process.

Conclusions

In this article, Ni–M bimetallic catalysts supported on 
SSC were prepared by co-impregnation method for  the 
in-situ catalytic decomposition of emitted  NH3 from 
MSW gasification. The catalysts were characterized by 
XRD,  N2 isothermal adsorption–desorption, SEM and TEM 
to analyze their phase composition, microscopic parameters 
and surface morphology, and in-situ catalytic gasification 
experiments were conducted in a horizontal fixed-bed reactor 
to investigate their  NH3 decomposition performance and 
speculate their catalytic decomposition mechanism. The best 

Ni–M dual catalyst was screened by comparing the effect of 
the second metal (Co, Fe, Zn) on the catalytic performance. 
The results showed that Ni–Co/SSC had the highest  NH3 
decomposition rate of 40.21% among the four catalysts at 
650 °C. It was found by a series of characterizations that 
the addition of the second metal effectively reduced the Ni 
particle size and improved the uniform distribution of the 
Ni active sites, which promoted the  NH3 decomposition 
performance of  the catalysts. The results of  NH3-TPD 
suggested that Ni–Co/SSC had the lowest temperature for 
the strong acid peak. Furthermore, in the temperature range 
of 450–700 °C, the  NH3 decomposition rate of the Ni–Co/
SSC catalyst reaches a maximum of 43.78% at 700 °C, due 
to the endothermic  NH3 decomposition reaction. This work 
provides a solution for the control and treatment of  NH3 
pollution in the field of solid waste disposal.
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