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A B S T R A C T   

In this work, the biomass fly ash (BFA) was investigated as a potential catalyst for the thermo-catalytic 
decomposition of methane and attractive approach for hydrogen (H2) production. The BFA based CeO2 nano-
wires promoted cobalt catalyst was synthesized for catalytic methane (CH4) decomposition and was tested in a 
fixed bed reactor. The physicochemical properties of the catalyst were investigated using various techniques such 
as X-ray powder diffraction, scanning electron microscopy, energy-dispersive X-ray spectroscopy, thermal 
gravimetric analysis, and Fourier transformed infrared. The pure crystalline micro-flake BFA was modified using 
synthesized CeO2 nanowires and the resulted micro flakes cross-linked with nanowires shown thermal stability 
up to 900 ◦C. The high stability of the catalyst makes it suitable for the thermal catalytic decomposition of 
methane. The activity of the catalyst was tested at 850 ◦C to analyze the H2 production and CH4 conversion. The 
obtained results revealed that support and promoter exhibit a strong impact on the CH4 conversion and H2 yield 
in catalyst screening tests. A maximum conversion of 71% for CH4 with 44.9% H2 yield was recorded for 34 h on 
stream activity while using 5% Co/CeO2-BFA as the catalyst. While BFA and Co-BFA as catalyst showed 36% and 
47% conversion of CH4, respectively which indicates that the addition of promoter shows an increase in values of 
both conversion of CH4 and H2 yield. Compared to traditional catalyst support, the use of waste-sourced catalyst 
support for CH4 decomposition provides a greener and more economical route for H2 production.   

1. Introduction 

Currently, the global energy framework is centered on fossil fuels 
and there are two major challenges associated with the extensive utili-
zation of fossil fuels (i) energy sustainability and (ii) greenhouse gas 
(GHG) emissions [1,2]. Because of rapid commercialization and ur-
banization, energy demand is rising day by day and fossil fuels are 
typically used to meet the growing energy requirement which results in 
the depletion of resources [3] and releases GHGs emissions [4], espe-
cially CO2 which contributes most to global warming [5,6]. Efforts have 
been taken across the globe to develop renewable, clean, and sustainable 
sources of energy [7,8]. Such as the utilization of the GHG like CO2 and 

CH4 for fuels production such as syngas (H2, CO) [9,10], methanol [11] 
and H2 seek much attention in recent times [9,12]. Currently, re-
searchers are focused on the utilization of syngas for liquid fuel and H2 
based fuel cell applications. Fuel cell utilizes H2 for the production of 
heat and electricity simultaneously which is considered to be the cleaner 
and cost-effective utilization of H2 [13]. 

The major challenge associated with the use of H2 fuel cell tech-
nology is the lack of availability of “elemental hydrogen” in nature [14]. 
The H2 is always chemically bonded with other elements and occurs in 
compound form in nature, such as water, ammonia, and hydrocarbons, 
etc. Currently, researchers are working on various traditional and 
renewable technologies for H2 production [15]. Methods that are 
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devised already for H2 production such as partial oxidation of methane 
(POM), bio-hydrogen production, steam reforming of methane (SRM), 
biomass gasification, coal gasification, water splitting, and 
thermo-catalytic decomposition of methane [16–26]. Currently, for H2 
and syngas production, POM and SRM are the state-of-art technologies 
being practised around the world [25–27]. Although these methods 
have their limitations in terms of producing CO2, CO, catalyst deacti-
vation and purification of produced H2 [27–30]. However, at the same 
time production of H2 is highly depended on utilization of fossil fuel 
because of its availability and well-developed technologies. Among 
fossil fuels natural gas (NG) is mostly utilized as it consists of more than 
85% of CH4, and the processing of agriculture and solid waste also 
evolve CH4 gas that can be utilized for H2 production which seems a 
more productive way for sustainable energy routes. The drawbacks of 
the technologies that directly utilize CH4, mostly for power generation 
are having lower efficiency and causes CO2 emissions that contribute to 
global warming [31]. 

The thermal catalytic decomposition of CH4 for H2 production is one 
of the cleaner routes as presented in reaction (R1). Owing to its simplest 
and lightest existence, H2 gets more attention and is known as a clean 
fuel. The H2 can produce more energy than the parent fuel and do not 
produce any GHG upon combustion [22,28]. Thermo-catalytic decom-
position of CH4 method is used to convert CH4 directly into H2 gas. 
Thermo-catalytic decomposition of CH4 is an endothermic, single-step 
and economical process which reduced temperature required for the 
given process in absence of a catalyst for H2 production. The H2 pro-
duced as a result of thermo-catalytic decomposition is almost 100% pure 
and no further processes for its purification are needed [2]. Carbon 
nanomaterial formed as a by-product is valuable for many applications 
because of its interesting properties such as mechanical strength, energy 
storage capacity and strong resistance towards acids and bases [26,29, 
32]. 
CH4 →C + 2H2 ΔH

◦

25
◦

C = 75kJmol−1 (methane decomposition) (R1) 
Methane is a stable hydrocarbon and requires a high reaction tem-

perature (1000–1200 ℃) for its decomposition in the absence of the 
catalyst. Therefore, a suitable catalyst with desirable properties is used 
to decompose CH4 molecules into H2 and carbon at a relatively lower 
temperature [30,33]. Various studies were conducted on Ni, Fe, Co and 
noble metal loaded catalyst over conventional support like Al2O3 [34], 
SiO2 [22], MgO [35], ZrO2 [27], La2O3 [36], TiO2 [37] etc for of CH4 
decomposition. However, the economics and preparation of such sup-
port material are major concerns and seek alternative routes. Diversified 
approaches such as bi-metallic, tri-metallic and co-supported catalyst 
were used to get promising results for the thermo-catalytic decomposi-
tion of CH4 [31,38]. Among the metal loaded catalysts, Ni loaded 
catalyst is mostly investigated for CH4 decomposition due to some 
excellent properties such as lower activation temperature and high 
initial H2 output, but still facing some major limitations in terms of 
sintering, carbon deposition, catalyst deactivation [38,39] and its 
instability at elevated temperature which has a strong effect on CH4 
conversion and H2 yield [40]. Cobalt-based catalyst is another suitable 
and competitive candidate for CH4 decomposition in elevated temper-
atures. Various cobalt-base catalysts were used with excellent catalytic 
performance and stability even at higher temperatures [38]. The cata-
lytic performance of heterogeneous catalyst usually depends on the 
method of preparation, type of active metal used, support material, its 
structure and presence of promoter [38,41]. 

Generally, support has a major role in the catalytic activity of cata-
lyst because it is responsible for smoothening the path for metal 
dispersion, metal-support interaction and exposure of active sites [39, 
42]. However, the economics and complex method for the preparation 
of such support material is the main problem. To overcome these chal-
lenges, various approaches and processes were applied for the synthesis 
of support material from waste materials, such perspectives seeking 

attention due to its low cost, and renewable sources [43,44]. 
The solid fuel-fed power plants produce a massive amount of both 

types of ash i.e bottom ash and fly ash, and its disposal is a main envi-
ronmental challenge [45]. Ash is usually dumped at waste landfill sites 
which is not cleaner disposal, and it may harm human health. At present, 
there has been an interest in the sustainable management of waste fly 
ash to optimize waste material recovery. Coal fly ash, for example, is 
used for road construction, cement production, zeolite preparation and 
other building materials such as concrete [46]. The detailed coal fly ash 
analysis confirms the existence of various metal oxides, including Al2O3, 
Fe2O3, SiO2and MgO [47]. The presence of metal oxides makes it very 
reasonable to use them as a catalyst support material for various 
reforming applications. Coal ash-supported Ni-base catalyst was used by 
steam reforming of acetic acid and phenol for hydrogen production. The 
results show that the conversion of reactants and production of H2 were 
improved due to the presence of metal oxides in coal ash [48]. The coal 
ash as catalyst was used in steam gasification of palm shell for produc-
tion of H2 and syngas and have shown some promising results due to the 
presence of metal oxides in ash and its suitable textural properties [49]. 
Similarly, the ash from various solid fuels and waste such as coal, 
refuse-derived fuel and waste rubber tires were tested as catalysts sup-
ports for the production of H2 in the biomass steam reforming process 
and the results were very encouraging as the metal oxides and 
morphology contributed to the reforming process [50]. The studies show 
that biomass fly ash (BFA) also has metal oxides such as Al2O3, Fe2O3, 
SiO2, MgO, CaCO3 and K2O and desirable morphology for catalytic ap-
plications in several reforming technology [45]. Instead of the desirable 
physiochemical properties, BFA was constantly overlooked to be used as 
a catalyst in the literature. The goal and motivation of this study is to 
investigate and use cobalt loaded BFA for the thermo-catalytic decom-
position of methane that will assists in the sustainable management of 
BFA and also reduce the costs and efforts required for complex methods 
to prepare conventional support materials. 

Typically, the promoter helps to increase metal dispersion over the 
support, catalyst stability and alter the morphology of deposited carbon 
[35]. Cerium oxide (CeO2) has distinctive redox properties that influ-
ence the catalyst physicochemical properties and increase the active 
metal dispersion over support, further reducing the sintering of active 
metals. Previously CeO2 was used to produce syngas via partial oxida-
tion of methane [51] and dry reforming of methane [52] with promising 
catalytic activity and selectivity. Recently, CeO2 was used for 
thermo-catalytic decomposition of methane, where it not only improves 
catalytic activity and stability but also has good interaction with tran-
sition metals and provides better dispersion of metal over support [53]. 

In this work, two environmental concerns such as CH4 and BFA were 
considered to make a sustainable route for H2 production. The Co loaded 
CeO2 promoted catalyst prepared for thermocatalytic decomposition of 
methane. For this purpose, CeO2 nanowires were prepared by conven-
tional hydrothermal method and cobalt loaded over BFA support cata-
lyst via wetness impregnation method. The prepared catalyst Co/CeO2- 
BFA is characterized using X-ray powder diffraction (XRD), scanning 
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), 
thermogravimetric analysis (TGA) and Fourier transformed infrared 
spectroscopy (FTIR). The catalyst performance was carried out in a fixed 
bed reactor and assessed in terms of CH4 conversion, H2 selectivity and 
yield. Moreover, the catalyst activity was tested for 34 h to analyze the 
stability of the catalyst and its evolution in high-temperature reaction. 
Finally, the spent catalyst was also characterized by XRD, SEM, EDX and 
TGA to investigate the physicochemical changes and carbon formed over 
the catalyst surface. 

2. Experimental 

2.1. Preparation of Co/CeO2-BFA 

The biomass fly ash (BFA) was obtained from a local biomass-fired 
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power plant. The BFA preparation scheme is presented in Fig. 1. BFA 
samples were washed with deionised (DI) water prepared by drying in 
an oven for 10 h at 120 ℃ to remove moisture and then grinded and 
sieved to achieve the fine powder. BFA was calcined at 800 ℃ for 3 h to 
improve its crystallinity and to remove the unburnt carbon and alkaline 
material. 

CeO2 was synthesized by the hydrothermal process as shown in 
Fig. 1. Cerium (III) nitrate hexahydrate (Sigma Aldrich, 99.99%, USA) 
(Ce(NO3)3⋅6H2O) was added to the required amount of DI water to 
prepare a solution (0.1 M) maintaining pH at 10.0, stirred for 15 min at 
60 ℃ to make the homogenous nitrate solution. The homogenous nitrate 
solution was then shifted to a 200 mL Teflon lined stainless steel auto-
clave (China) for the hydrothermal process. The autoclave was kept in 
the furnace for the hydrothermal process for 24 h at 160 ℃ and then 
cooled to room temperature naturally. The sample was rinsed several 
times with DI water and absolute ethanol (ACS reagent 99.5%) to 
remove impurities and maintain pH at 7.0. The sample was dried for 
10 h in an oven at 120 ℃ and trailed by calcination (800 ℃) for 3 h. 

The Co/CeO2-BFA catalyst was formulated by the incipient wetness 
impregnation method [54,55]. BFA and CeO2 powders were added to 
the DI water and kept for 15 min on stirring at 60 ℃. Cobalt (II) nitrate 
hexahydrate (Co(NO3)2⋅6H2O) (Merck, 99.99%, USA) solution (0.1 M) 
was prepared using DI water and heated at 60 ℃ for 10 min with 
continuous stirring. The required amount of BFA and CeO2 nano powder 
was added to the precursor solution and was stirred at 110 ℃ for 3 h. 
The sample was dried overnight in an oven at 110 ℃, then grinded and 
performed calcination at 700 ℃ for 3 h. 

2.2. Catalyst characterization 

The physicochemical properties of the catalyst were analyzed 
employing a variety of methods i.e. XRD, SEM, TGA and FTIR spec-
troscopy. The catalyst crystal structure was determined using an X-Ray 
diffractometer, D8 Advance (Bruker Advanced, Germany) scanning from 
05◦ to 80◦ using a step size of 0.05◦/5 s. X-ray diffractometer charac-
terized with DIFFRAC plus EVA version 5.0, Bragg-Brentano configu-
ration, scintillation detector and 1.5418 Å wavelength radiations were 
used to determine the crystallinity of the material. The catalyst crys-
tallite size is calculated using the Scherrer equation [55,56]. 

The morphology and elemental distribution of the fresh and spent 
catalyst were studied using SEM (JSM-6490A JEOL Japan) with a res-
olution power of 3 nm at 30 kV with an extension of 10–200,000X to 
achieve the desirable micrograph of material. Elemental composition 
assessment of the fresh nanocomposite and spent catalyst was performed 
with EDX detector (Oxford Instruments, model: 51-AD0007). 

Thermal stability analysis was performed by thermal gravimetric 
analyser TGA 5500 TA Instruments. The samples were heated from 
25 ℃ to 900 ℃ at a heating rate of 10 ℃ min−1 in N2 environment with 
a flow rate of 25 mL min−1 to study the thermal stability of the catalyst 
sample. The air environment was adopted for the spent catalyst analysis 
with the same experimental conditions. FTIR spectroscopy was con-
ducted to determine the functional group and interaction between Co- 
and Ce employing Cary 630 FTIR (Agilent Technologies USA). FTIR 
spectrum with the resolution of 2 cm−1 and wavenumber in the range 
650–4000 cm−1 was recorded. 

2.3. Experimental setup for methane cracking 

Methane decomposition reaction was carried out in a fixed bed 
thermal reactor (Parr Instrument, 5401, USA) with a continuous flow of 
gases shown in Fig. 2. The thermal reactor consisting of a fixed bed 
stainless steel (SS 316) reactor having inner diameter ID = 12 mm and 
length of 300 mm with single zone heating furnace was used. The 
pressure gauge (2.5 bar) is installed to monitor the pressure in the 
reactor. The prepared nanocatalyst was stacked in the middle of the SS 
reactor tube sandwiched using quartz wool. The CH4 (99.99%) flow rate 
was regulated by a mass flow controller (Brooke instruments, USA). The 
temperature of the thermal reactor was controlled by a process 
controller (4871, Parr Instrument). The temperature and flow were 
monitored using an online SCADA system. The condenser was used to 
remove any moisture and supplied dry gases for analysis. The CH4 fed 
and H2 yield were evaluated using a gas chromatograph (GC-TCD) (GC- 
2010 Plus, Shimadzu Japan) equipped with a thermal conductivity de-
tector (TCD). The TCD is furnished with a capillary column (RT-MS5A, 
30 m x 0.32 mm ID, 30 µm) used to detect CH4 and H2 [45]. 

Fig. 1. Schematic of Co/CeO2-BFA synthesis.  
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2.4. Methane decomposition activity 

The catalytic decomposition of methane was examined for CH4 
conversion, the H2 selectivity and yield is given in Eqs. (1–3). 

CH4 conversion (XCH4
)% =

[

(n CH4)converted

(n CH4 )feed

× 100

]

(1) 

XCH4 is the conversion of methane, n(CH4)converted the number of 
moles of methane converted and (nCH4)feed is moles of methane at the 
inlet of the reactor. 

H2 selectivity (SH2
)% =

[

(nH2) produced

(2 × nCH4) converted

× 100

]

(2)  

H2 yield (YH2
)% =

[

(nH2) produced

2 × (nCH4) feed

× 100

]

(3) 

An analytical approach has been used to calculate the possible car-
bon formed inside the reactor over 34 h TOS. The weight of the depos-
ited carbon over the reactor surface were calculated by subtracting 
weight of the catalyst loaded reactor before reaction from the weight of 
the reactor after completion of the reaction for stability analysis as 
shown in Eq. (4). 

Carbon formed (g) =
[(

Reactor weight(post−reaction)

)

−
(

Reactor weight(pre−reaction)

) ]

(4)  

3. Results and discussion 

3.1. Physicochemical properties of the catalyst 

For the structural investigation of the BFA, CeO2, and 5%Co/CeO2- 
BFA, XRD experiments were performed, and the patterns are shown in  
Fig. 3 and calculated values are listed in Table 1. The XRD pattern of BFA 
exhibits diffraction peaks for the different crystalline phases. The key 
diffraction peak at 2θ with a value of 25.4◦ indexed directly to ortho-
rhombic CaSO4 (JCPDS# 37-1496) with phase (020) [57]. The CaCO3 

Fig. 2. Schematic of the experimental setup for catalytic methane decomposition.  

Fig. 3. XRD analysis of BFA, CeO2, and 5%Co/CeO2-BFA.  

Table 1 
JCPDS card, 2θ values, and hkl values of different phases in XRD analysis.  

Catalyst Compound JCPDS # 2θ (◦) (hkl) Crystallite size 
(nm) 

BFA MgO 45-0946  44  (211)  16.5 
CaCO3 47-1743  29.4  (104)  20.6 
SiO2 46-1045  26.5  (101)  8.9 
Fe2O3 16-0653  32.8  (220)  10.9 
Al2O3 46-1131  30.3  (020)  13.6 

CeO2 CeO2 43-1002  28.5  (111)  9.1 
5%Co/CeO2-BFA Co 15-0806  44.2  (111)  9.6  
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(JCPDS# 47-1743) with phase (104) is detected at 2θ = 29.4◦ [58]. The 
diffraction peak of SiO2 (JCPDS# 46-1045) with phase (101) have been 
estimated at 2θ = 26.5◦ [59]. The Fe2O3 major diffraction peak was 
observed at 2θ = 32.8◦ for the cubic structure of (JCPDS# 16-0653) 
with phase (220) [60]. Al2O3 (JCPDS# 46-1131) with phase (020) 
was identified at an 2θ = 30.3◦ [61]. The cubic structure MgO (JCPDS 
N# 45-0946) major peak found at 2θ = 44◦ and phase (211). 

For CeO2 (JCPDS# 43-1002) with hkl (111), which indexed explic-
itly face-centered cubic crystalline phase was observed at 2θ = 28.5◦

[33]. The cobalt-loaded composite shows an extra major peak with 

2θ = 44.2◦ for the face-centered cubic phase of Co (JCPDS# 15-0806) 
with hkl (111) [62]. Hence, XRD results confirm the synthesis of the 
high crystalline nanocatalyst with the presence of CeO2, Co, and other 
metal oxides [63]. The average crystallite size for the BFA is 13.8 nm 
while CeO2 and Co show 9.1 nm and 9.6 nm respectively. 

The morphological structures of BFA, CeO2, and 5%Co/CeO2-BFA 
nanocomposite were analyzed by using SEM as shown in Fig. 4 with a 
magnification of 5.0 µm and 1.0 µm. The BFA shows micro flakes-like 
morphology [45] as depicted in Fig. 4(a,b). Higher magnification 
shows porosity in the micro-flakes which give crusty behavior to the 

Fig. 4. SEM micrographs of synthesized catalyst (a,b) BFA, (c,d) CeO2 nanowires, and (e,f) 5%Co/CeO2-BFA.  
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catalyst. Micro flakes like structures with porosity are considered 
arguably excellent for catalytic application due to better dispersion of 
active metals and interaction with promoters [33]. The CeO2 demon-
strates nanowire structure as shown in Fig. 4(c,d) with different mag-
nifications. The CeO2 nanowires are interconnected and formed a 
complex web-like structure. The wet impregnation method of Co along 
with the incorporation of CeO2 and BFA is shown in Fig. 4(e,f). The 
improved dispersion of the Co on the BFA due to micro flakes structure 
and porosity of support material is evident [22]. The 5%Co/CeO2-BFA 
nanocomposite clearly shows the infusion of CeO2 nanowires in BFA and 
improves Co dispersion to achieve higher active sites for methane 
activation. 

The EDS analysis of 5%Co/CeO2-BFA is shown in Fig. 5. The 
elemental analysis indicates clear peaks for Co, Ce is seen in the EDX 
spectrum. The spectrum also shows peaks for Ca, Si, Fe, and Al which are 
the main constituent of the BFA as confirmed in XRD analysis. 

The thermal stability of the prepared BFA, CeO2, and 5%Co/CeO2- 
BFA samples is presented in Fig. 6. TGA profile of BFA in Fig. 6(a) in-
dicates a total of 15% weight loss. The total weight loss of BFA even-
tuates in three steps. In the first step, up to 150 ℃ temperature, the 
moisture content of the BFA dried up and count for minute weight loss. 
In the temperature range of 150–400 ℃, the other volatile matter pre-
sent in BFA evaporated and is accountable for weight loss in the second 
phase of the TGA profile. In the third step, major weight loss occurs for 
the oxidation of organic material and the transfer of Si and Fe phases in 
temperature ranges from 550 to 900 ℃ [64]. Fig. 6(b) portrays the 
thermal stability of CeO2 nanowires, which distinctly shows the evap-
oration of the moisture content from synthesized CeO2 and does not 
indicate any further weight loss and ascribing to the stability of CeO2 
nanowires [65,66]. The TGA profile of the 5%Co/ CeO2-BFA nano-
composite is depicted in Fig. 6(c). The TGA profile portrays a total of 
5.5% weight loss up to 750 ℃. The weight loss is related to the release of 
moisture, volatile content from the material and possible breakdown of 
carbonates. The weight loss in the final nanocomposite has reduced as 
compared to the BFA which reveals that Co and CeO2 loading over BFA 
change the structure and morphology of the nanocomposite as well as 
strengthen the thermal stability [67]. 

The functional groups (qualitative analysis) in the range of 
4000–650 cm−1 wavenumber were determined for BFA, synthesized 
CeO2 nanowires and 5%Co/CeO2-BFA nanocomposite are presented in  
Fig. 7(a–c). The weak transmittance peak band in 2500–2000 cm−1 

shows the physical presence of the OH bond due to the presence of water 
[68]. While the band below 700 cm−1 are indicating Ce-O stretching 

vibration in the case of CeO2 and nanocomposite [69–71]. The BFA, 
FTIR spectrum shows obvious bands at 1418 cm−1 and 882.36 cm−1 

which illustrates the stretching vibration of the asymmetric C˭O, which 
confirms the presence of carbonate compound in BFA, while the band at 
1110 cm−1 demonstrates the Si-O stretching vibration [45,72,73]. The 
symmetric stretching vibration for Si-O-Al have been observed at a 
relatively smaller neck at 743.9 cm−1 [73]. The stretching modes for 5% 

Fig. 5. EDX analysis of fresh 5%Co/CeO2-BFA.  

Fig. 6. TGA profile of fresh (a) BFA, (b) CeO2 nanowires, and (c) 5%Co/ 
CeO2-BFA. 
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Co/CeO2-BFA at 955.6 cm−1 represents C-O vibrations [74]. The band at 
1075 cm−1 wave number is attributed to Co present in the nano-
composite [75,76]. 

3.2. Catalyst screening test 

The catalytic activity of BFA, 5%Co/BFA and 5%Co/CeO2-BFA are 
screened in terms of CH4 conversion, H2 selectivity and yield as pre-
sented in (Fig. 8), while keeping experimental parameters constant; 
reaction temperature 850 ℃, a CH4 flow rate of 20 mL min−1 and 
catalyst loading was 0.5 g. All the reported values for CH4 conversion, 
H2 selectivity and H2 yield are the average values after the catalyst gain 
stability. Fig. 8(a) presented the CH4 conversion (28%) for BFA as a 
catalyst, however, the addition of the Co to BFA increases up to 46% CH4 
conversion. It is attributed to the Co active sites and stimulates the CH4 
molecule to decompose into carbon and H2 while in the case of BFA, the 
only supported without activation [77]. Furthermore, the addition of 
CeO2 as a promoter to Co/BFA raises the CH4 conversion to 71%, since 
CeO2 improves the Co dispersion over the BFA and also improve 
metal-support interaction [30]. 

Fig. 8(b) reveals H2 selectivity for BFA (33.5%), 5%Co/BFA (44%) 
and 5%Co/CeO2-BFA (62%) respectively. The H2 yield for BFA, 5%Co/ 
BFA and 5%Co/CeO2-BFA corresponds to values 20%, 31% and 44% 
respectively (Fig. 8(c)). The H2 yield improvement is evidence of the Co 
and CeO2 interaction with BFA and activation of CH4. The CH4 

Fig. 7. FTIR spectroscopy of fresh (a) CeO2, (b) BFA and (c) 5 wt%Co/ 
CeO2-BFA. 

Fig. 8. Catalyst screening (a) CH4 conversion, (b) H2 selectivity and (c) H2 yield at reaction temperature = 850 ◦C, catalyst loading = 0.5 g and CH4 flow 
rate = 20 mL min−1. 
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conversion enhanced along with H2 selectivity and yield is also attrib-
uted to the redox properties of ceria and high mobility of lattice oxygen 
[78]. In the product analysis, the traces of CO and CO2 were analyzed in 
the process. Furthermore, ceria also assists in metal-support interaction 
in a reductive environment. The electrons on the 4f-suborbital usually 
increase the electron density around the Co metal and increase the 
methane decomposition [79]. The BFA also includes Fe, Al and Si which 
can also assist in the Co exsolution process rather than suppressing the 
active sites. 

3.2.1. Effect of CeO2 loading over 5%Co-BFA 
The catalytic activity for different loading of CeO2 nanowires as a 

promoter over 5% Co/BFA catalyst was investigated for CH4 decompo-
sition at a temperature of 850 ℃, a total flow rate of 20 mL min−1 and 
catalyst loading of 0.5 g. Fig. 9 depicts the CH4 conversion, H2 selec-
tivity and yield were enhanced by increasing CeO2 loading in 5%Co/ 
BFA. The CH4 conversions are shown in Fig. 9(a) which displays that 
53% of CH4 conversion for 2.5% CeO2 loading and increased to 71% for 
5% CeO2 loading. This is due to the CeO2 nanowire structure which gives 
better metal dispersion, preventing active metal sintering and improving 
catalyst stability at higher temperatures, but the potential increase in 
CeO2 loading from 7.5% to 10% increased conversion from 73% to 76%, 
respectively, because increasing CeO2 loading allows pores to be filled 
and contributes to CeO2 agglomeration that blocks active sites [30,53]. 

The identical behavior was evaluated for H2 selectivity and yield. The 
recorded H2 selectivity values for 2.5%, 5%, 7.5% and 10% of CeO2 
loading over Co/BFA catalyst are 46%, 62%, 65% and 66.5% respec-
tively (Fig. 9(b)). While Fig. 9(c) demonstrates H2 yield of 28%, 44%, 
47% and 49% respectively for 2.5%, 5%, 7.5% and 10% loading of CeO2. 
Therefore, the catalyst with 5% CeO2 loading resulted in improved CH4 
conversion, H2 selectivity, and yield. Again, the redox properties of CeO2 
also support activating the Fe along with Co and expand along with 
carbon tubes. 

3.2.2. Effect of feed flow rate 
The catalytic activity depends heavily on the methane flow rate, as 

the flow rate determines the gas contact time with the catalyst and at 
high temperatures in the reactor [23]. Over 5% Co/CeO2-BFA catalyst, 
CH4 conversion, H2 selectivity and yield at different flow rates were 
studied while keeping the remaining experimental parameters constant. 
Experimental findings show that CH4 conversion of 74% at 10 mL min−1 

was significantly reduced to 60% at 40 mL min−1 flow rate as shown in  
Fig. 10(a). The high concentration of the gas reduces the interaction 
between the gas molecules and active sites on the catalyst surface [80]. 
Also, the high concentration contributes to the formation of radicals like 
CH3, CH2 and CH, and the decomposition of methane could stop as a 
result of high concentration and other CxHx gases can form [81]. A 
similar tendency was observed for hydrogen selectivity and yield. The 

Fig. 9. Effect of CeO2 loading on (a) conversion of CH4, (b) selectivity of H2 and (c) H2 yield at reaction temperature = 850 ◦C, catalyst loading = 0.5 g, and CH4 
flow rate = 20 mL min−1. 
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H2 selectivity is depicted in Fig. 10(b), with values of 63%, 62%, 57% 
and 50% while keeping flow rate at 10 mL min−1, 20 mL min−1, 
30 mL min−1 and 40 mL min−1 are noted respectively. In very similar 
manner, H2 yield of 46%, 44%, 38% and 30% were recorded respec-
tively for flow rate of 10 mL min−1, 20 mL min−1, 30 mL min−1 and 
40 mL min−1. The flow rate is corresponding to the residence time, 
increasing the flow rate reduces the residence time and the interaction 
between the gas molecules and active sites are minimum, thus conver-
sion of CH4 is reduced [55,82]. 

3.2.3. Stability analysis of 5% Co/CeO2-BFA 
The stability analysis was performed for the 5%Co/5%CeO2-BFA 

catalyst with respect to time on stream. The analysis was carried at 
constant experimental parameters i.e. CH4 flow rate of 20 mL min−1, 
0.5 g catalyst loading and reaction temperature 850 ◦C. The catalytic 
activity in terms of CH4 conversion, H2 selectivity and yield is calculated 
at a time interval of 15 min for the total time of 34 h. Initially, the 
catalytic activity was very low, due to the reason that produced H2 was 
utilized for the complete reduction of the unreduced active metal species 
in the catalyst at 850 ℃ [22,83]. Normal reduction time for a catalyst is 
about 3–4 h but in this case catalyst support, BFA is the mix matrix of 
various metal oxides in contrast to other support materials which are 
either a single metal oxide or a proper combination of multiple oxides, 
that is why the reduction time was higher as compared to conventional 
catalyst’s support and of course exsolution process takes longer time 
than simple activation of catalyst. The catalytic activity initially shows a 

gradual increase in its value for the first 12 h and then catalyst activity 
remains stable continuously for the other 34 h as shown in Fig. 11. In the 
stability analysis maximum, CH4 conversion was observed 88.5%, 

Fig. 10. CH4 flow rate effect on (a) conversion of CH4, (b) H2 selectivity and (c) H2 yield at reaction temperature = 850 ◦C and catalyst loading = 0.5 g.  

Fig. 11. Stability analysis of Co/CeO2-BFA catalyst and TOS effect on CH4 
conversion, H2 selectivity and yield at reaction at temperature = 850 ◦C, 
catalyst loading = 0.5 g and CH4 flow rate = 20 mL min−1. 
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similarly, H2 selectivity and yield are recorded as 55.9% and 48.6% 
respectively for 34 h′ time on stream. The lower value of H2 yield with 
respect to CH4 conversion is attributed to the possible formation of 
certain higher hydrocarbons, mainly due to some site reaction followed 
via Fe activation [45,84]. The balance of the reaction is attributed to 
CxHx gases which were not identified in this specific case due to the 
limitation of GC-TCD equipment. The catalyst stability enhanced not 
only due to Co-activation but the exsolution process of Fe and Co, which 
allows expanding with the carbon nanotubes [41,85,86]. The solid 
carbon deposited in thermal decomposition behaves as the catalyst 
support because BFA is the mix matrix of different oxides, following the 
metal exsolution process which improved the metal active sites [87,88]. 

3.3. Physicochemical properties of spent catalyst 

Physicochemical properties of the spent catalyst have been carried 
out after 34 h of TOS. The SEM, XRD, TGA and EDS techniques are used 
to study the deposition of carbon over spent catalyst. The SEM 
morphology of the spent catalyst is shown in Fig. 12(a,b). Morphology of 
spent Co/CeO2-BFA has been changed as compared to fresh nano-
composite which clearly shows deposition of graphite carbon nanotubes 
over BFA micro-flakes [89] which was later confirmed with the XRD 
study. 

The spent catalyst XRD pattern is shown in Fig. 12(c). XRD confirms 
the formation of hexagonal graphite carbon (JCPDF# 26-1079) is 
recorded at 2θ = 26.6◦ with hkl (003). The cubic structured CeO2 
(JCPDF# 49-1415) having phase (012) was also detected at an angle of 

43.9◦, whose structure has been changed due to the reason that catalyst 
was heated for 34 h at 850 ℃, in the reaction where carbon was exulted 
from support and enhance the activity. The TGA profile of deposited 
carbon is shown in Fig. 12(d). TGA of spent catalyst performed in air 
environment which shows a major weight loss of about 69% in the range 
530–680 ℃. The weight loss is majorly attributed to the combustion of 
graphitic carbon in the air. The weight of the deposited carbon during 
the 34 h TOS was calculated 6.3 g which was calculated by subtracting 
weight of loaded reactor before start of reaction from weight of reactor 
after reaction completion. The remaining carbon balance from theo-
ritical calculation is ascribed to the possible formation of CxHx species. 

EDX spectrum of spent catalyst is shown in Fig. 13 which shows the 
major peaks for carbon with 61.8% by weight and other peaks were 
observed for Al, Si, Ca, and Fe. An element like Al, Si, Ca and Fe are the 
major constituents of the BFA while carbon has been deposited over the 
catalyst surface which suppressed the Co and CeO2 concentration. 

4. Conclusion 

The Co/CeO2-BFA nanocomposite is synthesized successfully and 
applied in methane decomposition. The characterizations revealed that 
catalyst has suitable physicochemical properties with the advantages of 
crystalline structure, micro flakes morphology, and high stability up to 
850 ℃. The addition of Co as active metal over BFA and synthesized 
with CeO2 nanowires further enhanced the catalytic performance in 
terms of catalyst stability, CH4 conversion, H2 selectivity, and yield. The 
maximum CH4 conversion was 88%, H2 selectivity and yield were 55.9% 

Fig. 12. (a,b) SEM micrograph of spent Co/CeO2-BFA, (c) XRD of Co/CeO2-BFA-spent and (d) TGA of Co/CeO2-BFA-spent on air environment.  
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and 48.65%, respectively for 5% Co/CeO2-BFA catalyst. The stability 
analysis was investigated for 34 h without compromising CH4 conver-
sion, H2 selectivity, and yield. The obtained results show that biomass 
fly ash derived catalyst for catalytic application is an economical 
approach and the direct employment of BFA as catalyst support reduces 
the synthesis cost of a heterogeneous catalyst. 
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Hydrogen production by methane decomposition: a comparative study of 
supported and bulk ex-hydrotalcite mixed oxide catalysts with Ni, Mg and Al, Int. 
J. Hydrog. Energy 43 (2018) 9607–9621. 

[19] A.A. Ibrahim, A.H. Fakeeha, A.S. Al-Fatesh, A.E. Abasaeed, W.U. Khan, Methane 
decomposition over iron catalyst for hydrogen production, Int. J. Hydrog. Energy 
40 (2015) 7593–7600. 

[20] D. Kang, J.W. Lee, Enhanced methane decomposition over nickel–carbon–B2O3 
core–shell catalysts derived from carbon dioxide, Appl. Catal. B Environ. 186 
(2016) 41–55. 

[21] H. Nishii, D. Miyamoto, Y. Umeda, H. Hamaguchi, M. Suzuki, T. Tanimoto, 
T. Harigai, H. Takikawa, Y. Suda, Catalytic activity of several carbons with 
different structures for methane decomposition and by-produced carbons, Appl. 
Surf. Sci. 473 (2019) 291–297. 

[22] M. Pudukudy, Z. Yaakob, Methane decomposition over Ni, Co and Fe based 
monometallic catalysts supported on sol gel derived SiO2 microflakes, Chem. Eng. 
J. 262 (2015) 1009–1021. 

[23] E. Tezel, H.E. Figen, S.Z. Baykara, Hydrogen production by methane 
decomposition using bimetallic Ni–Fe catalysts, Int. J. Hydrog. Energy 44 (2019) 
9930–9940. 

[24] J.B. Zhang, W.T. Xie, X. Li, Q.Q. Hao, H.Y. Chen, X.X. Ma, Methane decomposition 
over Ni/carbon catalysts prepared by selective gasification of coal char, Energy 
Convers. Manag. 177 (2018) 330–338. 

Fig. 13. EDS analysis of spent Co/CeO2-BFA after 34 h TOS.  

J. Raza et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref1
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref1
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref1
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref2
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref2
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref2
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref3
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref3
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref4
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref4
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref4
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref5
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref5
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref6
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref6
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref6
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref6
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref7
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref7
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref7
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref8
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref8
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref8
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref9
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref9
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref9
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref10
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref10
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref11
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref11
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref12
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref12
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref13
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref13
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref14
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref14
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref14
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref15
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref15
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref15
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref16
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref16
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref16
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref17
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref17
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref17
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref17
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref18
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref18
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref18
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref19
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref19
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref19
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref20
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref20
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref20
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref20
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref21
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref21
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref21
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref22
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref22
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref22
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref23
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref23
http://refhub.elsevier.com/S2213-3437(21)00793-4/sbref23


Journal of Environmental Chemical Engineering 9 (2021) 105816

12

[25] N. Bayat, F. Meshkani, M. Rezaei, Thermocatalytic decomposition of methane to 
COx-free hydrogen and carbon over Ni–Fe–Cu/Al2O3 catalysts, Int. J. Hydrog. 
Energy 41 (2016) 13039–13049. 

[26] N. Bayat, M. Rezaei, F. Meshkani, Hydrogen and carbon nanofibers synthesis by 
methane decomposition over Ni–Pd/Al2O3 catalyst, Int. J. Hydrog. Energy 41 
(2016) 5494–5503. 

[27] A. Wolfbeisser, G. Kovacs, S.M. Kozlov, K. Fottinger, J. Bernardi, B. Klotzer, K. 
M. Neyman, G. Rupprechter, Surface composition changes of CuNi-ZrO2 during 
methane decomposition: an operando NAP-XPS and density functional study, 
Catal. Today 283 (2017) 134–143. 

[28] H.F. Abbas, W.M.A. Wan Daud, Hydrogen production by methane decomposition: a 
review, Int. J. Hydrog. Energy 35 (2010) 1160–1190. 

[29] A.H. Fakeeha, A.A. Ibrahim, W.U. Khan, K. Seshan, R.L. Al Otaibi, A.S. Al-Fatesh, 
Hydrogen production via catalytic methane decomposition over alumina supported 
iron catalyst, Arab. J. Chem. 11 (2018) 405–414. 

[30] M. Pudukudy, Z. Yaakob, Q.M. Jia, M.S. Takriff, Catalytic decomposition of 
methane over rare earth metal (Ce and La) oxides supported iron catalysts, Appl. 
Surf. Sci. 467 (2019) 236–248. 

[31] A.H. Khoja, A. Azad, F. Saleem, B.A. Khan, S.R. Naqvi, M.T. Mehran, N.A.S. Amin, 
Hydrogen production from methane cracking in dielectric barrier discharge 
catalytic plasma reactor using a nanocatalyst, Energies 13 (2020) 5921. 

[32] L. Zhou, L.R. Enakonda, M. Harb, Y. Saih, A. Aguilar-Tapia, S. Ould-Chikh, J. 
L. Hazemann, J. Li, N. Wei, D. Gary, P. Del-Gallo, J.M. Basset, Fe catalysts for 
methane decomposition to produce hydrogen and carbon nano materials, Appl. 
Catal. B Environ. 208 (2017) 44–59. 

[33] M. Pudukudy, Z. Yaakob, M.S. Takriff, Methane decomposition into COx free 
hydrogen and multiwalled carbon nanotubes over ceria, zirconia and lanthana 
supported nickel catalysts prepared via a facile solid state citrate fusion method, 
Energy Convers. Manag. 126 (2016) 302–315. 

[34] M.S. Tian, K.Z. Li, X. Zhu, Y.G. Wei, Y.N. Zheng, L. Zhang, Y.H. Long, H. Wang, 
Modified Al@Al2O3 phase change materials by carbon via in-situ catalytic 
decomposition of methane, Sol. Energy Mater. Sol. Cells 200 (2019), 109924. 

[35] A.E. Awadallah, D.S. El-Desouki, S.M. Abdel-Azim, N.A.K. Aboul-Gheit, S. 
M. Abdel-Hamid, A.K. Aboul-Gheit, Effect of La, Ce and Nd oxides addition on the 
activity and stability of Co/MgO catalyst for methane decomposition into COx-free 
H2 production and carbon nanotubes, Fuller. Nanotub. Carbon Nanostruct. 26 
(2018) 525–534. 

[36] J.C. Araújo, L.F. Oton, B. Bessa, A.B. Neto, A.C. Oliveira, R. Lang, L. Otubo, J. 
M. Bueno, The role of Pt loading on La2O3-Al2O3 support for methane conversion 
reactions via partial oxidation and steam reforming, Fuel 254 (2019), 115681. 

[37] A.E. Awadallah, M.S. Mostafa, A.A. Aboul-Enein, S.A. Hanafi, Hydrogen 
production via methane decomposition over Al2O3–TiO2 binary oxides supported 
Ni catalysts: effect of Ti content on the catalytic efficiency, Fuel 129 (2014) 68–77. 

[38] W.O. Alabi, K.O. Sulaiman, H. Wang, Sensitivity of the properties and performance 
of Co catalyst to the nature of support for CO2 reforming of CH4, Chem. Eng. J. 390 
(2020), 124486. 

[39] S. Chen, J. Zaffran, B. Yang, Dry reforming of methane over the cobalt catalyst: 
theoretical insights into the reaction kinetics and mechanism for catalyst 
deactivation, Appl. Catal. B Environ. 270 (2020), 118859. 

[40] G. Italiano, A. Delia, C. Espro, G. Bonura, F. Frusteri, Methane decomposition over 
Co thin layer supported catalysts to produce hydrogen for fuel cell, Int. J. Hydrog. 
Energy 35 (2010) 11568–11575. 

[41] H.D. Setiabudi, C.C. Chong, S. Abed, L. Teh, S. Chin, Comparative study of Ni-Ce 
loading method: beneficial effect of ultrasonic-assisted impregnation method in 
CO2 reforming of CH4 over Ni-Ce/SBA-15, J. Environ. Chem. Eng. 6 (2018) 
745–753. 

[42] Y. Gao, J. Jiang, Y. Meng, A. Aihemaiti, T. Ju, X. Chen, F. Yan, A novel nickel 
catalyst supported on activated coal fly ash for syngas production via biogas dry 
reforming, Renew. Energy 149 (2020) 786–793. 

[43] C. Zhao, L. Yang, S. Xing, W. Luo, Z. Wang, P. Lv, Biodiesel production by a highly 
effective renewable catalyst from pyrolytic rice husk, J. Clean. Prod. 199 (2018) 
772–780. 

[44] R. Shan, L. Lu, Y. Shi, H. Yuan, J. Shi, Catalysts from renewable resources for 
biodiesel production, Energy Convers. Manag. 178 (2018) 277–289. 

[45] M. Assad Munawar, A. Hussain Khoja, M. Hassan, R. Liaquat, S. Raza Naqvi, 
M. Taqi Mehran, A. Abdullah, F. Saleem, Biomass ash characterization, fusion 
analysis and its application in catalytic decomposition of methane, Fuel 285 
(2021), 119107. 

[46] A.R.K. Gollakota, V. Volli, C.M. Shu, Progressive utilisation prospects of coal fly 
ash: a review, Sci. Total Environ. 672 (2019) 951–989. 

[47] F. Goodarzi, Characteristics and composition of fly ash from Canadian coal-fired 
power plants, Fuel 85 (2006) 1418–1427. 

[48] S.R. Wang, F. Zhang, Q.J. Cai, X.B. Li, L.J. Zhu, Q. Wang, Z.Y. Luo, Catalytic steam 
reforming of bio-oil model compounds for hydrogen production over coal ash 
supported Ni catalyst, Int. J. Hydrog. Energy 39 (2014) 2018–2025. 

[49] M. Shahbaz, S. Yusup, A. Inayat, D.O. Patrick, A. Pratama, M. Ammar, 
Optimization of hydrogen and syngas production from PKS gasification by using 
coal bottom ash, Bioresour. Technol. 241 (2017) 284–295. 

[50] A.S. Al-Rahbi, P.T. Williams, Waste ashes as catalysts for the pyrolysis–catalytic 
steam reforming of biomass for hydrogen-rich gas production, J. Mater. Cycles 
Waste Manag. 21 (2019) 1224–1231. 

[51] T. Zhu, M. Flytzani-Stephanopoulos, Catalytic partial oxidation of methane to 
synthesis gas over Ni–CeO2, Appl. Catal. A Gen. 208 (2001) 403–417. 

[52] N. Laosiripojana, W. Sutthisripok, S. Assabumrungrat, Synthesis gas production 
from dry reforming of methane over CeO2 doped Ni/Al2O3: influence of the doping 
ceria on the resistance toward carbon formation, Chem. Eng. J. 112 (2005) 13–22. 

[53] W. Ahmed, A.E. Awadallah, A.A. Aboul-Enein, Ni/CeO2–Al2O3 catalysts for 
methane thermo-catalytic decomposition to CO -free H2 production, Int. J. Hydrog. 
Energy 41 (2016) 18484–18493. 

[54] A.H. Khoja, M. Tahir, N.A. Saidina Amin, Evaluating the performance of a Ni 
catalyst supported on La2O3-MgAl2O4 for dry reforming of methane in a packed 
bed dielectric barrier discharge plasma reactor, Energy Fuels 33 (2019) 
11630–11647. 

[55] A.H. Khoja, M. Tahir, N.A.S. Amin, Cold plasma dielectric barrier discharge reactor 
for dry reforming of methane over Ni/ɤ-Al2O3 -MgO nanocomposite, Fuel Process. 
Technol. 178 (2018) 166–179. 

[56] A.H. Khoja, M. Tahir, N.A.S. Amin, A. Javed, M.T. Mehran, Kinetic study of dry 
reforming of methane using hybrid DBD plasma reactor over La2O3 co-supported 
Ni/MgAl2O4 catalyst, Int. J. Hydrog. Energy 45 (2020) 12256–12271. 

[57] H. Wang, W. Cui, Xa Dong, J. Li, Q. Chen, Z. Wang, Y. Sun, J. Sheng, Y. Zhou, 
Y. Zhang, F. Dong, Interfacial activation of reactants and intermediates on CaSO4 
insulator-based heterostructure for efficient photocatalytic NO removal, Chem. 
Eng. J. 390 (2020), 124609. 

[58] X. Zhang, J. Huang, Z. Kang, D.-P. Yang, R. Luque, Eggshell-templated synthesis of 
PbS/CaCO3 nanocomposites for CO3− mediated efficient degradation of 
tetracycline under solar light irradiation, Mol. Catal. 484 (2020), 110786. 

[59] A. Kumar, M.K. Naskar, Single-step process without organic template for the 
formation of zeolite A from RHA, Int. J. Appl. Ceram. Technol. 16 (2019) 
1525–1532. 

[60] Y. Wang, J. Ma, S. Zuo-Jiang, K. Chen, Tailorable magnetic properties of ε-Fe2O3/ 
SiO2 hybrid via alkaline etching, Ceram. Int. 43 (2017) 16482–16487. 

[61] W. Nabgan, T.A. Tuan Abdullah, R. Mat, B. Nabgan, Y. Gambo, K. Moghadamian, 
Acetic acid-phenol steam reforming for hydrogen production: effect of different 
composition of La2O3-Al2O3 support for bimetallic Ni-Co catalyst, J. Environ. 
Chem. Eng. 4 (2016) 2765–2773. 

[62] A.I. Paksoy, B.S. Caglayan, E. Ozensoy, A.N. Ökte, A.E. Aksoylu, The effects of Co/ 
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