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Abstract: Catalytic steam reforming of bioethanol is an endothermic reaction for hydrogen production with high tendency of 

complete conversion at high temperature, but the catalyst is susceptible to deactivation due to the sintering of based metal and 

carbon deposition. MgO-doped/acid modified metakaolin supported nickel-based catalysts (with 5-25wt% nickel loading) were 

synthesized using wetness impregnation method and characterized. The physicochemical properties of the catalysts were 

examined using XRD, BET, SEM-EDX, XRF, FTIR and TG/DTA techniques. XRD patterns show the presence of nickel oxide, 

spinel MgAl2O4, NiAl2O4 in all the calcined catalyst samples, via characteristic peaks. Most of the crystallite sizes of the NiO 

particles in the synthesized catalysts were within 20.1-38nm, far less than the size effect threshold of 100nm, except CAT II, with 

crystallite size of 132.5nm, which could be attributed to the high tendency of NiO particles to agglomerate with MgO. Based on 

BET results, all the synthesized catalysts have pore diameter in the mesopore diameter range. SEM-EDX results show that there is 

nuclear interaction among MgO, NiO and Al2O3, as confirmed by XRD and XRF analyses. The FTIR analyses show that nickel 

phyllosilicate bond, Si-O-Al stretching vibration, OH stretching and metal-oxygen bond exist within the synthesized catalysts. The 

formation of MgAl2O4 and NiAl2O4 spinel phases is due to the interaction of active oxide components with acid modified 

metakaolin and MgO, which contributes to the catalyst thermal stability, as confirmed by TG/DTA analyses. These spinel 

structures would contribute to the catalysts’ activity and selectivity, as their structures could remain unchanged under severe 

reaction conditions. The mesoporous structure of the synthesized catalysts would aid the reactant gases to adsorb on its surface 

and easy diffusion through the catalyst’s channel after reaction. With better interaction among the support, promoter and based 

metal in the synthesized catalysts and available surface OH group, the formation and conversion of adsorbed formate intermediate 

during steam reforming reactions would be facilitated, and in turn reduce carbon deposition. 
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1. Introduction 

The profuse release of greenhouse gases to the atmosphere 

due to over dependence on fossil fuel for the provision of end-

use services and the need for energy sustainability due to the 

finite nature of carbon-fuel, necessitate the clamour for 

alternative energy sources that are green and sustainable [1, 2]. 

Renewable energy resources such as solar, wind, geothermal 

and biomass have gained attention as carbon neutral in relation 

to environmental impacts compared with fossil fuels [3]. 

Biomass has comparatives advantages over other renewable 

energy resources due to its abundant availability at low cost 

from different sources such as agriculture and forestry 

residuals, energy crops, aquatic plants, algae, lignocellulose 

materials, municipal and industrial wastes. Biomass reduces air 

pollution by reducing carbon dioxide by 90% through the 

photosynthesis process compared with fossil fuels [4]. 
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Biomass can be transformed into energy through biological, 

thermal and chemical processes. Pyrolysis, gasification and 

steam gasification techniques are available for converting 

biomass to a useful form of energy, but there is concern about 

high tendencies of global warming, which necessitates 

research interest in the development of environmental benign 

biological methods for hydrogen production from biomass [5]. 

Biological hydrogen production can be achieved by photolysis, 

photofermentation and dark fermentation bacteria and 

anaerobic fermentative bacteria, respectively. Although, each 

of the production methods has its comparative advantages and 

disadvantages, fermentative hydrogen production has gained 

wider interest because there is high tendency of effective 

conversion of biomass (lignocellulose) to fermentable sugars 

during hydrolysis and onward fermentation into dilute 

bioethanol [6]. Bioethanol is an oxygenated fuel that contains 

35% oxygen, which has gained attention for hydrogen 

production because of its relatively high hydrogen content, 

eco-friendly, as well as better safety in terms of storage and 

handling [7, 8]. Steam reforming, partial oxidation and auto 

thermal reforming are the prevalent, effective and large scale 

production methods of hydrogen from bio-ethanol. Among the 

reforming methods, steam reforming is one of the most widely 

studied routes of producing hydrogen because of its high 

efficiency (≈70-80%), low operational, production costs, and it 

guarantees high hydrogen yield [9]. In steam reforming, bulk 

metals, and mixed metal oxides are respectively used as 

catalysts. Among the bulk metals, nickel, copper, and cobalt 

are mostly used as catalysts in the ethanol steam reforming 

process because of their good catalytic activity, low cost and 

easy regeneration. Nickel and cobalt (Ni and Co) perform 

excellently in the cleavage of C-C, C-H and C-O [10, 11]. 

Nickel is prioritized due to its high activity for C-C bond and 

O-H bond breaking and its influence on the formation of 

molecular hydrogen but is susceptible to sintering and carbon 

deposition. This defect can be reduced by modifying the 

catalyst with support, due to their chemical effect, apart from 

their interaction with the active phase [12, 13]. Supported 

nickel catalysts provide good activity and high selectivity to 

hydrogen and COx. Support containing SiO2 and/or γ-Al2O3 

provides control of the Ni particle size and prevents sintering 

under reaction conditions owing to a confinement of the metal 

particles within structural pores, thus ensuring a high catalyst 

stability [14]. The use of catalytic metal (Ni and Co) supported 

on various oxides (SiO2, Al2O3, CeO2, ZrO2 and MgO) has 

been tested in the reactions of decomposition of ethanol to 

produce hydrogen and carbon nanotubes [15]. Ni supported on 

SiO2 exhibits high surface area, but when it is exposed to high 

temperature in the presence of steam, it may aggregate and 

cause loss of activity. Alkaline earth metals (MgO and CaO) 

have been used to modify Ni-based catalysts, in order to 

increase their activity, reducibility, stability, regenerability and 

decrease the coke formation rate. In particular, MgO favours 

water adsorption and OH mobility on the surface enhancing 

coke gasification and adjust the syngas composition using 

lattice oxygen [16]. NiO and MgO can form theoretically ideal 

solid solution in any molar ratio and strong interaction between 

them helps in preventing Ni particle sintering and the coke 

dispersion [17, 14]. Using porous support with an adequate 

pore texture and high surface area, it eliminates diffusional 

limitations that are often encountered during fluid-solid 

catalyst interaction and increase its resistance against sintering 

[18, 19]. In supported catalysts, controlling metal-support 

interactions is one of the most important strategies to tune 

catalytic properties in heterogeneous catalysis, especially their 

reactivity, selectivity, stability and in turn the identification of 

reaction mechanisms [20, 21]. Effective supports for steam 

reforming catalysts could be synthetic mineral-like supports 

such as spinel, metakaolinite, perovskites, hydrotalcite-, 

palygorskite-, and mayenite-like compounds. According to 

literature, metakaolin has irregular amorphous alumina 

surfaces that could be covalently grafted with compounds to 

form hybrid materials with high chemical and thermal stability 

[22-25]. The main constituents of metakaolin are SiO2, and 

Al2O3, with minor content of Fe2O3, CaO and TiO2, which are 

common respective carrier materials. These oxides are 

responsible for improve metal dispersion, reduce particle 

sintering, increase thermal stability and enhance oxygen 

storage capacity [26]. Mixed oxides-supported catalyst enable 

the formation of spinels (MgAl2O4 and NiAl2O3), which could 

keep nickel in its active form and exhibit moderate acidic and 

basic site strength and density compared to pure oxides 

supported catalyst, reducing the tendency of by-products 

formation [17, 13]. In this regard, this research work focusses 

on synthesis and characterization of MgO-doped/acid modified 

metakaolin supported Ni catalysts for ethanol steam reforming. 

The dehydroxylation of the metakaolin would increase its 

Si/Al ratio and in turn improve the activity and selectivity of 

the catalyst. The essence of the study and composition of the 

catalysts is to verify their physicochemical properties that 

would be applicable for ethanol steam reforming, with 

tendency for the reduction of by-products formation. 

2. Materials and Methods 

2.1. Catalyst Preparation 

Acid modified metakaolin supported nickel-based catalysts 

were synthesized by wet impregnation method for ethanol 

steam reforming reaction in the vapour phase. Metakaolin 

was dispersed in 6 M H2SO4 at a solid/liquid ratio of 1:20 by 

weight for 6 h under stirring and refluxed at 70°C. After 

cooling, the mixture was filtered and the residue was dried in 

an oven at 90°C for 6 h. The modified metakaolin was 

oxidized by dipping it in a saturated solution of ammonium 

cerium (IV) nitrate in 2 M H2SO4 in a proportion of 1 g of 

activated metakaolin per 10 ml of solution and the resulting 

mixture was filtered, washed with hot distilled water to attain 

pH of 7 and then dried. The loading of nickel on the 

respective supports (2g) ranged from 5-25 wt %, using 1 g of 

magnesium oxide and nickel nitrate hexahydrate in 50 mL 

(39.5g) of ethanol and stirred in a beaker at 250 rpm for 1 h. 

The slurry was dried in a rotavapour at 75°C under vacuum 

and then calcined in air at 650°C for 3 h (modified method of 



 Journal of Energy, Environmental & Chemical Engineering 2022; 7(3): 54-65 56 

 

Olivares et al. [27]). 

2.2. Catalyst Characterization 

Thermogravimetric / differential thermal analyses 

(TG/DTA) were performed with a Perkin Elmer STA 4000 

instrument. 15 mg of sample was put into a ceramic pan 

placed in integrated furnace in the equipment and heated 

from room temperature to 950°C at a constant heating rate of 

10°C / min, operating in a stream of nitrogen gas flow at 20 

ml/min and pressure of 2.5 bar. The traces were recorded as 

weight loss/derivative weight loss versus temperature for 

TG/DTA respective graphs. 

X-ray powder diffraction (XRD) analysis was used to find 

out the crystalline phases and calculate mean crystallite size 

in the calcined catalysts. The XRD data were obtained at 

ambient temperature using a Diffractometer system-

EMPYREANr with Cu Kα radiation and operated at 45 kV 

and 40 mA. X-ray diffraction patterns were recorded within 

the 2θ range of 10 to 70° with a scan speed of 0.026° in 2θ / 

step, and counting time/step of 1 s. The crystallite size was 

calculated by the Scherrer equation: 

D = kƛ/βcosθ 

where D is the mean crystallite size (nm), k is a 

dimensionless shape factor with a typical value of about 0.9, 

ƛ is the x-ray wavelength, β is the line broadening at half the 

maximum intensity (FWHM) (in radian equivalent) and θ is 

the Bragg angle (in radian equivalent). 

The x-ray fluorescence (XRF) analyses of samples were 

done using Thermo Scientific Niton Analyzer-XL3t 950 and 

scintillation detector with a current (40 mA) and voltage (60 

kV). 1 g of the samples were analysed for 60 s and the result 

was obtained and recorded. 

FTIR spectra were recorded using Perkin-Elmer Infrared 

spectrophotometer and KBr pellets with resolution of 4 cm
-1

, 

in the range of 450-4000 cm
-1

. The sample and analytical 

grade KBr were dried at 100°C overnight prior to the FTIR 

analysis. 

Nitrogen adsorption-desorption isotherms measurements 

(Brunauer-Emmet-Teller method) were performed at liquid 

nitrogen temperature of -196°C using Quantachrome 

NovaWin instrument (version 11.03). Before each 

measurement, the samples were outgassed at 250°C for three 

hours prior to the analysis. Isotherms points in the P/P0 = 

0.05–0.10 range were used to calculate the multi-point BET 

specific surface area. The total pore volume calculation was 

based on nitrogen volume at the highest relative pressure, 

whereas the average pore size diameter was calculated by the 

Barrett-Joyner-Halenda (BJH) method. 

Scanning electron micrographs were taken on a JEOL-

JSM 5600LV microscope, equipped with a 6587 EDX 

(Energy dispersive x-ray spectrometry) detector, using an 

accelerating voltage of 15 kV. The samples were deposited 

on a sample holder with an adhesive carbon foil and 

sputtered with gold. 

3. Results and Discussion 

3.1. Catalyst Formulations 

In the formulations, the nickel contents were varied as 

follows: 0%, 5%, 10%, 15%, 20% and 25% relative to the 

total weight of the synthesized catalyst. The catalyst 

MKMgO-C (CAT-Blank) corresponds to the pure catalytic 

support (modified metakaolin) and promoter (MgO) (without 

nickel, Ni 0%), while prepared supported catalysts with 5%, 

10%, 15%, 20% and 25% wt% Ni loadings and MgO were 

named as 5Ni-MgO-modified metakaolin (CAT I), 10Ni-

MgO-modified metakaolin (CAT II), 15Ni-MgO-modified 

metakaolin (CATIII), 20Ni-MgO-modified metakaolin 

(CATIV) and 25Ni-MgO-modified metakaolin (CAT V) 

catalysts, respectively. 

3.2. Supported-Catalysts Characterizations 

The thermal stability, textural property, crystallographic 

structure, chemical composition, morphology/phase 

composition and nature of chemical bonds of the MgO-

doped/acid modified metakaolin supported nickel-based 

synthesized catalysts were characterized using TG/DTA, 

BET, XRD, XRF, SEM/EDSX and FTIR, respectively. 

3.2.1. The Textural Properties of Calcined Supported 

Catalyst Samples 

The textural properties of the calcined supported catalysts 

were determined by N2 adsorption-desorption isotherms at 77 

K. Specific surface area (SBET) was calculated by Brunauer-

Emmett-Teller (BET) method, cumulative pore volume (Vp) 

and average pore diameter (Dp) were respectively calculated 

from Barrett-Joyner-Halenda (BJH) desorption isotherm. The 

calculated values are as presented in Table 1. 

Table 1. Textural properties of calcined catalysts. 

Samples SBET (m2/g) Vp (cc/g) Dp (nm) 

Blank- CAT 471.70 0.2613 2.123 

CAT I 434.90 0.2704 2.144 

CAT II 456.10 0.2524 2.133 

CAT III 635.50 0.3503 2.122 

CAT IV 475.10 0.2434 2.153 

CAT V 574.50 0.2807 2.108 

B-CAT served as control sample for the experiment, and 

possessed a sizeable specific surface area and pore diameter. 

This could be ascribed to the doping of metakaolin with MgO, 

which induces more pores to the structure of the composite 

[17]. Pavlova et al. [14] reported that dispersion of Ni on 

mesoporous support provides control of the Ni particle size 

and prevents sintering under reaction conditions owing to a 

confinement of the metal particles within structured pore, thus 

ensuring high catalyst stability. It has been reported that the 

addition of MgO to Ni-metakaolin supported catalysts resulted 

in good metal dispersion on the catalyst surface, increase in 

basicity, specific surface area and pore volume, due to the 

formation of MgAl2O4 spinel phase or NiO-MgO solid 

solutions [17]. Khairudin et al. [28] reported that MgO 

characteristic such as high thermal stability, high melting point 
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and low cost make it promising component in endothermic 

reactions, especially in ethanol steam reforming process. 

CAT I has specific surface area, pore volume and pore 

diameter as 434.9 m
2
/g, 0.2704 cc/g and 2.144 nm, 

respectively. As the Ni loading increases from 5% in CAT I, 

the specific surface areas and pore volumes of CAT II, CAT 

III correspondly increase, and then decrease against CAT IV. 

This could be due to the aggregation and formation of 

crystallite nickel oxide cluster, resulted from the addition, 

could have blocked the pores of the catalyst and caused 

resultant decrease in specific surface area and pore volume 

[29, 30]. Secondly, metal Ni could be dispersed unevenly on 

the surface, causing N2 gas adsorbed less so that the specific 

surface area of the catalyst decreases with increase in Ni 

(wt %) [31]. CAT V subsequently increased in terms of 

specific surface area and pore volume, due to the dissolution 

of AlO6 octahedral layers during acid treatment and proper 

dispersion of MgO on the outer layer of the support [32, 33]. 

Metal loading has a significant effect on the particle size and 

dispersion of the catalyst on the support, which in turn, has 

an effect on the catalyst activity and selectivity [34]. 

Although, all the catalysts have average pore diameter in the 

mesopore diameter range. The existence of the mesoporous 

structure gave the optimum pore size in aiding to adsorb the 

reactant gases on the catalyst’s surface [35]. BET results 

show that the proper dispersion of active metal over the 

support leads to increase in specific surface area and possibly 

more active sites per mass of the catalysts. Dispersion of 

active metal over the support influences the rate of carbon 

deposition during reaction; the properties of the pore can 

control the movement of molecules related to selectivity and 

unique mesopores improve the mass transport and the 

diffusion of chemical reactant that subsequently accelerates 

the catalytic process. Mass transport is faster in the catalyst 

cavity that offers shorter diffusion pathway between the 

reactant and the active site of the catalyst [36-38]. 

3.2.2. X-ray Diffraction (XRD) 

XRD provided information about the crystalline structure of 

the supported catalysts. The catalysts were supported with 

sulphuric acid modified metakaolin because catalyst with Si/Al 

≥ 5 enhances its activity [39, 40]. The Si/Al ratio affects 

properties such as ion exchange capacity, thermal and 

hydrothermal stability, concentration and strength of acid sites 

of the Bronsted-type and activity and selectivity of catalysts [41]. 

Figure 1 shows the diffractograms of control and synthesized 

catalysts. All the synthesized catalysts show similar XRD 

patterns. The crystalline phases were identified by comparison 

with Joint Committee on Powder Diffraction Standards (JCPDS). 

The diffraction peaks of NiO particles which correspond to face 

centred cubic (FCC) crystalline structure, with miller indexes 

(hkl) at 2θ equals to 37° (111), 43° (200) and 63° (220) (JCPDS 

71-1179) was observed for all the synthesized catalysts [42, 43]. 

Similarly, the catalysts exhibit three diffraction peaks of spinel 

(NiAl2O4) around 37° (311), 43° (400) and 63° (440) (JCPDS 

No; 10-0339). The peaks for NiAl2O4 at 37° and 43° are difficult 

to distinguish due to the overlap with NiO. This may be due to 

diffusion of NiO particles into the support structure for the 

formation of the nickel aluminate spinel phase [44, 45]. The 

presence of NiAl2O4 did not favour the deposition of carbon and 

metal sintering during the reaction, probably due to the greater 

dispersion of NiO on the catalyst surface [17, 14, 13]. There are 

distinguishable peaks of MgO observed in the catalysts, while 

most MgO are totally incorporation into the metakaolin to form 

MgAl2O4 spinel. This is due to the relatively high calcination 

temperature used in the catalyst preparation [46]. The diffraction 

peak characteristic of MgO was observed at 43° (JCPDS No. 

98-005-6143), for all the synthesized catalysts, which reaffirm 

the result reported by Al-Swai et al. [17]. Three characteristic 

peaks were observed at 2θ ≈ 37.19° (311), 43°C (400), and 63° 

(018) (JCPDS No. 073-1959), corresponding to magnesium 

aluminate spinel phase (MgAl2O4)-for all the catalysts, as 

reported by Rahman and Jayaganthan [47] and Olivares et al. 

[27]. A characteristic peak of TiO2 was observed at 2θ = 26.7° 

(JCPDS 73-1764) for all the catalysts, which corroborate with 

result reported by Aliyu et al. [48] and Xu and Zhang [49]. 

Table 2 shows the crystal sizes of NiO, calculated from the 

analysis of the most intense diffractions, corresponding to 2θ on 

average of 43°, using Debye-Scherer’s equation. The large 

crystallite size of 132.5 nm of CAT II may be attributed to the 

fact that NiO particles have the tendency to agglomerate with 

MgO to form NiO-MgO [17]. The crystallite size of 38nm of 

CAT III is comparable to the crystallite size value of 35.8nm for 

NiO powder reported by Smoljan et al. [50]. The respective 

crystallite sizes of CAT I, CAT IV and CAT V as 25.6nm, 

20.2nm and 20.1nm, closely collaborate with the value of 

24.4nm reported by Khzouz et al. [51]. As a prerequisite in 

steam reforming of hydrocarbon, the reduction of NiO at high 

temperature would further reduced the size of the Ni metal 

particles to be formed for the test reaction [52]. However, size 

effects are observed with the reduction in size of structural 

elements, particles, crystallites and grains below a certain 

threshold. Such effect occurs at the average size of crystal grain 

of less than 100nm and is more clearly observed at the grain size 

below 10nm [53]. The crystal size influences the surface area of 

the catalyst, and this knowledge is very vital to surface reactions; 

the large crystal size may allow direct contact between the metal 

oxide and the catalytic support, giving good catalyst stability, 

favouring catalytic performance [54]. 

Table 2. Crystallite size of NiO calculated through the Scherer’s equation. 

Sample Si/Al 2θ FWHM D (nm)a 

CAT I 6.7 43.54 0.3149 25.6 

CAT II 13.7 43.03 0.059 132.5 

CAT III 8.6 43.00 0.2362 33.8 

CAT IV 5.7 43.35 0.3936 20.2 

CAT V 6.7 43.51 0.3936 20.1 

a calculated by using the (200) NiO plane. 

3.2.3. Scanning Electron Micrographs / Energy Dispersive 

X-ray Spectrometry (SEM/EDX) 

The SEM technique was used to examine the catalysts’ 

surface texture and morphology. The SEM images of calcined 

catalysts are as shown in Figure 2 (a-f). The calcined catalysts 
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are of uniform morphology. The images show that the 

supported catalysts are formed from mesoporous agglomerates 

of homogeneous sized particles with a spherical and plate-like 

shape [55]. The particles agglomerate formed on the catalysts 

is ascribed to the nuclear interaction between MgO and NiO in 

the formation of NiO-MgO [17]. SEM images show that metal 

particles with spherical shapes are randomly distributed on 

comparatively larger irregular shaped metakaolin-supported 

Ni-based catalysts; it was observed that the metal particles are 

uniformly dispersed on support particles [56]. EDX 

microanalysis was used to characterize the elemental 

composition of the synthesized catalysts. EDX results show 

that nickel is well dispersed and prevalent on the surface of the 

catalysts, including minor elements. The major elements 

present in the catalysts at different proportions are Fe, Ni, Ti, 

Si, Al, Zn, Mg, and Ca, which corroborate with Ni-based 

catalysts results published by Aliyu et al. [48] and El-Alouani 

et al. [57]. The synergistic effect among the elemental and 

oxide composition may lead to better catalytic performance of 

the synthesized catalysts [58, 59]. 

 

Figure 1. XRD pattern of the control and synthesized catalysts at 25°C and 

1 atm (K-α = 1.54). 

  

 

Figure 2. SEM micrograph of (a) B. CAT (b) CAT I (c) CAT II (d) CAT III (e) CAT IV (f) CAT V catalysts with corresponding EDX spectrum and weight 

percentage using FOV: 537µm and mode: 15kV. 

3.2.4. Fourier Transform Infrared (FTIR) 

The metal-support bonds in calcined catalysts of acid 

modified-metakaolin supported nickel-based catalysts and 

associated functional groups were investigated using FTIR 

technique. The spectra were recorded using KBr wafers in 
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the frequency range of 4000-400 cm
-1

, as shown in Figure 3. 

The IR spectra can commonly provide useful information on 

the surface modification of the metakaolin and calcined 

catalysts. In the range, vibration of the adsorption profile that 

characterized interactions can be observed. The band 

assignment has been made by comparison with the data 

reported in the literature for metakaolin and calcined 

catalysts, as tabulated in Table 3. The FTIR spectrum of the 

catalyst exhibited characteristic peak and shoulder at 

approximately 1099 and 1200cm
-1

, which are assigned to 

stretching vibrations of the three-dimensional Si-O-Si 

network. According to literature, vibration at about 550 cm
-1

 

are attributed to Si-O bonds [60]. The band at about 660 cm
-1

 

is attributed to the presence of nickel phyllosilicate bonds 

which covered the surface of the calcined catalysts, which is 

present in all the catalyst samples. The adsorption peaks 

recorded at 400-600 cm
-1

 could be considered to be of Zn-O 

stretching, which is present in all the synthesized catalyst 

samples [61]. The stretching vibration of the Si-O-Si network 

was also observed through a weaker peak at 794.7 cm
-1

. 

Bands which exist between 532 and 757 cm
-1

 correspond to 

stretching vibrations of Si-O-Al. Absorption band at 1647.26 

cm
-1

, which is attributed to the distorted OH groups 

stretching vibration is present in all the synthesized catalysts. 

The band at 451.36 cm
-1

 is attributed to the Ti-O-Ti stretching 

vibration [49]. The adsorption peaks at 3406.4 cm
-1

 could be 

attributed to the OH stretching vibration [62]. The broad 

bands around 3400 and 1620 cm
-1

 are due to the adsorbed 

water [63]. The bands at 3385 and 1635 cm
-1

 were attributed 

to O-H bending, which can be due to physically adsorbed 

water. The vibrations of hydroxyl groups comprise the O-H 

stretch derived from two contributions: (i) non-dissociated O-

H species and (ii) O-H species (dissociated from water), both 

adsorbed. The 1300 cm
-1

 region is related to the OH group 

present on the surface, and the region below 1000 cm
-1

 is 

characterized by metal-oxygen bonds [54]. The FTIR results 

show the presence of stretching vibrations of Si-O-Al, nickel 

phyllosilicate bonds (-O-Ni-O-Si), metal-oxygen bond, and 

the existence of OH bonding on the surface of the calcined 

catalysts, which have great effect in the coordination of the 

atoms in the surface, leading to different properties and 

energetic states. 
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Figure 3. FTIR spectra of control and synthesized catalysts operated at 25°C and 1 atm. 

Table 3. Main bands identified in FTIR of investigated support, control and synthesized catalyst samples and their possible assignments. 

Bands on Support/Catalyst Samples (cm-1) Bands in Literature (cm-1) Assignments References 

667 660 Nickel phyllosilicate bonds [60] 

1099.46 1099 Si-O-Si network [64] 

589 550 Si-O bonds [60] 

459.07, 559.38 400-600 Zn-O stretching [61] 

1647.26 1647 Distorted OH groups [54] 

3406.4 3406 OH stretching [62] 

459.07 451 Ti-O-Ti stretching vibration [49] 

3406.4 3406 Adsorbed water [63] 

559.38, 667.39 532-757 Si-O-Al stretching vibration [64] 

459.07, 559.38, 667.39 & 794.7 > 1000 Metal-oxygen bond [54] 

559.38 & 667.39 525, 685 & 705 Ni-O bonds [65, 43] 

 

3.2.5. Thermogravimetric / Differential Thermal Analysis 

(TG/DTA) 

TGA was carried out to study the weight loss, thermal 

behaviour and structural destruction of the calcined catalysts 

during calcination, while the associated heat was determined 

using DTA. The TG curves show that there were three main 

weight loss regions in all the calcined catalysts (Figure 4), 

while the derivative thermogravimetric analyses curves are 

shown in Figure 5. Considering the B. CAT, the first weight 

region (between 26.48 and 200.18°C), arises from the bound 

water and volatile organic compound (5.1 wt %). The second 

weight loss region (38.75 wt %) between 200.18 and 373.5°C 

was because of crystallite formation. The endothermic DTA 

peaked at 480°C could be ascribed to the combustion of 

organic matter [66]. In this phase, the sharp drop of the curve 
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indicates that all the volatile components have evolved and 

precursor/organic matter decomposed from the heat 

treatment. The third weight loss region (38.75 wt %) between 

373.5 and 413.5°C and with the exothermic DTA peak at 

640°C, may correspond to some phase change in the catalyst 

sample [67]. As for CAT I, the first phase of weight loss 

(5.58 wt %) was in the range of 26.48-186.85°C, which could 

be ascribed to the evolution of chemisorbed moisture and 

chemicals [68]. The second and third phases of the TG/DTA 

of CAT I was almost the same as B.CAT in terms of weight 

loss, except that exothermic peak of CAT I was at 533.5°C, 

while that of B.CAT was at 640°C. The disparity could be 

due to their composition and slow decompositions of nickel 

phyllosilicate to the formation of nickel oxide [60]. In the 

TG/DTA profiles of CAT II, the first weight loss (4.0wt %) at 

27-225°C region in TG together with a differential peak at 

around 90°C in DTA curve was probably due to the 

dehydration of the catalyst. The second weight loss at region 

of 225-372°C (82wt %) in TG accompanied with a minor 

endothermic peak around 589°C in DTA, could be associated 

with thermoxidative degradation of nickel nitrate and 

dehydroxylation of structural water [69, 70]. The third weight 

loss (5.0 wt %) between the temperature of 372°C and 

545.9°C, with minor endothermic peak at 754°C, could be 

ascribed to phase change in catalyst sample [67]. Above 

600°C, practically weight loss could not be observed any 

more. As for CAT III, the first region occurred between 28-

278°C (3.96 wt %), with corresponding endothermic peak at 

94°C in DTA curve. The weight loss is attributed to the 

removal of ethanol and bound water. The second weight loss 

region occurred at the temperature range of 278-371.64°C 

(39 wt %), with a steep endothermic peak at 558°C in DTA 

curve. The weight loss could be associated with the 

decomposition of nickel nitrate entrapped in the pores of the 

support [71]. The third weight loss (44.5 wt %) between the 

temperature of 371.64°C and 424.97°C, with a steep 

exothermic peak at 791°C, could be ascribed to phase change 

in catalyst sample [67]. Considering CAT IV, the first phase 

weight loss (10.46 wt %) was between 23-270°C, which 

could be attributed to removal of volatile components of the 

catalyst. The second phase weight loss (30 wt %) was 

between 270-390°C, with steep exothermic peak at 483°C. 

This could be attributed to the decomposition/oxidation of 

nitrates and precursor materials from the catalysts [56]. The 

third weight loss (54.5 wt %) between the temperature of 

390°C and 483°C, could be ascribed to phase change in 

catalyst sample [67]. The temperature regions of weight 

losses in CAT IV are synonymous with CAT V, except that 

weight losses in first and third steps of CAT V were 5.5 and 

50.75wt %, respectively. The TG/DTA results confirmed the 

absolute volatility of water, decomposition of nickel nitrate 

and the formation of NiO over the catalysts between 370 and 

545°C. Generally, no weight loss was observed between 

600°C and 800°C, suggesting that acid modified metakaolin 

support or catalyst is thermally stable at the designated 

temperatures. The calcination of the catalysts beyond 600°C 

would enhance the interaction between the NiO and support, 

as confirmed by XRD results [70]. 

 

Figure 4 TGA profiles of control and synthesized catalysts at 950°C and 2.5 

bar. 

 

Figure 5. DTA profiles of control and synthesized catalysts at 950°C and 2.5 

bar. 

3.2.6. X-ray Fluorescence (XRF) 

The chemical composition of calcined supported catalysts 

obtained from XRF is shown in Figure 6. The major oxides 

present in all the calcined catalysts are NiO, SiO2, and Al2O3. 

Other oxides such as CaO, MgO, Fe2O3, TiO2 and ZnO are 

present with various lower contents. CaO has high catalytic 

activity in different reactions and resistance to coking, while 

Fe2O3 is an active redox catalyst for a wide range of 

reactions, including steam reforming [72]. Petal and Patel 

[73] reported that addition of Fe in the formulation of catalyst 

improves the as-prepared catalyst’s stability. Similarly, 

impregnation of Ni on Fe-containing mixed oxide supports 

can give Ni-Fe alloy particles by reduction, which in turn 

shows good performance in various reforming reactions in 

view of activity and resistance to carbon deposition [74]. 

TiO2 was found to be good metal oxide catalyst support due 

to the strong metal support interaction, chemical stability, and 

acid-base property. Also, TiO2 is used as an alternative 

support material for heterogeneous catalyst due to the effect 

of its high surface area stabilizing the catalysts in its 

mesoporous structure [75, 76]. Among the typical catalyst 

supports, silica is one of the most inert supports and is widely 

used in different catalytic processes. With MgO capacity for 

oxygen storage, it can release oxygen to oxidize the carbon 

formed on the catalyst surface. Another advantage of MgO as 
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constituent of a support or promoter in reforming arises from 

the possibility of formation of NiO-MgO solid solution at 

any molar ratio because of similar anion radii (Mg
2+

 

0.065nm, Ni
2+

 0.072nm) and lattice parameters. Addition of 

basic modifiers can be efficient way for attenuating carbon 

formation during steam reforming reaction, by largely 

reducing the concentration of Lewis acid centers [77, 78]. Al-

Fatesh et al. [26] reported that support made of TiO2, Al2O3, 

SiO2, and MgO can improve metal dispersion, reduce particle 

sintering, increase thermal stability, and enhance oxygen 

storage capacity to assist in gassifying carbon produced in 

reforming reaction. ZnO has better activity towards water-gas 

shift reaction, as it could promote the dissociation of water 

[79]. The loss on ignition recorded during the calcination of 

the catalyst samples were as a result of the adsorbed gases, 

organic matter, and moisture content [80]. The lower the loss 

on ignition value of a catalyst, the better the catalyst. XRF 

results show that the synergistic effect among the oxides 

could lead to improve metal dispersion, attenuating of carbon 

formation and better activity of the catalysts during the 

reforming reaction. 

 

Figure 6. Comparative oxide compositions of synthesized catalysts using 

XRF at 25°C and 1 atm. 

4. Conclusion 

The physicochemical properties of the synthesized Ni-

based catalysts based on their metal oxides and spinel 

structure have been studied using characterization 

techniques. Especially, NiO, Al2O3, MgO, MgAl2O4 and 

NiAl2O4, which are contributors to the thermal stability, 

activity and selectivity of the catalysts. The spinel structure 

in the developed catalysts would facilitate the dispersion of 

Ni in the reduction step prior to reaction and its mesoporous 

structure would fast track the adsorption of reactant gases on 

the catalysts surface and easy diffusion through the catalysts 

channel after reaction. In the same vain, MgO has high 

oxygen capacity which could oxidize the carbon that may be 

formed on the catalyst surface, and with its high melting 

point, it would favour stable catalyst surfaces at high reaction 

temperatures. The existence of OH bonding on the surface of 

the catalysts has great effect in the coordination of the atoms 

in the surface, leading to different properties and energetic 

states. In view of the mesoporous nature of the developed 

catalysts and presence of spinels like MgAl2O4 and NiAl2O4, 

the mass transport and diffusion of reacting gases to the 

active site of the catalysts would be facilitated, the thermal 

stability of the catalysts would be enhanced, there would be 

moderate acidic and basic site strength and density, and the 

carbon deposition would not be favoured due the presence of 

lattice oxygen at the catalysts’ surfaces. The synthesised 

catalyst will be suitable for ethanol steam reforming since it 

can withstand high temperature. 
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