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ABSTRACT 

The increased consciousness of the environmental impact of greenhouse gas emissions, as well 

as the push to meet the ever-increasing global energy demand, has led the chemical industry to 

source for more sustainable feedstock and prioritise process efficiency. Hydrogen production 

from biomass derived feedstock as an alternative to the conventional natural gas feedstock, 

provides an effective solution leaving minimal environmental footprint. Processes like the dry 

reforming of biogas and steam reforming of biomass derived oxygenates have garnered 

significant attention as they provide a feasible pathway into a future sustainable hydrogen 

economy. Improving the performance and efficiency of such processes is therefore an essential 

goal. 

The design of suitable high performance catalyst systems is very important for the optimisation 

of these processes. Most active noble and transition metal catalysts provide high activity but are 

handicapped by their susceptibility towards deactivation via coke deposition or sintering at high 

temperatures. Support materials therefore play a vital role as they provide stability for the catalyst 

by strengthening the metal-support interactions and provide surface area for good metal 

dispersion which enhances reactivity. Active supports also provide active sites for reactants or 

intermediate species and participate in the reaction mechanism. This reduces the strain on the 

metal catalyst leading to higher activity and stability. Thus, it is unequivocally important to 

obtain an intrinsic mechanistic understanding of the role active metals as well as support 

materials play in the reforming process. It is also very important to investigate economically 

favourable support materials capable of performing these duties, as the current range of high-

performance support materials in literature are not cost-efficient. 

Within this context, this work presents a systematic approach to developing a comprehensive 

microkinetic model (a great tool for catalyst design and evaluation) that provides consolidated 

kinetic schemes capable of incorporating the effect of both active metal and active support 

materials on the reaction mechanism. The developed model is capable of evaluating the 

microkinetics of ethanol steam reforming (ESR) selected as a model biomass derived oxygenate 

and biogas dry reforming, over different catalytic systems. A thermodynamically consistent 

microkinetic model is developed in which all kinetic parameters are either theoretically 

calculated or correlated to the adsorption enthalpies of participating surface species, using the 

unity bond index-quadratic exponent potential (UBI-QEP) method. The model performed 

sensitivity analysis of the parameters, revealing the relative importance of the various reaction 

steps in the mechanism as well as the adsorption enthalpies of the species.  
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Initially, the model is used to correctly simulate a wide range of experimental data collected for 

the ESR over a Nickel metal with an inert silica support catalyst and correctly identified the 

dominant reaction pathway while also revealing the rate determining step to be the initial 

dehydrogenation towards 1-hydroxyethyl, occurring in the ethanol dehydrogenation pathway 

corresponding to a positive partial reaction order for ethanol. The C-C scission is found to occur 

at the ketenyl intermediate. ESR experiments performed with a Ceria containing active support 

material over the same Nickel metal is then used in validating the developed bifunctional model. 

The bifunctional model revealed that the activity of the support altered the reaction mechanism 

by shifting the C-C bond scission further down the dehydrogenation pathway, as a result of the 

increased contribution of the oxidative dehydrogenation reaction class. The kinetically relevant 

reactions were determined to be occurring early in the ethanol dehydrogenation pathway and 

exclusively via thermal dehydrogenation, in agreement with the experimentally observed 

positive partial reaction order of ethanol. The developed model was adapted and used to simulate 

the dry reforming of biogas over a Rh-based catalyst with industrially relevant CO and H2 co-

feeding. The model was able to describe the experimental trends successfully which ascertained 

that the developed model was consistent. The dehydrogenation of CH3
* was determined to be 

the rate determining step and did not change when products were co-fed.  

Based on the results observed in the bifunctional model showing the presence of surface oxygen 

provided by the support (Ceria) as having a positive impact of H2 yield, an alternative sustainable 

biomass derived material was experimentally investigated as a support for the ESR process. 

Biochar was selected as it has shown good activity for tar reforming and contains surface O-

containing functional groups. The results and analysis of the data revealed biochar to be 

catalytically active for the ESR mechanism and the kinetically relevant ethanol dehydrogenation 

steps appeared to occur on the biochar surface. 

The comprehensive microkinetic evaluation studies presented in this work can help clarify the 

catalytic mechanism of ESR over various metals and support materials as well as the dry 

reforming of biogas with partial recycle. The model predicts kinetic parameters which can be 

validated experimentally and helps with predicting the catalytic activity of various metals and 

supports based on their structure and species binding energies. The model can therefore be 

expanded to determine the mechanism of the steam reforming of larger biomass derived 

oxygenates, which will guide the future design of highly catalytic materials for the processes as 

well as optimise process parameters. 
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that of raw biochar and fresh reduced Ni/biochar. 

Figure 7.15: Normalised Raman spectra of biochar samples obtained from ESR (ethanol steam 

reforming) and ED (ethanol decomposition) experiments at different reaction times, 

in comparison to that of raw biochar and fresh reduced Ni/biochar. 

Figure 7.16:  Deconvolution example of a Raman spectrum using 10 bands for a biochar sample. 
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Nomenclature 
 

Roman Symbols 

𝐴𝑖  : pre-exponential factor of reaction i, unit reaction dependent 

𝐸𝑖 : activation energy of reaction i, J mol-1 

ℎ : Planck constant, 6.62607×10−34 J s 

𝐻𝑖
 : enthalpy of species i, J mol-1 

𝐼𝑖
 : moment of inertia of i, kg m2 

𝑘𝐵  : Boltzmann constant, 1.38065×10−23 J K−1 

𝑘𝑖  : rate coefficient of reaction i, (Pa-1) s-1 

𝐿𝑡  : density of active sites, molsurf-metal mcat
-2 

𝑀𝑖 : molar mass of component i, kg mol-1 

𝑛  : reaction order 

𝑃 : total pressure, Pa 

𝑄𝑖
 : heat of chemisorption of species i, J mol-1 

𝑅 : ideal gas constant, 8.31446 J mol-1 K-1 

𝑟𝑖  : rate of reaction i, mol m-3 s-1 

𝑆𝑖
 : entropy of species i, J mol-1 K-1 

𝑆𝑝 : catalyst specific surface area, m2 kgcat
-1 

𝑇 : temperature, K 
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Greek Symbols 

∆𝐻𝑖 : enthalpy of reaction i, J mol-1 

∆𝑆𝑖 : entropy of reaction i, J mol-1 K-1 

𝜎 : symmetry number 

Superscripts 

𝑏 : backward reaction step 

𝑓 : forward reaction step 

Subscripts 

𝑔 : gas phase 

𝑠 : surface  
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CHAPTER 1: INTRODUCTION 

Growing concerns over greenhouse gas emissions from the combustion of fossil fuels for the 

generation of consumer energy, has driven mankind to develop better sustainable energy 

solutions. The establishment of renewable energy sources such as solar, wind and biomass, serve 

as an effective solution to the problem of fossil fuel dependency. The low cost of these 

renewables coupled with the increasing carbon pricing regulations as well as increasing fossil 

fuel price, is predicted to ultimately increase the share of primary energy used from renewable 

sources in the future [1]. One of the most promising alternative energy carriers is hydrogen, 

which is the most abundant element on earth. Naturally, hydrogen is not found in its atomic form 

but is found as part of organic materials, hydrocarbons and water molecules, with the processes 

required to extract hydrogen needing some external energy input. Having a specific high energy 

density, hydrogen has been recognized as an ideal, sustainable energy carrier [2]. Traditionally, 

hydrogen is produced from the reforming of natural gas and the gasification of coal to a lesser 

extent. These processes are still fossil fuel dependent and do little to hinder the production of 

greenhouse gas emissions. Alternatively, hydrogen produced from bio-renewable sources are 

more carbon-neutral in the sense that the emissions produced during combustion are offset by 

those utilised during the feedstock growth cycle [3]. Currently, biomass processing is divided 

into two categories: thermochemical and biological processes, yielding fuels in solid, liquid and 

gas forms. Thermochemical processes involve pyrolysis, liquefaction, reforming and 

gasification, whereas biological processes focus on direct bio-photolysis, indirect bio-photolysis, 

biological water-gas shift reaction, photo-fermentation and dark-fermentation. 

Biogas produced via anaerobic digestion of renewable biodegradable organic materials and the 

oxygen containing hydrocarbons (oxygenates) produced from biomass processing can undergo 

similar reforming technologies as natural gas for hydrogen production. Reforming is a 

thermochemical process in which hydrogen is formed as a main product with carbon dioxide and 

carbon monoxide. Thermodynamics of reactions as well as the catalyst selected affect the yield 

of hydrogen obtained during reforming. Biogas and biomass-derived oxygenated hydrocarbons 

can undergo various reforming processes including dry reforming, steam reforming and 

autothermal reforming [4]. Reforming of biogas and biomass-derived oxygenates like 

monohydric alcohols, phenolics and polyhydric alcohols has garnered large interest due to their 

abundance.  

Biogas is generally composed of CH4 (55-70%) and CO2 (30-45%). The methane content of 

biogas has similar commercial value to that of fossil fuel based natural gas and has almost a zero 
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net CO2 contribution [5]. Reforming of biogas produces synthesis gas which serves a key 

intermediate in the petrochemicals industry and is source for pure hydrogen. Steam reforming is 

the most popular technology for biogas of the possible reforming technologies, however, dry 

reforming of biogas has the added benefit of converting two greenhouse gases concurrently. Dry 

reforming of biogas is an endothermic reaction and requires high temperatures (700-900°C) for 

high conversion towards syngas. Noble and non-noble metal catalysts have been studied for the 

dry reforming of biogas. The two most commonly used metal catalysts are Rh-based [6] and Ni-

based [7] catalysts. Dry reforming has a higher coke deposition rate than steam reforming owing 

to the lower H/C and O/C ratio. Deactivation of catalyst is hence a hinderance. Acidic oxide 

(Al2O3) and basic oxide (MgO) supports are commonly used to improve the activity and stability 

of the catalyst. The best practice involves using mixed acidic and basic oxide supports and 

bimetallic catalysts (Co-Ni/Al2O3-La2O3)[8]. Conventional methane reforming in industry 

involves partial recycling of product stream to optimise reaction efficiency. Co-feeding during 

biogas dry reforming on a large scale would therefore be highly likely. Co-feeding hydrogen is 

also being studied for the reduction of coke deposition in industrial biogas dry reforming reactors 

[9]. 

Bio-ethanol is very attractive due to its relatively high hydrogen content, non-toxicity and 

availability, also as a liquid its storage and transportation are of relative ease. More importantly 

bio-ethanol can be produced from various renewable sources, such as energy crops, forestry or 

agro-industry waste, the organic fraction of municipal solid waste, etc., via hydrolysis and 

fermentation processes [10,11].  

Of the different types of reforming processes, the steam reforming of the oxygenates like bio-

ethanol has received more attention due to its relatively higher hydrogen yield [4]. Steam 

reforming of ethanol (ESR) is an endothermic reaction, therefore the reformate produced has a 

higher heating value making it more efficient for energy production. Above 478 K the reaction 

Gibbs free energy becomes negative, however at low temperatures it is difficult to achieve high 

conversions and reduce catalyst deactivation by coke deposition. Therefore, catalytic ESR is 

usually performed at temperatures between 573-873 K. In order to increase the energy efficiency, 

various approaches have been investigated using different reactor types and catalysts. For 

example, a reactor-separator combined system has proven effective in increasing the purity of 

hydrogen produced as well as the equilibrium conversion [12–14]. The development of highly 

active and selective catalyst for ESR has been rigorously pursued. Noble metal catalysts like Rh, 

Pt, Pd, Ir, and Ru have all exhibited high activity and stability for ESR [15–21]. However, these 
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catalysts are not suitable for industrial level hydrogen production due to their cost. Therefore, 

non-noble metal catalysts particularly Ni, Co and Cu have been widely used for ESR [15,22–

27]. These catalysts are prone to deactivation and significant methane formation which leads to 

difficulties in product separation. To supress this, various costly, high performing acidic oxide, 

basic oxide and complex mixed oxide support materials have been proposed. The supports help 

to improve catalyst stability and metal dispersion. Some supports take active roles in the reaction 

mechanism which could improve catalytic activity.  

The aim of this research work is to develop a comprehensive and consistent microkinetic model 

which would serve as a tool for the future design of high-performance catalyst systems for 

hydrogen production via the steam reforming of ethanol and larger biomass derived oxygenates.  

1.1. Research Objectives 

The specific objectives of this work are as follows: 

i. Initially a monofunctional microkinetic model is developed and validated using ESR 

experiments over a metal dominated catalysts (inert support), to form a baseline and 

reference point.  

ii. The consistency of the developed model is examined by adapting the model to 

simulate the dry reforming of biogas and investigate the effect of industrially relevant 

co-feeding of products to biogas dry reforming process. 

iii. The effect of active support materials is then incorporated into the microkinetic model 

making it a bifunctional model capable of simulating single or multiple active sites. 

The model is then validated using ESR experiments over a metal and active support 

catalyst system.  

iv. Information obtained from the bifunctional model developed is then used to suggest 

a possible alternative cost-effective active support material which is experimentally 

investigated. 

In all cases above, suitable case study systems are selected, and validation data are used. 

1.1.1 Novelty and contribution of work 

The most significant contribution of this work is the development of a fully parametrised 

bifunctional microkinetic model which incorporates the effect of active support materials, for 

the ethanol steam reforming process. This model is the first of its kind in literature and provides 

a good baseline for modelling the steam reforming of larger biomass derived oxygenates. 

Another contribution is the clarification and elucidation of the reaction pathway of ESR over a 
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Nickel metal dominated catalyst. This work identified the difference between the decomposition 

pathway of ethanol over Ni as was postulated in literature and the actual dehydrogenation 

pathway followed over Ni during steam reforming. This work also provides an explanation for 

the experimentally observed partial negative reaction order for steam. It is found to be as a result 

of surface saturation. 

1.2. Structure and overview of thesis 

This PhD thesis is structured in the Journal Format as specified in the University of Aberdeen 

Presentation of Theses policy. The journal format allows sections of the doctoral thesis to be 

written in a format suitable for publication in a peer-reviewed journal. A brief summary of the 

content of the thesis chapters follows. 

Chapter 1 provides background information and the objectives of the study. 

Chapter 2 presents a review of relevant literature pertinent to the subject matter not covered 

elsewhere in the thesis. It presents an overview of hydrogen production from biogas, hydrogen 

production from ethanol, microkinetic modelling, modelling of biogas dry reforming, and 

modelling of ethanol steam reforming. 

Chapter 3 presents the overview of the methodology followed in tackling the first objective of 

this study. It includes a brief summary of microkinetic analysis and the approach followed in 

formulating and developing the initial single-site microkinetic model presented in Chapter 4. 

Chapter 4 presents the development and validation of a comprehensive microkinetic model for 

the ethanol steam reforming over a Ni/SiO2 catalyst. The work presented in Chapter 4 has been 

published in the International journal of Hydrogen Energy. The details of the publication are: 

A.T.F. Afolabi, C.Z. Li, P.N. Kechagiopoulos, Microkinetic modelling and reaction 

pathway analysis of the steam reforming of ethanol over Ni/SiO2, Int. J. Hydrogen 

Energy. 44 (2019) 22816–22830. https://doi.org/10.1016/j.ijhydene.2019.07.040. 

The chapter presents a model that successfully describes the overall reaction pathway, 

decomposition pathway, product formation pathways, kinetically relevant intermediate species 

and rate determining step for the ESR process over the Ni metal with inert support. 

Chapter 5 presents the development and validation of a microkinetic model capable of 

simulating biogas dry reforming experiments over a Rh/Al2O3 catalyst. The work presented in 

Chapter 5 has been submitted to the Chemical Engineering Journal. The details of the publication 

are: 

https://doi.org/10.1016/j.ijhydene.2019.07.040
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A Navarro-Puyuelo, A.T.F. Afolabi, P.N. Kechagiopoulos, F. Bimbela, L.M. Gandia, 

Investigation of H2 and CO co-feeding on biogas dry reforming over Rh/Al2O3 catalyst 

via microkinetic modelling. 

The model presented correctly predicts the reaction mechanism and pathway for biogas dry 

reforming and successfully reproduces the effect of co-feeding hydrogen and carbon monoxide 

alongside biogas. The model clearly demonstrates the effects the recycled products co-fed to the 

reactor has on the reaction pathway and surface reaction mechanism. 

Chapter 6 presents the development and validation of a consolidated bifunctional microkinetic 

model for the steam reforming of ethanol over a Ni catalyst with a ceria containing support. The 

work presented in Chapter 6 is under review for submission. 

 A.T.F. Afolabi, P.N. Kechagiopoulos, Microkinetic evaluation of the bifunctional mechanism 

of ethanol steam reforming over Ni/CeZrLa. 

The presented model provides the first intrinsic microkinetic analysis that incorporates the effect 

of support materials on the reaction pathway and mechanism of ethanol steam reforming process. 

The model correctly describes the support activity alterations to the decomposition pathway and 

product formation pathways. 

Chapter 7 presents a kinetic study of ethanol steam reforming and ethanol decomposition over 

a wide range of experimental conditions in a fixed-bed reactor aimed at elucidating the reaction 

mechanism over a biochar supported Ni catalyst. The work presented in Chapter 7 has been 

published in the Fuel Processing Technology journal. The details of the publication are: 

A.T.F. Afolabi, P.N. Kechagiopoulos, Y. Liu, C.Z. Li, Kinetic features of ethanol steam 

reforming and decomposition using a biochar-supported Ni catalyst, Fuel Processing 

Technology. 212 (2021) 106622. https://doi.org/10.1016/j.fuproc.2020.106622. 

Biochar which is obtained from biomass sources has surface O-containing functional groups and 

intrinsic alkali and alkaline earth metals, and it has proven to be catalytically active for tar 

destruction and steam reforming as well as steam reforming of acetic acid. 

Chapter 8 presents a summary and critical evaluation of this work. Recommendations on the 

future direction for research are also made in this chapter. 

 

 

https://doi.org/10.1016/j.fuproc.2020.106622
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CHAPTER 2: LITERATURE REVIEW 

This chapter will provide a broad review of works previously carried out by other researchers 

focusing on hydrogen production from biogas, biogas dry reforming, hydrogen production from 

ethanol, ethanol steam reforming, kinetic modelling, modelling of biogas dry reforming and 

modelling of ethanol steam reforming. In addition, the key gaps and challenges identified in all 

the topics and tackled in the course of this research will be highlighted in the text. 

2.1 Hydrogen Production from Biogas 

2.1.1 Biogas 

 Biogas is a valuable renewable energy carrier produced from biodegradable organic 

materials via anaerobic digestion. The organic materials could be obtained from sources such as 

sewage sludge, landfills, animal farm manure, energy crops, commercial composting sites and 

agro-food industry wastes. The methane content of biogas depends on the nature of the substrate 

used. Biogas obtained via the anaerobic digestion of sewage sludge, energy crop waste and 

animal manure are generally composed of methane (CH4) (55-70%), carbon dioxide (CO2) (30-

45%) and impurities like nitrogen (N2), oxygen (O2), water vapour (H2O), hydrogen sulphide 

(H2S), carbon monoxide (CO), ammonia (NH3), siloxanes and aromatics [1]. The methane 

produced from these sources has similar commercial and heating value to that of natural gas with 

the added advantage of having an almost zero net CO2 contribution [2]. Increasing amount of 

research has gone into studying biogas utilization pathways, including the traditional pathways 

of heat and energy generation and other upgrading technologies. The production of synthesis gas 

(a mixture of hydrogen (H2) and CO) via reforming of biogas has garnered substantial attention 

as the produced synthesis gas serves as a key intermediate in the chemical industry for the 

production of biofuels, petrochemicals and most importantly pure hydrogen [3–6].  

Of the reforming technologies, steam reforming is the most popularly used in industry for 

hydrogen production. An estimated 80-85% of the worlds produced H2 is obtained via methane 

steam reforming [7]. Traditionally in industrial hydrogen production via methane steam 

reforming process usually involves the implementation of product gas recycling to improve 

process efficiency and also help improve process heat energy efficiency. The main biogas steam 

reforming reaction is usually accompanied by a water-gas shift reaction as seen in equations 2.1 

and 2.2.  

 

 



28 

 

𝐶𝐻4 +  𝐻2𝑂 ↔  𝐶𝑂 +  3𝐻2                                  (∆𝐻°298𝐾 = 206.8 𝑘𝐽 𝑚𝑜𝑙−1)                    (2.1) 

𝐶𝑂 +  𝐻2𝑂 ↔  𝐶𝑂2 +  𝐻2                                    (∆𝐻°298𝐾 = −41.2 𝑘𝐽 𝑚𝑜𝑙−1)                   (2.2) 

Ni-based catalyst are the most used during biogas (methane) steam reforming as they assure high 

activity and lower cost compared to precious metal-based catalysts. However, improved catalyst 

performance in terms of yield and carbon capture have been the object of continuous study in 

recent years. For example, recently Phromprasit et al. [8] developed a Ni catalyst with Ce and Zr 

doped over CaO for sorption enhanced steam reforming to improve hydrogen purity. In the study 

they found that Zr and Ce doped CaO provided stable CO2 capture activity for 10 

sorption/desorption cycles mainly due to their oxygen storage capacity at low temperatures 

which promotes the diffusion of CO2 between the bulk and surface. High purity hydrogen (90% 

and 85%) was produced when Ni was loaded onto the sorption capable catalysts. Conversion of 

CH4 was found to decrease significantly over 5 sorption/desorption cycles as a result of Ni active 

site loss due to pore closure via CaCO3 formation. Similarly, Daneshmand-Jahromi et al. [9] 

performed the steam reforming of methane using a Ni/SBA-16 oxygen carrier with a yttrium 

promoter. They found that the yttrium promoter enhanced the formation of smaller NiO species 

and led to a better distribution of the metal particles. Ultimately the coke deposition was greatly 

reduced with the presence of the promoter on the oxygen carrier surface and high CH4 conversion 

and hydrogen yield of 99.83 and 85.34% were attained at 650°C and S/C ratio of 2.  

2.1.2 Biogas Dry Reforming 

 Among the existing biogas utilization technologies, dry reforming of biogas offers the 

added incentive of converting two major greenhouse gases methane and carbon dioxide 

simultaneously into syngas. The main reaction in biogas dry reforming can be seen in equation 

2.3. It is an endothermic reaction with high temperatures in the range of 700-900°C typically 

needed to promote high conversions towards synthesis gas. Another reaction which typically 

accompanies the dry reforming reaction is the reverse water-gas shift (RWGS), presented in 

equation 2.4. This reaction negatively affects the hydrogen yield in the syngas product. However, 

it provides a proper adjustment of the H2/CO ratio for the production of higher hydrocarbons 

[10]. As in steam reforming, the selection and activity of catalyst plays a vital role in the 

conversion to syngas. 

𝐶𝐻4 +  𝐶𝑂2 ↔  2𝐶𝑂 +  2𝐻2                                    (∆𝐻°298𝐾 = 247.3 𝑘𝐽 𝑚𝑜𝑙−1)                 (2.3) 

𝐶𝑂2 +  𝐻2 ↔  𝐶𝑂 +  𝐻2𝑂                                        (∆𝐻°298𝐾 = 41 𝑘𝐽 𝑚𝑜𝑙−1)                      (2.4) 
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The most common problem facing biogas dry reforming is the deposition of coke which 

significantly impacts the activity of catalysts by blocking pores, reducing the number of active 

sites or prompting the collapse of the support [11]. Some of the side reactions which may occur 

during biogas dry reforming that could lead to coke deposition include the decomposition of CH4 

(equation 2.5), the Boudouard reaction (CO disproportionation) (equation 2.6) and the 

hydrogenation of CO and CO2 (equations 2.7 and 2.8). 

𝐶𝐻4 ↔  𝐶 +  2𝐻2                                                       (∆𝐻°298𝐾 = 74.9 𝑘𝐽 𝑚𝑜𝑙−1)                (2.5) 

2𝐶𝑂 ↔  𝐶 +  𝐶𝑂2                                                       (∆𝐻°298𝐾 = −172.4𝑘𝐽 𝑚𝑜𝑙−1)            (2.6) 

𝐶𝑂2  +  2𝐻2 ↔  𝐶 +  2𝐻2𝑂                                      (∆𝐻°298𝐾 = −90 𝑘𝐽 𝑚𝑜𝑙−1)                 (2.7) 

𝐶𝑂 +  𝐻2 ↔  𝐶 +  𝐻2𝑂                                             (∆𝐻°298𝐾 = −131.3𝑘𝐽 𝑚𝑜𝑙−1)            (2.8) 

Based on thermodynamic Gibbs free energy calculations, CH4 decomposition mainly occurs at 

temperatures above 553°C, while the Boudouard reaction occurs at temperatures below 700°C. 

Hence, during biogas dry reforming coke deposition is mainly likely to occur within the 

temperature range of 553-700°C [12]. The ratio of carbon, hydrogen and oxygen in the biogas 

feed also affect the tendency for coke deposition. Lower H/C ratio as well as lower O/C ratio 

will increase the coke formation tendency, therefore, coke deposition is more likely to occur 

during dry reforming than in steam reforming. 

2.1.3 Catalysts for biogas dry reforming. 

2.1.3.1 Metals 

 Noble metals such as Pt, Pd, Ir, Rh and Ru as well as non-noble metals such as Ni, Co 

and Fe have been widely studied in catalysis for the dry reforming of biogas. Non-noble metal 

catalysts have gained interest mainly due to their relatively low cost. Amongst the non-noble 

metals, the most frequently studied and used in industry is Ni [10].  

Charisiou et al. [13] performed biogas dry reforming over an 8.0 wt.% Ni/Al2O3 catalyst with a 

CH4/CO2 ratio of 1.5:1 at 850°C and obtained reactant conversions of 72 and 92% for CH4 and 

CO2, respectively. Omoregbe et al. [14] obtained high conversions of 91 and 94% for CH4 and 

CO2 respectively whilst performing biogas dry reforming over a 10 wt.% Ni/SBA-15 catalyst at 

750°C. Akbari et al. [15] investigated the effect of Ni loading on reactant conversion during 

biogas dry reforming over a Ni-MgO-Al2O3 catalyst by varying the Ni content between 2.5-15.0 

wt.%, they observed an increase in reactant conversions as the Ni loading was increased.  
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The biggest setback in the application of Ni (as well as other non-noble metals) single-metal 

based catalysts is the apparent carbon deposition usually observed [14,16,17]. In order to resolve 

this issue, recent studies have explored the performance of Ni-based bimetallic catalysts, 

modified with noble or other non-noble transition metals. Hou et al. [18] investigated the effects 

of modifying Ni/Yas3-8 catalyst with small amounts of Rh on the catalytic performance during 

biogas dry reforming. They observed no carbon deposition occurring when the ratio of Rh/Ni 

was above 0.1. They also found the reforming activity was improved with CH4 and CO2 

conversions increasing to approximately 80% when 5 wt.% Rh was added, from respective 

values of 62 and 68.4% when pure Ni/Yas3-8 was used. Similarly, Luisetto et al. [19] 

investigated a Ru-promoted Ni/γ-Al2O3 catalyst and found improved catalytic activity and 

stability when compared with the Ni/γ-Al2O3 catalyst. Wang et al. [20] also investigated biogas 

dry reforming with a CH4/CO2 ratio of 1:1 over a Ni/CaO-ZrO2 modified with non-noble metals 

Cu, Co and Fe. The catalytic activity was improved with the addition of all three metals 

individually compared to the pure Ni catalyst. The Co-Ni bimetallic catalyst proved to be the 

most stable and suitable due to the electron interactions between the metals which help supress 

the formation of coke deposition species. Xu et al. [21] similarly found that the addition of Co 

to Ni based catalyst Ni/γ-Al2O3-La2O3 increased the stability of the catalyst as the Co was found 

to improve CO2 adsorption due to strong Co-O interactions, thereby reducing the carbon 

deposition. 

Noble metal catalysts on the other hand are very attractive as single-metal based catalysts due to 

their high catalytic activity and resistance to carbon deposition and deactivation. Hou et al. [18] 

performed a systematic evaluation of different noble metal catalysts for biogas dry reforming. 5 

wt.% of Rh, Ru, Pd, Pt and Ir were loaded onto α-Al2O3 supports and used for dry reforming 

biogas with a CH4/CO2 ratio of 1:1. The results showed Rh as having the highest catalytic activity 

and stability over the other four noble metals. 

2.1.3.2 Supports 

 The main role of support materials is to provide large surface areas to allow for better 

dispersion of metal active sites. It is also believed that biogas dry reforming could possibly 

follow a bifunctional mechanism where CH4 is activated on the metal whilst the acidic or basic 

support is responsible for activating the CO2 [22,23]. The most commonly studied supports 

include SiO2, Al2O3, MgO, ZrO2, TiO2, La2O3 and CeO2. SiO2 is a relatively inert support 

material as it has quite weak interactions with metal and is therefore less active than the other 
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supports. It is however very stable and relatively cheap and is therefore commonly applied in 

catalysts. 

Al2O3 is a mildly acidic support material used in catalysts. The most common crystal structures 

used in industry are α-Al2O3 and γ-Al2O3. Bychkov et al. [24] evaluated the behaviour of α-

Al2O3, θ-Al2O3 and γ-Al2O3 as a support for Ni in biogas dry reforming. It was found that the 

catalytic activity and coke deposition resistance of γ-Al2O3 supported Ni catalyst was the best 

whilst the α-Al2O3 had the worst performance. Sokolov et al. [25] performed low-temperature 

biogas dry reforming with a CH4/CO2 ratio of 1:1 over a Ni based catalyst using different support 

materials (Al2O3, MgO, TiO2, SiO2 and ZrO2). The results showed that the basic supports (ZrO2 

> TiO2 > MgO) performed better in terms of hydrogen yield than the mildly acidic Al2O3 which 

in turn performed better than the inert SiO2. Min et al. [26] systematically evaluated the 

performance of a mixed support 15 wt.% Ni-based catalyst for dry reforming. Different ratios of 

Mg/Al were tested, and they found higher catalytic activity and stability at Mg/Al ratios of 0.78-

6.2. The basic MgO enhanced the adsorption of CO2 which would react with C and reduce the 

carbon deposition. 

2.2 Hydrogen Production from Oxygenated hydrocarbons 

2.2.1 Ethanol 

Oxygenated hydrocarbons serve as a good fuel source for endothermic reforming processes 

which require high temperatures, as they complement the amount of heating required and 

therefore could save costs. Amongst the various renewable feedstocks for oxygenated 

hydrocarbons, ethanol is a very alluring option as it has a relatively high hydrogen content, it is 

widely available, non-toxic and easy to store and handle safely. Ethanol can be produced from a 

renewable biomass sources such as energy crops, municipal solid waste, agricultural wastes and 

forestry residues. The utilisation of bio-ethanol therefore has no net contribution to greenhouse 

gases. Processes such as pyrolysis, gasification and reforming have been developed to utilize 

bio-ethanol. The reforming of bio-ethanol to produce hydrogen has however garnered the most 

attention as it is one of the processes likely to drive a future hydrogen economy. 

Dry reforming of ethanol is a process with higher risk of coke deposition and lower hydrogen 

yields it is therefore not as tenable as steam reforming. It is however gaining renewed interest in 

the catalysis community due to its CO2 emission reduction potential. The main reaction in the 

dry reforming of ethanol produces equal amounts of H2 and CO (equation 2.9). Thermodynamic 

analysis predicts that CH4, CO2, H2O, H2, C and CO are all possible products formed during 

ethanol dry reforming. Ethanol may dehydrogenate towards acetaldehyde (CH3CHO) (equation 
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2.10), which further decomposes to form CH4 and CO (equation 2.11). CH3CHO can also be 

reformed into syngas (equation 2.12). Methane reforming and reverse water-gas shift reactions 

are also observable (equations 2.13 and 2.14). Thermodynamic analysis showed that reaction 

temperatures in the range of 927-1027°C and CO2/ethanol ratios of 1.2-1.3 are the ideal 

conditions where complete conversion of ethanol can be achieved with an acceptable amount of 

carbon formation [27]. 

𝐶2𝐻5𝑂𝐻 +  𝐶𝑂2 ↔  3𝐶𝑂 +  3𝐻2                       (∆𝐻°298𝐾 = 296.7 𝑘𝐽 𝑚𝑜𝑙−1)                     (2.9) 

𝐶2𝐻5𝑂𝐻 ↔ 𝐶𝐻3𝐶𝐻𝑂 + 𝐻2                                (∆𝐻°298𝐾 = 68.4 𝑘𝐽 𝑚𝑜𝑙−1)                       (2.10) 

𝐶𝐻3𝐶𝐻𝑂 ↔ 𝐶𝐻4 +  𝐶𝑂                                        (∆𝐻°298𝐾 = −18.785 𝑘𝐽 𝑚𝑜𝑙−1)              (2.11) 

𝐶𝐻3𝐶𝐻𝑂 +  𝐶𝑂2 ↔ 2𝐻2 +  3𝐶𝑂                        (∆𝐻°298𝐾 = 228.2 𝑘𝐽 𝑚𝑜𝑙−1)                    (2.12) 

𝐶𝐻4 +  𝐶𝑂2 ↔  2𝐶𝑂 +  2𝐻2                                (∆𝐻°298𝐾 = 247.0 𝑘𝐽 𝑚𝑜𝑙−1)                    (2.13) 

𝐶𝑂2 +  𝐻2 ↔  𝐶𝑂 +  𝐻2𝑂                                     (∆𝐻°298𝐾 = 41.1 𝑘𝐽 𝑚𝑜𝑙−1)                      (2.14) 

Various noble and non-noble metal-based catalysts are synthesized and used for the dry 

reforming of ethanol. Ni based catalysts are the most studied in literature. Bej et al. [28] 

synthesized an Al2O3 supported nano NiO-SiO2 catalyst for dry reforming of ethanol. With 10 

wt.% Ni loading demonstrating the best activity, optimal conditions were found at 750°C and a 

CO2/ethanol ratio of 1.4. At this condition nearly complete conversion of ethanol was achieved 

with an accompanying 75% conversion of CO2. The catalyst did however promote the 

dehydrogenation of ethanol towards CH4 and water-gas shift reaction thereby reducing the CO 

yield. Zawadzki et al. [29] evaluated the performance of Al2O3, CeO2, MgO and ZrO2 supported 

Ni-based catalyst for dry reforming of ethanol. Ni-CeO2 was found to have the best performance 

at 750°C with high conversion and inhibited carbon deposition. The reducibility of Ni which was 

affected by the support, as well as the redox properties and oxygen vacancies of the CeO2, 

promoted the H2 selectivity and inhibited unwanted side reactions. This process is however of 

lesser interest to this study as the hydrogen yield potential pales in comparison to steam 

reforming. 

2.2.2 Ethanol steam reforming 

Steam reforming is the most popular and established reforming technology for hydrogen 

production in the industry. A substantial amount of research has gone into optimising the 

performance of this technology for a variety of hydrocarbon fuel sources including oxygenated 

hydrocarbons and heavy hydrocarbons. 
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The general reaction scheme for the steam reforming of oxygenated hydrocarbons is; 

𝐶𝑥𝐻𝑦𝑂𝑧 + (𝑥 − 𝑧)𝐻2𝑂 ↔ (𝑥 − 𝑧 +
𝑦

2
) 𝐻2 + 𝑥𝐶𝑂                                                                  (2.15)  

Combining this reaction with WGS at temperatures and pressures favouring the reaction shift to 

the right we get: 

𝐶𝑥𝐻𝑦𝑂𝑧 + (2𝑥 − 𝑧)𝐻2𝑂 ↔ (2𝑥 − 𝑧 +
𝑦

2
) 𝐻2 + 𝑥𝐶𝑂2                                                           (2.16) 

The reforming reaction of oxygenates like conventional reforming is also endothermic and 

therefore favours high temperatures and low-pressure operating conditions. At high temperatures 

however CO will be present in substantial amount as the WGS reaction equilibrium will shift to 

the left. Methanation, as well as thermal decomposition, will also influence the product 

distribution, the latter however should be minimised as it will lead to coke formation and catalyst 

degradation. Theoretically, thermodynamics proposes a possible full conversion of oxygenates 

whilst equilibrium regulates the product distribution. For high yields of H2 a catalyst that 

promotes WGS is required. The ratio of CO/H2 depends on the operating temperature as well as 

the steam to carbon ratio of the feed. For high amounts of hydrogen, meaning a lower CO/H2 

ratio, increasing the steam to carbon ratio is prescribed. The main challenge this technology faces 

is the deactivation of catalysts due to coke formation as well as metal sintering at high operating 

temperatures. 

For ethanol steam reforming the main reaction with and without excess supply of steam can be 

written as follows: 

𝐶2𝐻5𝑂𝐻 +  3𝐻2𝑂 ↔  2𝐶𝑂2 +  6𝐻2                  (∆𝐻°298𝐾 = 174 𝑘𝐽 𝑚𝑜𝑙−1)                      (2.17) 

𝐶2𝐻5𝑂𝐻 +  𝐻2𝑂 ↔  3𝐶𝑂 +  4𝐻2                       (∆𝐻°298𝐾 = 256 𝑘𝐽 𝑚𝑜𝑙−1)                    (2.18) 

Ethanol is highly likely to dehydrogenate towards acetaldehyde (equation 2.19) which serves a 

reaction intermediate and decomposes to form CH4 and CO (equation 2.20) [30,31]. The 

formation of acetaldehyde is an endothermic reaction of lower magnitude in comparison with 

the steam reforming reaction. The steam reforming of acetaldehyde may also occur (equation 

2.21). At ideal conditions, the formed CH4 may undergo steam reforming to produce hydrogen 

and CO or CO2 (equation 2.22 and 2.23). CO will undergo water-gas shift to produce CO2 and 

H2 (equation 2.24). 

𝐶2𝐻5𝑂𝐻 ↔  𝐶𝐻3𝐶𝐻𝑂 +  𝐻2                                (∆𝐻°298𝐾 = 68.9 𝑘𝐽 𝑚𝑜𝑙−1)                      (2.19) 
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𝐶𝐻3𝐶𝐻𝑂 ↔  𝐶𝐻4 +  𝐶𝑂                                       (∆𝐻°298𝐾 = −19.2 𝑘𝐽 𝑚𝑜𝑙−1)                   (2.20) 

𝐶𝐻3𝐶𝐻𝑂 + 𝐻2𝑂 ↔  2𝐶𝑂 +  3𝐻2                       (∆𝐻°298𝐾 = 296.5 𝑘𝐽 𝑚𝑜𝑙−1)                    (2.21) 

𝐶𝐻4 + 2𝐻2𝑂 ↔  𝐶𝑂2 +  4𝐻2                                (∆𝐻°298𝐾 = 165 𝑘𝐽 𝑚𝑜𝑙−1)                    (2.22) 

𝐶𝐻4 + 𝐻2𝑂 ↔  𝐶𝑂 +  3𝐻2                                    (∆𝐻°298𝐾 = 206 𝑘𝐽 𝑚𝑜𝑙−1)                    (2.23) 

𝐶𝑂 +  𝐻2𝑂 ↔  𝐶𝑂2 +  𝐻2                                       (∆𝐻°298𝐾 = −41.2 𝑘𝐽 𝑚𝑜𝑙−1)               (2.24) 

Ethanol steam reforming has a wide range of operating temperature, ranging from 300-650°C 

[32–34]. At temperatures as low as 350°C and at atmospheric pressure, total conversion of 

ethanol is achievable in the presence of a catalyst. The selection of catalyst and support material 

also affects the formation of coke, as some supports could either promote the dehydration of 

ethanol to ethylene or inhibit the dehydration and promote the dehydrogenation to acetaldehyde. 

2.2.3 Catalysts for ethanol steam reforming 

2.2.3.1 Metals 

Catalyst play an important role in the reactivity towards complete ethanol conversion, however, 

the pathways induced by catalysts vary, therefore it is crucial to select active catalysts able to 

maximize hydrogen production by pushing the water-gas shift and inhibiting coke formation. 

Various noble metal-based (Rh, Ru, Pt, Pd) and non-noble metal-based (Ni, Co, Cu and Fe) 

[21,35–40] catalysts have been widely studied for this purpose. 

Noble metal catalysts are more resistant to coke deactivation and are known for their high 

catalytic activities. Liguras et al. [41] evaluated the performance of Rh, Ru, Pt and Pd catalysts 

supported by Al2O3 for ethanol steam reforming in the temperature range of 600-850°C. The 

metal loading was varied in the range of 0-5 wt.%. Rh displayed the highest activity through the 

range of loadings, however, at 5 wt% loading the Ru/Al2O3 showed comparable activity to Rh. 

Complete conversion of ethanol was achieved by both catalysts with hydrogen selectivity of 

above 95%. In terms of the stability and coke deposition, the selection of mildly acidic Al2O3 

support promoted the dehydration of ethanol forming ethylene, which is known as a coke 

precursor. With the same catalyst and support, Cavallaro et al. [42] was able to inhibit the 

formation of coke by increasing the steam/ethanol ratio. Similarly, Frusteri et al. [43] also 

investigated the catalytic performance of Pd, Rh, Ni and Co-based catalysts supported by MgO 

for hydrogen production during ethanol steam reforming. The Rh/MgO catalyst was found to be 

the most active with the highest conversion and least coke deposition. Ni/MgO however, had the 
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highest hydrogen selectivity. Of the noble metal catalysts, the consensus that can be extracted 

from literature is that Rh-based catalyst are the most efficient for the reforming process. 

Non-noble transition metal catalysts like Ni and Co are widely studied owing to their high 

activity and relatively cheap cost. Co attracts interest due to its high activity and lower formation 

of side products CH4 and coke compared to Ni [44,45]. However, Ni has high C-C cleavage 

activity and is therefore highly attractive for the steam reforming of ethanol. Comas et al. [46] 

investigated the steam reforming of bio-ethanol over a Ni/Al2O3 catalyst operating in the 

temperature range of 300-500°C, with a Ni loading of 35 wt.%. At 500°C and high steam to 

ethanol ratio (6:1), 91% hydrogen selectivity was achieved. However, they observed low CO2 

selectivity (<80%) and therefore surmised that the pathway involved ethanol dehydrogenating 

to acetaldehyde and dehydrating to ethylene. Both intermediates would then be converted into 

the final products. The high CO2 selectivity observed by Auprete et al. [47] whilst performing 

ethanol steam reforming using the same catalyst with a lower Ni wt.% loading, and operating in 

the same temperature range, provide a contradiction. This may, however, be as a result of the 

different Ni wt.% loading used. Zhang et al. [32] performed the steam reforming of ethanol over 

a Ni/Al2O3 catalyst and investigated the effect of modifying the catalyst with the addition of a 

second metal (Co and La) and second support SiO2. The selectivity of hydrogen was significantly 

improved with the addition of Co (72.7%) and La (68.6%). In summary, Ni exhibits excellent 

catalytic activity for ethanol steam reforming at high temperatures, however coke deposition is 

an issue which requires the use of a basic or redox support material and high steam to ethanol 

ratios. 

2.2.3.2 Supports 

Various types of oxides have been extensively studied as support materials for Ni, in order to 

guarantee thermal stability as well as optimum metal dispersion and also participate in the 

catalytic process [39,48–52]. Acidic oxides like Al2O3, TiO2, SiO2 have been employed to 

improve the ethanol conversion during reforming. Of the acidic oxides, Al2O3 is the most 

intensively used for ethanol steam reforming process due to its strong mechanical and thermal 

stability. However, acidic oxide supports induce the dehydration of ethanol towards ethylene and 

at high temperatures will decompose ethylene and produce coke. Basic oxides such as La2O3, 

MgO and ZnO on the other hand strengthen the interactions between metal and support and 

reduce the surface acidity of the catalyst and consequently reduce carbon deposition. The 

catalytic performance over these basic oxide supports is dependent on the operating conditions 

as well as metal wt.% loading. Yang et al. [53] evaluated the performance of 10 wt.% Ni 
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supported by La2O3, MgO, ZnO and Al2O3 for the steam reforming of ethanol at 650°C. 

Complete conversion of ethanol was achieved in all cases however the hydrogen selectivities of 

the basic oxide supported catalysts were better than that of Ni/γ-Al2O3. While acidic oxides 

generally provide better ethanol conversion that the basic oxides [54], the basic oxides provide 

better hydrogen selectivity as they inhibit coke deposition. To neutralize this effect, acid oxide 

supports are modified with a basic oxide promoter in order to neutralize the acid sites and inhibit 

ethanol dehydration. Sanchez et al. [55] observed that Ni/MgO-Al2O3 exhibited better catalytic 

performance than Ni/Al2O3.  

The redox property and strong metal-support interaction proffered by CeO2 has made it widely 

studied as an ideal support material for ethanol steam reforming. CeO2 has the ability to store 

and release active oxygen due to its high oxygen storage capacity, it is therefore able to perform 

water and/or oxygen activation. It can also serve as an anchor with the ability to disperse and 

stabilise active materials. 

To summarise, the choice of support material plays a vital role in catalytic activity, product 

distribution and stability. The support materials are able to participate in the reaction mechanism 

and can provide acidic sites to promote dehydration, basic sites that push dehydrogenation or 

provide sites for activation of reactants. 

2.2.3.3 Biochar as a support material 

Reviews on the progress and advances in ethanol steam reforming over non-noble transition 

metals [56] and Ni specifically [57], highlight as summarised above the importance of support 

materials on enhancing catalyst stability and performance. However, to achieve optimal 

performance, intricate design of catalysts with supported mixed oxides or modifications using a 

variety of materials are required [58]. This inevitably increases the cost of catalyst production 

and the process in a commercial context. 

Biochar is the solid product of biomass pyrolysis and/or partial gasification. It is a cheap, highly 

porous material and has recently began receiving significant attention as a possible catalyst or 

support material for several reaction including hydrolysis, (trans)esterification and reforming 

[59]. Recently, the catalytic cracking and steam reforming of tar and its model compounds by 

biochar-based catalysts have become emphasised in literature [60], with various studies 

emphasising the high reforming and tar destruction activity of biochar-based catalysts [61–64]. 

Additionally, through gasification or combustion the energy value of spent biochar can be 

recovered, hence reducing the energy loss during the process and disposal costs [65–67]. The 

properties of intrinsic alkali and alkaline earth metallic (AAEM) species in biochar have been 
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shown to contribute to its catalytic activity [67–69]. Biochar produced from pyrolysis and 

subsequent gasification usually has a high concentration of O-containing functional groups [70]. 

The importance of the O-containing functional groups to the activity of biochar have been 

demonstrated in previous studies [67,71].  

Therefore, utilising biochar as a support material for Ni in the reforming process would help 

reduce the overall cost and enhance its sustainability. The inherent content of surface oxygen 

containing groups and alkali and alkaline earth metals could provide additional available sites 

and functionalities, which could potentially improve the stability of the catalyst. There is an 

evident scarcity in literature regarding the use of biochar as a catalyst or support for the 

steam reforming of small, non-aromatic biomass derived oxygenates and the investigation 

of kinetics for such reaction processes. The steam reforming of acetic acid has been studied 

recently on Ni/biochar [61,72], however no similar works exist for ethanol. The intrinsic 

kinetic effect a biochar support would possibly have on the adsorption and reaction 

pathway in the ethanol reforming process remains unclear. 

2.3 Kinetic modelling 

The kinetic modelling of reforming in literature is usually executed in form of macrokinetics or 

microkinetics. 

2.3.1 Closed form empirical kinetic models 

Macrokinetic models or closed-form empirical kinetic models are mainly of two types: Power-

law kinetics and Langmuir-Hinshelwood-Hougen-Watson (LHHW) models. 

2.3.1.1 Power-law kinetics 

During the earlier periods of kinetic modelling and limited computational power, the power-law 

was the most popular and utilised rate expression. This type of model involves the use of a known 

activation barrier, effective rate constant and reaction orders of the reactants to estimate the 

reaction rate as shown in equation 2.25 below, 

𝑟 = 𝑘𝑒𝑓𝑓𝐶𝐴
𝑎𝐶𝐵

𝑏 ,                   𝑘𝑒𝑓𝑓 =  𝐴𝑒𝑓𝑓𝑒−𝐸𝑒𝑓𝑓/𝑅𝑇                                                                        (2.25) 

This type of model is frequently used in reactor modelling as well as process design due to its 

computational ease and small number of parameters. It is able to model very limited range of 

experimental data and does not have any genuine predictive power. It is therefore not of much 

importance to this study. 
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2.3.1.2 Langmuir-Hinshelwood-Hougen-Watson models 

LHHW models are the more popular of the two macrokinetic models for heterogeneous catalytic 

reactions. They can be used for reaction mechanisms where an adsorption step of a reactant is 

present. Developing a LHHW model begins with defining a detailed surface reaction mechanism. 

Essential to developing this model type is the a priori determination of the rate determining step 

(RDS). Typically, the RDS is selected as a reaction involving exclusively surface species, whilst 

the adsorption and desorption reaction steps are usually assumed to be in some state of partial 

equilibrium (PE). A rate expression is then formed based on the choice of RDS and the 

equilibrium constants of other steps. The validity of this rate expression is tested against 

experimental data and a qualitative fit of data is desired. If the rate expression does not fit data, 

then different assumptions are made on selecting the RDS until a qualitative fit is achieved. Once 

qualitative fit is achieved the rate constants and equilibrium constants are regressed using select 

experimental data from a particular type of experiment. 

One drawback of this type of models is the rate expression and rate constant multiplicity 

described in the assessment of overall rate expressions performed by Prasad et al. [74]. The 

empirical nature of the rate expressions in this method makes it possible that multiple rate 

expressions can describe the same data with similar accuracy. Also, it is possible that different 

values of the rate constants will make the same rate expression fit selected experimental data. 

Additionally, the selected rate expression may be based on wrong assumptions, or the regressed 

parameters may prove to be unrealistic values. If this is the case, the model predictions of the 

fundamental properties of the reaction mechanism (i.e., reaction orders or most abundant surface 

intermediate), would be unreliable and inaccurate. Also noteworthy, is that these rate expressions 

are unable to describe any changes in RDS when operating conditions vary and are therefore 

limited to specific range of operating conditions where the rate steadily changes with a change 

in parameter. 

Examples of LHHW models developed for the reforming reactions, which are of particular 

interest in this study, are given in subsequent sections to highlight these limitations and 

drawbacks.  

2.3.2 Mean-field Microkinetics 

Microkinetic modelling entails the use of comprehensive reaction mechanisms depicting 

elementary reaction steps taking place on catalyst surfaces. The need for these comprehensive 

mechanisms is made clear when considering the aforementioned limitations of closed form 

empirical kinetic models. The main framework for microkinetic modelling used today was first 
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properly laid out in the book of Dumesic et al. [73] All relevant elementary steps capturing the 

essential surface chemistry of the process are presented in these models. No assumptions on the 

RDS and most abundant surface intermediate are made when solving the system of mathematical 

equations. These detailed kinetic models offer better accuracy and predictive power over a wider 

range of experimental conditions, when compared to LHHW and power-law expressions which 

can only be regressed over limited data ranges [74]. Microkinetic models give fundamental 

insight into the reaction rates of surface intermediate species and the sensitivity of the reaction 

rate to operation-based or catalyst-based model parameters. Thus, they are a very useful process 

optimisation tool. 

The key first step in microkinetic modelling is the construction of detailed reaction mechanisms. 

Kinetic codes designed for the study of detailed reaction mechanisms, such as CHEMKIN 

[75,76], are a useful tool in the microkinetic modelling for the generation of reaction 

mechanisms. Elementary reaction steps are not unique to any specific chemical process and can 

be applied to numerous mechanisms involving similar reactants and intermediates [77]. Steam 

reforming and dry reforming of methane for example, will share a number of elementary reaction 

steps in common. Also, reaction mechanisms for a process involving larger species could be built 

from those of smaller species.  

In the past there was a lack of extensive parameter estimation methods and the rate constants in 

microkinetic models were fit to experimental data directly, hence reducing the predictive power 

of these models. In the past two decades, however, several approaches for accurate parameter 

estimation have been put to use. First-principles methods like density functional theory (DFT), 

which require abundant computational power, are widely applied in microkinetic modelling. 

Semi-empirical methods, which offer relatively inexpensive and reasonably accurate estimation 

for parameters like activation energy of adsorbates, are also quite popular. 

Mean-field microkinetic models are based on the assumption that there is a consistent 

distribution of catalyst active sites and adsorbate species. The rate constants of surface reactions 

are therefore taken to be independent of the local environment in which the reaction occurs. 

These models combine energetics with reaction rates and concentration of species. The 

elementary reaction steps follow the law of mass action and the reaction rates are written as 

equation 2.26 below: 

𝑟𝑖 = 𝑘𝑖 ∏ 𝐶𝑗

𝑗

=   𝐴𝑖exp (−
∆𝐸𝑖

𝑘𝑏𝑇
) ∏ 𝐶𝑗

𝑗

                                                                                   (2.26) 
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𝑘𝑖 represents the reaction rate constant, 𝐴𝑖 is the pre-exponential factor, ∆𝐸𝑖 is the activation 

energy, 𝑇 is the absolute temperature, 𝑘𝑏 is the Boltzmann constant, and 𝐶𝑗 is the concentration 

of the reactant. 

2.3.3 Elementary rate constant estimation from semi-empirical methods 

Even though semi-empirical methods are not always as accurate as quantum mechanical methods 

of rate constant determination (i.e., DFT), their ability to predict kinetic parameters from 

thermochemistry with high accuracy makes them a relatively inexpensive method for the 

estimation of kinetic parameters. Hence, they are more suitable when considering mechanisms 

with a large number of species and reaction steps. These methods relate thermochemical 

properties of surface species either to atomic properties or to properties of smaller units that 

make up the species. The thermochemical properties of surface species are also correlated with 

properties of corresponding gas phase molecules and kinetic parameters. 

2.3.3.1 Unity bond index-quadratic exponential potential (UBI-QEP) or bond order conservation 

(BOC) method 

The UBI-QEP, or BOC, method is a semi-empirical technique used to estimate the binding 

energies of molecules from binding energies of atoms and gas-phase dissociation energies [78]. 

The activation barriers of reactions are estimated by minimizing the energy of a two-body 

adsorbate specie configuration modelled through a Morse potential. Vlachos and his group were 

the first to introduce UBI-QEP/BOC based microkinetic models in 1999 [79]. By estimating the 

activation energies of elementary reaction steps, the UBI-QEP technique-based microkinetic 

model was able to predict the possible reaction pathways and rate determining step. With 

reasonable parameter adjustment, they found that microkinetic models using this method are able 

to provide quantitative fit to wide range of experimental data. The correlation of atomic binding 

energies to molecular binding energies in this method allows for the estimation of microkinetic 

model parameters from just atomic binding energies, making this a very useful and powerful tool 

[80–83]. 

One of the main advantages of this method is that it allows for easier implementation of enthalpic 

thermodynamic consistency which will be elaborated in a later section. This method has been 

found to be very accurate when compared to experimentally determined binding and activation 

energies [82,84]. It is also able to reasonably describe the effects of surface coverages on 

activation energies [79]. One limitation, however, is that this method requires experimental data 

validation to ensure the predicted values of energies are reliable. 



41 

 

2.3.3.2 Estimation of entropic parameters 

The pre-exponential factors and sticking coefficients are factors of a reaction rate constant in 

which entropy plays a role. For activated processes, transition state theory (TST) and vibrational 

analysis are the common methods of obtaining pre-exponential factors and sticking coefficients, 

while molecular dynamics (MD) is used for non-activated or low barrier reactions. The 

determination of partition functions of adsorbed species through first-principles methods (DFT) 

can prove difficult, therefore, empirical approximation methods are preferred. Reasonable 

estimations of properties of adsorbed species that are contingent on temperature have been found 

to be achievable by the simple analysis of the change in degrees of freedom of the corresponding 

gas phase molecule upon adsorption [85]. The entropy of a surface adsorbed species is therefore 

relatable to that of the corresponding gas phase species by the simple deduction of the 

translational degrees of freedom upon adsorption [86–88].  

𝑆𝑖,𝑠𝑢𝑟𝑓(𝑇) = 𝐹𝑙𝑜𝑐(𝑆𝑖,𝑔𝑎𝑠(𝑇) − 𝑆𝑖,𝑡𝑟𝑎𝑛𝑠(𝑇))                                                                                   (2.27) 

The 𝐹𝑙𝑜𝑐 multiplier in equation 2.27, represents the fraction of local entropy that will be retained 

by the species upon adsorption. This fraction is usually a value close to unity and is mostly used 

as an adjustable parameter during microkinetic modelling [86]. 

2.3.3.3 Brønsted-Evans-Polanyi (BEP) relations 

The BEP relations is another method that enables the estimation of kinetic parameters from 

thermochemical properties of adsorbed species [89,90]. It is a more attractive method when 

considering large reaction systems. Its validity for the estimation of surface reaction properties 

was only recently proved in the past two decades [91–93]. A fundamental relationship proposed 

in BEP is: 

𝛿∆𝐸𝑖 = 𝛼𝛿∆𝐸𝑖,𝑟𝑥𝑛                                                                                                                                 (2.28) 

Where the 𝛿∆𝐸𝑖 represents a change in the activation energy, 𝛿∆𝐸𝑖,𝑟𝑥𝑛 represents a change in the 

energy of reaction, and 𝛼 is a constant related to the reaction classification. In essence, BEP 

relations enable prediction of activation energies using the energy of reactions (enthalpies or free 

energies) derived by correlating reaction energies of similar reactions belonging to the same 

homologous series. Reactions involving species belonging to the same homologous series will 

have transition states with similar chemical properties. Therefore, if a number of transition state 

searches are done for reactions having similar transition states (i.e., dehydrogenation or C-C 

scission) for species within a homologous series, then an estimation of parameters of the rest of 
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the reactions in the homologous series can be obtained using thermochemistry. Such 

relationships have been developed in recent literature for different reaction on different metals. 

2.3.4 Thermodynamic consistency in microkinetic modelling 

Thermodynamic consistency is an important facet of microkinetic modelling that must be 

considered when the thermodynamic and kinetic parameters of species and elementary reactions 

are merged during the formulation of kinetic mechanisms. There are two key reasons why 

thermodynamic consistency is crucial during model development. Firstly, for reaction 

mechanisms that involve reversible and therefore equilibrium limited processes, the equilibrium 

constants of reactions are directly linked to thermodynamic properties. Hence if the 

thermodynamics of the process are not consistent and equilibrium constants are wrong, the 

predictions of the microkinetic model would be grossly misleading. Secondly, for reactions 

occurring under non-isothermal conditions, discrepancies in the thermodynamic properties and 

kinetic parameters would lead to wrong energy balance calculations and therefore, wrong values 

of composition and temperature. 

The equilibrium constant of a reaction step is represented as: 

𝐾𝑖 = 𝑘𝑖,𝑓/𝑘𝑖,𝑏                                                                                                                                    (2.29) 

here 𝑘𝑖,𝑓 and 𝑘𝑖,𝑏 represent the forward and backward kinetic rate constants, respectively. 

Dumesic et al. [73] provided a comprehensive description of thermodynamic constraints in 

microkinetic modelling in the 1993 book. Ensuring the thermodynamic consistency for 

elementary reaction steps implies that: 

∆𝐸𝑖,𝑏 = ∆𝐸𝑖,𝑓 −  ∆𝐻𝑖                                                                                                                         (2.30) 

𝐴𝑖,𝑏 =  𝐴𝑖,𝑓 exp(∆𝑆𝑖 /𝑅) =  𝐴𝑖,𝑓 exp((∆𝐺𝑖 − ∆𝐻𝑖) /𝑅𝑇)                                                          (2.31) 

∆𝐸𝑖,𝑏 is the activation energy of the reverse reaction step, ∆𝐸𝑖,𝑓 is the forwards activation energy, 

and the ∆𝐻𝑖 is the enthalpy of change of the reaction. Likewise, 𝐴𝑖,𝑏 is the reverse reaction step 

pre-exponential, 𝐴𝑖,𝑓 is the pre-exponential for forward reaction, and ∆𝑆𝑖 and ∆𝐺𝑖 represent the 

standard entropy change for the reaction and Gibbs free energy of reaction, respectively.  

For heterogeneous catalytic reaction processes, a net reaction starting and ending with gas phase 

species, can be written as a linear combination of several reaction steps. The thermodynamic 

consistency constraints can therefore also be written as: 

∑ 𝜎𝑖( ∆𝐸𝑖,𝑓) −  ∑ 𝜎𝑖( ∆𝐸𝑖,𝑏) = ∆𝐻𝑛𝑒𝑡                                                                                        (2.32) 
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∏ (
𝐴𝑖,𝑓

𝐴𝑖,𝑏
)

𝜎𝑖

=  exp (
∆𝑆𝑛𝑒𝑡

𝑅
)                                                                                                              (2.33) 

The subscript “net” in equations 2.32 and 2.33, represent the total change in thermodynamic 

property from the net reactants to net products. 𝜎𝑖 represents the coefficient of elementary 

reactions in the linear combination of the net reaction. If we consider a simple reaction of gas-

phase molecule A converting to gas-phase B via the steps: 

 𝐴 → 𝐴∗,     𝐴∗ → 𝐵∗,   𝐵∗ →  𝐵                                                                                                         (2.34) 

A thermodynamic cycle is formed along which the gas-phase change in thermodynamic property 

must be equal to the net change in thermodynamic properties of the elementary reactions (Hess’s 

law). 

Thermodynamic consistency in microkinetic models is usually conserved either through the 

adjustment of surface reaction properties or the adjustment of adsorption properties. 

2.3.4.1 Thermodynamic consistency via surface reaction properties adjustment 

When dealing with first-principle or semi-empirical microkinetic models, the main impediment 

to conserving thermodynamic consistency is finding a way to merge the gas-phase properties to 

surface properties. This proves more difficult when multiple parameter estimation methods are 

employed in the model. Gas-phase thermodynamic properties are calculated using ab initio, high 

level theory and are considered, very accurate. 

The most straightforward way of constraining surface reaction mechanism to gas-phase 

properties is through the use of adsorption properties as a basis set. This method is beneficial 

when utilising semi-empirical rate constant estimation methods like UBI-QEP. All 

thermodynamic properties of surface species are correlated to the corresponding gas-phase 

species and the change in property upon adsorption.  

𝜁𝑖,𝑠𝑢𝑟𝑓(𝑇, 𝜃𝑗) = 𝜁𝑖,𝑔𝑎𝑠(𝑇) −  𝜁𝑖,𝑎𝑑𝑠(𝑇, 𝜃𝑗)                                                                                    (2.35) 

Subsequently, the change in thermodynamic function of a surface reaction (∆𝜁𝑖,𝑠𝑢𝑟𝑓) is directly 

correlated to that of the corresponding gas-phase species reactions (∆𝜁𝑖,𝑔𝑎𝑠) and the adsorption 

properties of the species. This implicitly places a thermodynamic constraint on each elementary 

reaction in the mechanism. Therefore, if a thermodynamic cycle is formed between the overall 

gas-phase reaction and the kinetically relevant surface reaction pathway, the free energies, 

enthalpies and entropies would be conserved. 
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Another method of ensuring thermodynamic consistency involves using a linearly independent 

basis set of elementary reactions to constrain the kinetic parameters or surface reactions. This 

basis set of reactions is selected such that the rest of the elementary reactions are linear 

combinations of the basis set. This method was presented by Mhadeshwar et al. [85]. The 

thermodynamic properties of the linearly dependent reactions in the network are calculated as 

linear combinations of those of the linearly independent basis set. Therefore, the activation 

energies and pre-exponential factors calculated from these thermodynamic properties are 

constrained. Usually the adsorption/desorption reactions of all possible gas phase species are 

selected as the basis set of linearly independent reactions because all surface reactions can be 

written as linear combinations of these adsorption/desorption reactions. 

2.3.4.2 Thermodynamic consistency via adsorption properties adjustment 

While the surface reaction properties adjustment method uses the adjustment of surface reaction 

energies by constraining the thermodynamics using gas-phase and adsorption thermodynamics, 

Thermodynamic consistency via adsorption properties adjustment method involves the 

adjustment of adsorption/desorption reaction energetics. This method is feasible when the 

mechanism and energetics of surface reactions are entirely defined from first-principle DFT 

calculations. This is because when first-principle methods of kinetic parameter estimation are 

used, the accuracy of estimated surface reaction energies is higher than that of estimated 

adsorption/desorption energies [94]. As the microkinetic model methodology used in this study 

mainly focuses of semi-empirical kinetic parameter estimation methods, this thermodynamic 

constraining method used in tandem with first-principle DFT is not expanded upon further. 

2.3.5 Modelling of biogas dry reforming 

2.3.5.1 Macrokinetic models 

 Macrokinetic models for dry reforming are usually based on a Power law model, Eley Rideal 

(ER) type models or a Langmuir Hinshelwood-Hougen Watson (LHHW) type models. Of these 

three types, the LHHW models are widely used due to the conformity of the mechanistic steps 

proposed to experimental techniques for validation [95]. The LHHW mechanisms and models 

proposed in literature for simulated biogas dry reforming have a varying description of the rate 

determining step (RDS) and the order of reactions for different catalytic systems.  

Wei et al. [96] performed a kinetic study of dry reforming of methane over a Ni/MgO catalyst 

and obtained a good fit of experimental data with the rate determining step being the activation 

of CH4. They also found a first-order dependence of the reaction rate on the concentration of 

CH4 whilst the rate was not influenced by the co-reactant or products. Similarly, Zhang et al. 
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[97] observed a fit with experimental data when CH4 activation was selected as the rate 

determining step over a Ni/Al2O3 catalyst. Wang et al. [98], on the other hand, obtained desirable 

fit with dry reforming of methane over Ni/Al2O3 catalyst experimental data, with a reaction 

mechanism in which the oxidation of C is the rate determining step. Over a Ni/La2O3 catalyst, 

Verykios et al. [99] proposed a reaction mechanism establishing the RDS as the cracking of CH4 

and the reaction of carbon and oxycarbonate species formed by the interaction between CO2 and 

La2O3. Munera et al. [100] proposed an identical mechanism on a Rh/La2O3 catalyst. Wei et al. 

[101] proposed a mechanism establishing the activation of CH4 as the RDS for dry reforming of 

methane over a Rh/Al2O3 catalyst. Donazzi et al. [102] performed the dry reforming of methane 

kinetic experiments over a 4% Rh/Al2O3 catalyst and proposed a reaction mechanism in which 

the RDS varied based on the CO2/CH4 ratio. At CO2/CH4 ratio of 1, the RDS was identified as 

the reverse water-gas shift reaction (RWGS) and at CO2/CH4 ratio > 1, the RDS was steam 

reforming. 

Table 2.1: Proposed LHHW rate expressions for CH4 dry reforming over Ni-based catalyst 

Catalyst Rate expression Rate determining step 

(RDS) 

Reference 

Ni/SiO2, 

Ni/MgO 
𝑟 =

𝑎𝑃𝐶𝐻4
𝑃𝐶𝑂2

𝑏𝑃𝐶𝑂𝑃𝐻2

4−𝑥
2 + (1 + 𝑐𝑃𝐶𝐻4

)𝑃𝐶𝑂2

 
Decomposition of 

CH𝑥O 

[103] 

Ni/Al2O3 
𝑟 =

𝑘𝑃𝐶𝐻4
𝑃𝐶𝑂2

(1 + 𝐾𝐶𝐻4
𝑃𝐶𝐻4

)(1 + 𝐾𝐶𝑂2
𝑃𝐶𝑂2

)
 

Oxidation of C [98] 

Ni/La2O3 
𝑟 =

𝑎𝑃𝐶𝐻4
𝑃𝐶𝑂2

𝑏𝑃𝐶𝐻4
𝑃𝐶𝑂2

+ 𝑐𝑃𝐶𝐻4
+ 𝑑𝑃𝐶𝑂

 
Cracking of CH4 and 

the reaction of carbon 

and oxycarbonate 

species 

[104] 

As is evident, there has been considerable amount of macrokinetic modelling research carried 

out on dry reforming of methane, however, based on the different proposed LHHW models on 

similar metal-based catalysts, a consensus on a ubiquitous reaction mechanism for biogas dry 

reforming and rate determining step via LHHW modelling is not feasible. A more intrinsic 

kinetic look is therefore required. 

2.3.5.2 Microkinetic models 

Microkinetic models examine catalytic reactions in terms of elementary steps occurring on the 

catalyst surface and involves the theoretical or experimental estimation of kinetic parameters in 

the rate expression of these steps. An a priori determination of the RDS is not required and the 

model is able to suggest the kinetically relevant reaction steps and surface intermediates. 
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Delgado et al. [105] developed a comprehensive microkinetic model for the dry reforming of 

methane as well as partial oxidation over a Ni based catalyst. The thermodynamically consistent 

model included 26 reversible reaction steps (6 adsorption and 20 surface reactions) and involved 

14 surface species and 6 gas-phase species. The adsorption of methane was identified as the most 

sensitive reaction in the overall reaction mechanism. Dehimi et al. [106] also developed a 

microkinetic model for the dry reforming of methane in a temperature range of 450-600°C. The 

model involving 17 reversible reactions and 12 surface species proposed a mechanism in which 

the main oxidizer is OH* obtained from the oxidation of surface H*. Xie et al. [107] applied the 

model developed by Delgado et al. [105] for the dry reforming of methane over a Ni catalyst and 

found the kinetic relevant steps and dominant reaction pathway to be varied based on the reaction 

conditions.  

Maestri et al. [81] performed a microkinetic investigation of steam and dry reforming of methane 

over a 4 wt.% Rh/Al2O3 catalyst. The developed microkinetic model established the 

dehydrogenation of CH3
* as the RDS and the OH* surface intermediate as the main oxidizer for 

surface C*. In a similar model developed by Karakaya et al. [108] for dry reforming of methane 

over 5 wt.% Rh/Al2O3 catalyst, the RDS was found to be the initial dehydrogenation of adsorbed 

CH4
* surface species. They also found that the dominant pathway for CO formation proceeded 

via the formation of COOH* surface intermediate. 

The general accepted consensus in literature on microkinetic models is that the relevant reaction 

step in dry reforming of methane reaction mechanism occurs in the CH4 activation and 

dehydrogenation pathway. 

2.3.5.3 Co-feeding and recycle 

Currently in industry, the most commonly used hydrogen production process is the steam 

reforming of methane. On the large industry scale this process involves the partial recycling of 

the product gas stream in order to optimise reaction and energy efficiency. It is therefore 

inevitable that the dry reforming of methane process when scaled up will include a partial 

recycling and co-feeding of products, CO and H2 with reactor feed stream. Additionally, 

hydrogen co-feeding has been studied recently as a way of inhibiting coke formation and 

deposition in industrial reactors during dry reforming of methane at higher temperatures and 

pressures [109]. Kinetic studies that investigate co-feeding streams on the overall mechanism 

are therefore vital. A number of macrokinetic models incorporate the effect of a H2 and/or CO 

co-feeding stream on the dry reforming of methane mechanism over Ni and Rh based catalysts 
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[96,99–102,110]. However as discussed earlier, these LHHW models do little in discerning a 

prevalent reaction mechanism and rate determining step. 

Regarding microkinetic models, however, only two studies that consider the co-feeding of 

products can be found in literature to our knowledge.  

Delgado et al. [105] observed that the addition of H2 to the feed stream during dry reforming of 

methane over a Ni-based catalyst led to an increase in the formation of surface H2O
*. At high 

temperatures the formed H2O
* will participate and be consumed in the methane steam reforming 

pathway, thereby improving the methane conversion.  

On the contrary, Behroozsarand et al. [110] found that their developed microkinetic model for 

dry reforming of methane over a Rh-based catalyst predicted hydrogen co-feeding to have a 

negative impact on the conversion of methane. This contradiction indicates a gap in research 

that warrants clarification. Therefore, a comprehensive microkinetic study of dry 

reforming of biogas over a Rh-based catalyst and an investigation into the effect of co-

feeding H2 and CO in the feed stream is necessary in order to ascertain if the contradiction 

is only as a result of the different metal catalysts used. 

 

2.3.6 Modelling of ethanol steam reforming 

2.3.6.1 Macrokinetic models 

The macrokinetic models for ethanol steam reforming found in literature are developed using 

either the ER mechanism or the LHHW mechanism. In the ER mechanism the ethanol is 

adsorbed on the catalyst surface and dissociates by reacting with adjacent vacant sites on the 

surface to form intermediate carbon surface species. These surface species then readily react 

with steam molecules in the gas phase to form CO2 and H2. The LHHW mechanism has all 

reactants adsorbed on the catalyst surface wherein they undergo surface reactions and desorption. 

Akande et al. [111] developed a kinetic mode for steam reforming of crude ethanol over a 

Ni/Al2O3 catalyst using ER mechanism. The dissociation of adsorbed ethanol to form the 

oxygenated hydrocarbon fraction was considered to be the RDS. This model however does not 

account for the formation of well-established primary products or intermediates like 

acetaldehyde. Using LHHW mechanism Akpan et al. [112] developed a kinetic model for the 

steam reforming of ethanol over a Ni based commercial catalyst. With both reactants adsorbing 

and dissociating on the catalyst surface, the best fit to experimental data was attained when the 

RDS was taken to be the molecular adsorption of ethanol. Wu et al. [113] developed a simplified 
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kinetic model for ethanol steam reforming over Ni/Al2O3 catalyst using LHHW mechanism. In 

the model the formation of adsorbed carbon species is excluded due to the presence of excess 

water and assumption that OH species stick better to Ni active sites. The surface decomposition 

of methane is regarded as the RDS however the reverse reaction is assumed to be equilibrated 

with all other reactions. Graschinsky et al. [114] conducted a kinetic study of ethanol steam 

reforming over Rh catalyst supported on a spinel structure MgAl2O4/Al2O3. Through their initial 

rate method analysis, they found that the rate determining step was a surface reaction involving 

two active sites of the same type. Nonetheless, the specific nature of the active sites was not 

identified. Sahoo et al. [115] developed a LHHW mechanism for Co/Al2O3 catalysed ethanol 

steam reforming. The dehydrogenation of absorbed ethoxy species was considered the RDS. In 

the kinetic analysis of ethanol steam reforming over Ir/CeO2 performed by Wang et al. [116], it 

was found that a model based solely on the metal sites did not provide good agreement with the 

experimental results. A bifunctional model, using a LHHW mechanism including only reactions 

that involve both metal and support active sites provided satisfactory agreement with the 

experimental results. It was assumed that both reactants were initially adsorbed on the support 

surface and the Ir active sites were required for the formation and desorption of CO and H2. 

All proposed macrokinetic models present differing insight into the reaction mechanism by 

postulating varying RDS, even for similar systems with the same metal catalyst and same 

conditions. Again, justifying the need for more intrinsic kinetic models to be developed. 

Additionally, only one study could be found in with a bifunctional mechanism in which the 

support materials participation in the reaction mechanism is included. 

2.3.6.2 Microkinetic models 

Sutton et al. [117] developed a comprehensive microkinetic model for the steam reforming of 

ethanol over a Pt/γ-Al2O3 catalyst. The model was almost exclusively parametrised using DFT 

values from Pt(111). A comprehensive list of 160 elementary reaction was assembled including 

the thermal decomposition pathway and complete water-gas shift mechanism and involved 67 

gas and surface species. The rate determining step was identified as the initial dehydrogenation 

of ethanol step, whilst the Carbon selectivity was C1 products was controlled by the C-C cracking 

of CHCO surface species. The oxidative dehydrogenation reaction pathway was investigated by 

DFT but found to be negligible from the mechanism due to the low surface concentrations of O 

and OH species. 

In the work of Baruah et al. [118], a microkinetic model is adapted from literature and validated 

against oxidative steam reforming of ethanol experiments carried out over a Rh/CeO2 catalyst. 
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The adopted and adjusted microkinetic model consists of 56 renewable reactions. The model 

showed good agreement with experimental results and suggested a linear activation pathway for 

ethanol over Rh forming ethoxide, acetyl and acetate intermediates. The molecular adsorption 

of ethanol was determined to be the rate determining step. 

Based on the observations from microkinetic models in conjunction with literature density 

functional theory (DFT) studies carried out on the decomposition of ethanol over various metals 

which are reviewed in chapter 4, the accepted consensus is that the kinetically relevant reaction 

steps during ethanol steam reforming occur in the ethanol activation and dehydrogenation 

pathway. 

In addition, the two studies reviewed above are the only previously reported microkinetic models 

on steam reforming of ethanol and they are both over noble metal catalysts. Developing a 

microkinetic model for a non-noble metal catalyst, specifically Ni, is therefore important. 

2.3.6.3 Bifunctional microkinetic models 

Regarding microkinetic models that account for bifunctional mechanisms of processes catalysed 

by bimetallic catalysts or metal catalysts with active supports, there have been a few studies in 

literature that investigate the effect of the support material or the second metal on the reaction 

mechanism and overall activity of catalyst. 

Zhao et al. [119] investigated the effect of metal-oxide interface in catalysis by performing a 

combined DFT, microkinetic and experimental study of water-gas shift (WGS) over Au/MgO 

catalyst. A first-principle DFT parametrised dual-site mean-field microkinetic model was 

developed. Only the Au/MgO interface sites (*) and the top sites of O atoms of the MgO close 

to the interface (#) were considered. The interaction between species on different sites was 

accounted for by allowing simultaneous occupation of both sites by a few adsorbates. Diffusion 

of adsorbates from the Au metal or the MgO support to the interface was not included. The only 

transfer reaction that was included was the possible case of atomic hydrogen moving from the # 

interface sites to the * interface sites. The DFT energetics results demonstrated that the activation 

of water on the interface was barrierless compared to a value of 192 kJ/mol on the Au metal 

surface. The microkinetic analysis showed that the RDS at the interface was the formation of 

COOH and that the competitive adsorption of CO and H has a strong influence. Overall, the 

activation barriers and partial orders agree well with the kinetic experiments done and the 

analysis found that when compared to just Au metal site, the activity of the supported catalyst is 

higher and specifically the activity at the metal-support interface is higher than at any other types 

of site. The reaction mechanism used in this model is as shown in Table 2.2. 
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Table 2.2: Reaction network for dual-site microkinetic model for WGS reaction at Au/MgO 

interface 

CO + *  CO* 

H2O + * + #  H2O*# 

H2O*# (H+OH)*# 

CO* + (H+OH)*#  COOH* + H# + * 

COOH* + H2O*# + #  (CO2+H2O+H)**## 

(CO2+H2O+H)**## CO2 + * + H# + H2O*# 

H# + *  H* + # 

H# + H*  (H+H)*# 

(H+H)*#  H2 + * + # 

H* + H*  H2 + * + * 

COOH* + #  (CO2+H)*# 

(CO2+H)*#  CO2 + H# + * 

Similarly, Kauppinen et al. [120] developed a microkinetic model parametrised using first-

principle DFT kinetic values, to study the role of the metal-support interface for WGS reaction 

over Rh/ZrO2. Separate single site microkinetic analysis were carried out to determine the 

individual activities and mechanisms on the Rh sites, ZrO2 sites and Rh-ZrO2 interface, 

respectively. No transfer reactions were included in the networks on each site. They found that 

Rh-ZrO2 interface demonstrated the highest activity towards WGS. For each of the sites 

geometric calculations are done to determine the number of active sites to be used in the model. 

Starting with a known number of zirconia particles obtained using BET experiments, 

hemispheric geometry is assumed for Rh atoms and an assumption of optimal packing is also 

taken. 

Baz et al. [121] built a microkinetic model for the electro-oxidation reaction of CO over a 

bimetallic Pt-Ru catalyst using first-principle DFT calculations and BEP scaling relations. The 

model was used to investigate whether the bifunctional or electronic effects of using the 

bimetallic catalyst are most operative. A single-site model is initially designed and then extended 
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to two-site type. They found that for metal alloys the electronic effects usually remain dominant 

over bifunctional effect, with the electronically modified Pt sites acting as the sole active sites. 

Through the review of literature, we have found that there exists no work that provides a 

comprehensive microkinetic model capable of incorporating the effect of support materials 

on the reaction mechanism for the steam reforming of ethanol or any other biomass derived 

oxygenate. As we have already established that for these processes knowledge of the 

functionality of support materials is of crucial importance, it is therefore, vital that we 

develop a consolidated microkinetic model that can simulate single or multiple active sites 

and will serve as a tenable tool for the design of high performance catalyst systems for the 

steam reforming of ethanol or larger biomass derived oxygenates.  
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CHAPTER 3: METHODOLOGY 

This chapter will give a brief summary of microkinetic analysis and the approach followed in 

formulating and developing the initial single-site microkinetic model developed for the steam 

reforming of ethanol over a Ni/SiO2 catalyst. The alterations and improvements to the model 

performed in order to achieve the other set objectives will be discussed in the relevant chapters. 

The inclusion of the fraction of local entropy (𝐹𝑙𝑜𝑐) of an adsorbed species as a model parameter 

was integrated into the initially developed model and will be described in Chapter 5. The addition 

of a second defined active site with a separate set of differential and algebraic equations will be 

described in Chapter 6. Finally, the experimental methodology is discussed in this chapter.  

3.1  Microkinetic analysis 

Microkinetic analysis is an examination of catalytic reactions in terms of elementary chemical 

reaction steps that occur on the surface of a catalyst, and their relation with each other and the 

catalyst surface. The first step in a microkinetic analysis is to develop a rigorous network of 

elementary reactions that capture the essential surface chemistry involved in the process. A 

fundamental principle of microkinetic analysis is the use of chemical reaction kinetic parameters 

in the rate expressions which can be estimated theoretically or experimentally.  

With reasonably accurate estimates of preexponential factors, enthalpies and entropies of 

adsorption, sticking coefficients, surface bond energies, activation energies active site densities 

etc., a microkinetic analysis suggests which steps in the network/mechanism are likely to be 

kinetically significant and which surface species is/are most abundant, which are all important 

information for the prediction of how different reaction steps affect catalyst performance and are 

consequentially important in the catalyst selection process [1]. 

3.1.1 Apparent Rate Expressions 

The Power law is the most utilised rate expression in kinetic analysis, as it captures the 

temperature and concentration dependence of the process. Generally, any rate expression can be 

reduced to a power law form, that is the power law becomes a limiting approximation of the 

more complicated rate expression, with its reaction order and activation energy becoming 

functions of the reaction conditions. The power law is therefore valid over a rather narrow range 

of conditions and is a simple expression convenient for reactor design for non-catalytic gas phase 

reactions. 

However, for catalytic reactions the power law rate expression is not valid over a very wide range 

of conditions, owing in part to the fact that the expression does not account for saturation or 
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inhibition effect, of certain surface species, which could cause a zero-reaction rate when there is 

increase in their concentration. Langmuir-Hinshelwood and Hougen-Watson rate expressions 

are more appropriate for heterogeneous catalytic reactions.  

3.1.2 Reaction Mechanisms 

Different reaction mechanism schemes for the same process can lead to the same apparent rate 

expression, so even if kinetic data is accurately collected the correct reaction mechanism cannot 

be predicted by fitting the collected data to a rate expression, in other words the rate expression 

for a process can be determined from the reaction mechanism but the reaction mechanism cannot 

be determined from the rate expression (unidirectional mapping between rate and mechanism). 

This is the reason as to why research into chemical reactions is not focused solely on the rates of 

the reaction but also on the collection of other information, like spectroscopy, to provide 

information about important species occurring and important elementary steps in the reaction 

mechanism. Catalytic reaction mechanisms are a sequence of elementary reaction steps that 

describe on a molecular level, which reactions take place and how they occur. 

As stated previously the strategy in microkinetics is to formulate a rigorous and serviceable 

mechanism that captures the essential surface chemistry occurring on the surface of the catalyst. 

This formulated mechanism is based on a series of speculations that must be validated with 

experimental data and revised when necessary. A feasible reaction mechanism must contain all 

reactants, products and a number of proposed reaction intermediates formed and consumed 

during the process. 

The validity of an elementary step in a reaction mechanism is usually assessed by counting the 

number of chemical bonds broken and formed, with steps involving the transformation of more 

than a few chemical bonds being somewhat unrealistic. The formulation of reaction mechanism 

in terms of elementary steps on catalyst surface must be balanced with the need for expressing 

said mechanism in terms of kinetic parameters relatable to experimental measurements and 

theoretical predictions. This compromise between mechanistic detail of mechanism and kinetic 

parameter estimation plays a key role in microkinetic analysis.  

The strategy in kinetic analysis is to examine the reaction mechanism by analysing available 

kinetic data using realistic values of kinetic rate constants. Collision theory and Transition state 

theory are used to complement available experimental data for kinetically significant kinetic 

parameters and provide accurate estimates of rate constants.  
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3.1.3  Rate Constant Estimation 

Collison Theory 

Collision theory provides a simple description of kinetic processes. It explains that reactions 

occur when molecules collide with sufficient kinetic energy. It therefore uses the probability of 

molecules colliding to determine a rate expression. 

Imagine a gas phase bimolecular reaction, A + B = C + D. The number of collisions per unit 

time, ZA, a molecule of A will undergo with B molecules is equal to the volume swept by 

molecule A per unit time, VA, multiplied by the concentration of molecule B in the collision 

volume. 

 

 

Figure 3-1: Collision tube 

 

 

𝑍𝐴 = 𝑉𝐴𝑛𝐵 =  𝜋𝜎𝐴𝐵
2 𝑣𝐴𝐵𝑛𝐵 (3.1) 

𝑣𝐴𝐵 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝐴 𝑤𝑖𝑡ℎ 𝑟𝑒𝑠𝑝𝑒𝑐𝑡 𝑡𝑜 𝐵 =  √
8𝑘𝑏𝑇

𝜋µ𝐴𝐵

(3.2) 

µ𝐴𝐵 = 𝑅𝑒𝑑𝑢𝑐𝑒𝑑 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐴 𝐵 𝑝𝑎𝑖𝑟 (3.3) 

The reaction rate is the total number of AB collisions multiplied by the probability of collision 

leading to a reaction: 

𝑟𝐴𝐵 =  𝑍𝐴𝐵 ∗ 𝑃𝑟𝑥𝑛 =  𝑍𝐴𝑛𝐴𝑃𝑟𝑥𝑛 (3.4) 

𝑟𝐴𝐵 =  𝜋𝜎𝐴𝐵
2  √

8𝑘𝑏𝑇

𝜋µ𝐴𝐵
exp (−

𝐸𝑎

𝑘𝑏𝑇
) 𝑛𝐴𝑛𝐵 (3.5) 

Rate Constant is therefore:  
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𝑘𝐴𝐵 =  𝜋𝜎𝐴𝐵
2  √

8𝑘𝑏𝑇

𝜋µ𝐴𝐵
exp (−

𝐸𝑎

𝑘𝑏𝑇
) (3.6) 

For a Surface reaction however the relative velocity of the molecule differs: 

𝑣𝐴𝐵 =  √
𝜋𝑘𝑏𝑇

2µ𝐴𝐵

(3.7) 

And the rate constant for surface reaction according to collision theory is: 

𝑘𝐴𝐵 =  2𝜎𝐴𝐵  √
𝜋𝑘𝑏𝑇

2µ𝐴𝐵
exp (−

𝐸𝑎

𝑘𝑏𝑇
) (3.8) 

Transition State Theory 

Although Collision theory provides a convenient basis for initial rate constant estimation, it does 

not allow for details of the structure of the molecules to be incorporated into the rate constant 

estimation. Transition state theory however does account for molecular structure. 

The transition state theory assumption is that between the reactant species and an activated 

complex equilibrium is established. The activated complex is a species in transition between 

reactant and product. 

For a reaction A+B = C+D, the ideal equilibrium constant is written as a function of the product 

concentrations and reactant concentrations, however between the reactant and an activated 

complex it is written as; 

𝐾 =
𝑛𝐴𝐵

𝑛𝐴𝑛𝐵

(3.9) 

The rate of the reaction is equal to the concentration of the activated complex multiplied by 

frequency factor 

𝑟𝐴𝐵 =  (𝑘𝑏𝑇/ℎ)𝐾𝑛𝐴𝑛𝐵 (3.10) 

The macroscopic formulation of transition state theory is obtained when the equilibrium constant 

is written in terms of standard entropy and enthalpy changes. 

𝑟𝐴𝐵 =  (𝑘𝑏𝑇/ℎ)exp (𝛥𝑆0/𝑘𝑏) exp (𝛥𝑆0/𝑘𝑏𝑇)𝑛𝐴𝑛𝐵 (3.11)

The Microscopic formulation is obtained when the equilibrium constant between activated 

complex and reactants is written in terms of molecular partition functions per unit volume, 𝑄𝑖
′′′. 
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The molecular partition function for a species is a product of its translational, rotational and 

vibrational degrees of freedom, 𝑞𝑖𝑡
′′′, 𝑞𝑖𝑟 , 𝑞𝑣𝑖𝑏. 

𝑄𝑖
′′′ = 𝑞𝑖𝑡

′′′𝑞𝑖𝑟𝑞𝑣𝑖𝑏 (3.12) 

𝑞𝑖𝑡
′′′ =

(2𝜋𝑚𝑖𝑘𝑏𝑇)
3
2

ℎ3
 (3.13) 

 

𝑞𝑖𝑟 =
8𝜋2𝐼𝑖𝑘𝑏𝑇

𝜎ℎ2
(3.14) 

 

𝑞𝑣𝑖𝑏 = ∏
1

1 − exp (−
ℎ𝑣𝑖𝑗

𝑘𝑏𝑇
)

 (3.15)
 

 

𝐼𝑖, is the moment of inertia about the molecular axis, 𝜎 is the rotational symmetry, 𝑣𝑖𝑗 are the 

frequencies of the modes of vibration.  

The rate constant using microscopic formulation of transition state theory is written as; 

𝑘𝐴𝐵 = (𝑘𝑏𝑇/ℎ) 𝑄𝐴𝐵
′′′ /𝑄𝐴

′′′𝑄𝐵
′′′ exp (−

𝛥𝐸𝑎

𝑘𝑏𝑇
) (3.16) 

3.1.4 Thermodynamic Consistency 

During the development of the microkinetic model it is necessary to ensure thermodynamic 

consistency at both enthalpic and entropic level [1,2]. Kinetic parameters of forward and 

backward elementary surface reaction steps are selected under thermochemical constraints at 

individual reaction, but also, more importantly, at reaction mechanism level. For every 

elementary step i considered in the model, the following relations hold between the respective 

forward and backward pre-exponential factors and activation energies: 

𝑒𝛥𝑆𝑠,𝑖 𝑅⁄ = 𝐴𝑖
𝑓

𝐴𝑖
𝑏⁄  (3.17) 

𝐸𝑖
𝑓

− 𝐸𝑖
𝑏 = 𝛥𝐻𝑠,𝑖 (3.18) 

Thermodynamic relationships are further established between surface reaction enthalpies and 

entropies and analogous gas-phase reactions, wherein the thermodynamic data of involved 
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surface intermediates are either explicitly obtained through appropriate correlations or are 

defined as adjustable parameters. 

The entropy of each surface species j at the average experimental temperature is calculated 

through the subtraction of the gaseous translational entropy from the entropy of the equivalent 

gas species, leaving the entropy contributions from vibrational and rotational degrees of freedom, 

hence the following equation is applied: 

𝑆𝑠,𝑗 = 𝑆𝑔,𝑗 − 𝑆𝑡𝑟𝑎𝑛𝑠3𝐷,𝑗 (3.19) 

The equation above suggests that all surface species are essentially immobile on the surface 

losing three degrees of freedom upon adsorption. The translational entropy contribution in 

equation (19) is calculated according to [3]: 

𝑆𝑡𝑟𝑎𝑛𝑠3𝐷,𝑗 = 𝑅 [ln (
(2𝜋𝑀𝑗𝑘𝐵𝑇)

3 2⁄

ℎ3
) + ln [

𝑘𝐵𝑇

𝑃
] +

5

2
] (3.20) 

Equivalently, the enthalpy of each surface species j at the average experimental temperature is 

correlated to the gaseous enthalpy through the chemisorption enthalpy of the respective species: 

𝐻𝑠,𝑗 = 𝐻𝑔,𝑗 − 𝑄𝑗 (3.21) 

In the current work, these chemisorption enthalpies of all surface species have been defined as 

model parameters and are obtained through regression of the experimental data or fixed at DFT 

calculated values if found to possess low sensitivity coefficients. Standard-state thermodynamic 

properties of all gaseous species are assumed to be functions of temperature and are expressed 

in the form of polynomial fits, namely in the NASA chemical equilibrium code format. 

3.1.5 Kinetic model parameters calculation 

Arrhenius equations are used in calculating the rate coefficients of the elementary reaction steps 

in the network, whilst the rate of the elementary step itself is related to the concentrations of the 

reacting species and calculated via the law of mass action. 

For the adsorption reactions, collision theory is used to determine the maximum possible pre-

exponential factor. The calculated maximum value of pre-exponential factor is further adjusted 

using a factor called the sticking coefficient, denoting the probability of a collision of a molecule 

or radical leading to an adsorption.  

The pre-exponential factor for a reaction i involving the adsorption of species j is given by: 
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𝐴𝑖
𝑓

= 𝑘𝑖 =
𝑆𝑝

𝐿𝑡
𝑛

1

√2𝜋𝑀𝑗𝑅𝑇
(3.22) 

The temperature used is the average experimental temperature. 

The pre-exponential factor for the desorption reactions is calculated based on that of the 

adsorption reaction by preserving entropic level thermodynamic consistency according to 

equation (3.17). 

Pre-exponential factors for the forward step for all reactions involving surface species are 

calculated using the microscopic formulation of transition state theory obtained when the 

equilibrium constant for the production of an activated complex from reactants is written in terms 

of molecular partition functions, as seen equation (3.23) [1]. Entropic thermodynamic 

consistency is again used to determine the backward pre-exponential factor according to equation 

(3.17).  

𝐴𝑖
𝑓

= 𝑘𝑖 = (
𝑘𝑏𝑇

ℎ
) ∗

𝑄𝐴𝐵
′′′

𝑄𝐴
′′′𝑄𝐵

′′′               𝑄𝑖
′′′ = 𝑞𝑖𝑡

′′′𝑞𝑖𝑟𝑞𝑖𝑣 (3.23) 

where 𝑄𝑖
′′′ depicts the overall partition function for a species, with 𝑞𝑖𝑡

′′′, 𝑞𝑖𝑟 and 𝑞𝑖𝑣 depicting the 

translational, rotational and vibrational partition functions respectively. In this work, it is 

assumed that the translational partition function degrees of freedom are negligible as the values 

of the transition state and the reactants will only vary based on the minute difference in the mass 

of the molecules considered, and it therefore can be said that the ratio of the translational partition 

functions will yield approximately unity. The vibrational partition function for surface reaction 

is also assumed to be unity. The molecular partition function ratio is therefore just a ratio of the 

rotational partition functions of the transition state and the reactants. 

The rotational partition function is calculated from the moment of inertia of the molecule 𝐼𝑖 as 

well as the temperature 𝑇, as shown in equation (24): 

𝑞𝑖𝑟 =
8𝜋2𝐼𝑖𝑘𝑏𝑇

𝜎ℎ2
 (3.24) 

It is assumed that the molecule upon adsorption rotates around the vertical axis of the atom 

attached to the surface of the catalyst. The moment of inertia of functional groups or molecules 

attached to the absorbed atom can be calculated given their bond lengths and angles. The overall 

moment of inertia can then be calculated by taking the attached groups as reduced masses 

rotating around the absorbed atom‘s vertical axis. 
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As an example, CH3CHOH is depicted as being attached to the surface of the catalyst through 

its carbon atom. This was derived from the DFT analysis conducted by Sutton et al. [4] on ethanol 

decomposition. The attached carbon atom has a CH3, OH and H groups attached to it and the 

moment of inertia of these can be calculated knowing the respective bond lengths and angles. 

The overall moment of inertia can then be found by the calculation of the sum of moments of 

inertia of the attached functional groups internal rotation and the external rotation around the 

attached carbon. In essence, the moment of inertia is the sum all moments of inertia of the 

compounds rotating around the attached atom. 

 

For this case the following can be determined: 

Bond Lengths; C-H = 1.09 Å, C-C = 1.487 Å, C-O = 1.38 Å, O-H = 0.971 Å. 

Bond Angles; H-C-H = 109.1°, C-C-O = 120°, C-C-H = 111.7° 

Temperature = 723.15 K, σ = 1 

Moreover, to simplify calculations it is assumed that the β carbon, oxygen and hydrogen atoms 

attached to the α carbon are all on a same plane that is horizontal to the metal surface. Based on 

this, the following moments of inertia can be calculated: 

Hydrogens rotating around β C atom: 

𝐼beta H = 3 ∗ 𝑚ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 ∗ (1.09 × 10−10  cos(109.4 − 90))2 =  5.35 × 10−47 𝑘𝑔 𝑚2  

Hydrogen rotating around α carbon atom: 

Figure 3-2: Adsorbed 1-hydroxyethyl species. (grey, white and red balls represent carbon, 

hydrogen and oxygen respectively) 

Direction of rotation Catalyst surface 
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 𝐼alpha H = 𝑚ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 ∗ (1.09 × 10−10)2 = 1.988 × 10−47 𝑘𝑔 𝑚2 

Oxygen rotating around α carbon atom: 

 𝐼𝑂 = 𝑚𝑂 ∗ (1.38 × 10−10)2 = 5.06 × 10−46 𝑘𝑔 𝑚2 

Hydrogen rotating around oxygen atom: 

 𝐼𝐻 = 𝑚𝐻 ∗ (0.971 × 10−10 cos(104.6 − 90))2 = 9.11 × 10−48 𝑘𝑔 𝑚2 

Total moment of inertia of CH3 group: 

𝐼𝐶𝐻3
= 𝑚𝑐𝑎𝑟𝑏𝑜𝑛 ∗ (1.487 × 10−10)2 + 𝐼beta H = 4.95 × 10−46 𝑘𝑔 𝑚2 

These calculations give the rotation of the reduced masses around the attached C atom and the 

summation therefore gives the total moment of inertia of the species. 

𝐼𝑡𝑜𝑡𝑎𝑙 = 1.029 × 10−45 𝑘𝑔 𝑚2 and 𝑞𝑟𝑜𝑡 = 8𝜋2𝐼𝑖𝑘𝑏𝑇/𝜎ℎ2 = 1848.35 

To calculate the pre-exponential factors of all forward steps the assumption was made that all 

transition states look like the products and therefore the moment of inertia of the latter can be 

used as that of the former. However, in the event that the reaction entropy change is a negative 

value, the pre-exponential of the reverse reaction is calculated using the transition state theory 

with thermodynamic consistency now being used to calculate the forward pre-exponential factor. 

The activation energies of the molecular adsorption reactions are set as zero, assuming the latter 

non-activated. The desorption reaction activation energies are therefore equivalent to the surface 

reaction enthalpy change 𝛥𝐻𝑠,𝑖, which in an adsorption reaction is obtained directly from the 

chemisorption enthalpy of the species. 

For surface reactions, the UBI-QEP method was used to determine the activation energies of 

forward steps, with enthalpic thermodynamic consistency used to determine that of the reverse 

step according to equation (2). 

As an example, the activation energy of the following surface reaction:  

𝐶2𝐻5𝑂𝐻 ∗ +  ∗ ⇄  𝐶2𝐻4𝑂𝐻 ∗ +𝐻 ∗ (3.25) 

is calculated via the UBI-QEP theory using the adsorption enthalpies of the species involved and 

the overall reaction enthalpy: 

𝐸𝑖
𝑓

=
1

2
∙ (𝛥𝐻𝑠,𝑖 +

𝑄𝐶2𝐻4𝑂𝐻𝑄𝐻

𝑄𝐶2𝐻4𝑂𝐻 + 𝑄𝐻
) (3.26) 
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where 𝑄𝑖, represents the chemisorption enthalpy of the species 𝑖. 

The surface reaction enthalpy 𝛥𝐻𝑠,𝑖, can be calculated directly from the surface enthalpies of the 

product and reactant species or based on the chemisorption enthalpies of the involved species as: 

𝛥𝐻𝑠,𝑖 =  𝛥𝐻𝑔,𝑖 + 𝑄𝐶2𝐻5𝑂𝐻 − 𝑄𝐶2𝐻4𝑂𝐻 − 𝑄𝐻 (3.27) 

3.2 Microkinetic engine 

The microkinetic engine is a FORTRAN code designed to perform parameter estimation for 

chemical reaction networks. It uses reactions with parameterised Arrhenius rate equations in 

conjunction with a reactor model to calculate the outlet conditions of the reactor. It numerically 

solves systems of differential equations. The numeric integration of the set of equation simulates 

the reactor, and then the resulting outlet flow rates are used in the approximation of the minimum 

sum of squared differences coupled with given weights with the aid of Rosenbrock and 

Levenberg-Marquardt optimisation algorithms. The objective function used is the weighted 

residual sum of squares of the molar flow rates of the components and is minimized with respect 

to the unknown model parameter b:  

𝑆(𝑏) = ∑ ∑ 𝑤𝑝(𝐹𝑗,𝑖 − Ḟ𝑖,𝑗)2
𝑁𝑒𝑥𝑝

𝑗=1

𝑁𝑟𝑒𝑠𝑝

𝑖=1
 

𝑏
→ 𝑚𝑖𝑛 (3.28) 

where 𝑁𝑟𝑒𝑠𝑝 equals the number of responses, 𝑁𝑒𝑥𝑝 equals the number of experiments, Ḟ 

represents the model calculated outlet molar flow rates, and 𝑤𝑝 are elements of the inverse of 

the error variance-covariance matrix, calculated from replicate experiments or estimated from 

the observed and calculated molar fractions at the reactor outlet, and represent the weights for 

each response. 

The model for the reactor could either be a mixed flow reactor or an ideal plug flow reactor. The 

reactants and products in our case are modelled using ideal plug flow reactor mass balance with 

reaction. The following set of differential and algebraic equations are integrated for each gas 

phase component 𝑖: 

𝑑𝐹𝑖

𝑑𝑊
= 𝑅𝑖 (3.29) 

Where 𝐹𝑖 is the molar flow rate of the component 𝑖 (mol s-1), W is the catalyst mass (kg), and 𝑅𝑖 

is the net production rate of component 𝑖 (mol kg−1 s−1). The net rate of formation of species 𝑖 is 

the sum of the rates of the elementary steps, in which 𝑖 is produced minus the rates of the 

elementary steps in which 𝑖 is consumed: 
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𝑅𝑖 =  ∑ 𝑣𝑖𝑗𝑘𝑗𝐶𝑜𝑏𝑠
𝑛 𝜃𝑖𝑛𝑡

𝑚

𝑗
(3.30) 

where 𝑘𝑗 is the rate coefficient of elementary step j, 𝑣𝑖𝑗 the stoichiometric coefficient, 𝐶𝑜𝑏𝑠 is the 

concentration of the observable (mol kg−1), 𝜃𝑖𝑛𝑡 is the concentration of the surface intermediate 

(mol kg−1), and 𝑛, 𝑚 are the reaction orders. In a microkinetic reaction network, the reaction 

orders are all equal to stoichiometry. 

Pseudo-steady state approximation is used to model intermediates. Thus, their net production 

rate is zero: 

𝑅𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 = 0 (3.31) 

The catalyst free active sites are modelled using the mole balance over all the active sites. 

𝜃𝑡𝑜𝑡 = 𝜃∗ + ∑ 𝜃𝑖𝑛𝑡 (3.32) 

Thus, providing us with a system of both differential and algebraic equations. 

The system is numerically integrated by the DDASPK solver, initial values are given to the 

products and reactants which are modelled as differential equations. The intermediates and free 

sites are algebraic equations. Good initial values for the coverage of the sites by the intermediates 

are required for the solver to initialise successfully. To obtain these initial values, the clean 

catalyst surface is evolved to steady state. The solver integrates the differential equations using 

the finite difference approximation thus converting the entire system into algebraic equation to 

be solved via Newton method.  

The net reaction rate is calculated based on stoichiometric coefficients supplied in the reaction 

mechanism. Each reaction is characterised by Arrhenius rate equation using the pre-exponential 

factors, activation energy and reaction order as parameters.  

The engine output consists of parameter estimation represented graphically through parity and 

residual plots. For the parity plots the simulated result is plotted as a function of the experimental 

result. 

For further information on the Microkinetic engine refer to Metaxas et al. [5] 

3.2.1 Alterations to the Microkinetic engine 

A large subroutine was written in which the reaction kinetics and kinetic parameters are 

calculated from input data. The gas phase thermochemical properties are calculated using the 

NASA polynomials equations with input data gotten from available databases. The surface 
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thermochemical properties are calculated as previously described and the elementary reaction 

rates are obtained within this subroutine, which are then used by the microkinetic engine in the 

plug flow reactor model as the 𝑅𝑖.  

Additionally, a subroutine was written to initialise the system of differential and algebraic 

equations and give good initial values for the surface coverages of intermediate species. This 

was done by integrating and evolving a clean catalyst surface to steady state with the initial input 

of all reaction rates. 

Compared to a previous version in which the rate data was manually input after simple estimation 

of barriers and approximation of pre-exponential factors from experimental data. These 

alterations have had minimal impact on the computational speed of the engine but have improved 

significantly the accuracy of the model developed.  

3.3 Experimental methodology for the kinetic investigation of ESR over 

Ni/biochar catalyst 

3.3.1 Catalyst sample preparation 

The samples of biochar utilised were acquired from the Renergi gasification demonstration plant 

at Curtin University, Australia [6]. The sample was prepared from the pyrolysis and subsequent 

partial gasification of Mallee wood biomass. The gasification of the sample took place for a 

duration of 5-10 minutes at temperature of 750-850°C, ensuring increased O-containing 

functional group concentration and in turn increased catalytic activity [7,8]. The presence of 

surface O-containing functional groups on these samples, specifically of aromatic C − O and C =

O structures, was confirmed via X-Ray Photoelectron Spectroscopy and mentioned in literature 

[9]. The biochar sample was sieved to obtain two samples of particle size, range 106-250 µm 

and 55-106 µm, respectively. The elemental composition of the biochar (dry and ash-free basis) 

was 91.5% carbon, 1.0% hydrogen, 0.7% nitrogen and 6.8% oxygen. 

The Ni/biochar catalyst with 10 wt.% Ni was prepared by the commonly applied incipient 

wetness impregnation method [10–12] using Ni(NO3)2·6H2O obtained from Merck as the 

precursor. The water saturation volume of biochar was determined and then an aqueous solution 

of precursor was prepared with the same volume of water. The aqueous solution was added to 

the biochar sample and stirred for 4 hours before being dried in an oven at 105°C overnight. The 

collected catalyst sample was calcined in Ar flow (100 ml min-1) with a ramp rate of 15°C min-

1 to 600°C for 3 hours.  
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3.3.2 Reactor set up 

A quartz tubular fixed-bed reactor of internal diameter 10 mm was used for the catalytic 

reforming and decomposition of ethanol. The catalyst bed was made up of two layers supported 

on a porous plate, including a layer of quartz wool to support the bed and then the Ni/biochar 

catalyst bed mixed with quartz sand to maintain bed height and smooth gas flow through the bed. 

A thermocouple was placed directly above the catalyst bed to ensure accurate temperature 

readings. The reactant mixture was fed by an HPLC pump. The feed was preheated using a 

heating tape set at 150°C prior to reactor inlet. Mass flow controllers (MFC) were used to control 

the flowrates of nitrogen and hydrogen gas, the former used as the carrier gas and the latter used 

for catalyst reduction prior to the experimental run. Connected pressure gauges were used to 

monitor the pressures of the gas flows.  

The outlet of the reactor is connected to a three-way valve. The first outlet was connected to a 

HP Agilent 6890 capillary column GC equipped with pre-column backflush, a flame ionization 

detector (FID) and a thermal conductivity detector (TCD) for the analysis of total gaseous 

product range at regular intervals. The second outlet was connected to three cold traps filled with 

50, 40 and 30ml of HPLC-grade CHCl3/CH3OH mixture (4:1 volume ratio) in series [13]. The 

traps are cooled by an ice-water bath (0°C) and two dry-ice baths (-78°C) respectively to collect 

liquid effluent, which was then analysed in a Agilent 6850 GC/5975B MS. 

 

Figure 3-3: Schematic of reactor setup. 

Pump 

N
itro

g
en 

https://uwaterloo.ca/mass-spectrometry-facility/instruments/agilent-5975b-gcms
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3.3.3 Experimental conditions and parameters 

Prior to experiments the catalyst was reduced at 500°C with a stream of 5% H2 in N2 flow of 1 

L min-1 for 1 h. To ensure explicit kinetic control, external mass transfer was investigated by 

varying the carrier gas flow rate from 0.1 to 2.5 L min-1 of N2 (at 450°C and atmospheric 

pressure) and observing the changes in the observed reaction rate. Internal mass transfer was 

investigated by varying the catalyst particle size range of the catalyst and likewise observing the 

changes in reaction rate. Reaction conditions were chosen to ensure that the observed reaction 

rates were under explicit kinetic control. This necessitated conversion to be low (typically below 

20%) and the operating temperature to be limited up to 450oC.  

Reaction temperature was varied in the range of 300-450°C with a fixed reactant H2O/C (C in 

feed) of 3 molH2O/molC and N2 flow of 2 L min-1 at atmospheric pressure. It is important to note 

that initial runs were performed with no catalyst in the bed, in order to ascertain the impact of 

the gas phase reactions. Negligible conversion and no discernible peaks were observed from the 

gas phase reactions in the temperature range of 300°C to 450°C at H2O/C ratio of 3. 

The partial pressure of water was varied from 15.94 to 88.59 mbar with the partial pressure of 

ethanol kept at 7.91 mbar. The partial pressure variation experiments were performed at 400°C. 

The contact time effect was investigated by varying the reactant feed flow from 0.5 to 3.0 ml 

min-1, corresponding to a catalyst wt./flowrate of ethanol (W/F0,ethanol) of 58 to 349 gcat s geth
-1 

(fixed catalyst weight) at 400°C with a fixed H2O/C ratio of 3 and at atmospheric pressure. All 

experiments were carried out with a catalyst mass of approximately 0.1000 g. 

Thermodynamic equilibrium data were obtained via the simulation of a Gibbs reactor (Gibbs 

free energy minimisation) in Aspen Plus software using the Peng-Robinson equation of state. 

The data were collected in terms of the parameters: conversion, selectivity and yield. The 

experimental equivalents of these parameters were calculated as shown below: 

Conversion: 𝑋𝐶 =
𝐹𝐸𝑡ℎ

𝐼𝑛 −𝐹𝐸𝑡ℎ
𝑂𝑢𝑡

𝐹𝐸𝑡ℎ
𝐼𝑛 × 100%  

Carbon selectivity of 𝑦 compound: 𝑆𝑐(𝑦) =
𝐹𝑦

𝑜𝑢𝑡

∑ 𝐹𝐶𝑎𝑟𝑏𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑜𝑢𝑡  

× 100% 

Hydrogen yield: 𝑌𝐻2
=

𝐹𝐻2
𝑂𝑢𝑡

𝑛×𝐹𝐸𝑡ℎ
𝐼𝑛 × 100% 

where 𝐹𝑖𝑛 and 𝐹𝑜𝑢𝑡 represent inlet and outlet flowrates, respectively. 𝑛 equals 6 and 3 for steam 

reforming and decomposition experiments, respectively. 
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Measured ethanol consumption rates were used to construct Arrhenius plots through the 

assumption of a pseudo-first-order reaction rate in ethanol partial pressure for both reforming 

and decomposition experiments:  

 𝑟 = 𝑘𝑃𝐸𝑡ℎ;  𝑘 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇  

3.3.4 Biochar characterization 

Raman spectroscopy has been extensively implemented in characterising the chemical structure 

of biochar [14–17]. The structural features of the aromatic ring systems as well as the O-

containing functional groups of the biochar samples obtained in this study were analysed using 

a Perkin-Elmer Spectrum GX FT-IR/Raman spectrometer. The procedure was adopted from the 

work of Li et al. [14] and has been described in detail in a previous study [15]. Briefly, 0.25 wt.% 

biochar sample was mixed with KBr and then ground and scanned. A baseline-corrected Raman 

spectrum in the range of 800-1800 cm-1 was fitted with 10 Gaussian bands [14]. Large aromatic 

ring systems with 6 or more fused benzene rings were represented by the assigned D band at 

1300 cm-1, while the GR (1540 cm-1), VL (1465 cm-1) and VR (1380 cm-1) bands represented the 

smaller aromatic ring systems containing 3-5 fused benzene rings. The total Raman peak area in 

the spectral range of 800-1800 cm-1 was used to reflect the relative content of O-containing 

functional groups that generate a resonance effect together with their attached aromatic ring 

systems. 
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Preface to Chapter 4 

A version of this chapter has been published in the International Journal of Hydrogen Energy 

(A.T.F. Afolabi, C.Z. Li, P.N. Kechagiopoulos, Microkinetic modelling and reaction pathway 

analysis of the steam reforming of ethanol over Ni/SiO2, Int. J. Hydrogen Energy. 44 (2019) 

22816–22830. https://doi.org/10.1016/j.ijhydene.2019.07.040). I was the lead investigator, 

responsible for all major areas of concept formation, data collection and analysis, as well as 

manuscript composition. Li C.Z. was the secondary supervisory author and was mainly involved 

in the manuscript review. Kechagiopoulos P.N. was the main supervisory author on this project 

and was involved throughout the project in concept formation and manuscript composition. 

The aim of this study was to investigate the microkinetics of the ethanol steam reforming process 

over a metal dominated (inert support) catalyst, in order to form a baseline and reference point 

for future works on support effects. The mean-field microkinetic modelling approach used in 

this work is described in Chapter 3, with the semi-empirical rate parameter estimation method 

used previously reviewed in Chapter 2. 
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Abstract 

Hydrogen production via the steam reforming of biomass-derived ethanol is a promising 

environmental alternative to the use of fossil fuels and a means of clean power generation. A 

microkinetic modelling study of ethanol steam reforming (ESR) on Nickel is presented for the 

first time and validated with minimal parameter fitting against experimental data collected over 

a Ni/SiO2 catalyst. The thermodynamically consistent model utilises transition state theory and 

the UBI-QEP method for the determination of kinetic parameters and is able to describe correctly 

experimental trends across a wide range of conditions. The kinetically controlling reaction steps 

are predicted to occur in the dehydrogenation pathway of ethanol, with the latter found to proceed 

primarily via the formation of 1-hydroxyethyl. C-C bond cleavage is predicted to take place at 

the ketene intermediate leading to the formation of CH2 and CO surface species. The latter 

intermediates proceed to react according to methane steam reforming and water gas shift 

pathways that are enhanced by the presence of water derived OH species. The experimentally 

observed negative reaction order for water is explained by the model predictions via surface 

saturation effects of adsorbed water species. The model results highlight a possible distinction 

between ethanol decomposition pathways as predicted by DFT calculations on Ni close-packed 

surfaces and ethanol steam reforming pathways at the broad range of experimental conditions 

considered. 
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4.1 Introduction 

Hydrogen production via steam reforming is of significant research interest due to the potential 

of hydrogen as an alternative, efficient and environmentally benign energy carrier. Conventional 

steam reforming of natural gas, however, is accompanied by high CO2 emissions, both generated 

as by-product in the reaction stage and follow-up purification, and due to the high heat supply 

requirements of the process. The utilisation of renewable, biomass-derived, feeds provides the 

possibility to lower significantly the environmental impact of hydrogen production via steam 

reforming.  

Ethanol steam reforming has been researched extensively, due to its obtainability from the 

fermentation process of various renewable sources [1–3] and also as a model compound for the 

lumped alcohol class of the aqueous phase of bio-oil (the liquid product of biomass pyrolysis) 

[4–6]. The general consensus is that the reaction mechanism primarily depends on the metal 

catalyst, which facilitates the scission of C-C and C-H bonds [3,7,8]. The support, if active, may 

participate in the water-gas shift reaction or dehydration of ethanol to ethylene [8], the latter 

recognised as an important coke precursor, although bifunctional mechanisms with sites at the 

metal-support interface determining the reaction rate have also been postulated [9]. An extensive 

understanding of the underlying chemical kinetics as well as the exact role of the metal catalyst 

is a key to enhancing catalyst performance, as the overall process comprises various sub-

mechanisms. The most relevant of these are ethanol dehydrogenation and decomposition, water-

gas shift and methane steam reforming/methanation, with maximum hydrogen yield being 

achieved via the overall ethanol steam reforming reaction, shown Previously in equations 2.19 – 

2.24. 

Various theoretical and experimental methods have been applied with the aim of obtaining 

information on the intrinsic kinetics of the process and clarifying the dominant pathways on 

various catalysts, including Ni [10–13], Pt [14,15], Rh [10] and Pd [16]. Early on, the isotopic 

work by Gates et al. [17] proposed that on Ni(111) ethanol decomposition proceeds initially via 

a O-H bond cleavage leading to the formation of ethoxy species. Following a C-H bond scission 

the latter species were suggested to dehydrogenate to acetaldehyde, eventually leading to the 

formation of CH4 and CO through C-C bond cleavage, with the C-O bond remaining intact. More 

recently, Wang et al. [10] proposed via DFT calculations a similar pathway for a variety of (111) 

metal surfaces, including Ni, however ethanol decomposition was primarily identified to occur 

via CH2CH2OH and CH2CH2O doubly adsorbed surface intermediates. Ferrin et al. [18] mapped 

the entire potential energy surface for ethanol decomposition on Pt, Ru, Rh, Pd and Ir using DFT 
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calculations, Brønsted-Evans-Polyani correlations and scaling relations, finding that C-C 

cleavage in all active surfaces takes place at the ketenyl intermediate. The combined DFT and 

microkinetics study of ethanol steam reforming on Pt by Sutton et al. [19] agreed with the latter 

finding, but revealed the first dehydrogenation step to 1-hydroxyethyl as rate limiting. Via 

periodic DFT calculations Ming Li et al. proposed a similar pathway over Pd [16], however the 

same authors found an ethoxy based decomposition route to be more probable over Rh [20] with 

the dehydrogenation of that species being rate-determining. Jia Zhang et al. [21] similarly 

suggested a pathway via ethoxy on Rh in their DFT study, however C-C scission was predicted 

to occur at the acetyl intermediate and the water gas shift reaction was identified as rate-

controlling. Over Co(0001), the periodic DFT study of Ma et al. [22] attempted to probe the 

experimental observations and mechanism proposed by Sahoo et al. [23] finding H-abstraction 

from ethoxy to acetaldehyde to be the rate determining step. The above findings were 

consolidated in the DFT work on close-packed transition-metal surfaces of Sutton et al. [24]and 

the review by Zanchet et al. [25]. A dominant finding of these works was that the initial 

dehydrogenation of ethanol preferentially proceeds via O-H abstraction leading to ethoxy and, 

eventually, acetaldehyde on Ni, Co and Ru, via α C-H scission on Pt and Pd, and through both 

pathways on Rh. 

It is evident that theoretical studies have focused on the decomposition pathways of ethanol, 

while all previously reported microkinetic models on ethanol conversion towards syngas are over 

noble metals, namely Pt [19,26] and Rh [27]. It is recognised though that the high cost of the 

latter poses significant economic difficulties to the commercial implementation of the process. 

Ni based catalysts exhibit good activity and are relatively cheap compared to noble metal ones, 

hence it is particularly important to obtain a mechanistic understanding of ESR on this metal. To 

this end, in this work a comprehensive microkinetic model for ethanol steam reforming that 

considers multiple pathways to describe the primary ethanol decomposition and dehydrogenation 

reactions and the follow-up pathways of their products is proposed and validated using a kinetic 

dataset collected over a Ni/SiO2 catalyst at a broad range of experimental conditions [13]. The 

inert support used aims specifically at the elucidation of the metal-driven reaction pathways, so 

that support effects can be discerned at a follow-up stage and a unified kinetic view on the ESR 

mechanism can be obtained. 
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4.2 Procedures 

4.2.1 Experimental details 

The experimental data used in this study have been obtained from the work of Zhurka et al. [13]. 

Experiments were carried out in a fixed bed reactor setup over a Ni/SiO2 catalyst under explicit 

kinetic control. The kinetic dataset obtained covers the effect of temperature, space velocity and 

partial pressure of reactants across a wide range. A summary of the operating conditions and 

catalyst properties is provided in Table 4.1, with more details being available in the original 

publication. 

Table 4.1: Experimental operating conditions and catalyst properties. 

Catalyst Ni/SiO2 

Ni loading (wt %) 10 

Ni dispersion (%) 38.6 

Surface area (m2 g-1) 105.32 

Catalyst weight per experiment (g) 0.08 

Temperature (°C) 300 – 550 

H2O/C (mol mol-1) 1 – 6 

Partial pressure of ethanol (bar) 0.03 – 0.18 

Partial pressure of water (bar) 0.12 – 0.74 

W/FEth,t0 (gcat s gEth
-1) 58.2 – 349.4 

 

4.2.2 Model formulation and computational details 

The microkinetic model for ethanol stream reforming on Ni catalysts proposed in this work is 

developed using a FORTRAN based modelling platform, the microkinetic engine (MKE), 

described in more details previously [28–30]. The experimental data are simulated using a plug 

flow reactor model, while the pseudo steady state approximation and a mass balance for the 

active sites are applied to determine the partial coverage of the surface intermediates. Entropic 

and enthalpic thermodynamic consistency is upheld by correlating the surface reaction entropies 

and enthalpies to those of the corresponding gas phase reactions in line with the work of 

Kechagiopoulos et al. [30]. Surface species entropies are obtained from the equivalent gas 

species entropies, assuming that upon adsorption all species lose their translational degrees of 
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freedom. Similarly, surface species enthalpies are obtained from the equivalent gas species 

enthalpies subtracting their chemisorption enthalpies. The temperature dependence of the latter 

is linked to the degrees of freedom lost or gained upon adsorption or desorption as described in 

Mhadeshwar et al. [31] and is implemented according to the equation below: 

𝑄(𝑇) = 𝑄(𝑇0) −  𝛾𝑅(𝑇 − 𝑇0) (4. 5) 

where 𝛾 is the temperature dependence coefficient, R is the universal gas constant and T0 is taken 

as 300 K in this study. Modified Arrhenius-type equations and the law of mass action are used 

to calculate the rates of elementary reactions. For adsorption steps collision theory is used to 

calculate the maximum values of pre-exponentials factors, the latter further adjusted via sticking 

coefficients. Pre-exponential factors for forward steps of all reactions involving only surface 

species are obtained via transition state theory [32] as was shown in equation 3.23. 

It is assumed that the ratios of the translational and vibrational partition functions of the transition 

state and the reactants are approximately unity [19,33], so the molecular partition function ratio 

is obtained in this work as the ratio of the rotational partition functions of the transition state and 

the reactants. These are calculated from the moments of inertia of species 𝐼𝑖 as well as the 

temperature 𝑇, as shown in equation 3.24. 

It is further assumed that all species upon adsorption rotate around the vertical axis of the atom 

attached to the surface of the catalyst. Literature DFT studies are used to discern the most likely 

adsorption mode for each species [19], while product-like transition states are assumed. The 

moment of inertia of functional groups with internal rotation or molecules attached to the surface 

bound atom is calculated based on their bond lengths and angles, while the overall moment of 

inertia is estimated as the sum of the moment of inertia of all attached groups or atoms rotating 

around the absorbed atom‘s vertical axis. The pre-exponential factors of reverse reactions for 

both adsorption and surface reactions are calculated through the preservation of entropic 

consistency. Adsorption reaction steps are considered non-activated, while the activation barrier 

for reactions involving surface species are calculated using the UBI-QEP method [34,35]. 

Activation barriers of reverse reactions are calculated through enthalpic consistency [30].  

The active site density and catalyst surface area were determined experimentally, as reported by 

Zhurka et al. [13]. The resulting differential and algebraic equations (DAE) system is 

numerically integrated with the DDASPK solver [36], while to obtain the surface partial 

coverage at the reactor’s inlet and initialise this DAE system a clean catalyst surface is evolved 

towards the steady state. Rosenbrock [37] and Levenberg–Marquardt [38,39] optimization 
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methods are used for the estimation of the model’s parameters, namely chemisorption enthalpies, 

temperature exponents of modified Arrhenius equations and sticking coefficients, through 

regression of the experimental data, with the objective function being the weighed sum of the 

squared residuals between the observed and calculated outlet molar flowrates.  

4.2.3 Surface reaction network description 

A comprehensive network of 64 elementary reaction steps involving 7 gaseous molecules and 

22 surface species is considered to account for the various possible reaction pathways during 

ESR over Ni (Table 4.2). The proposed network describes the molecular adsorption of the 

ethanol and water reactants (R1-4), with the absorbed water further dissociating towards 

hydroxyl (OH*) and oxygen (O*) surface species (R15-18). Absorbed ethanol dehydrogenation 

proceeds via two possible routes, leading to the formation of 1-hydroxyethyl (R19-20) and 

ethoxy (R21-22) species. Subsequent dehydrogenation steps of these intermediates (R23-26) 

lead to adsorbed acetaldehyde, the latter recognized to be a key intermediate in ESR [40]. 

Dehydrogenation of 1-hydroxyethyl can also proceed via 1-hydroxyethylidene to acetyl (R27-

30), at which point three possible C-C cleavage steps are proposed: The C-C bond scission can 

occur directly after acetyl is formed to produce methyl species and carbon monoxide (R37-38) 

or after further dehydrogenation to CH2CO* (R39-42) or CHCO* (R43-46). Acetaldehyde can 

similarly dehydrogenate to acetyl (R31-32) or decompose according to R33-36. Water-gas shift 

occurs via the reaction of carbon monoxide with either hydroxyl or oxygen surface species 

accounted for in reactions R47-52. Reactions R53-56 describe the (de)hydrogenation of CHx* 

species, whilst methane steam reforming is accounted for in reactions R57-64. Carbon oxides 

and acetaldehyde are assumed to adsorb molecularly (R9-14) whereas methane and hydrogen 

adsorption proceeds dissociatively (R5-9). 

Table 4.2: Microkinetic model for ethanol steam reforming on Ni/SiO2. Activation barriers are 

calculated using the model parameters shown in Table 4.3 via UBI-QEP and pre-exponential 

factors calculated via transition state theory as described in Section 4.2.3. Modified Arrhenius 

equation used of form 𝑹𝒊
𝒇

= 𝑨𝒊 ⋅ 𝑻𝜷 ⋅ 𝒆−𝑬𝒂/𝑹𝑻 with the temperature exponents reported below.  

No. Reaction 𝐸𝑎 (kJ mol-1) 𝐴 (s-1) Temperature exponent, 𝛽 

R1 CH3CH2OH + * → CH3CH2OH* 0.00 3.33  10+04 0.0 

R2 CH3CH2OH* → CH3CH2OH + * 43.49 3.51  10+13 0.0 

R3 H2O + * → H2O* 0.00 5.32  10+04 0.0 

R4 H2O*  → H2O + * 53.07 1.37  10+13 0.0 

R5 H2 + 2* → H* + H* 30.92 1.59  10+05 0.0 

R6 H* + H* → H2 + 2* 97.58 4.19  10+12 0.0 
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R7 CH4 + 2* → CH3* + H* 55.53 5.64  10+04 0.0 

R8 CH3* + H* → CH4 + 2* 57.10 2.26  10+12 -2.0±0.035 

R9 CO + * → CO* 0.00 4.27  10+04 0.0 

R10 CO* → CO + * 98.74 2.14  10+13 1.5±0.0436 

R11 CO2 + * → CO2* 0.00 3.40  10+04 0.0 

R12 CO2*  → CO2 + * 20.97 3.36  10+13 0.0 

R13 CH3CHO + * → CH3CHO* 0.00 3.40  10+04 0.0 

R14 CH3CHO* → CH3CHO + * 74.52 3.36  10+13 2.0±0.0091 

R15 H2O* + * → OH* + H* 93.59 1.44  10+13 0.0 

R16 OH* + H* → H2O* + * 29.02 2.00  10+13 0.0 

R17 OH* + * → O* + H* 63.92 3.19  10+13 0.0 

R18 O* + H* → OH* + * 98.61 4.90  10+13 0.0 

R19 CH3CH2OH* + * → CH3CHOH* + H* 58.92 7.83  10+12 0.0 

R20 CH3CHOH* + H* → CH3CH2OH* + * 42.61 1.51  10+13 0.0 

R21 CH3CH2OH* + * → CH3CH2O* + H* 74.72 1.00  10+12 0.0 

R22 CH3CH2O* + H* → CH3CH2OH* + * 36.81 1.93  10+13 0.0 

R23 CH3CHOH* + * → CH3CHO* + H* 53.73 1.91  10+11 0.0 

R24 CH3CHO* + H* → CH3CHOH* + * 3.86 1.42  10+13 0.0 

R25 CH3CH2O* + * → CH3CHO* + H* 45.63 1.91  10+11 0.0 

R26 CH3CHO* + H* → CH3CH2O* + * 17.28 1.42  10+13 0.0 

R27 CH3CHOH* + * → CH3COH* + H* 46.07 1.91  10+11 0.0 

R28 CH3COH* + H* → CH3CHOH* + * 29.65 1.42  10+13 0.0 

R29 CH3COH* + * → CH3CO* + H* 20.14 1.51  10+13 0.0 

R30 CH3CO* + H* → CH3COH* + * 87.78 5.64  10+11 0.0 

R31 CH3CHO* + * → CH3CO* + H* 3.41 1.10  10+12 0.0 

R32 CH3CO* + H* → CH3CHO* + * 104.50 3.38  10+13 0.0 

R33 CH3CHO* + * → CH3* + CHO* 11.82 1.00  10+11 0.0 

R34 CH3* + CHO* → CH3CHO* + * 87.01 2.10  10+09 0.0 

R35 CHO* + * → CO* + H* 0.00 6.60  10+11 0.0 

R36 CO* + H* → CHO* + * 81.97 1.67  10+13 0.0 

R37 CH3CO* + * → CH3* + CO* 4.71 2.08  10+12 0.0 

R38 CH3* + CO* → CH3CO* + * 60.79 1.34  10+13 0.0 

R39 CH3CO* + * → CH2CO* + H* 50.90 4.24  10+12 0.0 

R40 CH2CO* + H* → CH3CO* + * 9.47 1.66  10+13 0.0 

R41 CH2CO* + * → CH2* + CO* 2.07 7.43  10+11 0.0 

R42 CH2* + CO* → CH2CO* + * 76.55 1.93  10+12 0.0 

R43 CH2CO* + * → CHCO* + H* 81.57 1.15  10+13 0.0 

R44 CHCO* + H* → CH2CO* + * 40.29 1.65  10+13 0.0 
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Table 4.3: Estimated model parameters with 95% confidence intervals. Chemisorption enthalpy 

values without confidence intervals were adopted from the literature sources shown, while those 

with confidence intervals were regressed using as initial values the respective literature sources 

shown. 

R45 CHCO* + * → CH* + CO* 0.00 5.18  10+11 0.0 

R46 CH* + CO* → CHCO* + * 107.61 3.74  10+12 0.0 

R47 COOH* + * → CO* + OH* 44.88 7.56  10+10 0.0 

R48 CO* + *OH → COOH* + * 24.87 1.10  10+12 0.0 

R49 COOH* + * → CO2* + H* 0.79 1.42  10+11 0.0 

R50 CO2* + H* → COOH* + * 18.58 1.54  10+13 0.0 

R51 CO2* + * → CO* + O* 40.24 1.93  10+12 0.0 

R52 CO* +O* → CO2* + * 55.93 1.15  10+13 0.0 

R53 CH3* + * → CH2* + H* 88.00 1.03  10+13 0.0 

R54 CH2* + H* → CH3* + * 64.97 7.38  10+12 0.0 

R55 CH2* + * → CH* + H* 90.89 8.03  10+12 0.0 

R56 CH* + H* → CH2* + * 82.75 3.19  10+13 0.0 

R57 CH2* + OH* → HCHO* + H* 22.27 2.35  10+10 0.0 

R58 HCHO* + H* → CH2* + OH* 7.80 3.77  10+11 0.0 

R59 HCHO* + OH* → HCOOH* + H* 0.00 2.89  10+12 0.0 

R60 HCOOH* + H* → HCHO* + OH* 94.28 9.75  10+12 0.0 

R61 HCOOH* + * → COOH* + H* 36.01 1.70  10+13 0.0 

R62 COOH* + H* → HCOOH* + * 88.65 3.10  10+12 0.0 

R63 CH2* + *O → CHO* + H* 58.14 1.42  10+13 0.0 

R64 CHO* + H* → CH2* + O* 53.91 1.51  10+13 0.0 

Species Chemisorption 

enthalpy, Q (kJ mol-1)  

Sources for initial or 

used value  

Temperature dependence  

coefficient 𝜸 in equation (5) [31] 

CH3CH2OH 45.84 [41] 2.5 

H2O 58.95±0. 69 [42] 2.5 

CO2 25.68 [30,42] 2.0 

CH3CH2O 171.54 [41] 2.5 

CH3CHO 71.04 [42] 2.5 

OH 242.2±0. 87 [42,43] 2.0 

H 257.0±0. 66 [42,44] 1.5 
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4.3 Results 

4.3.1 Model validation 

The microkinetic model presented in the current work is fully parameterised on the basis of three 

sets of parameters: sticking coefficients, Arrhenius temperature exponents and chemisorption 

enthalpies (see Table 4.2 and Table 4.3). Initial values for chemisorption enthalpies were 

collected from experimental and DFT studies on Ni catalysts [30,42], while Arrhenius 

temperature exponents were initialised with values of 0. Sticking coefficients were kept equal at 

a value of 1 due to their low impact on modelled outputs, while the coefficients 𝛾 used in equation 

(5) for the temperature dependence of chemisorption enthalpies were fixed at values obtained 

from previous studies [26,31]. Table 4.3 shows the final estimated values of the chemisorption 

enthalpies of species as well as 𝛾 coefficients, while the final values of the Arrhenius temperature 

exponents are reported in Table 4.2. The obtained values will be discussed in more detail in 

Section 4.3.5 pertaining to the evaluation of model parameters. 

In order to evaluate the overall agreement between the model predicted and experimental results, 

parity plots for all gas molecules are presented in Figure 4-1. A satisfactory agreement over the 

entire experimental range for all detected molecules is visible. The parity plots for the reactants 

ethanol and water provide proof that the model is correctly describing the main activation 

pathways, while conversion pathways appear to be captured appropriately for all major products. 

Acetaldehyde shows the highest variance, most likely attributed to the lower order of magnitude 

CH3 200.48±0. 59 [30,42] 2.5 

CH2 391.73 [30] 2.5 

CH 556.07 [30] 2.0 

CO 113.44 [30] 2.0 

CHO 206.69 [30] 2.5 

HCHO 23.68±0.38 [43] 2.5 

HCOOH 65.01 [44] 2.5 

CH3CO 191.39±0.91 [42] 2.0 

CH2CO 83.61±0.18 [42] 2.0 

CHCO 283.94 [42] 2.0 

COOH 250.01 [30] 2.0 

O 453.0 [30] 1.0 

CH3CHOH 180±2.21 [41] 2.5 

CH3COH 213.8 [42] 2.5 
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of its molar flowrate values, as well as the comparatively higher difficulty of liquid products 

sampling and analysis. Nonetheless, acetaldehyde’s detection is in line with the theoretical 

predictions of the Ni metal’s affinity towards forming the species from ethanol [24] and the 

equivalent well established experimental observations of other groups on similar catalysts 

[40,45]. 
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Figure 4-1: Parity diagrams for detected liquid and gas components at conditions reported in Table 

4.1 and discussed in Zhurka et al. [13]. Modelling results have been obtained with the parameter 

values shown in Table 4.3. 



90 

 

Performance curves are shown in Figure 4-2, presenting the effect of temperature, partial 

pressure of ethanol and water and space time on the conversion of ethanol and water as well as 

the carbon selectivities towards CO, CO2, CH4 and CH3CHO. As indicated also from the parity 

plots, the model can reproduce to a good degree the experimental trends based on the reported 

parameter values in Table 4.2. As expected, the conversion of reactants increases with 

temperature (panel (a)). In line with our experimental observations [13], at low temperatures 

ethanol dehydrogenation leads to the production of acetaldehyde, while the carbon selectivity 

towards CO and CH4 outweighs that of CO2. As the temperature rises, the CO2 selectivity 

increases and is accompanied by an equivalent decrease in the selectivities of CO, CH4 and 

CH3CHO, indicative of the promotion of secondary reaction pathways. Results are specifically 

consistent with a rising contribution of the water gas shift reaction and the progressive promotion 

of the decomposition and oxidation of surface CHx species, in equivalence to methane steam 

reforming mechanisms [46]. 
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Figure 4-2: Comparison of model predicted conversions and selectivities over Ni/SiO2 catalyst 

(lines) with experimental results (symbols). Operating conditions are indicated on the respective 

panels. 

In order to elucidate the effect of reactants’ partial pressures on the order of the reaction, two 

sets of experimental data obtained from the work of Zhurka et al. [13] were modelled. Results 

are presented in Figure 4-2 as H2O/C variation, since these relate better to the observed 

selectivity trends, however the corresponding inlet partial pressures of the reactants are also 

indicated. Panel (b) shows the effect of ethanol partial pressure, maintaining the water partial 
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pressure and total pressure constant, while panel (c) shows the inverse with water partial pressure 

varied and ethanol kept constant. Varying ethanol partial pressure, the model predicts that the 

conversion of ethanol and selectivity towards CO2 are positively affected, while CH4 and CO 

selectivities are negatively affected. The results on varying H2O partial pressure show that 

ethanol conversion displays a mild decrease, however a positive influence is still observed for 

CO2 selectivity accompanied by a negative effect for CH4 and CO selectivity. For both partial 

pressure variation data sets, the above trends are well in line with the experimental observations 

of Zhurka et al. [13]. Selectivity trends are consistent with a promotion of secondary reactions 

by the increase of water derived surface species due to the rising H2O/C ratio. Conversion 

profiles are better explained looking at Figure 4-3, where the model predicted and experimental 

partial reaction orders for ethanol and water are compared. Α clearly positive order for ethanol 

(approximately equal to 0.5 as indicated by the square root of the partial pressure in the left 

panel) and a slightly negative order for water are visible, with the model reproducing the 

experimental trends very well, affirming that the kinetically relevant processes have been 

accurately captured. 

 

Figure 4-3: Reaction orders with respect to ethanol and water partial pressure (operating 

conditions are that of Figure 4-2 panels b and c respectively). 

 The positive order for ethanol is evidence of the participation of an ethanol-derived surface 

intermediate in the rate determining step, as stipulated in the analysis of the experimental work 

[13] and further elaborated with the microkinetic model in the following section. For the negative 
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water reaction order, the partial coverages across this range of simulated conditions, shown in 

Table 4.4, reveal that the increase in the partial pressure of water leads to a progressive catalyst 

surface saturation by adsorbed H2O species, leading to a decreasing availability of active sites. 

Even though a rise in water-derived surface species, such as OH*, is indeed observed and 

explains the selectivity trends, overall a decrease in the coverage by adsorbed ethanol is predicted 

by the model that ultimately results in the observed decrease in conversion and supports the 

experimental findings. It is worth commenting that a similar negative order for water was 

observed in the experiments modelled by Sutton et al. [19], whereas the microkinetic model 

presented in that work predicted a zero order. That experimental negative order was attributed to 

support effects, namely excess water limiting ethanol activation on the Al2O3 support. In the 

present work, though, the SiO2 support used was overall inert [13], hence the competitive 

adsorption of ethanol and water on the Ni metal is considered as the most probable reason for 

the experimental trends, which the model correctly describes. 

Table 4.4: Effect of partial pressure of water on partial coverage of surface species at 400°C. 

Partial pressure (bar) Partial coverage of catalyst surface (-) 

C2H5OH H2O C2H5OH* H2O* H* OH* Vacant site 

0.06 0.12 8.8610-3 0.41 8.9410-2 1.4910-3 0.31 

0.06 0.25 5.3510-3 0.50 5.9210-2 1.8910-3 0.21 

0.06 0.37 3.8710-3 0.52 4.6910-2 2.0610-3 0.18 

0.06 0.49 2.9410-3 0.53 3.8610-2 2.1810-3 0.15 

0.06 0.61 2.4510-3 0.55 3.2410-2 2.2710-3 0.13 

0.06 0.74 2.1010-3 0.57 2.7510-2 2.3310-3 0.11 

 

With respect to the space time effect, the model is again able to predict sufficiently the 

experimental trends as is seen in panels (d) and (e) of Figure 4-2, but with some discrepancies in 

relation to acetaldehyde. Experimentally [13], results at low conversions (below 15-20%), 

indicated that temperature affects strongly the main reactive pathway of ethanol, the latter not 

involving acetaldehyde as an intermediate, at least at high temperatures. At 400oC, acetaldehyde 

did appear as the sole primary product, as indicated also by its very high selectivity at the lowest 

space velocities studied, however at 550oC CH4 and CO also appeared as such. Qualitatively, the 

model predicts similar differences in the temperature dependence of the main reaction pathways, 

although milder to the experimentally observed and evident at relatively lower conversions 

(below 5%), as shown also from the suboptimal description of acetaldehyde’s selectivity in panel 
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(e) of Figure 4-2. Figure 4-4 shows the model predicted product selectivities as a function of 

ethanol conversion at different temperatures. At 400°C, as conversion approaches zero, 

acetaldehyde is indeed predicted to be the only product whose selectivity is increasing 

substantially, while at 550°C, CO, CH4 and acetaldehyde selectivities are all clearly tending 

towards finite values at a zero conversion. More importantly, the model indeed predicts that the 

main pathway of ethanol conversion towards CH4 and CO is not linked to adsorbed acetaldehyde 

and proceeds via another surface intermediate. The quantitative differences could potentially 

indicate that the assumptions made in relation to the mobility of the surface species during the 

development of the model are in need of revision or that the surface reaction energetics, as 

predicted by the semi-empirical UBI-QEP, require further refinement. Nonetheless, the overall 

very good agreement of the model-derived results with the experimental ones across a range of 

conditions, as highlighted in this section, allows using the model further in the following to 

obtain information on the kinetic importance of reaction steps. 

 

Figure 4-4: Ethanol conversion versus products selectivities depicting primary and secondary 

products at different temperatures (Operating conditions are shown in the respective panels). 

 

4.3.2 Kinetic relevance of reaction steps 

A sensitivity analysis of the model’s parameters was carried out in order to investigate the kinetic 

relevance of the elementary surface reaction steps. A temperature of 400oC and a H2O/C of 3 are 
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selected to align with the conditions of the partial pressure variation runs. The pre-exponential 

factors of each reversible reaction pair were perturbed by a small fraction of their base value, the 

latter calculated by transition state theory as described in Section 4.2.2. The effect of this 

perturbation on the outlet molar fractions of reactants and products was quantified by the 

calculation of normalised sensitivity coefficients. Figure 4-5 shows the relevant results for 

ethanol. As discussed in the Introduction, previous studies [19,20,26] have identified the 

dehydrogenation pathways of ethanol as the kinetically relevant surface reactions, with the initial 

abstraction of H from the α-C, β-C or O of surface ethanol being in many cases the rate 

determining step. As seen in Figure 4-5, the most important steps identified in the current model 

via the sensitivity analysis are indeed along ethanol’s dehydrogenation pathway and specifically 

are the secondary dehydrogenation of CH3CHOH* to CH3COH* and the further 

dehydrogenation of the latter to CH3CO*, according to reactions R27-28 and R29-30, 

respectively. These findings are further in line with the experimental observations and the 

discussion in Section 4.3.1, as both of these steps are consistent with an overall reaction 

mechanism with a positive order in ethanol (Figure 4-3). Nonetheless, it bares notice and will be 

discussed further in the following section that these steps do not involve the ethoxy intermediate 

that is commonly accepted to be participating in the conversion of ethanol on Ni following an 

initial O-H bond cleavage [17,24,47]. On the other hand, steam derived intermediates do not 

participate in these kinetically relevant steps and would suggest a zero order in water for the 

conversion of ethanol. As discussed previously though, the experimentally observed slightly 

negative order in water across a H2O/C ratio that spans from sub-stoichiometric to large excess 

values is predicted by the model to be on account of surface saturation effects. 
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Figure 4-5: Sensitivity analysis of pre-exponential factors of microkinetic model reactions shown in 

Table 4.2, at 400°C and H2O/C of 3 for ethanol outlet molar fraction. Base values for pre-

exponential factors are calculated as described in Section 4.2.2. 

Figure 4-6 shows the results of the sensitivity analysis for the molar fractions of H2O and 

products CO, CO2, H2, CH4 and CH3CHO. In line with the ethanol sensitivity analysis, R27-28 

and R29-30 are the major kinetically relevant steps identified for all the gaseous products, having 

a positive effect to their production. A negative effect for the same reaction steps to the outlet 

molar fraction of H2O is also identified and is consistent with the above results, as an increase in 

ethanol conversion and its decomposition products leads to a further consumption of water via 

secondary reactions. Nonetheless, reaction pair R59-60 is found to have the largest effect on 

H2O, which, linked with the similar negative sensitivity for CH4 and the positive one for CO, 

CO2 and H2, leads to the identification of these steps as the kinetically relevant ones for the 

methane steam reforming or CHx oxidation sub-mechanism. For CH3CHO, the effect of the same 

steps is the opposite to the gas products, meaning that the main ethanol consuming reactions lead 

to a decrease in the production of acetaldehyde. The latter fact, which will be discussed in more 

detail in the following, further suggests that the primary formation pathway of the acetaldehyde 

is not linked to the dominant conversion pathway of ethanol, as observed experimentally. This 

follows on the previous discussion of not identifying ethoxy as a key species, as the latter is the 

widely considered precursor to acetaldehyde [25]. In summary, the sensitivity analysis revealed 
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R27-28 and R29-30 as the kinetically important steps under these conditions, a conclusion that 

will be elaborated in the next section, where the reaction steps involved in the overall reaction 

pathways are probed through a contribution analysis. 

 

Figure 4-6: Sensitivity analysis of pre-exponential factors of microkinetic model reactions shown in 

Table 4.2 at 400°C and H2O/C of 3 for products and water outlet molar fractions. Base values for 

pre-exponential factors are calculated as described in Section 4.2.2. 

4.3.3 Reaction pathway analysis 

A differential contribution analysis at the outlet of the catalyst bed at the same conditions as the 

previous section is further carried out to clarify the significance of the various reaction pathways 
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considered in the network. Specifically, the net production rates of all carbon containing species 

are considered in order to estimate their conversion percentages towards all other compounds. 

Results of this analysis are presented in Figure 4-7 and are further discussed below. 

 

Figure 4-7: Reaction pathway analysis for ethanol steam reforming over Ni/SiO2 at 400°C and 

H2O/C of 3 at an ethanol conversion of 25%. Net production rates are considered in calculating 

contribution percentages of carbon containing species towards other species. Colour mapping from 

blue to red indicate increasing contribution percentages. Line thickness indicates the relative 

magnitude of the rates of the reaction. 

According to the model predictions, ethanol adsorbs on the catalyst surface via reaction R1, and 

then dehydrogenates via two main pathways. The dominant route proceeds via an α-

(a) (b)
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dehydrogenation (R19) producing CH3CHOH* with a high contribution of over 99% of the 

converted ethanol. Similar findings were reported in the work of Sutton et al. [19] which is one 

of the very few published works to have presented a comprehensive microkinetic model for 

ethanol steam reforming, although as commented earlier on a Pt metal catalyst. In the work of 

Koehle et al. [26], again a Pt catalyst was studied, but for ethanol partial oxidation, so 

understandably the high temperature oxidative conditions led to the surface pathways being 

substantially different to those discussed above, with ethanol activation proceeding primarily 

through dehydration. Similarly, the work of Baruah et al. [27], focusing on the oxidative steam 

reforming of ethanol on Rh, proposed dehydroxylation (C-O cleavage) as the initial ethanol 

activation step, although again for a different reaction and conditions. In the current work, in 

parallel to the main pathway to CH3CHOH*, ethanol is predicted to also dehydrogenate 

successively first towards CH3CH2O* and then CH3CHO* via reactions R21 and R25, which is 

well in line with the expected paths on Ni discussed previously [10,17,24,47]. Considering that 

these works, either experimental [17,47] or theoretical [10,24] referred to decomposition of 

ethanol on the close-packed Ni(111) surface, it cannot be excluded that the presence of  low-

coordinated sites and steam-derived O* and OH* species in our experiments promotes alternate 

dehydrogenation pathways [25]. 

Following the initial favoured α-dehydrogenation, the formed CH3CHOH* continues 

dehydrogenating towards CH3CHO* and CH3COH* via R23 and R27, with the latter accounting 

for over 99% of conversion contribution, in line also with R27 having been identified as a key 

rate controlling step in Section 4.3.2. The formed CH3COH* species further dehydrogenate 

exclusively towards CH3CO* and CH2CO* via reactions R29 and R39, the former of which was 

also identified as an important rate controlling step in Section 4.3.2. The model reports CH2CO* 

as a key surface intermediate for the production of CO*, which aligns well with various works 

on the kinetics of ethanol steam reforming [19–21,48] all suggesting C-C bond scission to occur 

at CHxCO* species of varying degrees of dehydrogenation. The current work predicts that the 

C-C bond cleavage takes place predominantly at the CH2CO* intermediate leading to the 

formation of CH2* and CO* via reaction R41. 

CO* is predicted to follow two pathways, the less important of which contributes to surface CO* 

desorption and production of gas phase CO at an approximately 2% contribution. CO* follows 

primarily a water gas shift pathway, reacting with steam-derived OH* species to produce 

COOH* via reaction R48. CO* can, in principle, also react with O* to produce CO2* directly 

via R52, however this pathway is not predicted to occur at the simulated conditions. COOH* is 



100 

 

a primary species in the CO2* production pathway, with the latter exclusively desorbing to the 

gas phase as CO2. CH2* species formed upon the C-C bond cleavage follow multiple pathways. 

The dominant one can be described as methane steam reforming with CH2* reacting successively 

with 2 OH* species via reactions R57 and R59 to form COOH*, ultimately leading to gas phase 

CO2. On the other hand, all CHx* species, including CH2*, can also hydrogenate up to CH3*, the 

latter associatively desorbing as CH4 via reaction R8.  As such, the reaction pathway analysis 

further supports the discussion of previous sections and the experimental observations, 

suggesting the dominant ethanol conversion pathway on Ni to be that of decomposition, not 

involving dehydrogenation to acetaldehyde, the latter revealed to be a parallel and less important 

reaction path. 

Concerning the non-carbon containing surface species, water, following its molecular 

adsorption, decomposes towards H* and OH*. The participation of OH* in various reactions and 

particularly R57, R59 and R48, accounts largely for the consumption of steam, whereas surface 

O* are predicted to participate to a much lesser extent. Surface hydrogen H* formed via multiple 

processes desorbs associatively for the production of gas phase hydrogen. 

Based on the results of the space-velocity effect experiments, an additional case was considered 

to investigate the occurring changes in the reaction pathways at a low ethanol conversion of 3%. 

The pathways among species remain at these conditions overall similar, so the relevant plot is 

not shown, however the respective contributions of the initial ethanol conversion steps shift 

noticeably. The reactions producing acetaldehyde are comparatively promoted, with the 

dominant dehydrogenation pathway of adsorbed ethanol towards CH3CHOH* now also 

contributing by a measureable 25.5% to the formation of CH3CHO* via reaction R23 instead of 

only 0.15% seen in Figure 4-7. The secondary path to CH3CH2O*, leading exclusively to 

CH3CHO* via reaction R25, also rises substantially in its contribution from 0.02% to as high as 

17.6%. The above trends become more pronounced as conversion tends to zero values, and, 

given the lower adsorption enthalpy of CH3CHO in comparison to CH3 and CO (see Table 4.3), 

result in CH3CHO appearing as a dominant product at low temperatures. At higher temperatures, 

the desorption of CH4 and CO is enhanced leading to all three products appearing as primary 

ones. 

4.3.4 Model parameter sensitivity 

A sensitivity analysis was also performed to discern the relevance of the model parameters of 

the microkinetic model, namely the adsorption enthalpies of considered species. Figure 4-8 

shows results of the analysis in which normalised sensitivity coefficients were calculated for the 
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outlet molar fractions of ethanol, CO, CO2, CH4, CH3CHO and H2 with a 1% perturbation of the 

model parameter values shown in Table 4.3. The adsorption enthalpy of CH3CHOH is identified 

as having the highest positive effect on ethanol conversion, which, as expected, leads also to 

positively influencing the production of CO, CO2, CH4 and H2. UBI-QEP stipulates that an 

increase in the adsorption enthalpy of a compound will in turn lead to a higher or lower activation 

barrier for any reactions in which this compound participates as a reactant or product, 

respectively. Therefore, increasing the CH3CHOH adsorption enthalpy causes the initial ethanol 

dehydrogenation to have a lower barrier, however it also increases the barrier of the follow-up 

dehydrogenations towards key intermediates CH3CO* and CH2CO*. At the same time, though, 

the stronger binding of CH3CHOH to the surface enhances its partial coverage and, as such, the 

overall rate of reaction R27, leading to the simulated overall acceleration of the reaction pathway.  
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Figure 4-8: Sensitivity analysis of adsorption enthalpies for liquid and gaseous compounds outlet 

molar fractions for Ni/SiO2 at 400°C and H2O/C of 3. Base values for model parameters are shown 

in Table 3. 
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The second model parameter with an important positive effect on ethanol conversion is the 

chemisorption enthalpy of CH3CO, which, as above, through partial coverage effects leads to a 

higher rate of production of key intermediate for C-C scission CH2CO*, enhancing the dominant 

reaction pathway. The only other model parameter with a significant effect on the formation of 

products is the chemisorption enthalpy of OH, which, as also discussed in the previous section, 

is a co-reactant in most selectivity controlling reactions. The increased activation barrier for the 

reactions R48, R57, R59 should reduce the formation of key products, however OH* derives 

from water, which is the most abundant reactant. A higher OH chemisorption enthalpy, therefore, 

has a positive effect on H2O* dissociation, which in turn leads to a rise in the partial coverage of 

OH*, thus leading to a much faster reaction rate for the production of gas phase products CO 

and CO2. For example, at 400°C and H2O/C of 3 with an inlet water partial pressure of 0.37 bar, 

the partial coverages of H2O* and OH* are predicted to be 0.52 and 0.002 respectively, with an 

OH chemisorption enthalpy of 242 kJ mol-1. An increase of the OH chemisorption enthalpy to 

245 kJ mol-1 at the same conditions changes the coverages of H2O* and OH* to 0.516 and 0.037, 

respectively, hence a substantially higher hydroxyl coverage is achieved. CH4 formation as 

expected is negatively affected by the stronger binding of OH, as CH2*, the main precursor to 

its production, is a reactant in the methane steam reforming pathway. 

The sensitivity analysis also identifies strong negative influences on the conversion of ethanol 

from the chemisorption enthalpies of CH3, H and H2O. As the C-C bond cleavage in reaction 

R41 leads to an even production of CH2* and CO* it follows that at the point of scission these 

products are equally abundant on the surface. Therefore, whilst CO* further participates in the 

water-gas shift sub-mechanism, an increase in the adsorption enthalpy of CH3 leads to the 

methane steam reforming pathway becoming less prominent, thus explaining the negative effect 

on the production of CO and CO2. The increase in the CH3 binding strength also causes the 

desorption rate of methane to be reduced explaining the negative effect on CH4 production. The 

drop in the conversion of ethanol is propagated by the gradual saturation of the catalyst active 

sites by surface CH3*, with this saturation leading to a reduced rate of reaction in the main 

ethanol dehydrogenation pathway. H* is a product of all dehydrogenation reactions and, 

therefore, an increase in its adsorption enthalpy leads to the surface being saturated easily by this 

species, explaining again the negative effect of the parameter on conversion and product 

formation. Similarly, and as discussed in relation to the partial pressure variation experiments, a 

stronger H2O binding leads to a progressively more saturated surface. 
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4.3.5 Estimated model parameters evaluation 

Table 4.3 shows the final estimated values, following regression, for the adsorption enthalpies 

of the microkinetic model, while the temperature exponent values can be seen in Table 4.2. As 

described in Section 4.2.1, the initial values for chemisorption enthalpies of all species during 

model development were obtained from literature DFT and prior experimental studies. After 

model parameter sensitivity analysis was conducted (Figure 4-8), parameters with little or no 

sensitivity were fixed at the literature obtained values in order to allow for higher confidence in 

the regression of the more sensitive ones. Estimated parameters shown in Table 4.3 have narrow 

confidence intervals evidencing a low standard error. The maximum value for the correlation 

coefficient between two parameters occurs between 𝑄𝐻2𝑂 and 𝑄𝐶𝐻3𝐶𝐻𝑂𝐻 and has a value of -0.86 

most likely related to the negative relationship between the surface coverages of both species, as 

discussed in the previous section. The squared multiple correlation coefficient value obtained for 

the regression was sufficiently close to unity (R2=0.886), which, coupled with the high F-value 

of 215.61 (tabulated value = 3.01) for the significance of the regression, affirms the model’s 

good performance. 

All chemisorption enthalpies estimated conform to physically realistic values and show adequate 

agreement with theoretical and experimentally reported ones. The presently estimated value for 

CH3, 200.48 kJ mol-1, is only slightly higher than various reported values. In particular, a DFT 

study for the steam reforming of acetic acid on the Ni (111) [42] surface reports a CH3 

chemisorption enthalpy value of 191.97 kJ mol-1. With respect to H, a very good agreement for 

the estimated value of 257 kJ mol-1 in this work can be seen in literature with different reported 

values usually ranging from 240 to 270 kJ mol-1 [30,42,43]. Similarly, the estimated values of 

OH and H2O (242.2 kJ mol-1 and 58.95 kJ mol-1 respectively) both fall within the range of 

reported DFT or experimental values (see references above). The weak binding of HCHO on Ni 

(111) as reported by Remediakis et al. [43] is qualitatively well reproduced with an estimated 

adsorption enthalpy in this work of 23.68 kJ mol-1. For ethanol decomposition derived surface 

species, the estimated values of chemisorption enthalpies presented in Table 4.3 all lie within the 

range of observed literature published values [41,42,48,49]. Values of 191.39 kJ mol-1 and 83.61 

kJ mol-1 were estimated for CH3CO and CH2CO, respectively, comparing very well with the 

equivalent 202.62 kJ mol-1 and 83.94 kJ mol-1 reported by Ran et al. [42]. In summary, the 

parameterisation of the model based on the above adsorption enthalpies was demonstrated to 

describe successfully the experimental data and provided insight on the mechanistic trends of 

the ethanol steam reforming process over Ni catalysts when support effects are not dominant. 
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4.4 Conclusions 

In the current work a microkinetic model is presented for ethanol steam reforming over a Ni/SiO2 

catalyst, the later metal selected on account of its favourable economics in comparison to noble 

metals. The model is used to simulate an experimental data set that spans a wide range of 

conditions. All kinetic parameters are either a priori determined or correlated with the adsorption 

enthalpies of participating species. This allows carrying out a sensitivity analysis that reveals the 

relative importance of adsorption enthalpies in the kinetic mechanism. Experimental 

observations relating to a positive reaction order for ethanol were able to be linked to its 

kinetically relevant dehydrogenation of 1-hydroxyethyl, while the negative order for steam was 

shown to be due to a progressive saturation of the surface of the catalyst by water. The 

consideration of secondary surface reactions of ethanol decomposition products, describing 

methane steam reforming and water gas shift, was revealed necessary for the explanation of the 

experimentally observed selectivities across the broad range of conditions simulated. The 

predicted decomposition pathways share similarities to previously reported by other microkinetic 

studies on noble metals, however differences with DFT calculations on Ni(111) are identified 

and suggest that under reforming conditions and over “real” catalysts different surface steps 

might be preferred. This model’s results serve as a basis for and prompt the development of 

consolidated kinetic schemes that incorporate the effect of supports on the ethanol steam 

reforming mechanism. 
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Preface to Chapter 5 

A version of this chapter has been submitted for publication to the Chemical Engineering Journal 

(A Navarro-Puyuelo, A.T.F. Afolabi, P.N. Kechagiopoulos, F. Bimbela, L.M. Gandia, 
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Investigation of H2 and CO co-feeding on biogas dry reforming over Rh/Al2O3). This was a 

collaborative study with all of the experimental work carried out in the Institute of Advanced 

Materials and Mathematics at the Universidad Publica de Navarra. The modelling aspects of the 

study were carried out in the Chemicals and Materials Engineering group at the University of 

Aberdeen. I was the co-lead investigator, responsible for the major areas of concept formation, 

data collection and analysis, as well as manuscript composition pertaining to the microkinetic 

modelling parts of the study. A Navarro-Puyuelo was the co-lead investigator responsible for the 

major experimental concept formation, data collection and analysis, as well as manuscript 

composition. In addition, A. Navarro-Puyuelo was also involved in the early stages of modelling 

concept formation. Kechagiopoulos P.N. was the secondary supervisory author and was involved 

concept formation and manuscript composition of the modelling. F. Bimbela was the main 

supervisory author on this project and was involved throughout the project in concept formation 

and manuscript composition. 

The aim of this study was to investigate the effect of the co-feeding of H2 and CO on the kinetics 

and mechanism of biogas dry reforming. This is done to account for the possible requirement of 

a recycle stream during dry reforming on industrial scale as is the case in the conventional steam 

reforming of methane (biogas). 

The mean-field microkinetic model developed in Chapter 4, provided the ideal foundation for 

the development of the biogas dry reforming model. The biogas model consists of fewer surface 

intermediates, increasing the ease of model formulation. Most of the surface intermediates were 

also already present in the developed ethanol steam reforming model. The same semi-empirical 

methods of rate constant estimation are utilised. Initial values for the adsorption energy of surface 

species were obtained as in the previous model from DFT and experimental studies. An 

additional model parameter Floc, which represents the fraction of localised entropy retained by 

the adsorbed species was implemented into the existing model and its use is discussed in more 

detail in the paper. 
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Abstract 

The effect of co-feeding biogas dry reforming reaction products (H2 or CO) on biogas conversion 

and selectivity to syngas over a 0.5 wt. % Rh/Al2O3 catalyst was studied by means of 

microkinetic modelling. The experimental dataset was collected by conducting kinetic 

experiments in which different gas feeding compositions and flow rates of CH4, CO2, H2 and CO 

were used, at various reaction temperatures (700 – 750 ºC) and spatial velocities (350 – 

1134 N L CH4/(gcat·h)). The microkinetic model developed consisted of 86 elementary reaction 

steps and was defined based on the estimation of heats of chemisorption and fractions of local 

entropy upon adsorption. The model described satisfactorily the experimental trends found for 

CH4 and CO2 conversions, H2 and CO yields and selectivities. A sensitivity analysis of pre-

exponential factors was carried out to check the model’s robustness. Dehydrogenation of CH3* 

was identified as the rate reaction controlling step. A differential contribution analysis at the 

outlet of the catalyst bed clarified the kinetic relevance of reaction pathways, which was not 

altered by H2 co-feeding. Increasing the H2 concentration in the reactor feed resulted in increased 

biogas conversions and syngas yields, due to augmented partial coverage of H* and CO* species, 

thus causing promoting effects on the reverse Water-Gas shift (rWGS) and methane steam 

reforming reactions. In contrast, CO co-feeding had negative effects on CO2 conversion, H2 and 

CO yields, due to the high partial coverage of CO*, which saturates the catalyst surface and 

negatively affects the rWGS reaction. 

Keywords: Biogas dry reforming, CO co-feeding, H2 co-feeding, Rh catalyst, Microkinetic 

modelling 
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 Introduction 

Efforts on biogas valorisation have risen in the last years due to a global increase in the 

implementation of waste management technologies, which has augmented the amount of biogas 

produced, reaching a world production of 60.8 billion Nm3 in 2016 [1]. Biogas transformation 

into synthesis gas via reforming reactions catalysed over a variety of materials has attracted the 

attention of many research groups, as evidenced by the numerous reviews that can be found in 

the literature [2–7]. Synthesis gas or syngas is a gas mixture of H2 and CO that constitutes a key 

intermediate in the production of biofuels by means of Gas-to-Liquids (GtL) technologies, as 

well as various chemicals of industrial relevance, including the production of hydrogen [8,9]. 

Different biogas conversion processes have been investigated, including catalytic partial 

oxidation [10,11], steam reforming [12–15], dry reforming [16,17], and combinations of these 

that result in the autothermal reforming (ATR) of biogas [18,19]. 

Amidst the different biogas reforming reactions, dry reforming is particularly interesting because 

it allows the simultaneous conversion of both main biogas constituents in a simple and 

straightforward manner. The use of Ni-based catalysts has been extensively researched in biogas 

reforming [13,16,17,19–25], because of their high catalytic activity and relative low cost [26,27], 

though they suffer from deactivation mainly by coke deposition and sintering [28] and by loss 

of Ni active sites upon regeneration [29]. For this reason, noble metal catalysts, such as Rh, have 

been studied as an alternative, obtaining superior performance and resistance to deactivation 

[10,30–33]. In previous works, dry reforming combined with partial oxidation of methane was 

studied over Rh catalysts, finding that 0.5 % Rh/Al2O3 presented the best activity and stability 

results. It could be concluded that the thermal treatments of the catalysts are an important factor 

to take into account in order to improve their catalytic activity. Furthermore, by combining dry 

reforming of biogas with partial oxidation, simultaneous CH4 and CO2 conversion is enhanced, 

the H2/CO molar ratio among the reaction products is increased and the catalyst stability is 

improved [10,31]. Most of the studies cited above investigate the influence of reaction conditions 

and other process parameters on the catalytic performance, focusing on reforming activity and 

selectivity to syngas, as well as on catalyst stability and causes for deactivation. In this sense, 

kinetic studies are needed to elucidate reaction mechanisms, improve catalyst formulations and 

performing reactor modelling and simulation. 

The development of dry reforming kinetic studies in the literature has basically followed two 

distinct approaches: macrokinetic and microkinetic. Regarding the macrokinetic approach, most 

of the models proposed are of the Langmuir-Hinshelwood-Hougen-Watson (LHHW) type, 
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whereas Ni [22,34–39], Co [40,41] and noble metals as Rh [33,42–48] have been considered as 

catalytic active phases. Wei et al. studied the steam and dry reforming of methane on Ni/MgO 

[35], Rh/Al2O3 and Rh/ZrO2 [46] catalysts and found that the reaction rates had a first-order 

dependence on CH4 concentration, whereas they were not influenced by the co-reactants (H2O 

or CO2) nor by the main reaction products (H2 and CO), in accordance with the fact that the rate 

determining step (RDS) was the activation of CH4. Niu et al. [37] came to the same conclusions 

in their study of the dry reforming reaction on Ni hydrotalcites with CeO2, ZrO2 and ZnO as 

promoters. Verykios [38] proposed the cracking of methane as the RDS on Ni as well as the 

reaction of carbon and oxycarbonate species, formed by the interaction of CO2 and La2O3. 

Múnera et al. also proposed this mechanism on Rh/La2O3 [45] and Rh/La2O3-SiO2 [47] catalysts. 

A combined LHHW and microkinetic model was developed by Sawatmongkhon et al. for a 

monolithic Pt-Rh alumina catalyst [42], finding that the RDS changed from CH4 adsorption at 

low temperatures to dry reforming surface reaction at high temperatures. Donazzi et al. [44] 

concluded that dry reforming on a 4 % Rh/Al2O3 catalyst consisted of a combination of methane 

steam reforming (SRM) and reverse water-gas shift (rWGS) reactions, varying the controlling 

process from rWGS at CO2/CH4=1 to SRM for CO2/CH4>1. These studies reflect the lack of 

consensus on the prevalent reaction mechanism by which biogas dry reforming takes place and 

on the rate determining step. This is somewhat logical though, since the reaction mechanism may 

vary depending on the type of metal, support, additives and even reaction conditions. 

The microkinetic approach does not require to assume a priori a RDS and allows to identify the 

dominant reaction paths and to model the process under different operating conditions [49]. 

Some works on the microkinetic modelling of dry reforming of methane using Ni [50–54] and 

Rh [42,48,49,55–59] based catalysts can be found in the existing literature. In a study conducted 

by Prof. Deutschmann’s group [50], a microkinetic model was developed for several catalytic 

processes on a Ni-based catalyst, including partial oxidation, steam and dry reforming of 

methane. Concerning the latter reaction, the authors identified methane adsorption and 

desorption as well as methane dehydrogenation as the most relevant processes in the overall 

reaction mechanism. This model was applied by Xie et al. [51] in the dry reforming of methane 

on a Ni catalyst, where they found that the kinetic relevant steps varied under different reaction 

conditions. Maestri et al. [49] adapted Mahdeshwar and Vlachos’ model [55] in order to describe 

several reactions, such as steam and dry reforming, partial oxidation of methane, WGS or rWGS, 

using a 4 % Rh/Al2O3 catalyst in an annular reactor. In other work with the same catalyst and 

reactor configuration, Maestri et al. [56] studied only steam and dry reforming reactions, 

developing a reduced microkinetic model which established, in both cases, CH3
* 
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dehydrogenation as the RDS, and OH*, provided by H2O or CO2, as the main C* oxidizer. 

Karakaya et al. [58] formulated a model for dry reforming of methane, among other reactions, 

on a 5 % Rh/Al2O3 catalyst. It was found that CO was formed via a COOH* intermediate and 

that the RDS was related to CH4 dehydrogenation. In conclusion, there is some agreement in the 

literature about the importance of CH4 adsorption and dehydrogenation on the dry reforming 

mechanism. 

However, it must be borne in mind that scaling up of biogas dry reforming technologies to larger 

scales will probably be based on partial recycling of the product gas stream, as occurs in current 

methane steam reforming technologies. Such approach, will inevitably result in a gas feeding 

stream into the catalytic reforming unit that may contain H2 and/or CO, owing to the above 

mentioned recycle stream derived from the product gas outlet. 

For this reason, it is interesting to carry out kinetic studies in which synthesis gas products are 

taken into account. Some macrokinetic models have been reported that studied the effect of H2 

and/or CO co-feeding in the reaction [35,38,44–46,48] on Ni and Rh catalysts. However, as for 

the microkinetic approach, only two studies can be found to date. Herrera Delgado et al. [50] 

observed that adding H2 to the feeding stream leads to an increment in H2O production that 

promoted the steam reforming reaction at high temperatures. Behroozsarand and Pour [48] 

simulated H2 or CO addition to the dry reforming reaction on a Rh monolith using Langmuir-

Hinshelwood (LH) and microkinetic models, finding different effects depending on the model 

used, thus evidencing the need for kinetic studies to help gain further insight on the actual 

mechanism for biogas dry reforming on Rh catalysts, and on the effect of co-feeding H2 and or 

CO in the biogas feed stream. 

Therefore, the general objective of this work is to develop a microkinetic model for biogas dry 

reforming on a Rh/Al2O3 catalyst to evaluate the effects of H2 and CO addition on the biogas 

feeding stream. The influence of the gas hourly space velocity (GHSV), the CH4/CO2 molar ratio 

and H2 and CO co-feeding on the biogas reforming activity of the catalyst and selectivity to 

syngas have been experimentally studied to validate the kinetic model developed. 
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 Materials and methods 

  Catalyst preparation and characterization 

A 0.5 wt. % Rh/Al2O3 catalyst was prepared by the incipient wetness impregnation technique. 

Before impregnation, the γ-Al2O3 support (Alfa Aesar) was ground and sieved to get a particle 

size distribution ranged between 100 and 200 μm and calcined at 750 °C for 6 h under flowing 

air. A Rh (III) nitrate solution (10 % (w/v) Rh in 20-25 wt. % HNO3) (Across Organics) was 

used as the Rh precursor. The solid obtained after impregnation was dried overnight at 105 °C. 

The fresh catalyst was characterized by means of different techniques. N2 adsorption-desorption 

isotherms were determined in a Micromeritics Gemini V 2380 static volumetric analyser at 77 K. 

The specific surface area was determined by the Brunauer-Emmett-Teller (BET) method, 

whereas the specific pore volume and the average pore size were calculated by the Barrett-

Joyner-Halenda (BJH) method. Temperature-programmed reduction (TPR) and CO pulse 

chemisorption analyses were carried out using a Micromeritics AUTOCHEM II 2920 equipped 

with a thermal conductivity detector (TCD). Further details on catalyst preparation procedure 

and characterization can be found in a previous work [31]. 

  Catalytic tests 

All catalytic tests were performed in a fixed-bed quartz tubular reactor (8 mm of internal 

diameter) at atmospheric pressure. Online gas analysis system consisted of a gas chromatograph 

(GC) (Agilent 6890N) equipped with two columns connected in series, a HPINNOWAX and a 

MolSieve 5A, and a thermal conductivity detector (TCD). The analyses were carried out at 85 ºC 

every 5 min using N2 as internal standard. The catalytic bed was constituted by 10 mg of 

0.5 wt. % Rh/Al2O3 catalyst in powder form (100-200 µm particle size fraction) mixed with 1 g 

of high-purity α-Al2O3 (99.5 %, Strem Chemicals), used as inert filler. 

The catalytic tests were carried out at gas hourly space velocities (GHSV) within the 

350 – 1134 N L CH4/(gcat·h) range, and reaction temperatures between 700 and 750 ºC. The 

reaction temperature was reached following a 10 ºC/min temperature ramp under He flow, with 

a dwell time of 30 min before allowing the feed stream into the reactor. A biogas synthetic 

mixture composed of 54 mol % of CH4, 40 mol % of CO2 and 6 mol % of N2 was used as 

reference biogas feed. Other gas feeding compositions were also tested by adding high purity 

CH4, CO2, H2 or CO to the gas feeding line. Table 5.1 presents a summary of all the reaction 

conditions considered in this work, thus obtaining a dataset comprising a total of 39 experimental 
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points. All high purity gases and gas mixtures were supplied by Nippon Gases Spain. Further 

information about the experimental setup and procedures can be found in a previous work [31]. 

Table 5.1: Reaction conditions studied. 

Experiment GHSV 

(N L CH4/(gcat·h)) 

CH4 

(mol %) 

CO2 

(mol %) 

N2 

(mol %) 

H2 

(mol %) 

CO 

(mol %) 

Temperature 

range (°C) 

Biogas 350 - 1134 54 40 6 - - 700-750 

Biogas + CH4 350 - 700 66 28 6 - - 700-750 

Biogas + CO2 350 - 700 39 55 6 - - 700-750 

Biogas + H2 700 50 37 6 7 - 700-750 

700 48 36 6 10 - 700-750 

700 43 32 6 19 - 700-750 

700 37 24 6 33 - 700-750 

Biogas + CO 700 49 36 5 - 9 700-750 

700 43 32 6 - 19 700-750 

 

CH4 and CO2 conversions, as well as H2 and CO yields and selectivities have been calculated 

from the GC analyses according to the following expressions:  

𝐶𝐻4 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =  
𝐶𝐻4,𝑖𝑛 −  𝐶𝐻4,𝑜𝑢𝑡

𝐶𝐻4,𝑖𝑛
· 100                 (5.1)  

𝐶𝑂2 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =  
𝐶𝑂2,𝑖𝑛 − 𝐶𝑂2,𝑜𝑢𝑡

𝐶𝑂2,𝑖𝑛
· 100                 (5.2) 

𝐻2 𝑦𝑖𝑒𝑙𝑑 (%) =
𝐻2,𝑜𝑢𝑡 − 𝐻2,𝑖𝑛

2 ·  𝐶𝐻4,𝑖𝑛
· 100                                       (5.3) 

𝐶𝑂 𝑦𝑖𝑒𝑙𝑑 (%) =  
𝐶𝑂𝑖𝑛 −  𝐶𝑂𝑜𝑢𝑡

2 ·  𝐶𝑂2,𝑖𝑛
· 100                                    (5.4) 

𝐻2 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =  
𝐻2,𝑖𝑛 −  𝐻2,𝑜𝑢𝑡

2 · (𝐶𝐻4,𝑖𝑛 −  𝐶𝐻4,𝑜𝑢𝑡)
· 100           (5.5) 

𝐶𝑂 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =  
𝐶𝑂𝑖𝑛 −  𝐶𝑂𝑜𝑢𝑡

2 · (𝐶𝑂2,𝑖𝑛 −  𝐶𝑂2,𝑜𝑢𝑡)
· 100           (5.6) 
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In these equations, CH4, CO2, H2 and CO are the corresponding molar flow rates, whereas 

subscripts in and out refer to the reactor inlet and exit, respectively. 

  Model formulation and computation details 

The microkinetic model for biogas dry reforming over Rh/Al2O3 catalyst implemented in this 

work closely follows the procedure described in the work of Kechagiopoulos et al. [13], with 

only the main features and improvements highlighted here. 

For all surface reactions, the reaction entropy and enthalpy are correlated to the corresponding 

gas phase reaction entropy and enthalpy in order to maintain thermodynamic consistency. The 

enthalpy of surface species is obtained by deducting the chemisorption enthalpy of the species 

from the equivalent gas phase enthalpy. The chemisorption enthalpies are temperature dependent 

based on the degrees of freedom lost or gained during adsorption or desorption as described in 

Mhadeshwar et al. [60] and implemented according to equation 4.5. 

The entropies for adsorbed species are estimated by deducting their standard three-dimensional 

translational entropy Strans,3D from the gas phase entropy. A fitting factor Floc, which is used to 

represent the fraction of rotational and vibrational entropy of the gas phase molecule that remains 

after adsorption, as described in Grabow et al. [61], is included in the determination of surface 

species entropy. The fitting factor is added to the list of model parameters and implemented 

according to the equation below: 

𝑆𝑠𝑢𝑟𝑓 = 𝐹𝑙𝑜𝑐(𝑆𝑔𝑎𝑠 − 𝑆𝑡𝑟𝑎𝑛𝑠,3𝐷)                                                (5.8) 

The rates of elementary reaction steps are calculated using the law of mass action and the 

Arrhenius rate equation. Collision theory is used for the estimation of the pre-exponential factors 

values of forward adsorption steps, while the pre-exponential factors for forward reaction steps 

involving adsorbed species are estimated via transition state theory as described in detail in 

Afolabi et al. [62]. The reverse reaction pre-exponential factors are calculated by the preservation 

of entropic thermodynamic consistency. The activation barriers for forward surface reactions are 

calculated using the unity bond index-quadratic exponential potential (UBI-QEP) method 

[63,64], while the reverse values are calculated through enthalpic thermodynamic consistency. 

Adsorption reaction steps are considered non-activated, while sticking coefficients for 

adsorption reactions are taken equal to 1. 



119 

 

  Surface reaction network description 

The previously developed microkinetic model by Kechagiopoulos et al. for steam reforming of 

methane [13] has served as basis and has been modified in this work in order to describe the dry 

reforming of methane. A comprehensive set of 86 elementary reaction steps involving 5 

molecules and 15 surface species is considered to describe the various possible reaction pathways 

during the dry reforming of biogas on the Rh catalyst (Table 5.2). The proposed network 

describes the dissociative adsorption of methane on the catalyst surface (R1-2). Obtained CH3
* 

species dehydrogenate up to bare carbon atoms through direct (R17-22) or oxidative pathways, 

either with O* (R23-28) or OH* (R29-34) species. Additionally, H-transfer can take place among 

CHx
* species (R35-40). Carbon oxides adsorb molecularly (R13-16) with their further 

decomposition described in reactions (R57-68). CHO* and COOH* species dissociate and 

interact with other surface species in reactions (R41-56) and (R69-78), respectively. The 

dissociation of HCOO* (R79-82) and HCHO* (R83-86) species has been included in the model 

in order to improve the dry reforming of methane modelling [49]. Water absorbs molecularly 

(R3-4) and dissociates to OH* (R5-6) and O* (R7-8) species, as well as to H*. OH* species can 

also interact with themselves (R9-10). Hydrogen formed is assumed to desorb associatively 

(R11-12). 

Table 5.2: Microkinetic model for dry reforming of biogas. 

No. Reaction  Ea (kJ/mol) No. Reaction Ea (kJ/mol) 

1 CH4 + 2 * → CH3
* + H* 53.69 44 CO* + H* → CHO* + * 149.62 

2 CH3
* + H* → CH4 +2 * 46.43 45 CHO* + O* → CO2

* + H* 0.00 

3 H2O + * → H2O* 0.00 46 CO2
* + H* → CHO* + O* 208.81 

4 H2O* → H2O + * 67.22 47 CHO* + O* → CO* + OH* 0.00 

5 H2O* + * → OH* + H* 88.13 48 CO* + OH* → CHO* + O* 165.26 

6 OH* + H* → H2O* + * 41.57 49 CHO* + CH2
* → CO* + CH3

* 0.00 

7 OH* + * → H* + O* 80.16 50 CO* + CH3
* → CHO* + CH2

* 186.17 

8 H* + O* → OH* + * 94.53 51 CHO* + CH* → CO* + CH2
* 0.00 

9 OH* + OH* → H2O* + O* 0.00 52 CO* + CH2
* → CHO* + CH* 135.89 

10 H2O* + O* → OH* + OH* 94.49 53 CO2
* + CH* → CO* + CHO* 61.30 

11 H2 + 2 * → H* + H* 28.76 54 CO* + CHO* → CO2
* + CH* 4.87 

12 H* + H* → H2 + 2 * 75.81 55 CH2
* + O* → CHO* + H* 36.47 

13 CO + * → CO* 0.00 56 CHO* + H* → CH2
* + O* 52.96 

14 CO* → CO + * 123.44 57 CO2
* + * → CO* + O* 75.72 

15 CO2 + * → CO2
* 0.00 58 CO* + O* → CO2

* + * 16.53 

16 CO2
* → CO2 + * 18.72 59 CO* + * → C* +O* 167.07 

17 CH3
* + * → CH2

* + H* 91.26 60 C* + O* → CO* + * 79.06 
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18 CH2
* + H* → CH3

* + * 54.71 61 CO2
* + H* → CO* + OH* 58.74 

19 CH2
* + * → CH* + H* 80.93 62 CO* + OH* → CO2

* + H* 15.19 

20 CH* + H* → CH2
* + * 91.66 63 CO* + H* → CH* + O* 188.35 

21 CH* + * → C* + H* 56.69 64 CH* + O* → CO* + H* 35.97 

22 C* + H* → CH* + * 128.07 65 CO* + H* → C* + OH* 209.91 

23 CH3
* + O* → CH2

* + OH* 82.20 66 C* + OH* → CO* + H* 137.54 

24 CH2
* + OH* → CH3

* + O* 51.29 67 CO* + CO* → C* + CO2
* 28.82 

25 CH2
* + O* → CH* + OH* 55.30 68 C* + CO2

* → CO* + CO* 0.00 

26 CH* + OH* → CH2
* + O* 84.68 69 COOH* + * → CO* + OH* 27.38 

27 CH* + O* → C* + OH* 34.08 70 CO* + OH* → COOH* + * 46.56 

28 C* + OH* → CH* + O* 114.09 71 COOH* + * → CO2
* + H* 0.00 

29 CH3
* + OH* → CH2

* + H2O* 0.00 72 CO2
* + H* → COOH* + * 62.74 

30 CH2
* + H2O* → CH3

* + OH* 123.59 73 CO* + H2O* → COOH* + H* 179.32 

31 CH2
* + OH* → CH* + H2O* 0.00 74 COOH* + H* → CO* + H2O* 0.00 

32 CH* + H2O* → CH2
* + OH* 173.87 75 CO2

*+ OH* → COOH* + O* 98.98 

33 CH* + OH* → C* + H2O* 0.00 76 COOH* + O* → CO2
*+ OH* 20.61 

34 C* + H2O* → CH* + OH* 224.51 77 CO2
* + H2O* → COOH* + OH* 222.87 

35 CH* + CH* → CH2
* + C* 99.60 78 COOH* + OH* → CO2

* + H2O* 0.00 

36 CH2
* + C* → CH* + CH* 150.24 79 HCOO* + * → CO2

* + H* 4.82 

37 CH2
* + CH* → C* + CH3

* 23.26 80 CO2
* + H* → HCOO* + * 7.26 

38 C* + CH3
* → CH2

* + CH* 124.18 81 HCOO* + * → CHO* + O* 206.37 

39 CH2
* + CH2

* → CH3
* +CH* 44.53 82 CHO* + O* → HCOO* + * 0.00 

40 CH3
* +CH* → CH2

* + CH2
* 94.81 83 CH2

* + OH* → HCHO* + H* 0.00 

41 CHO* + * → CH* + O* 113.54 84 HCHO* + H* → CH2
* + OH* 38.07 

42 CH* + O* → CHO* + * 110.78 85 HCHO* + * → CHO* + H* 63.32 

43 CHO* + * → CO* + H* 0.00 86 CHO* + H* → HCHO* + * 26.10 

 

 Results and discussion 

  Catalyst characterization 

The 0.5 % Rh/Al2O3 catalyst presented values of specific surface area (200 m2/g), pore volume 

(0.59 cm3/g) and average pore size of (8.1 nm) very similar to those of the calcined Al2O3 

support. Regarding CO chemisorption analysis, the fresh catalyst presented a metal dispersion 

of 51.9 % and a metallic surface area of 228.5 m2/gmetal. The TPR profile did not reveal any H2 

consumption peak that could be attributed to the reduction of Rh species, probably due to the 

low Rh loading on the catalyst [31]. 
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  Model validation 

The microkinetic model developed in this work is fully defined on the basis of two sets of 

parameters: heats of chemisorption, Qi, and fractions of local entropy upon adsorption, Floc,i. 

Table 5.5 shows the estimated values for the model parameters. 

Parity diagrams for all gaseous species are depicted in Figure 5.1. An overall satisfactory 

agreement between the model predicted results and experimental results across the entire data 

range is observed. The good parity plots of the reactants CH4 and CO2 indicate that the model 

has correctly described the main activation and conversion pathways. The effect of temperature, 

GHSV, CH4/CO2 molar ratio and H2 and CO co-feeding at selected conditions on the biogas 

conversion and on the syngas yield and selectivity, as well as their comparison with the model 

predicted results, will be discussed in Section 5.3.3.

 

Figure 5-1: Parity diagrams for (a) CH4, (b) CO2, (c) H2 and (d) CO. Experimental conditions are 

reported in Table 5.1, while modelling results have been obtained with parameter values presented 

in Table 5.5. 
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  Influence of operating parameters 

5.3.3.1 Influence of the GHSV 

The influence of the GHSV on the dry reforming of biogas was studied at a reaction temperature 

range between 700 and 750 ºC and a CH4/CO2 ratio of 1.35 (pristine biogas). Figure 5.2 shows 

the model and experimental CH4 and CO2 conversions and H2 and CO selectivities at the three 

GHSV studied. As seen in the figure, the experimental trends are accurately reproduced by the 

microkinetic model, with only small deviations being observable for CO2 at the highest GHSV 

tested. 

Increasing GHSV resulted in a decrease in CH4 and CO2 conversions and H2 and CO yields, 

while H2 and CO selectivities between 95 and 100 % were obtained in all cases. These results 

are in agreement with others previously reported in the literature [10,38,43]. Furthermore, these 

trends were also observed at different reaction temperatures, even though an enhancement of 

conversions and yields was obtained by increasing the temperature [31,42,57]. At the three 

GHSV and temperatures studied, the H2/CO molar ratio obtained was around a value of 0.95. 

This ratio slightly lower than 1 could be explained by the occurrence of the reverse water-gas 

shift reaction (rWGS). 
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Figure 5-2: Effect of GHSV in the dry reforming of biogas at (a) 750, (b) 725 and (c) 700ºC on 

biogas conversion, hydrogen yield and CO selectivity. Comparison of model CH4 and CO2 

conversion, H2 yield and CO selectivity (lines) with experimental results (symbols). 

5.3.3.2 Effect of CH4/CO2 molar ratio 

The effect of feeding biogas with different CH4/CO2 molar ratios was studied between 700 and 

750 ºC and GHSV values of 350 and 700 N L CH4/(gcat·h). Figure 5.3 presents the comparison 

of model and experimental results for CH4 and CO2 conversion, CO selectivity and H2 yield at 
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the three studied temperatures and 350 N L CH4/(gcat·h). For the sake of clarity, the results at 

700 N L CH4/(gcat·h) have not been depicted since similar tendencies were found in both cases. 

Increasing the CH4/CO2 molar ratio resulted in an increase in the CO2 conversion and CO yield, 

at the expense of a decay in CH4 conversion, as well as in H2 yield. This is due to the fact that 

CO2 consumption is proportionally increased due to its reduced availability, consequently the 

CH4 does not have enough co-reactant to aid its conversion. As for the H2/CO ratio in the syngas 

typically had values around 1, though these decreased to 0.8 when the CH4/CO2 ratio was 

diminished to 0.7. Overall, these results are in agreement with most of the previous kinetic 

studies of dry reforming of methane on Rh based catalysts [42–44]. The decay in H2 and CO 

selectivity from 100 % to values around 90 % observed when the CH4/CO2 ratio was decreased 

can be explained by the augmented influence of the rWGS at low CH4/CO2 ratios, also in 

agreement with previous studies [44,57]. Again, the experimental trends across the range of 

conditions studied are accurately described by the kinetic model, which is indicative of its ability 

to correctly capture the conversion pathways of both reactants and the contribution of secondary 

reactions to products selectivities. 
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Figure 5-3: Effect of CH4/CO2 feed molar ratio in the dry reforming of biogas at (a) 750, (b) 725 

and (c) 700ºC and 350 N L CH4/gcat·h. Comparison of model CH4 and CO2 conversion, CO 

selectivity and H2 yield (lines) with experimental results (symbols). 

5.3.3.3 Effect of H2 co-feeding 

The effect of H2 addition to reaction feed was studied at GHSV of 700 N L CH4/(gcat·h) and 

temperatures between 700 and 750 ºC. Figure 5.4 shows the experimental and model CH4 and 

CO2 conversions, CO selectivity and H2 yield for all three studied temperatures. 
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When the H2 content in the reaction feed was augmented, there was an increase in CH4 and CO2 

conversions, H2 and CO yields and in H2/CO molar ratio. H2 (not depicted) and CO selectivity 

also increased slightly, though the very high selectivity values obtained in pure dry reforming 

conditions (close to 100 %) are not reached in the studied interval. The results can be explained 

by the major influence exerted by the rWGS on the selectivity of CO and on the biogas 

conversion, especially on CO2 conversion. Adding H2 in the feed results in the production of CO 

and H2O by rWGS, leading to an increased CO2 conversion. Furthermore, the H2O generated is 

consumed via the steam reforming of methane (SRM), thus leading also to an increase in CH4 

conversion and, in turn, increasing the yield to syngas. The microkinetic model reproduces 

accurately these trends further suggesting that surface pathways are correctly described by the 

proposed mechanism. 

The results are in agreement with the observations by Deutschmann’s group in their microkinetic 

study validated with experimental results obtained using a commercial Ni-based catalyst [50], 

by Múnera et al. in their macrokinetic study using a Rh/La2O3 catalyst [45], and by Prof. 

Verykios, in his mechanistic study in which experiments were conducted using a Ni/La2O3 

catalyst [38]. In contrast, Forzatti’s group [44], in their microkinetic study on a 4 % Rh/Al2O3 

catalyst, did not observe an effect of H2 addition on CH4 and CO2 conversion or on products 

distribution, though the very distinct conditions compared to those in the present study could 

explain the differences. It could be possible that the low Rh loading in the present work (0.5 % 

Rh), which resulted in a relatively high metallic dispersion (~52 %) and metallic surface area 

(282.5 m2/gmetal), and the much higher concentrations of reactants in the reactor feed stream (in 

comparison to the diluted mixtures in the work by Donatti et al. [44]), could result in competitive 

adsorption of CH4 and H2 for Rh active sites, which could have an influence on the relative 

impact of the rWGS in the overall reaction scheme. Wei and Iglesia proposed that low metal 

dispersions in Rh/Al2O3 catalysts result in low CH4 turnover rates [35], which might be the 

reason why Forzatti and co-workers did not observe a significant effect of co-feeding H2 in their 

methane dry reforming tests. 
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Figure 5-4: Effect of H2 content in the feed in the dry reforming of biogas at (a) 750, (b) 725 and (c) 

700ºC, at 700 N L CH4/gcat·h. Comparison of model CH4 and CO2 conversion, CO selectivity and 

H2 yield (lines) with experimental results (symbols). 

5.3.3.4 Effect of CO co-feeding 

The CO co-feeding effect on biogas conversion and syngas selectivity was studied at GHSV of 

700 N L CH4/(gcat·h) and temperatures between 700 and 750 ºC. Figure 5.5 presents the 

experimental and model CH4 and CO2 conversions, CO yield and H2 selectivity for all three 

temperatures studied. 
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Nearly doubling the CO content in the feeding stream (from 9 to 19 %) resulted in a decay in 

CO2 conversion as well as decreased H2 and CO yields, whereas CH4 conversion presented a 

very slight decrease. Furthermore, adding CO resulted in a decay in CO selectivity from around 

100 % (no CO co-fed) to values between 90 and 80 %. In contrast, increasing the CO content in 

the feed did increase H2 selectivity. This, together with the decay in CO2 conversion could be a 

consequence of hindering the rWGS. As for CH4 conversion, adding CO to the feed did not have 

any significant effect, which is in agreement with previous studies [35,48]. 

 

Figure 5-5: Effect of the CO content in the feed over reaction temperature in the dry reforming of 

biogas at 700 N L CH4/gcat·h. Comparison of model CH4 and CO2 conversion, H2 selectivity and 

CO yield (lines) with experimental results (symbols). 

 Model evaluation 

5.3.4.1 Kinetic relevance of reaction steps 

In order to determine the kinetic relevance of elementary steps, the pre-exponential factors of 

each individual surface reaction pair, calculated by transition state theory, were varied by a small 

fraction of their base value. The effect of the variation on the conversion of the reactants was 

quantified by calculating normalised sensitivity coefficients. Figure 5.6 shows the sensitivity 

analysis results for both CH4 and CO2 conversion. For CH4, the sensitivity analysis recognizes 

the dehydrogenation of CH3* (R17) as the most important reaction step with all others not 

exhibiting significant kinetic relevance at the conditions modelled. Similar observations were 

reported in previous studies, e.g. of the microkinetic model by Maestri et al. [49] for methane 

conversion to syngas over Rh/Al2O3, and the density functional theory (DFT) analysis of dry 
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reforming of methane (DRM) over Ni performed by Wang et al. [65]. For CO2, three main paths 

of activation are considered in the model, namely its direct decomposition to CO (R57), and two 

H-mediated pathways leading to the formation of COOH* (R72) and HCOO* (R80). The 

sensitivity analysis clearly identifies the former of the three (R57) as the most kinetically 

important; however, interestingly, CH3* dehydrogenation is revealed as the overall most 

sensitive step even in the case of CO2 conversion. This finding is explained considering that the 

dissociation of CO2 produces CO* and O* and OH* species. Whilst CO* can proceed to desorb, 

forming gas phase CO, the O* and OH* with strong adsorption enthalpies of 453.68 and 252.10 

kJ/mol, respectively, accrue on the surface and negatively affect the equilibrium of the 

dissociation reactions. The reforming pathway involving the products of the CH4 

dehydrogenation provides a route for the consumption of surface O* and OH*. Similarly, the H* 

species required for the H-mediated CO2 dissociation are obtained solely from the CH4 

dehydrogenation pathway. 

H2 co-feeding had little impact on the sensitivity analysis results, with the CH3* dehydrogenation 

still being identified as the most kinetically important step. Nonetheless, the H-mediated CO2 

decomposition reaction steps showed a slightly increased relevance, in line with the discussion 

in Section 5.3.3.3 on the promotion of the rWGS. The enhanced COOH* and HCOO* formation 

and their subsequent dissociation in turn leads to increased availability of O* and OH* species 

which react with CH4 derived species to enhance the production of CO in agreement with the 

experimentally observed increased conversion of CH4 and CO2 during H2 co-feeding. These 

observations are further elaborated in the next section. 
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Figure 5-6: Sensitivity analysis of pre-exponential factors of the microkinetic model reactions 

shown in Table 5.2, for both pure DRM and 20% H2 co-feeding DRM. Base values of pre-

exponential factors are calculated using transition state theory as described previously [62]. 

Conditions: 750°C, CH4/CO2 = 1.35, GHSV = 700 NL CH4/gcat·h. 

5.3.4.2 Reaction pathway analysis 

In order to elucidate the importance and kinetic relevance of reaction pathways, a differential 

contribution analysis at the outlet of the catalyst bed was conducted. The net formation rates of 

all carbon containing species are utilised in estimating their conversion percentages to other 

compounds. Results of the analysis are presented in Figure 5.7 and are discussed below. 

According to the model predictions, CH4 adsorbs dissociatively on the surface of the catalyst 

(R1), forming CH3* surface species that further dehydrogenate towards CH2* (R17). The latter 

reaction, as discussed in the previous section, was identified as the most kinetically relevant at 

these conditions. The dominant route proceeds via the dehydrogenation of CH2* to form CH* 

surface species (R19) with a high contribution of 90.6%, followed by the exclusive 

dehydrogenation of CH* towards C* (R21). Similar findings were reported by Fan et al. [54], 

who presented a comprehensive microkinetic and DFT study of methane dry reforming over a 

Ni catalyst wherein the dominant pathway involved the exclusive dehydrogenation of CH4 up to 
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the bare carbon atom. CO2 following molecular adsorption on the catalyst surface (R15), 

decomposes directly to form CO* and O* (R57) with a high contribution percentage of 99.5%. 

The surface C* species react with formed O* to exclusively form CO* (R60), which desorbs 

molecularly (R14). 

The other carbon containing species considered in the model are not involved in the primary 

conversion pathway but still influence the selectivity distribution. The formed CH2* surface 

species also react with O* to form CHO* (R55) at a lesser contribution. CHO* dissociates 

primarily to CO* and H* (98%) via R43 and at a much smaller percentage to CH* and O* via 

R41. Adsorbed CO2 also reacts with H* to form COOH* (R72) that exclusively converts to CO* 

(R69). 

The main pathway discussed above is not altered by the co-feeding of H2. Nonetheless, a change 

in the respective contributions of the CO2 decomposition pathways is observed, with all H-

mediated routes having a slightly increased relevance as also indicated in Figure 5.7. 
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Figure 5-7: Contribution analysis at the end of the catalyst bed for pure DRM (regular black fonts) 

and for 20 % H2 co-feeding DRM (underlined purple italics). Net production rates are considered 

in calculating contribution percentages of carbon containing species towards other species. Colour 

mapping from blue to red on lines indicates increasing contribution percentages. Line thickness 

indicates relative magnitude of the reaction rates. Conditions: 750°C, CH4/CO2 = 1.35, GHSV = 700 

NL CH4/gcat·h. 

5.3.4.3 Effect of products co-feeding 

The effect of H2 co-feeding on surface coverage is analysed to further elaborate its intrinsic 

impact on the reaction mechanism. Changes in the partial coverages of H* and CO* at the start, 

middle and end of the catalyst bed, as the amount of H2 in the feed stream is altered, are displayed 

in Table 5.3. 



133 

 

The model results reveal that the H2 fed to the reactor adsorbs onto the catalyst surface and 

indeed further participates in surface reactions. As the H2 concentration in the feed increases, the 

partial coverage of the H* species at the start of the catalyst bed is found to rise drastically. H* 

partial coverage values higher than 10% at the largest H2 inlet fraction tested are reached, which 

are almost two orders of magnitude higher to the case of pure DRM. In all cases, across the 

catalyst bed, as also evidenced by the respective partial coverage decline, H* is consumed in 

surface reactions and associatively desorbs as molecular H2. Concurrently, the addition of H2 in 

the feed stream is also seen to cause a rise in the partial coverage of CO*. Under pure DRM 

conditions, the latter is found to rise gradually along the catalyst bed reaching maximum values 

of about 10%, while under co-feeding conditions it is seen to approximate values as high as 40% 

at the largest H2 inlet fraction evaluated. 

The increased availability of H* on the surface enhances the H-mediated CO2 decomposition 

reactions, leading to higher CO* production, an effect equivalent to promoting rWGS activity, 

as discussed in Section 5.3.3.3. These decomposition pathways, involving COOH* and HCOO*, 

also enhance the production of O* and OH* species that further react with C* species originating 

from the dehydrogenation of CH4. These model trends agree well with the experimentally 

observed increase in the conversion of both CH4 and CO2 reactants with H2 co-feeding. 

Experimentally, the reactants conversion continues to rise with increasing H2 co-feeding, until it 

reaches a maximum at about 20% of H2 content in the feed. After this point, it is seen to plateau 

or slightly decrease, depending on temperature, with the drop in CH4 conversion being more 

evident than that in CO2. The modelling results attribute these experimental observations to the 

effect that H2 co-feeding has on the coverage of CO*. At low H2 inlet concentrations, the increase 

in CO* coverage is not high, hence the promoting effects on rWGS and SRM discussed above 

are obtained. At the highest H2 inlet concentration tested of 33%, though, the coverage of CO* 

is high enough to negatively affect these pathways due to surface saturation. The H-mediated 

consumption of CH4 is a secondary pathway in comparison to the H-mediated CO2 consumption 

under H2 co-feed conditions (for CHx* species to react with O* or OH* formed by CO2* 

decomposition, CO2* react with H* has to precede). As a result, these secondary pathways are 

the first to be affected by any saturation effects, explaining further why experimentally CH4 

conversion is seen to be impacted more than that of CO2.  
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Table 5.3: Partial surface coverages for H* and CO* at different locations of the catalyst bed. 

Conditions: 750°C, CH4/CO2 = 1.35, GHSV = 700 NL CH4/gcat·h. 

Location in catalyst bed % H2 in feed H* partial coverage CO* partial coverage 

Start of bed 

0 

3.70×10-3 3.27×10-3 

Middle of bed 2.24×10-3 9.24×10-2 

End of bed 1.17×10-3 0.1424 

Start of bed 

10 

2.29×10-2 4.06×10-3 

Middle of bed 6.91×10-3 0.1448 

End of bed 4.54×10-3 0.2179 

Start of bed 

20 

9.64×10-2 7.12×10-3 

Middle of bed 4.64×10-2 0.2164 

End of bed 8.97×10-3 0.3014 

Start of bed 

33 

0.1106 1.25×10-2 

Middle of bed 9.37×10-2 0.2626 

End of bed 6.77×10-2 0.3806 

 

In the case of CO co-feeding the experimental results show that there is an immediate negative 

impact on the conversion of CO2 at all CO inlet concentrations studied, with the impact on CH4 

conversion being much milder. The changes in the partial surface coverage of CO* and H* with 

the varying CO co-feeding rates are displayed in Table 5.4. The partial coverage of CO* at the 

start of the bed shows a sharp increase of almost two orders of magnitude when the content of 

CO in the feed is increased from 0 to 9 %. The increased CO* coverage negatively affects the 

rWGS equilibrium, reducing the decomposition rate of CO2 leading to the decay in CO2 

conversion. A slight decrease in CH4 conversion noticeable can be attributed to the saturation 

effect of the surface CO* reducing the availability of sites for CH4 dehydrogenation.  

When the CO in feed is further increased to 19 %, a larger decay in CO2 conversion coinciding 

with a larger partial coverage of CO* at all points on the bed was observed. This would lead to 

a larger negative effect on the rWGS thereby reducing the consumption of H2. This explains the 

experimentally observed lower conversion of CO2, higher selectivity for H2 and the reduced yield 

of CO. 
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Table 5.4: Partial surface coverages for H* and CO* at different locations of the catalyst bed. 

Conditions: 750°C, CH4/CO2 = 1.35, GHSV = 700 NL CH4/gcat·h. 

Location in catalyst bed % CO in feed H* partial coverage CO* partial coverage 

Start of bed 

0 

3.70×10-3 3.27×10-3 

Middle of bed 2.24×10-3 9.24×10-2 

End of bed 1.17×10-3 0.1424 

Start of bed 

9 

2.18×10-3 0.1068 

Middle of bed 1.62×10-3 0.2581 

End of bed 1.17×10-3 0.4136 

Start of bed 

19 

1.67×10-3 0.2124 

Middle of bed 9.42×10-4 0.3614 

End of bed 7.17×10-4 0.4762 

 

5.3.4.4 Model parameters sensitivity  

A sensitivity analysis was also performed to identify the significance of the parameters of the 

microkinetic model, namely of the adsorption enthalpies. The normalised sensitivity coefficients 

calculated for the outlet molar fractions of the reactants when the model parameters are perturbed 

by 1 % of their base value (Table 5.5) are presented in Figure 5.8. From the analysis, it can be 

concluded that the adsorption enthalpy of CH2 is the most sensitive model parameter, having a 

positive impact on the conversion of both reactants. This is in line with the earlier identified 

kinetically relevant step R17 producing CH2*, and with UBI-QEP, which predicts an activation 

energy decrease for reactions whose products’ adsorption enthalpies increase. In this regard, the 

increase in CH2 adsorption enthalpy and the reduction of the barrier of step R17 enhances the 

conversion of the reactants. The adsorption enthalpy of CH3 is also seen to have a positive effect 

on the conversion of both reactants, in this case due to the increase in the CH3* surface coverage, 

which in turn enhances the rate of reactions the latter participates in as a reactant. Similar effects, 

but to a lesser extent, are observed for the chemisorption enthalpies of CH and C, with their 

increased adsorption enthalpy providing an overall enhancement of the dominant pathway. 

The adsorption enthalpy of CO is identified to have a most significant negative influence on the 

conversion of reactants, particularly of CO2, with the stronger binding of CO found to lead to the 

progressive saturation of the catalyst surface. This effect is analogous to the previously discussed 
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influence of CO co-feeding. Its increased impact on CO2 versus CH4 conversion is further in line 

with the experimental trends discussed in Section 5.3.3.4. 

 

Figure 5-8: Model parameters sensitivity analysis for reactants outlet fractions. Base values for the 

parameters are shown in Table 5.5. Operating conditions: 750°C, CH4/CO2 = 1.35, GHSV = 700 NL 

CH4/gcat·h. 

5.3.4.5 Estimated model parameters evaluation 

Table 5.5 shows the final estimated values for the parameters of the microkinetic model 

presented in Table 5.2 along with their 95 % confidence intervals. The initial values of the 

adsorption enthalpies of most of the species were obtained from the previous work on CH4 steam 

reforming [13]. The values for HCOO and HCHO were obtained from DFT studies [55]. Based 

on the results of the sensitivity analysis the parameters that showed little or no sensitivity were 

fixed at literature values. The squared multiple correlation coefficient value obtained for the 

regression was close to unity (R2 = 0.964), which coupled with the high F-value (346.08) for the 

global significance of regression (tabulated value = 3.01), confirms the model’s good statistical 

performance. 

The values of all model parameters used, including the chemisorption enthalpies and Floc fitting 

factors, all conform to physically realistic values, providing confidence that the respective 

activation energies and overall rates of surface pathways are realistically represented. To further 

support the quality of the model predictions, the developed model was also used to simulate the 

CH4 steam reforming over Rh catalyst experimental data from a previous study [13]. Only with 

minor changes to model parameter values, a good description of that data set was achieved. The 
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resulting parity diagram, found in the supplementary information, shows a satisfactory 

agreement between the model results and experimental data and further highlights the 

commonality of the reaction mechanism under steam and dry reforming conditions. The results 

of the present work further underline the ability of the model to be used for predicting the 

behaviour of this reaction under a variety of conditions that may occur during transient, recycle 

or feed variable operation. 

Table 5.5: Estimated model parameters. 

 

 

Species Q (kJ/mol) Floc(-) 

CH4 - - 

H2O 61.10 [66] 1.0 

H2 - - 

CO 122.94 ± 1.31 0.984 ± 0.008 

CO2 22.68 ± 0.42 0.926 ± 0.014 

CH3 205.30 ± 2.61 0.891 ± 0.086 

CH2 387.44 ± 4.27 1.0 

CH 558.07 [67–69] 1.0 

C 759.07 ± 0.91 1.0 

CHO 204.49 [67,69] 1.0 

OH 252.10 [67] 1.0 

O 453.68 [67] 1.0 

H 251.25 [67] 1.0 

COOH 253.57 [55] 0.926 

HCOO 282.05 [55] 1.0 

HCHO 92.21 1.0 
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 Conclusions 

A microkinetic model was developed for biogas dry reforming over a 0.5 wt. % Rh/Al2O3 

catalyst in this work. The influence of operating parameters on biogas conversion and on 

selectivity to syngas was studied and evaluated with the microkinetic model developed, 

especially the effect of co-feeding H2 or CO together with the biogas. In the reaction pathway 

predicted, CH4 adsorbs dissociatively and further dehydrogenates. The dehydrogenation of CH3* 

was identified as the most sensitive reaction step for both CH4 and CO2 conversion, as could be 

inferred from the positive impact on CH2* and CH3* adsorption enthalpies. Furthermore, CO2 

activation could follow three different paths, direct decomposition to CO and two H-mediated 

CO2 decomposition reactions, the former being the main activation step, though the respective 

contribution of each one changes slightly when H2 is co-fed. 

Under H2 co-feeding conditions, H2 was adsorbed and consumed on several surface reactions, as 

was observed by the increase on the partial surface coverage of the H* species at the start of the 

catalyst bed, which later decreases as it progresses through the bed. Besides, H2 addition 

enhances H-mediated CO2 decomposition paths, thus causing a rise in the partial coverage of 

CO*, though it could lead to surface saturation at high H2 inlet concentrations. All these effects 

were experimentally observed as an increase on biogas conversion and syngas yield and, 

therefore, as a promoting effect of rWGS and SRM reactions. 

Experimental results showed a detrimental effect of increasing the CO content in the feed on 

CO2 conversion, H2 and CO yields. This effect was attributed to an increase on the partial 

coverage of CO* species at the start and throughout the catalyst bed, which negatively affects 

the rWGS equilibrium and saturates the catalyst surface. 

The microkinetic model developed explained and satisfactorily predicted experimental results 

under a wide range of conditions, as reaction temperature, GHSV and gas feeding composition. 

In addition, the model could also be further validated using data on methane steam reforming 

over the Rh catalyst obtaining a good agreement with experimental results previously obtained 

[13]. Therefore, the validity of the microkinetic model developed in this work has been proven, 

which could have interesting applications in the design and modelling of biogas dry reforming 

reactors under different operation conditions, including recycle or variable feed compositions. 
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Supplementary information 

To further ascertain the validity of this developed model and in turn the validity of the results of 

coverage effects and mechanism alterations caused by co-feeding H2 and CO, the developed 

model was used to simulate previous methane steam reforming experiments over a Rh metal 

catalyst [13]. 

The parity plot showed great agreement between the model predicted results for reactant 

conversions and product selectivities, with minor changes to the model parameters. Thus 

instilling further confidence in the microkinetic model developed and results obtained above. 
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Figure 5-9: Parity diagram for CH4, H2O, H2, CO and CO2. Experimental conditions of steam 

reforming of methane are reported in previous work [13], while modelling results have been 

obtained with parameter values presented in Table 5.5. 

 

 

 

 

 

 

 

 

Preface to Chapter 6 

I was the lead investigator for the project located in this chapter. I was responsible for all major 

areas of concept formation, data collection and analysis, as well as manuscript composition. 

Kechagiopoulos P.N. was the main supervisory author on this project and was involved 

throughout the project in concept formation and manuscript composition. 

The aim of this study was to investigate and provide an intrinsic kinetic and mechanistic 

understanding of the effect of support materials on the ethanol steam reforming mechanism, by 



146 

 

developing a microkinetic model capable of discerning the role of support activity and metal-

support interactions on the reaction pathway and mechanism. This addresses the fourth objective 

of this thesis. The important role support materials play in the activity and stability of catalysts 

used for ethanol steam reforming was discussed in Chapter 2. Additionally, the importance of 

microkinetic modelling of bifunctional reaction mechanisms has been discussed in literature and 

was presented in Chapter 2. 

The mean-field microkinetic model developed in Chapter 4 and improved in Chapter 5 was used 

as the basis for the formulation of this model. The model is expanded by implementing an 

additional catalytic site for adsorption/desorption and surface reactions of species. To initialise 

the DAE system, the initial values of surface partial coverages are obtained by evolving both 

clean catalytic sites towards steady state.  

In the model a representative number of active sites for both surfaces have been included. The 

number of sites are estimated in such a way as to mimic the ratios of the number of metal and 

support sites in a real catalyst. 

The active site density, surface area and the dispersion of the metal catalysts were experimentally 

determined just like in the case of the metal dominated model in Chapter 4. For the support site, 

geometrical calculations were performed assuming a hemispherical particle with optimal 

packing of Ni atoms. The known dispersion was used as the basis giving the ratio of Ni atoms in 

the surface to Ni atoms in the volume. The calculations below then give the ratio of support sites 

to metal sites based on the diameters of both. Similar geometric estimations were performed in 

the work of Kauppinen et al. [43]. 

 

 

Geometric estimation of support site density 
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Assuming perfect spherical geometry for both Ni and Support  

With a known dispersion correlating to the ratio of 

  

1.2% =
𝑁𝑖 𝑖𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑁𝑖 𝑖𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
(1) 

𝑁𝑖𝑐𝑘𝑒𝑙𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =
0.5 ∗ 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑠𝑝ℎ𝑒𝑟𝑒

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑁𝑖 𝑎𝑡𝑜𝑚 𝑠𝑝ℎ𝑒𝑟𝑒
(2) 

𝑁𝑖𝑐𝑘𝑒𝑙𝑣𝑜𝑙𝑢𝑚𝑒 =
0.5 ∗ 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑠𝑝ℎ𝑒𝑟𝑒

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑁𝑖 𝑎𝑡𝑜𝑚 𝑠𝑝ℎ𝑒𝑟𝑒
(3) 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑁𝑖 𝑎𝑡𝑜𝑚 𝑠𝑝ℎ𝑒𝑟𝑒 = 𝜋 𝑑 − 𝑁𝑖 (4) 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑠𝑝ℎ𝑒𝑟𝑒 = 𝜋 𝐷 − 𝐶𝑟𝑦𝑠𝑡𝑎𝑙 (5) 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑁𝑖 𝑎𝑡𝑜𝑚 𝑠𝑝ℎ𝑒𝑟𝑒 =
4

3
𝜋 (𝑑 − 𝑁𝑖)3 (6) 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑠𝑝ℎ𝑒𝑟𝑒 =
4

3
𝜋 (𝐷 − 𝐶𝑟𝑦𝑠𝑡𝑎𝑙)3 (7) 

Solving the equations for the crystal and Ni diameters we find d-Ni = 1, D-Crystal = 325 

The ratio of number of active sites on support to that of Ni can be estimated as 325:1. 

However, the Ceria only constitutes 17% of the total support crystal sites, thus the number of 

support active sites is adjusted to: 

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑁𝑖 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 ∗ 325 ∗ 0.17 (8) 

The key assumption made to simplify the model development process is that the dominating 

catalytic effect of the mixed oxide support observed can be streamlined into the Ceria’s ability 

to provide mobile surface oxygen and active sites for steam activation. The other oxides provide 

improved surface dispersion for the metal. Also, the zirconia tends to have a similar effect to 

ceria as the results of the experiments show, thus, to account for the possibility of the other oxides 

adding to the activity of the support, the active site density calculated for ceria is selected as a 

model parameter and a pre-emptive sensitivity analysis was done to determine how much of an 

impact the density of support sites has on the reactant conversion and product selectivities. It 

D-Crystal 

Figure 6.0: Top view of assumed geometry of catalyst 
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was determined that the effect is negligible even when site density was doubled, this was mainly 

due to the fact that the transfer of surface oxygen to the metal site was non-activated and fast, so 

the effect of the support did not change much based on the support site density. 
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Abstract 

A bifunctional microkinetic model for ethanol steam reforming (ESR) over a Ni catalyst 

supported by a CeO2 containing mixed oxide discerning the effects of the support material is 

presented for the first time and validated against experimental data. A single site microkinetic 

model based on the activity of the Ni metal alone provided a limited fit with the experimental 

kinetic data, revealing the need to consider the bifunctional mechanism of the reaction into the 

model. The thermodynamically consistent bifunctional model developed, considering two 

different adsorption sites, correctly described the experimental trends over a wide range of 

conditions. The kinetically relevant steps are found to be occurring in the ethanol 

dehydrogenation pathway with the initial dehydrogenation towards 1-hydroxyethyl taking 

prevalence. The analysis of oxidative and thermal dehydrogenation reaction classes showed that 

the former does not contribute to the relevant kinetic dehydrogenation step and only becomes 

relevant after the formation of acetyl intermediate. The abundance of O species on the metal, due 

to the support’s activity, and the consequent increased contribution of oxidative dehydrogenation 

caused the C-C bond scission to occur later in the dehydrogenation pathway at the CCO 

intermediate via its reaction with surface O species towards CO. The model discerns the 

alterations to the overall reaction mechanism caused by the support activity, whilst correctly 

explaining the lack of participation of water derived species from the kinetically relevant reaction 

step. 
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6.1 Introduction 

There has been a considerable amount of experimental research addressing the catalytic steam 

reforming of ethanol for the production of renewable hydrogen in the frame of a future 

sustainable hydrogen economy. Most of these works have focused on developing supported 

metal catalysts with high reforming activity and stability. To date, there are also ample 

mechanistic, kinetic and microkinetic analyses of the ethanol steam reforming process (ESR), 

mainly elucidating the effect of the metal catalyst on the reaction pathway. Akande et al. [1] 

developed a kinetic model for ESR over a Ni/Al2O3 catalyst assuming an Eley-Rideal mechanism 

at the low temperature range of 350-550°C. The dissociative adsorption of ethanol on the active 

metal sites was found as the rate determining step, however, the proposed model and reaction 

mechanism did not account for the formation of known primary products or intermediates such 

as acetaldehyde. The isotopic investigation of Gates et al. [2] on the decomposition of ethanol 

on a Ni(111) surface in the absence of water, as well as the periodic DFT calculations performed 

by Wang et al. [3] have elaborated on the decomposition pathways of ethanol over various metal 

(111) surfaces including Ni. It was shown that decomposition on Ni, proceeds via an initial O-H 

bond cleavage leaving an adsorbed ethoxy species (CH3CH2O*), followed by dehydrogenation 

to acetaldehyde and, eventually, a C-C cleavage, leading to the formation of CHx and CO. Using 

DFT calculations and BrØnsted-Evans-Polyani correlations for the decomposition of ethanol 

over Pt, Rh, Pd, Ru and Ir, Ferrin et al. [4] found the C-C cleavage in all active surfaces to occur 

at the ketenyl (CH2CO*) intermediate. This was supported by the findings of Sutton et al. [5] 

during the combined DFT, microkinetic and experimental study of ethanol steam reforming over 

Pt, who found that the likely decomposition pathway occurred via an initial α-H abstraction 

leading to an adsorbed 1-hydroxyethyl (CH3CHOH*) surface species. Further dehydrogenation 

steps occurred until C-C cleavage took place at the ketenyl (CH2CO*) intermediate. The results 

from our previous works on the experimental and microkinetic analysis of ethanol steam 

reforming over Ni/SiO2 catalyst [6,7], suggested the decomposition mechanism of ethanol over 

Ni during reforming to resemble the aforementioned pathway over Pt. 

Very few kinetic modelling studies are available in literature focusing on the identification and 

elucidation of the effect of support materials on the adsorption and reaction mechanism of ESR. 

Graschinsky et al. [8] performed a kinetic study of ethanol steam reforming over Rh catalyst 

supported on a spinel structure MgAl2O4/Al2O3. Through their initial rate method analysis, they 

found that the rate determining step was a surface reaction involving two active sites of the same 

type. Nonetheless, the specific nature of the active sites was not identified. In the kinetic analysis 

of ethanol steam reforming over Ir/CeO2 performed by Wang et al. [9], it was found that a model 
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based solely on the metal sites did not provide good agreement with the experimental results. A 

bifunctional model, following the Langmuir-Hinshelwood formalism, including both metal and 

support active sites and considering only reactions involving both sites provided satisfactory 

agreement with the experimental results. It was assumed that both reactants were initially 

adsorbed on the support surface and the Ir active sites were required for the formation and 

desorption of CO and H2.  

The nature and functionality of support materials can enhance activity in multiple ways, 

including enabling alternate reaction pathways or increasing stability against coke deposition on 

the metal [10,11]. It is, therefore, important to obtain an intrinsic mechanistic understanding of 

the role support materials in ESR. In this work, a comprehensive microkinetic model for ethanol 

steam reforming that incorporates the effect of the active sites on the support material and the 

possible reaction pathways and interactions between metal and support active sites is proposed 

and validated using kinetic data obtained over a Ni catalyst on a CeO2 containing support. The 

work expands on the previous study on ethanol steam reforming over Ni/SiO2, providing insight 

into the possible adsorption and reaction pathways on the support and the effect of these on the 

overall process reaction mechanism. A unified kinetic view on the ESR mechanism is obtained. 

 

6.2 Procedures 

6.2.1 Experimental details 

The experimental data used in this study were obtained from the work of Zhurka et al. [12]. 

Experiments were carried out in a fixed bed reactor setup over a Ni/CeO2-ZrO2-La2O3 catalyst 

under explicit kinetic control. The kinetic dataset covers the effect of temperature and partial 

pressure of reactants across a wide range. The effect of the support material is attributed 

primarily to the presence of CeO2 in the mixed oxide thanks to its oxygen mobility. This in line 

with the experimental results in [12], where the performance of a Ni/ZrO2-La2O3 catalyst largely 

followed the trends observed over a Ni/SiO2 catalyst, while critical selectivity and activity 

enhancements were obtained with the CeO2 containing catalyst. A summary of the operating 

conditions and catalyst properties is provided in Table 6.1, with more details being available in 

the original publication. 
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Table 6.1: Experimental operating conditions and catalyst properties [12] 

Catalyst Ni/CeO2(17%) - ZrO2 - La2O3(5%) 

Ni loading (wt%) 10% 

Ni dispersion (%) 1.2% 

Specific surface area (m2/g) 37.17 

Catalyst weight per experiment (g) 0.08 

Temperature (°C) 300-550 

Partial pressure of ethanol (bara) 0.06-0.37 

Partial pressure of water (bara) 0.26-1.56 

W/FEth,t0 (gcat s geth
-1) 91.88 

 

6.2.2 Model formulation 

The microkinetic model for ethanol steam reforming over Ni/CeO2 containing mixed oxide 

support catalyst implemented in this work closely follows the procedures described in our 

previous work [7], hence only the main features and additions relating to the bifunctional aspect 

of the model are highlighted here. For all surface reactions, the reaction entropy and enthalpy 

are correlated to the corresponding gas phase reaction entropy and enthalpy in order to maintain 

thermodynamic consistency in line with the work of Kechagiopoulos et al. [13]. The enthalpy of 

surface species is obtained by deducting the chemisorption enthalpy of the species from the 

equivalent gas phase species enthalpy, with the chemisorption enthalpy being temperature 

dependent based on degrees of freedom lost or gained during adsorption or desorption as 

described in Mhadeshwar et al. [14]. The entropies for adsorbed species are estimated by 

deducting their standard three-dimensional translational entropy Strans,3D from the gas phase 

entropy. A fitting factor Floc, which represents the fraction of rotational and vibrational entropy 

of the gas phase molecule that remains after adsorption, as described in Grabow et al. [15], is 

included in the estimation of surface species entropy. The fitting factor is part of the list of model 

parameters and is accounted for according to equation 5.8. 

The rates of elementary reaction steps are calculated using the law of mass action and Arrhenius 

rate equation. Collison theory is used for the estimation of the pre-exponential factor values of 

forward adsorption steps, while transition state theory is used to estimate those of surface 

reactions [16]. The reverse reaction pre-exponential factors are calculated through the 

preservation of entropic thermodynamic consistency. The activation barriers for forward surface 
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reactions are calculated using the UBI-QEP method [17,18], while barriers of reverse reactions 

are calculated through enthalpic thermodynamic consistency. Adsorption reaction steps are 

considered non-activated. 

In order to account for the support effect an additional type of active site is included in the 

microkinetic model. Adsorption/desorption and surface reaction steps may occur on these sites, 

similarly using the law of mass action, Arrhenius rate equation and thermodynamic consistency 

calculations described previously. The active site density and surface area of the Ni metal catalyst 

were experimentally determined [19]. The density of the support site was estimated using 

geometric assumptions with the known dispersion of 1.2% as a basis. The dispersion gives the 

ratio of Ni on the surface to Ni in the support crystal volume and from this an assumption of 

spherical crystal geometry is used to determine the ratio of Ni atoms support. For the 1.2% 

dispersion, the ratio of Ce sites to Ni sites was found as 55.25:1. A more detailed explanation is 

given in the preface to this chapter. The support site density calculated via this method was 

nonetheless subjected to a sensitivity analysis based on the reactions involving support sites, 

revealing a negligible effect on the conversion and product formation. The DDASPK solver [20] 

was used to integrate the differential and algebraic equations system that describes the evolution 

of molar flowrates of gas phase molecules, and partial coverages and respective balances on both 

types of active sites. Empty surfaces for both metal and support active sites are integrated 

towards steady state coverage at the inlet of the reactor in order to obtain the partial coverages 

for all surface species used to initialise the DAE system. The model parameters; chemisorption 

enthalpies and entropy fitting factor are estimated using Rosenbrock [21] and Levenberg-

Marquardt [22] optimisation algorithms through regression of experimental data. 

 

6.2.3 Surface reaction network description 

A network of 82 elementary reaction steps occurring on two types of active sites with different 

active site densities, involving 26 surface species and 7 gaseous molecules, is considered for this 

model. The proposed bifunctional network the ESR over Ni/CeO2 contains various possible 

reaction pathways (Table 6.2).  
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Table 6.2: Microkinetic model for ethanol steam reforming on Ni/CeO2. Activation barriers are 

calculated using the model parameters shown in Table 3 via UBI-QEP and pre-exponential factors 

calculated via transition state theory as described in Section Model formulation and computational 

details. Arrhenius equation used of form 𝐑𝐢
𝐟 = 𝐀𝐢 ∗  𝐞−𝐄𝐚,𝐢/𝐑𝐓. 

No. Reaction 𝐸𝑎 (kJ mol-1) 𝐴 (s-1) 

R1 CH3CH2OH + * → CH3CH2OH* 0.00 3.06  10+04 

R2 CH3CH2OH* → CH3CH2OH + * 43.49 3.55  10+13 

R3 H2O + * → H2O* 0.00 5.32  10+04 

R4 H2O*  → H2O + * 53.07 1.37  10+13 

R5 H2 + 2* → H* + H* 30.92 1.47  10+05 

R6 H* + H* → H2 + 2* 97.58 4.41  10+12 

R7 CH4 + 2* → CH3* + H* 55.53 5.19  10+04 

R8 CH3* + H* → CH4 + 2* 57.10 2.34  10+12 

R9 CO + * → CO* 0.00 3.93  10+04 

R10 CO* → CO + * 98.74 2.16  10+13 

R11 CO2 + * → CO2* 0.00 3.14  10+04 

R12 CO2*  → CO2 + * 20.97 3.40  10+13 

R13 CH3CHO + * → CH3CHO* 0.00 3.13  10+04 

R14 CH3CHO* → CH3CHO + * 74.52 3.36  10+13 

R15 CH3CH2OH* + * → CH3CHOH* + H* 58.92 7.83  10+12 

R16 CH3CHOH* + H* → CH3CH2OH* + * 42.61 1.51  10+13 

R17 CH3CH2OH* + * → CH3CH2O* + H* 74.72 1.00  10+12 

R18 CH3CH2O* + H* → CH3CH2OH* + * 36.81 1.93  10+13 

R19 CH3CHOH* + * → CH3CHO* + H* 53.73 1.91  10+11 

R20 CH3CHO* + H* → CH3CHOH* + * 3.86 1.42  10+13 

R21 CH3CH2O* + * → CH3CHO* + H* 45.63 1.91  10+11 

R22 CH3CHO* + H* → CH3CH2O* + * 17.28 1.42  10+13 

R23 CH3CHOH* + * → CH3COH* + H* 46.07 1.91  10+11 

R24 CH3COH* + H* → CH3CHOH* + * 29.65 1.42  10+13 

R25 CH3COH* + * → CH3CO* + H* 20.14 1.51  10+13 

R26 CH3CO* + H* → CH3COH* + * 87.78 5.64  10+11 

R27 CH3CHO* + * → CH3CO* + H* 3.41 1.10  10+12 

R28 CH3CO* + H* → CH3CHO* + * 104.50 3.38  10+13 

R29 CH3CO* + * → CH3* + CO* 11.82 1.00  10+11 

R30 CH3* + CO* → CH3CO* + * 67.01 2.10  10+12 

R31 CH3CO* + * → CH2CO* + H* 50.90 4.24  10+13 

R32 CH2CO* + H* → CH3CO* + * 9.47 1.66  10+13 
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R33 CH2CO* + * → CH2* + CO* 0.00 7.43  10+11 

R34 CH2* + CO* → CH2CO* + * 76.55 1.93  10+12 

R35 CH2CO* + * → CHCO* + H* 81.57 1.15  10+13 

R36 CHCO* + H* → CH2CO* + * 40.29 1.65  10+12 

R37 CHCO* + * → CH* + CO* 0.00 5.18  10+11 

R38 CH* + CO* → CHCO* + * 107.61 3.74  10+12 

R39 CHCO* + * → CCO* + H* 97.42 2.18  10+11 

R40 CCO* + H* → CHCO* + * 31.72 1.34  10+12 

R41 CH3CO* + O* → CH2CO* + OH* 52.01 1.54 x 10+13 

R42 CH2CO* + OH* → CH3CO* + O* 35.86 3.88 x 10+13 

R43 CH2CO* + O* → CHCO* + OH* 76.16 1.55 x 10+13 

R44 CHCO* + OH* → CH2CO* + O* 48.38 1.45 x 10+12 

R45 CHCO* + O* → CCO* + OH* 94.22 5.06 x 10+12 

R46 CCO* + OH* → CHCO* + O* 81.93 5.22 x 10+11 

R47 CCO* + O* → CO* + CO* 0.00 4.47 x 10+11 

R48 CO* + CO* → CCO* + O* 211.79 5.32 x 10+11 

R49 COOH* + * → CO* + OH* 44.88 7.56  10+10 

R50 CO* + *OH → COOH* + * 24.87 1.10  10+12 

R51 COOH* + * → CO2* + H* 0.79 1.42  10+11 

R52 CO2* + H* → COOH* + * 18.58 1.54  10+13 

R53 CO2* + * → CO* + O* 40.24 1.93  10+12 

R54 CO* +O* → CO2* + * 55.93 1.15  10+13 

R55 CH3* + * → CH2* + H* 88.00 1.03  10+13 

R56 CH2* + H* → CH3* + * 64.97 7.38  10+12 

R57 CH2* + * → CH* + H* 90.89 8.03  10+12 

R58 CH* + H* → CH2* + * 82.75 3.19  10+13 

R59 CH2* + O* → CHO* + H* 76.37 3.58  10+10 

R60 CHO* + H* → CH2* + O* 27.08 6.79  10+12 

R61 CHO* + * → CO* + H* 0.00 6.60  10+11 

R62 CO* + H* → CHO* + * 81.97 1.67  10+13 

R63 CH2* + O* → HCHO* + * 22.27 2.35  10+10 

R64 HCHO* + * → CH2* + O* 7.80 3.77  10+11 

R65 HCHO* + O* → HCOOH* + * 0.00 2.89  10+12 

R66 HCOOH* + * → HCHO* + O* 94.28 9.75  10+12 

R67 HCOOH* + * → COOH* + H* 36.01 1.70  10+13 

R68 COOH* + H* → HCOOH* + * 88.65 3.10  10+12 

R69 H2O* + * → OH* + H* 93.59 1.44  10+13 
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a represents values obtained in the model using UBI-QEP method and verified as acceptable 

using values from theoretical and experimental publications [23–26]. 

 

Ethanol and water are proposed to molecularly adsorb on the Ni surface (R1-R2 and R3-4, 

respectively). The mode of adsorption of water on CeO2 (stoichiometric or reduced) is a subject 

of enduring debate with varying views having been provided by relevant computational studies. 

Density functional calculations using the generalised gradient approximation (DFT-GGA+U) 

performed by Watkins et al. [25] concluded that water dissociatively adsorbs on stoichiometric 

CeO2 surface and more rapidly dissociates on reduced CeO2. On the other hand, Fronzi et al. 

[23] performed DFT implementing ab initio atomistic thermodynamics approach and concluded 

that the most stable configuration involves molecularly adsorbed water forming two O-H bonds 

on either ideal CeO2 or reduced CeO2 surface, with the latter having a stronger binding energy. 

Molinari et al. [27] using DFT-GGA+U concluded that the dissociative adsorption mode is 

coverage dependent as at higher coverages of water the molecular adsorption is favourable due 

to reduced interaction between the adsorbed molecules. In the current model, water is proposed 

to molecularly adsorb on the ceria surface (R73-74). The adsorbed water on either type of active 

site further dissociates to hydroxyl (OH-S) and hydrogen (H-S) on the support (R75-76) and 

OH* and H* on the metal (R69-70). The hydroxyl formed on the support (OH-S) further 

dissociates to form oxygen (O-S) and hydrogen (H-S), the latter of which associatively desorbs 

to produce gas phase hydrogen via R79-80. All the reactions on the support are made possible 

by the existence of oxygen vacancies that are replenished by these reactions. The mobile oxygen 

species from the support can transfer to the metal sites via a non-activated process R81-82. The 

R70 OH* + H* → H2O* + * 29.02 2.00  10+13 

R71 OH* + * → O* + H* 63.92 3.19  10+13 

R72 O* + H* → OH* + * 98.61 4.90  10+13 

R73 H2O + S → H2O-S 0.00a 4.91  10+04 

R74 H2O-S  → H2O + S 44.53 1.39  10+13 

R75 H2O-S + S → OH-S + H-S 11.92a 1.44  10+13 

R76 OH-S + H-S → H2O-S + S 38.37 2.00  10+13 

R77 OH-S + S → O-S + H-S 0.00a 3.16  10+13 

R78 O-S + H-S → OH-S + S 42.05 4.90  10+13 

R79 H2 + 2S → H-S + H-S 54.86 1.47  10+05 

R80 H-S + H-S → H2 + 2S 71.35 4.41  10+12 

R81 O-S + * → O* + S 0.00 1.00 x 10+13 

R82 O* + S →  O-S + * 0.00 1.00 x 10+00 
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reaction barriers for the support site reactions are calculated using UBI-QEP method. This 

method is mostly used for metals and not metal oxides, therefore, the values obtained are 

compared to those obtained from theoretical and experimental studies of the adsorption and 

dissociation of water on ideal and reduced Ceria. The values were aggregable and acceptable. 

The possible dehydrogenation pathways of ethanol on Ni from our previous work [7] proceeding 

via the O-H abstraction or α-H abstraction forming ethoxy (R17-18) or 1-hydroxyethyl (R15-16) 

are included in the network. Both pathways further lead to the formation of acetyl via consecutive 

dehydrogenation steps described in R19-28. Following acetyl’s formation, alternate pathways 

can take place, including dehydrogenation and oxidative dehydrogenation, and C-C cleavage at 

various stages of dehydrogenation, according to R29-46. The most dehydrogenated species CCO 

can react with O, leading to the production of absorbed CO (R47-48). Water-gas shift (WGS) is 

described in the reaction of CO* with oxygen or hydroxyl surface species towards the formation 

of CO2 in R49-R54. The hydrogenation/dehydrogenation and reforming reactions of CHx* 

formed following C-C cleavage are finally accounted for in R55-R58. Methane and hydrogen 

dissociatively adsorb whilst acetaldehyde and the carbon oxides are adsorbed molecularly. 

 

6.3 Results 

6.3.1 Model validation 

The microkinetic model developed in this work is fully defined on the basis of two sets of 

parameters: chemisorption enthalpies, 𝑄𝑖, and fractions of local entropy, 𝐹𝑙𝑜𝑐,𝑖. Table 6.3 shows 

the final estimated values for the parameters of the microkinetic model after regression along 

with their 95% confidence intervals. The initial values of the adsorption enthalpies of most of 

the species were obtained from the previous work on ESR over Ni/SiO2 [7] that in turn had been 

initialised based on and compared against literature DFT results. The adsorption enthalpies of 

H2O and H on the CeO2 surface, were obtained from literature DFT and experimental studies 

[23,24], whilst the others were initialized at physically realistic values. The fractions of local 

entropy were initialized at arbitrary values, again within physically realistic limits (≲ 1). Based 

on the results of the sensitivity analysis the parameters that showed little or no sensitivity were 

fixed at literature values. The squared multiple correlation coefficient value obtained for the 

regression was close to unity (𝑅2  =  0.916), which coupled with the high F-value (266.08) for 

the global significance of regression (tabulated value = 3.01), confirm the model’s good 

performance. The values of all model parameters used, including the chemisorption enthalpies 

and 𝐹𝑙𝑜𝑐 fitting factors, all conform to physically realistic values, providing confidence that the 



159 

 

respective activation energies and overall rates of surface pathways are well represented. This 

section focuses on the model’s description of the experimentally obtained results. 

 

Table 6.3: Estimated model parameters with 95% confidence intervals. Chemisorption enthalpy 

values without confidence intervals were adopted from the literature sources shown and kept fixed, 

while those with confidence intervals were regressed using as initial values the respective literature 

values from the sources shown. 

Species Chemisorption 

enthalpy, 𝑄 (kJ/mol) 

Source for initial or used 

value 

Fraction of local 

entropy, 𝐹𝑙𝑜𝑐 

CH3CH2OH 45.84 [28] 1.0 

H2O 58.94 [29] 1.0 

CO2 25.68 [13,29] 0.978 ± 0.0042 

CH3CHOH 181.4 ± 1.62 [28] 0.991 ± 0.001 

CH3CHO 71.04 [29] 1.0 

CH3CH2O 171.54 [28] 1.0 

OH 242.2 [29,30] 1.0 

H 257.0 [29,31] 1.0 

O 453.0 [13] 1.0 

CH3COH 214.2 ± 1.08 [29] 1.0 

CH3CO 192.4 ± 0.91 [29] 1.0 

CH2CO 84.6 [29] 1.0 

CHCO 283.94 ± 0.62 [29] 1.0 

COOH 250.01 [13] 1.0 

CO 113.44 [13] 0.941 ± 0.012 

CH3 200.48 [13,29] 1.0 

CH2 391.73 [13] 1.0 

CH 556.07 [13] 1.0 

CCO 501.69 [29] 0.989 ± 0.0014 

CHO 206.69 [13] 1.0 
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HCHO 23.68 [30] 1.0 

HCOOH 65.01 [31] 1.0 

H2O-S 54.24 [23,24,32] 1.0 

OH-S 358.6 ± 0.83 [26,33] 1.0 

H-S 150.8 [24] 1.0 

O-S 401.2 ± 2.13  1.0 

 

To underline the need for the consideration of the support’s role on the reaction mechanism, a 

single-site microkinetic model accounting only for the activity on the Ni metal was implemented 

following similar procedures as discussed above and previously [7]. Using this model to describe 

the ESR experimental data obtained over the CeO2 containing Ni catalyst, an overall poor fit 

between the experimental and model results is obtained as evident from the parity plot shown in 

Figure 6-1. Strong quantitative deviations are particularly observed in the description of the 

products formation, reinforcing the necessity of explicitly considering the impact of the support 

on the kinetic pathways, in line with the experimental observations that identified major 

selectivity improvements due to the presence of CeO2 [12]. 
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Figure 6-1: Parity plot comparing experimental product molar flow over Ni/CeO2 with values 

obtained from model based on a single type of active site. 

 

On the contrary, Figure 6-2, presenting the parity diagrams for the reactant and product species 

obtained using the bifunctional microkinetic model, shows an overall satisfactory agreement 

between the experimental results of the ESR over the CeO2 containing Ni catalyst and the model 

predicted results. In order to confirm the consistency of the developed dual-site microkinetic 

model, experimental data over a Ni catalyst supported on inert SiO2 obtained in a previous study 

[6] were also modelled. The same kinetic parameters for the reactions on the Ni metal were used 

in both cases, but for the Ni/SiO2 simulations all reactions on the support were omitted. Again, 

a very good agreement between the experimental and model predicted data was achieved as seen 

in Figure 6-2. The correct description of the outlet molar fraction of the reactants in both cases, 

indicates the accurate consideration of activation and conversion pathways of the primary 

reactants over monofunctional or bifunctional Ni catalysts. 
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Figure 6-2: Parity plot comparing experimental outlet molar flow over Ni/CeO2 (top) and Ni/SiO2 

(bottom) with values calculated from the bifunctional microkinetic model. 
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Performance curves presenting the effect of temperature and the partial pressure of ethanol and 

water on the conversion of ethanol and water, as well as the carbon selectivities towards CO, 

CO2, CH4 and CH3CHO, are displayed in Figure 6-3. It is clear that the bifunctional microkinetic 

model developed is able to reproduce well all experimental trends using the parameters reported 

in Table 6.3, improving significantly on the predictions of the metal only, single site, model. Of 

particular attention in the experimental results was the CO2 carbon selectivity being dominant 

even at low temperatures and further increasing with temperature (Figure 6-3a). Concurrently, a 

decrease in the selectivity of CO and a very low production of CH4 and CH3CHO throughout the 

temperature range studied were noted [12]. These selectivity trends clearly differed from those 

obtained over Ni/SiO2 [6], where at low temperatures the carbon selectivity towards CO, CH4 

and CH3CHO significantly outweighed that of CO2. The experimental results indicated that, even 

at low temperatures, the activity of CeO2 and particularly its well-recognised Oxygen Storage 

Capacity (OSC) and associated high oxygen mobility promoted the secondary WGS and methane 

steam reforming (MSR) reaction pathways. CH3CHO is reported to mostly be a primary product 

in the reaction mechanism [6,34–37], therefore improved conversion and the promotion of 

secondary reactions further led to a much lower affinity for CH3CHO production. These kinetic 

behaviours against temperature are all accurately reproduced by the model in Figure 6-3a, 

indicating that the surface pathways leading to product formation are accurately described. 
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Figure 6-3: Comparison of model predicted conversions and selectivities over Ni/CeO2 catalyst 

(lines) with experimental results (symbols). Operating conditions are indicated on the respective 

panels. 
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Figure 6-3b presents the effect of ethanol partial pressure at constant water partial pressure and 

total pressure, while in Figure 6-3c the effect of water partial pressure at constant ethanol partial 

pressure and total pressure is shown. When the ethanol partial pressure is varied the model 

correctly predicts an increase in the conversion of ethanol and selectivity towards CO2, 

concurrent to a decrease in CO selectivity, in line with experimental observations. The water 

partial pressure variation, again in close agreement with experimental trends, shows a mild 

decrease in the conversion of ethanol, however the selectivity towards CO2 increases whilst that 

of CO declines. In both cases there is minimal production of CH4 and CH3CHO. The observed 

selectivity trends are consistent with the promotion of secondary reaction pathways resulting 

from the enhanced presence of water derived surface species. The conversion profiles suggest a 

positive and slightly negative partial reaction order for ethanol and water, respectively, and are 

in overall agreement to those obtained over the Ni/SiO2 catalyst too. However, the substantial 

production of CO2 even at the very low H2O/C of 1 clearly evidences the role of the CeO2 support 

and the correct accounting of this effect by the model. 

Given the overall good agreement between the model and experimental results across a wide 

range of conditions, the kinetic relevance of reaction steps of the bifunctional mechanism is 

further evaluated in the following section. 

 

6.3.2 Kinetic relevance of reaction steps 

The pre-exponential factors of each individual surface reaction pair, which were calculated by 

transition state theory, were varied by a small fraction of their base value. The effect of this 

perturbation on the conversion of the reactants was quantified by calculating normalised 

sensitivity coefficients. Figure 6-4 shows the results of the pre-exponential factors sensitivity 

analysis on the outlet molar flow of ethanol at 400°C and 450°C and at H2O/C = 3. The most 

important reaction steps identified by the model all occur in the ethanol dehydrogenation 

pathway in agreement with previous studies [5,38,39]. The two most prominent steps are seen 

to be the dehydrogenation of CH3CHOH* to CH3COH* and the subsequent dehydrogenation of 

the latter to CH3CO*, according to R23-24 and R25-26, respectively. These reactions were also 

identified as having the largest kinetic relevance when the experimental data over the Ni/SiO2 

were modelled with the bifunctional model but omitting support site reactions. The findings 

agree with the experimental observations [12] and the discussion in the previous section on the 

positive order of ethanol, suggesting that the activity of CeO2 in the support does not alter the 

overall reaction mechanism.  
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Figure 6-4: Sensitivity analysis of pre-exponential factors of microkinetic model reactions shown in 

Table 6.2, at 400°C & 450°C and H2O/C = 3 for ethanol outlet molar fraction. Base values for pre-

exponential factors are calculated as described in Section Model formulation and computational 

details. 

A positive effect on the conversion of ethanol is also identified for the oxidative dehydrogenation 

of CH3CO* to CH2CO* and the oxidative dehydrogenation of CHCO* to CCO* according to 

reactions R41-42 and R45-46, respectively. Importantly, these reactions show no kinetic 

relevance in the modelled ESR data over Ni/SiO2 as can be seen in the sensitivity analysis figure 

in the supplementary information. The C-C cleavage in the ethanol decomposition pathway has 

been reported to occur at intermediates of different degree of dehydrogenation, namely 
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CH3CHO* [2], CH3CO* [40], CH2CO* [4] or CHCO* [5,41]. The observed increased relevance 

of the oxidative dehydrogenation reactions in this case, indicates that the enhanced presence of 

surface O from the support impacts on the energetics of the dehydrogenation pathway and 

consequently the intermediate at which C-C cleavage occurs. 

The effect of the pre-exponentials perturbation on the outlet molar fractions of CO and CO2 and 

H2 are completely in line with the results of the ethanol sensitivity analysis. R23-24, R25-26, 

R41-42 and R45-46 are the major kinetically relevant steps for the formation of these species, 

all positively affecting their production. For CH4, R41-42 and R45-46 do not display any kinetic 

relevance. As previously discussed, oxidative dehydrogenation reactions were identified to 

promote the dehydrogenation of ethanol and cause the C-C cleavage to occur at the fully 

dehydrogenated CCO* intermediate. This reduces the amount of CHx* present on the surface 

and the likelihood of methane desorbing. The figures of the sensitivity analysis for the outlet 

fractions of all gaseous products can be found in the Supplementary Information. To summarise, 

the sensitivity analysis revealed steps R23-24, R25-26, R41-42 and R45-46 to be the kinetically 

important steps under the simulated conditions. This conclusion will be elaborated in the next 

section, where the reaction steps involved in the overall reaction pathways are probed via a 

contribution analysis. 

 

6.3.3 Reaction pathway analysis 

To elucidate the significance and kinetic relevance of the various reaction pathways, a 

differential contribution analysis at the outlet of the catalyst bed was conducted at the same 

conditions as those in the previous section. The net formation rates of all carbon containing 

species are utilised in estimating their conversion percentages to other compounds. Results of 

the analysis are presented in Figure 6-5 and are discussed below. 
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Figure 6-5: Reaction pathway analysis for ethanol steam reforming over Ni/CeO2 at 400°C and 

H2O/C = 3. Net production rates are considered in calculating contribution percentages of carbon 

containing species towards other species. Colour mapping from blue to red indicates increasing 

contribution percentages. Line thickness indicates the relative magnitude of the rates of the 

reaction. The respective contributions of the thermal and oxidative dehydrogenation reaction 

classes to the dehydrogenation pathway are presented as underlined values in green (top) and 

orange (bottom), respectively, for instances where the contribution is split. 
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Note: the cleavage of CH3CO* also produces CO* with a contribution of 0.8% this arrow was 

removed to keep the figure clean and clear however the minor contribution is accounted for in the 

results. 

According to the model predictions, ethanol adsorbs molecularly via R1, and then exclusively 

converts via an α-dehydrogenation to CH3CHOH*. After the initial dehydrogenation, 

CH3CHOH* continues dehydrogenating forming CH3CHO* and CH3COH* via R19 and R23, 

respectively. The latter is the dominant route, with a predicted contribution of 99.8% to ethanol’s 

conversion. This is in line with the discussion in the previous section which identified R23 as a 

major kinetically relevant reaction step. The formed CH3COH* further dehydrogenates towards 

CH3CO* with a 100% conversion contribution via R25, which was identified in the previous 

section as the step with the highest kinetic relevance. The formed CH3CO* preferentially 

dehydrogenates towards CH2CO* at a high overall conversion contribution of 99.2%, either 

directly via R31 or oxidatively via R41 at respective contributions of 93% and 7%. The 

decomposition of CH3CO* towards CH3* and CO* via R29 is a minor pathway at a 0.8% 

contribution. The CH3* formed predominantly desorbs associatively as CH4 via R8, while a 

small percentage takes part a pathway equivalent to methane steam reforming, forming COOH* 

and ultimately CO2. 

The formed CH2CO* exclusively dehydrogenates towards CHCO* again either directly or 

oxidatively via R35 and R43, respectively. Notably, for this conversion the respective 

contribution of the oxidative step becomes significant at 37%. Simulating ESR over Ni/SiO2, the 

C-C cleavage was predicted to occur at the CH2CO* intermediate, with minimal formation of 

CHCO*. These results indicate that the abundance of O-species induced by the support activity 

impacts on the dehydrogenation pathways by the promotion of oxidative steps. This will be 

further elaborated in the following section.  

The formed CHCO* dehydrogenates to CCO*, however, interestingly, and in line with previous 

discussion, this exclusively takes place oxidatively via step R45. Reaction of CCO* with O* 

forms CO*, the latter reacting at a high contribution of ∼80% with O* towards CO2* (R54) or 

with OH* towards COOH* via R50, also leading to  CO2* formation. Desorption as gas phase 

CO accounts only for 5% of the conversion contribution of CO*. 

Regarding the steam-derived surface species, the water is predicted to preferentially adsorb 

molecularly  on the support sites, decomposing further towards H-S and OH-S and eventually 

O-S and H-S. These series adsorption and dissociation reactions on the support surface are 

equivalent to the replenishment of oxygen vacancies on ceria by water derivatives. The mobile 

surface O species on the support easily migrate to the metal according the R81, which is assumed 
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to be a non-activated process, allowing for an abundance of O* species to build on the metal 

sites and further react. 

6.3.4 Oxidative dehydrogenation of ethanol derivatives 

An in-depth analysis of the reaction pathways of ethanol derivatives and the associated surface 

coverages was carried out to identify the contribution of the support on the overall observed 

reaction mechanism. Two reaction classes, namely direct and oxidative dehydrogenation, are 

considered and the contribution of each to the reaction mechanism is assessed. 

The first three intermediates along ethanol’s main dehydrogenation pathway as presented in the 

previous section, CH3CH2OH*, CH3CHOH* and CH3COH*, are initially considered, assessing 

the activation energies and contribution of the two reaction classes towards the consumption of 

these species. Three cases are analysed to quantify the impact of the support on the favoured 

pathway. The first involves the ESR reaction at 400°C and H2O/C = 3, occurring only on Ni 

sites. The second accounts for the effect of an increased abundance of steam derivatives by 

assuming a H2O/C = 6 again only on Ni sites. The third includes the activity of the support at a 

H2O/C = 3. 

Table 6.4 shows the contribution of the two reaction classes to the consumption of these ethanol 

derivatives in the dehydrogenation pathway. Clearly, the direct dehydrogenation is almost 

exclusively favoured over the oxidative route, with the consumption contribution approaching 

almost 100% in all scenarios considered, regardless of the H2O/C ratio or the participation of the 

support. This result agrees with discussions in the previous sections of the observed partial 

reaction orders of ethanol (positive) and H2O (almost zero), as well as the kinetically relevant 

steps identified not involving any steam derivatives and all occurring in the direct 

dehydrogenation pathway. The oxidative reactions of these species were therefore not included 

in the final formulation of the kinetic model. 
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Table 6.4: Contributions of thermal and oxidative dehydrogenation reaction classes to the 

consumption of the first 3 dehydrogenation reactants for three different catalytic scenarios at 

400°C. 

 Reaction class Consumption contribution for different catalytic 

systems during ESR at 400°C 

Surface 

intermediate  

H2O/C =3 on 

Ni sites 

H2O/C =6 on 

Ni sites 

H2O/C =3 on 

Ni/CeO2 sites 

CH3CH2OH* 

Direct dehydrogenation 

CH3CH2OH* + *→ CH3CHOH* + 

H* 

100  100 99.99 

Oxidative dehydrogenation 

CH3CH2OH* + O*→ CH3CHOH* 

+ OH* 

0 0 0.01 

CH3CHOH* 

Direct dehydrogenation 

CH3CHOH* + *→ CH3COH* + 

H* 

100 100 99.96 

Oxidative dehydrogenation 

CH3CHOH* + O*→ CH3COH* + 

OH* 

0 0 0.04 

CH3COH* 

Direct dehydrogenation    

CH3COH* + *→ CH3CO* + H* 

100 100 99.98 

Oxidative dehydrogenation 

CH3COH* + O*→ CH3CO* + 

OH* 

0 0 0.02 

 

Once formed, CH3CO* may undergo consecutive β-C dehydrogenation steps towards CH2CO*, 

CHCO* and CCO*. According to the reaction pathway analysis, C-C scission may also occur at 

each of these intermediates. These direct and oxidative dehydrogenation reaction classes along 

with the C-C scission are assessed for the aforementioned three scenarios. Respective results can 

be seen in Table 6.5. 
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Table 6.5: Contributions of thermal and oxidative reaction classes as well as C-C scission to the 

consumption of the other dehydrogenation reactants for three different catalytic scenarios at 

400°C. 

 

Reaction class Consumption contribution for 

different catalytic systems during 

ESR at 400°C 

Net reaction rate  

𝑅𝑎𝑡𝑒𝑓𝑜𝑟 −  𝑅𝑎𝑡𝑒𝑟𝑒𝑣 

Surface 

intermediate 

 H2O/C =3 

on Ni sites 

H2O/C =6 

on Ni sites 

H2O/C 

=3 on 

Ni/CeO2 

sites 

H2O/C 

=3 on Ni 

sites 

H2O/C 

=6 on Ni 

sites 

H2O/C 

=3 on 

Ni/CeO2 

sites 

CH3CO 

Direct 

dehydrogenation 

CH3CO* + *→ 

CH2CO* + H*  

100 99.98 92.26 8.98E-05 3.79E-05 3.26E-03 

Oxidative 

dehydrogenation 

CH3CO* + O*→ 

CH2CO* + OH*   

0 0.02 6.94 6.40E-10 7.33E-07 2.92E-05 

C-C scission 

CH3CO* + *→ 

CH3* + CO* 

0 0 0.8 4.95E-07 2.86E-07 7.95E-07 

CH2CO 

Direct 

dehydrogenation 

CH2CO* + *→ 

CHCO* + H*   

0.02 0.01 62.97 7.68E-09 6.32E-09 1.99E-03 

Oxidative 

dehydrogenation 

CH2CO* + O*→ 

CHCO* + OH*    

0 0 37.03 7.34E-11 8.95E-10 3.06E-04 

C-C scission 

CH2CO* + *→ 

CH2* + CO* 

99.98 99.99 0 8.98E-05 3.79E-05 8.84E-07 

CHCO 
Direct 

dehydrogenation 

0 0 0 3.16E-11 1.77E-11 2.68E-05 
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CHCO* + *→ 

CCO* + H*    

Oxidative 

dehydrogenation 

CHCO* + O*→ 

CCO* + OH*     

0 0 100 6.27E-13 8.22E-12 3.45E-03 

C-C scission 

CHCO* + *→ 

CH* + CO* 

100 100 0 8.36E-10 2.08E-09 2.29E-06 

 

For the CH3CO* intermediate and the scenarios where reactions occur only on Ni, the direct 

dehydrogenation is favoured over both the oxidative dehydrogenation and the C-C scission 

reactions both for H2O/C ratio of 3 and 6 at 100% and 99.98% contribution, respectively. The 

forward activation barrier of the C-C scission is the lowest at 11.82 kJ/mol, however the net 

reaction rates calculated as the difference between the forward and reverse reaction rates of 

CH3CO* C-C scission (4.95*10-7, 2.86*10-7, 7.95*10-7) are over 2 orders of magnitude lower 

than that of direct dehydrogenation for all catalytic scenarios. In the scenario where H2O 

activation on the support is possible, there is an abundance of surface O* species on the metal, 

while no steam-derived H* is present on the metal. This significantly alters the surface species 

coverage, which in turn affects the net rates of all reactions. An improvement in the net reaction 

rate of the oxidative dehydrogenation is observed, which can be attributed to the increased 

surface coverage of O* in turn leading to an increased forward reaction rate for the oxidative 

dehydrogenation based on the rate equation 𝑟 = 𝑘[𝐶𝐻3𝐶𝑂∗][𝑂∗], therefore contributing more to 

the consumption of CH3CO* (6.94%). The direct dehydrogenation remains the path with highest 

contribution at 92.26%, with C-C cleavage to CH3* and CO* comprising the remainder 0.8%. 

For the CH2CO* intermediate, in the cases considering only the activity of Ni, the C-C cleavage 

is the dominant pathway accounting for almost 100% of the consumption of CH2CO* for both 

H2O/C ratios studied with the forward reaction being non-activated. In these cases, the net 

reaction rate for the C-C cleavage is much higher than that of both dehydrogenation reactions. 

When the support is active, the direct dehydrogenation is favoured with a 62.97% contribution 

to the consumption of CH2CO*, with the oxidative dehydrogenation accounting for the 

remaining 37.03% and the C-C cleavage not occurring at all. The net reaction rate for the C-C 

scission in this case is lower than that of the dehydrogenation reactions. This is attributed to the 

increased coverage of CO* causing the reverse reaction rate of the C-C scission to have a higher 

value, thereby reducing the net reaction rate. 
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The final dehydrogenation step involves CHCO*. The C-C cleavage of CHCO*is estimated 

again to be non-activated resulting in the species exclusively reacting towards CH* and CO* 

when only Ni is active, for either H2O/C. When the support is accounted for, the oxidative 

dehydrogenation accounts for 100% of the consumption of CHCO*. The net rate of the oxidative 

dehydrogenation (3.45*10-3) is two orders of magnitude higher than that of the direct 

dehydrogenation (2.68*10-5). This is as a result of the slightly lower forward reaction barrier but 

significantly higher reverse reaction barrier when compared to the direct dehydrogenation. The 

oxidative dehydrogenation reaction also has a larger forward pre-exponential that both direct 

dehydrogenation and C-C scission. When the increased O* and CO* coverage is also taken into 

consideration, with the former positively affecting the oxidative dehydrogenation forward 

reaction while the latter negatively affects the C-C scission net reaction rate, the resulting 

exclusive oxidative dehydrogenation of CHCO* is explained. The formed CCO* from the 

oxidative dehydrogenation in this model undergoes a C-C scission with the aid of surface O* 

forming two CO* species in a non-activated forward reaction step.  

The changes in surface coverages of CHx*, H2O*, O* and OH* along the catalyst bed for the 

three scenarios described above is presented in Figure 6-6. When reactions take place only on 

Ni active sites at a H2O/C = 3, the partial coverage of CH2* is the highest amongst the CHx* 

species along the catalyst bed reaching values of 10-2. The CH3* and CH* partial coverages are 

approximately, one and four orders of magnitude lower than that of CH2*. These coverages agree 

with CH2* being formed from the C-C scission of CH2CO* as discussed above and then partly 

undergoing hydrogenation to CH3* and eventually CH4. The adsorbed H2O* dominates the 

surface with a partial coverage that varies from 0.61 to 0.58 across the bed, while the O* and 

OH* species have much smaller coverages below 10-2 values. As a result, the oxidative 

dehydrogenation of ethanol derivatives is not favoured. Increasing the H2O/C to 6, the partial 

coverage of H2O* rises to values of 0.74 to 0.72 across the bed, while those of O* and OH* 

species only slightly increase compared to the previous scenario, reaching values of 10-2. The 

CH2* and CH3* partial coverages decrease slightly, indicating a more pronounced competition 

for active sites at the increased H2O* presence. The CH* partial coverage is again the lowest, in 

agreement with the dehydrogenation pathway terminating at the CH2CO* intermediate. 
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Figure 6-6: Surface coverage of specific species for three different catalytic scenarios at 400°C. 

For the case that the support participates in the adsorption and dissociation of water, the partial 

coverage of H2O* on the metal is significantly lower (below 10-2) as a result of the abundance 

of active sites on the support available for the adsorption and activation of water. The mobile 

oxygen species from the support transferring easily to the metal sites causes the partial coverage 

of O* on the metal to be significantly increased along the bed to values ranging from 0.07 to 

0.18. This leads to the oxidative dehydrogenation reactions being more favourable and results in 

the promotion of the respective pathway as discussed earlier. The partial coverages of all CHx* 

species in this scenario are very low, indicating that the C-C scission occurs primarily after the 

dehydrogenation of CHCO* at the CCO* intermediate. The CH3* partial coverage appears to be 

the highest amongst the CHx* species, explained by the minor C-C scission occurring at the 

CH3CO* intermediate. 

6.3.5 Model parameter sensitivity 

A sensitivity analysis was also performed to identify the significance of the parameters of the 

microkinetic model, focusing on the adsorption enthalpies. The normalised sensitivity 

coefficients calculated for the outlet molar fractions of the ethanol and CH4 when the model 

parameters are perturbed by 1% of their base value shown in Table 6.3, are presented in Figure 

6-7. The adsorption enthalpy of CH3CHOH is observed to be the one of the most sensitive 

parameters having a positive impact on the conversion of ethanol. The increase of 𝑄CH3CHOH 

leads to a reduction of the barrier of the initial dehydrogenation step, a rise in the coverage of 

CH3CHOH due to its stronger binding, and an increase of the barrier of the second 



176 

 

dehydrogenation step, overall resulting in a net increase of ethanol’s reaction rate. Higher 

adsorption enthalpies of CH3COH, CH3CO, CH2CO and CHCO have a positive impact on the 

conversion of ethanol for similar reasons. Kinetically their production reactions are promoted by 

the reduction of their activation barriers, while their consumption reactions are favoured on 

account of higher reactant species coverages. The O and OH adsorption enthalpies on the support 

also impact positively the conversion of ethanol, reducing the dissociation barrier of H2O and 

enhancing the supply of O species to Ni. Lastly, the observed negative impact of the adsorption 

enthalpy of H on ethanol conversion is due to the metal surface saturating by H* species. 

 

Figure 6-7: Model parameter sensitivity analysis for ethanol and CH4 outlet molar flow at 400°C 

and H2O/C = 3. Base values for the parameters are shown in Table 6.3. 

The results of the analysis on H2O and CO, CO2 and H2 all show the same qualitative trends, 

with a positive effect on ethanol outlet molar fraction (reduced conversion) leading to a negative 

effect on the products molar fractions (lower production) and a positive effect on H2O (reduced 
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conversion) and are hence not presented here for brevity. For CH4, the adsorption enthalpies of 

CH2CO and CHCO do not influence the production unlike for the other products, indicating that 

these species do not participate significantly in the formation pathway of CH4. Increased CH3 

and CH2 adsorption enthalpies reduce the activation barriers of C-C cleavage reactions forming 

them and promote their hydrogenation to CH4. Finally, the slightly negative impact O and OH 

adsorption enthalpies on the support have on the production of CH4 is due to the enhancement 

of methane steam reforming pathways caused by the increased presence of O* and OH* on the 

metal surface. 

6.4 Conclusions 

In the current work a microkinetic model is presented for the ethanol steam reforming over a Ni 

metal with ceria containing support catalyst and served as a tool for exploring the bifunctional 

mechanism of the reaction process. The model is used to simulate a wide range of kinetic 

experimental data. A simple model based on a single active site proved inadequate in describing 

the obtained kinetic data, whereas a bifunctional model with two distinct types of sites provided 

satisfactory agreement with the data. The model considers the adsorption of ethanol and its 

dehydrogenation to various derivatives, to be occurring on the metal sites, whilst the activation 

and dissociation of water occurs on the ceria support with the O* species migrating freely to the 

metal sites. The dehydrogenation of ethanol on the metal surface towards 1-hydroxyethyl and 

subsequently towards CH3COH* and CH3CO* were found to be the kinetically relevant steps 

explaining the experimentally observed positive reaction order for ethanol. The abundance of 

O* species on the metal, propagated by the support site activity was found to lead to the increased 

relevance of the oxidative dehydrogenation reaction pathway. The latter caused the C-C scission 

to occur much later in the dehydrogenation pathway negatively affecting the formation of CH4. 

However, the oxidative dehydrogenation was found to only be relevant after the formation of 

acetyl, up until when the thermal dehydrogenation dominates meaning the kinetically 

determining formation of 1-hydroxyethyl involves no water-derived species. 
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Supplementary Information 

The ethanol steam reforming experimental data over Ni/SiO2 obtained from the work of Zhurka 

et al. [42],initially modelled in Chapter 4, was modelled again using the newly designed 

bifunctional microkinetic model. This was done not only to accentuate the impact the 
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implementation of support active sites in the microkinetic model makes in the reaction 

mechanism and pathway, but also to instil confidence regarding the validity and consistency of 

the newly developed model. 

The reactions occurring on the support sites were discarded and only metal site reactions were 

included in the model. The parity presented below showed great agreement between the model 

predicted and experimental results. The sensitivity analysis results also presented below showed 

that the kinetically relevant reaction steps and the important surface species were the same as 

those observed in the initial metal dominated model in Chapter 4.   

 

Figure 6-8: Parity plot comparing experimental outlet molar flow over Ni/SiO2 with values 

calculated from the bifunctional microkinetic model. 
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Figure 6-9: Sensitivity analysis of pre-exponential factors of Ni/SiO2 microkinetic shown in Error! R

eference source not found. excluding support site reactions, at 400°C & 450°C (H2O/C = 3) for 

ethanol outlet molar fraction and model parameters sensitivity analysis for ethanol and CH4 outlet 

molar flow at 400°C (H2O/C = 3). 
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The results of the sensitivity analysis of the pre-exponential factors displaying the kinetically 

relevant reaction steps for the production of other gaseous products not presented in the paper 

are seen below. 
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Figure 6-10: Sensitivity analysis of pre-exponential factors of microkinetic model reactions shown 

in Table 6.2, at 450°C and H2O/C = 3 for gas product outlet molar fraction. Base values for pre-

exponential factors are calculated as described in Section Model formulation and computational 

details. 
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Preface to Chapter 7 

A version of this chapter has been published in the Fuel Processing Technology Journal (A.T.F. 

Afolabi, P.N. Kechagiopoulos, Y. Liu, C.Z. Li, Kinetic features of ethanol steam reforming and 

decomposition using a biochar-supported Ni catalyst, Fuel Processing Technology. 212 (2021) 

106622. https://doi.org/10.1016/j.fuproc.2020.106622). I was the lead investigator, responsible 

for all major areas of concept formation, data collection and analysis, as well as manuscript 

composition. Liu Y. contributed to data collection. Kechagiopoulos P.N. was the secondary 

supervisory author and was mainly involved in the early stages of concept formation and 

majority of the manuscript review. Li C.Z. was the main supervisory author on this project and 

was involved in concept formation and manuscript composition. 

The aim of this study was to investigate the reaction mechanism of ethanol steam reforming and 

ethanol decomposition over a biochar supported Ni catalyst. Proposing biochar as a sustainable 

alternative to the popular but cost-inefficient metal oxide supports, due to its intrinsic content of 

surface O-containing functional groups and alkali and alkaline earth metals. The methodology 

of the kinetic experiments undertaken in this study are presented in the paper as well as in 

Chapter 3. 
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Abstract  

The catalytic steam reforming of bio-ethanol will provide a sustainable route for 

renewable hydrogen production in a future hydrogen economy. Ni catalysts will be an 

economically attractive alternative to noble metals. Biochar is a promising reforming catalyst or 

catalyst support, having shown already good activity for tar reforming. The structure of biochar, 

its inherent alkali and alkaline earth metallic species and the content of O-containing functional 

groups are factors affecting its catalytic performance. A kinetic study of ethanol steam reforming 

and decomposition over a biochar-supported Ni catalyst is presented in this study in order to 

elucidate the role of biochar in the reaction mechanism. The effects of temperature, space 

velocity and reactant partial pressure were investigated over a range of conditions. The chemical 

structural features of used biochar samples were characterized with Raman spectroscopy. 

Biochar itself was found to be catalytically active and participating in ethanol reforming and 

decomposition. It was established that the reactions on Ni and biochar active sites were not 

independent. Analysis of kinetic compensation effects showed commonality on biochar and 

suggested that the rate-limiting step occurs in the dehydrogenation pathway on the biochar 

surface. O-containing functional groups in biochar were observed to reduce with 

reforming/decomposition time. 

Keywords: Ethanol steam reforming; Nickel; Biochar; O-containing functional groups; 

Reaction mechanism  
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7.1 Introduction 

Hydrogen is considered a clean and sustainable alternative energy carrier as it can be derived 

from renewable biomass [1–4]. Hydrogen has traditionally been produced from the reforming of 

natural gas or the gasification of coal. This however leads to high CO2 emissions. Replacing 

natural gas and coal with renewable biomass-derived feedstock can contribute substantially in 

nullifying the environmental impact of the hydrogen production process. As such, oxygenated 

compounds derived from biomass have become increasingly economically appealing due to their 

abundance and availability. Bio-ethanol as a feedstock for the catalytic steam reforming has been 

researched considerably due to its attainability from diverse renewable feedstock through 

fermentation [5–8].  

The kinetics and mechanisms of ethanol steam reforming (ESR) has been the subject of 

various experimental and theoretical studies, with recent reviews having discussed the current 

mechanistic understanding [9,10]. A common finding is that the metal catalyst promotes the 

scission of the C-H and C-C bonds, thus the primary mechanism is dependent on the selected 

metal as the catalyst. 

Various metal catalysts have been investigated including Ni [11–14], Co [11], Pt [15,16], Rh 

[11,17,18] and Pd [19]. The consensus is that ethanol dehydrogenates, possibly forming 

acetaldehyde as a primary product, before C-C cleavage occurs leaving CO and CHx precursors, 

which would then participate in secondary reactions; water-gas shift (WGS) and methane steam 

reforming (MSR). The specific dehydrogenation pathway and the level of dehydrogenation prior 

to C-C cleavage differs based on the metal catalyst used [20]. With minimal trade-off in activity 

and much higher economic feasibility, Ni has garnered attention and preference over noble metal 

catalysts for ESR. Early on, the isotopic work of Gates et al. [21], as well as, more recently, the 

periodic density functional theory (DFT) calculations of Wang et al. [11], describe the 

decomposition pathway on Ni as proceeding via initial dehydrogenation towards ethoxy and 

further dehydrogenation towards CH3CHO which is a primary product. The C-C cleavage is 

likely to occur at the CH3CHO or CH3CO intermediates [20].  

Recent reviews presenting the progress and advances in ESR on non-noble transition metals 

[22] and Ni specifically [23] have all highlighted the importance of promoters and support 

materials on improving the catalyst stability and performance. Nonetheless, high-performance 

catalysts, particularly if not noble metal based, rely many times on complex formulations [24], 

e.g. core-shell structures, or are supported on mixed oxides, using a variety of dopants, that 

unavoidably would increase the cost of catalyst production and the process in a commercial 

framework. 
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Biochar is the solid product of biomass pyrolysis and/or partial gasification. Due to its low 

cost and high porosity, it has garnered significant attention recently as a catalyst or metal catalyst 

support for various reactions, including reforming, (trans)esterification and hydrolysis [25]. The 

study of catalytic cracking and steam reforming of tar and its model compounds using biochar-

based catalysts has been a major literature focus [26], demonstrating the high reforming and tar 

destruction activity of biochar-based catalysts [27–30]. In addition, the energy value of the spent 

biochar can be recovered by combustion or gasification further reducing energy loss and disposal 

cost [31–33]. Various studies have further shown that the properties of intrinsic alkali and 

alkaline earth metallic (AAEM) species in biochar contribute to its catalytic activity [33–35]. 

Biochar produced from pyrolysis and subsequent gasification usually has a high concentration 

of O-containing functional groups [36]. Previous studies have shown the importance of the O-

containing functional groups to the activity of biochar [33,37].  

Therefore, utilising biochar as a support material for Ni would allow the further reduction of 

the overall cost of the reforming process and enhance its sustainability. It can further increase 

the number of available sites and the available functionalities on the catalyst through the inherent 

content of surface oxygen containing groups and alkali and alkaline earth metals, potentially 

enhancing the catalyst stability. There is, however, an evident scarcity in literature with regards 

to the use of biochar as a catalyst or support for the steam reforming of small, non-aromatic 

biomass derived oxygenates and the investigation of kinetics for such reaction processes. The 

steam reforming of acetic acid has been studied recently on Ni/biochar [27,38], however no 

similar works exist for ethanol. The intrinsic kinetic effect a biochar support would possibly have 

on the adsorption and reaction pathway in the ethanol reforming process remains unclear. 

In this work a comprehensive experimental kinetic study of ESR and ethanol decomposition 

over a biochar-supported Ni catalyst is presented over a range of experimental conditions in a 

fixed-bed reactor. Ethanol is selected as the simplest biomass-derived fuel that can allow the 

study of the simultaneous reactions involving hydroxyl groups and C-C bonds. The activity of 

biochar support during reforming was investigated and the roles of the carbon structure of 

biochar, inorganic AAEM species in biochar and Ni are distinguished. Unique reaction features 

are reported for the first time for this reaction system, including the preferential adsorption and 

decomposition pathways of ethanol and water on the different types of biochar sites. The 

possibility of interactions between the Ni and biochar active sites was also investigated. Finally, 

kinetic compensation effect of the reaction system is studied for the first time detailing the wide 

range of energies on the Ni/biochar sites, not typically observed on traditional ESR catalysts. 
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7.2 Experimental  

7.2.1 Sample preparation 

The samples of biochar utilised were acquired from the Renergi gasification demonstration 

plant at Curtin University, Australia [39]. The sample was prepared from the pyrolysis and 

subsequent partial gasification of Mallee wood biomass. The gasification of the sample took 

place for a duration of 5-10 minutes at temperature of 750-850°C ensuring increased O-

containing functional group concentration and in turn increased catalytic activity [31,37]. The 

presence of surface O-containing functional groups on these samples, specifically of aromatic 

C − O and C = O structures, was confirmed via X-Ray Photoelectron Spectroscopy in previous 

work [36]. The biochar sample was sieved to obtain two samples of particle size, ranges 106-

250 µm and 55-106 µm, respectively. The elemental composition of the biochar (dry and ash-

free basis) was 91.5% carbon, 1.0% hydrogen, 0.7% nitrogen and 6.8% oxygen (by difference). 

The Ni/biochar catalyst with 10 wt.% Ni was prepared by the commonly applied incipient 

wetness impregnation method [26,27,38] using Ni(NO3)2·6H2O obtained from Merck as the 

precursor. The water saturation volume of biochar was determined and then an aqueous solution 

of precursor was prepared with the same volume of water. The aqueous solution was added to 

the biochar sample and stirred for 4 hours before being dried in an oven at 105°C overnight. The 

collected catalyst sample was calcined in Ar flow (100 ml min-1) with a ramp rate of 15°C min-

1 to 600°C for 3 hours.  

 

7.2.2 Reactor set up 

A quartz tubular fixed-bed reactor of internal diameter 10 mm was used for the catalytic 

reforming and decomposition of ethanol. The catalyst bed was made up of two layers supported 

on a porous plate, including a layer of quartz wool to support the bed and then the Ni/biochar 

catalyst bed mixed with quartz sand to maintain bed height and smooth gas flow through the bed. 

A thermocouple was placed directly above the catalyst bed to ensure accurate temperature 

readings. The reactant mixture was fed by an HPLC pump. The feed was preheated using a 

heating tape set at 150°C prior to reactor inlet. Mass flow controllers (MFC) were used to control 

the flowrates of nitrogen and hydrogen gas, the former used as the carrier gas and the latter used 

for catalyst reduction prior to the experimental run. Connected pressure gauges were used to 

monitor the pressures of the gas flows.  

The outlet of the reactor is connected to a three-way valve. The first outlet was connected to 

a HP Agilent 6890 capillary column GC equipped with pre-column backflush, a flame ionization 

detector (FID) and a thermal conductivity detector (TCD) for the analysis of total gaseous 
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product range at regular intervals. The second outlet was connected to three cold traps filled with 

50, 40 and 30ml of HPLC-grade CHCl3/CH3OH mixture (4:1 volume ratio) in series [40]. The 

traps are cooled by an ice-water bath (0°C) and two dry-ice baths (-78°C) respectively to collect 

liquid effluent, which was then analysed in a Agilent 6850 GC/5975B MS. 

 

7.2.3 Experimental conditions and parameters 

Prior to experiments the catalyst was reduced at 500°C with a stream of 5% H2 in N2 flow of 

1 L min-1 for 1 h. To ensure explicit kinetic control, external mass transfer was investigated by 

varying the carrier gas flow rate from 0.1 to 2.5 L min-1 of N2 (at 450°C and atmospheric 

pressure) and observing the changes in the observed reaction rate. Internal mass transfer was 

investigated by varying the catalyst particle size range of the catalyst and likewise observing the 

changes in reaction rate. Reaction conditions were chosen to ensure that the observed reaction 

rates were controlled by the reaction kinetics. This necessitated conversion to be low (typically 

below 20%) and the operating temperature to be limited up to 450oC.  

Reaction temperature was varied in the range of 300-450°C with a fixed reactant H2O/C (C 

in feed) of 3 molH2O/molC and N2 flow of 2 L min-1 at atmospheric pressure. It is important to 

note that initial runs were performed with no catalyst in the bed, in order to ascertain the impact 

of the gas phase reactions. Negligible conversion and no discernible peaks were observed from 

the gas phase reactions in the temperature range of 300°C to 450°C at H2O/C ratio of 3. 

The partial pressure of water was varied from 15.94 to 88.59 mbar with the partial pressure 

of ethanol kept at 7.91 mbar. The partial pressure variation experiments were performed at 

400°C. The contact time effect was investigated by varying the reactant feed flow from 0.5 to 

3.0 ml min-1, corresponding to a catalyst wt./flowrate of ethanol (W/F0,ethanol) of 58 to 349 gcat s 

geth
-1 (fixed catalyst weight) at 400°C with a fixed H2O/C ratio of 3 and at atmospheric pressure. 

All experiments were carried out with a catalyst mass of approximately 0.1000 g. 

Thermodynamic equilibrium data were obtained via the simulation of a Gibbs reactor (Gibbs 

free energy minimisation) in Aspen Plus software using the Peng-Robinson equation of state. 

The data were collected in terms of the parameters: conversion, selectivity and yield. The 

experimental equivalents of these parameters were calculated as shown below: 

Conversion: 𝑋𝐶 =
𝐹𝐸𝑡ℎ

𝐼𝑛 −𝐹𝐸𝑡ℎ
𝑂𝑢𝑡

𝐹𝐸𝑡ℎ
𝐼𝑛 × 100%  

Carbon selectivity of 𝑦 compound: 𝑆𝑐(𝑦) =
𝐹𝑦

𝑜𝑢𝑡

∑ 𝐹𝐶𝑎𝑟𝑏𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑜𝑢𝑡  

× 100% 

https://uwaterloo.ca/mass-spectrometry-facility/instruments/agilent-5975b-gcms
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Hydrogen yield: 𝑌𝐻2
=

𝐹𝐻2
𝑂𝑢𝑡

𝑛×𝐹𝐸𝑡ℎ
𝐼𝑛 × 100% 

where 𝐹𝑖𝑛 and 𝐹𝑜𝑢𝑡 represent inlet and outlet flowrates, respectively. 𝑛 equals 6 and 3 for steam 

reforming and decomposition experiments, respectively. 

Measured ethanol consumption rates were used to construct Arrhenius plots through the 

assumption of a pseudo-first-order reaction rate in ethanol partial pressure for both reforming 

and decomposition experiments:  

 𝑟 = 𝑘𝑃𝐸𝑡ℎ;  𝑘 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇  

 

7.2.4 Biochar characterization 

Raman spectroscopy has been extensively implemented in characterising the chemical 

structure of biochar [41–44]. The structural features of the aromatic ring systems as well as the 

O-containing functional groups of the biochar samples obtained in this study were analysed using 

a Perkin-Elmer Spectrum GX FT-IR/Raman spectrometer. The procedure was adopted from the 

work of Li et al. [41] and has been described in detail in a previous study [42]. Briefly, 0.25 wt.% 

biochar sample was mixed with KBr and then ground and scanned. A baseline-corrected Raman 

spectrum in the range of 800-1800 cm-1 was fitted with 10 Gaussian bands [41]. Large aromatic 

ring systems with 6 or more fused benzene rings were represented by the assigned D band at 

1300 cm-1, while the GR (1540 cm-1), VL (1465 cm-1) and VR (1380 cm-1) bands represented the 

smaller aromatic ring systems containing 3-5 fused benzene rings. The total Raman peak area in 

the spectral range of 800-1800 cm-1 was used to reflect the relative content of O-containing 

functional groups that generate a resonance effect together with their attached aromatic ring 

systems. 

 

7.3 Results and discussion 

7.3.1 Ethanol steam reforming catalysed by biochar supported Ni. 

Figure 7-1a depicts the effect of reaction temperature on ESR catalysed by Ni/biochar. The 

conversion of ethanol increases from 1.8% to 30% with increasing temperature from 300°C to 

450°C. The hydrogen yield observed increases concurrently with conversion, with a yield of 

21% obtained at 450°C. The observed selectivity trends in Figure 7-1b & c, are qualitatively 

similar to the common trends in literature for ESR catalysed by Ni [14,45–47]. The selectivity 

of CH3CHO decreased while those of CO and CH4 increased with temperature, these trends being 

consistent with the promotion of dehydrogenation of ethanol and decomposition of CH3CHO as 
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temperature increases. The selectivity of CO2 also increased with temperature, which is 

consistent with the presence of some water-gas shift activity. However, when the ratio of 

CO/CO2 across the temperature range is considered, the values, though decreasing with 

temperature, stay consistently above 1. Additionally, the observed CO/CH4 ratio is seen to be 

almost constant through the temperature range at about 1.2, indicating the lack of strong 

secondary reaction activity to affect the decomposition products distribution. Ni is typically 

known to promote the water-gas shift reaction at temperatures of 400°C and above, with CO/CO2 

ratios approaching equilibrium values (0 to 0.2) at 450°C and higher, as is evidenced in the 

results by Zhurka et al. [14] and Vicente et al. [45] of ESR catalysed by Ni supported on inert 

SiO2. It can therefore be inferred that the presence of biochar has in some way altered the reaction 

mechanism commonly exhibited on Ni.  

The Arrhenius plot for this temperature range is shown in Figure 7-2, from which an apparent 

activation energy of about 70 kJ mol-1 is calculated.  
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Figure 7-1: Effect of temperature on conversion and H2 yield (a), carbon selectivities of CO & CO2 

(b) and CH4 & CH3CHO (c) during ESR catalysed by Ni/biochar compared with equilibrium (Exp 

= experimental, Eq = equilibrium) (S/C = 3, W/FEth = 90.9 gcat s-1 gEth -1). 
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Figure 7-2: Arrhenius plot of ESR catalysed by Ni/biochar (S/C = 3, W/FEth = 90.9 gcat s-1 gEth -1). 

 

Typically, during ethanol reforming over Ni catalyst [9,14,21], CO and CH4 are formed from 

the decomposition of ethanol. The surface adsorbed precursors of CO and CH4 undergo WGS 

and MSR to produce CO2 and increase H2 yield. In previous studies on Ni [14,45] where there 

exists only one type of active site and both the ethanol-derived species and the steam-derived 

species adsorb on the same type of site, the active species of both ethanol and steam are close 

enough in proximity to readily react. In this study, besides Ni, there exists two or more different 

types of active sites for the, possibly preferential, adsorption of ethanol-derived species and 

steam-derived species, including AAEM and, more importantly, O-containing functional groups 

on the biochar surface. Depending on reaction intermediate type, the strength of adsorption on 

Ni/biochar during acetic acid reforming has been seen to vary with the amount/type of O-

containing functional groups [38]. H radicals on the biochar surface interacting with O-

containing functional groups have been suggested to affect (reduce) tar reforming reactivity [36].  

It follows then that a possible strong binding of ethanol-derived species at sites different or 

not in proximity to those occupied by steam-derived species would allow ethanol derivatives to 

undergo dehydrogenation to CH3CHO and decomposition towards CO and CH4 with limited 

probability of further reforming and performing WGS or MSR. Another explanation could be 

the occurrence of a H-rich catalyst surface as a result of the dehydrogenation and decomposition 

reactions. This could alter the working state of the biochar surface or lead to a partial occupation 

of active sites through the consumption or modification of O-containing functional groups, 

disrupting the dynamic equilibrium of all surface species and affecting product distribution. This 

could also inhibit the dissociative adsorption of H2O, leading to a scarcity of oxygen required 
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for the promotion of secondary reactions on the surface. An abundance of surface H-species 

could also affect the WGS equilibrium and cause formed CO2 to be consumed by other reactions.  

The effects of varying the partial pressure of water on ethanol conversion and H2 yield were 

investigated and are presented in Figure 7-3. The experiments were conducted at a constant 

overall pressure, a constant partial pressure of ethanol and a constant total volumetric flow 

maintained by controlling the N2 gas flow. The conversion of ethanol is relatively constant with 

the observed decrease from 15.2% to 14.6% with increase in partial pressure of water being 

almost within acceptable error range. Figure 7-3 also presents the carbon selectivity of products 

with corresponding equilibrium selectivity data for this experiment. At high partial pressures of 

water, the water-gas shift reaction appears to be more promoted, with CO/CO2 ratios below 1 

and CO/CH4 ratio decreasing as the partial pressure of water increases. 
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Figure 7-3: Effect of partial pressure of water on ethanol conversion and H2 yield (a), carbon 

selectivities of CO & CO2 (b), CH4 & CH3CHO (c) during ESR catalysed by Ni/biochar compared 

with equilibrium at 400oC. 

 

 



198 

 

It follows from our initial explanation that increasing the abundance of available steam-

derived surface species relative to ethanol-derived species would cause the possible spill-over 

and interactions to be more achievable, leading to improved WGS activity. The increased steam-

derived species relative to ethanol-derived species would also mean less surface-H from 

dehydrogenation and decomposition reactions. Therefore, the adsorption and dissociation of H2O 

on the surface would not be as hindered causing more oxygen to be available for secondary WGS 

reaction. 

Figure 7-4 presents the effects of space time, depicted in terms of the W/F ratio (gcat s gEth
-1), 

on the conversion of ethanol and H2 yield at 400°C and a S/C ratio of 3. The ethanol conversion 

and H2 yield as expected increased with increased contact time. A mild slope of increase was 

observed, likely related to the very low partial pressure of ethanol (8 mbar) resulting in low 

observed reaction rates. Figure 7-4 also shows how the selectivity towards carbon-based 

products evolved with changing ethanol conversion at a fixed temperature, pressure and S/C ratio 

with only the W/F ratio (gcat s gEth
-1) varied. The results show that with increased contact time 

and conversion, there are small changes to the selectivities of the products.  
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Figure 7-4: Effect of W/F on ethanol conversion and H2 yield (a) and carbon selectivities of CO, 

CO2, CH4 and CH3CHO (b) during ESR catalysed by Ni/biochar at 400oC (S/C = 3). 

 

The observed conversion and product distribution could be due to the Ni active sites, the 

AAEM in biochar and/or the carbon structure of biochar. The following sections discuss results 

of experiments designed to distinguish the individual roles of these possible reaction sites. 

 

7.3.2 Ethanol steam reforming catalysed by acid-washed biochar 

To further understand the role of biochar and investigate the effects of the presence of alkali 

and alkaline earth metals in biochar, the effect of temperature was investigated for the ESR 

reaction over a sample of biochar that was acid-washed in an aqueous solution of 1M HNO3 and 

then filtered and dried in a furnace overnight at 110°C. The acid-washing process has been shown 

to lead to an effective removal of AAEM species K, Mg and Ca, reaching 90% for K content 

reduction for similar biochar samples from mallee wood [34]. 
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Figure 7-5 shows the effect of reaction temperature on ESR catalysed by the acid-washed 

biochar. The conversion in this case increased from 1.1% at 300°C to 4.1% at 450°C with the H2 

yield increasing from 0.2% to 2.1%. The selectivity trend shows CH3CHO selectivity reduced 

as temperature increased and concurrently the selectivities of CO and CH4 increased. This 

indicates that the dehydrogenation pathway on biochar goes through CH3CHO, which 

decomposed as temperature increased to form CO and CH4. The lack of CO2 as stated previously 

could be attributed to the possible presence of different active sites for the ethanol derivatives 

and the steam derivatives as well as the occurrence of H-rich surface. The Arrhenius plot for the 

acid-washed biochar catalysed reaction in this temperature range is also shown in Figure 7-6, 

from which the apparent activation energy observed is about 30 kJ mol -1. A more noticeable 

deviation from a linear fit is observed in this case, possibly due to the very low conversion values 

and reaction rates of these experiments, however still an acceptable R2 value of 0.92 is obtained. 

The scatter in Figure 7-6 may also reflect true changes in the reaction system, which are 

manifested in the changes in the slope of the Arrhenius plot. The analytical equipment used in 

this study did not allow for a more accurate quantification of conversion (as low as 1%) and 

reaction rate at the lowest temperature investigated. Further investigation is warranted in the 

future. 
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Figure 7-5: Effect of temperature on conversion, H2 yield (a) and carbon selectivities of CO, CO2, 

CH4 & CH3CHO (b) during ESR catalysed by acid-washed biochar (S/C = 3, W/FEth = 90.9 gcat s-1 

gEth -1). 

 



202 

 

 

Figure 7-6: Arrhenius plot of ESR catalysed by acid-washed biochar (S/C = 3, W/FEth = 90.9 gcat s-1 

gEth -1). 

 

7.3.3 Ethanol steam reforming catalysed by biochar 

The effect of temperature was also investigated for the ESR reaction over biochar alone as a 

catalyst with results shown in Figure 7-7. The conversion increased with temperature from 1.5% 

to 8.3% with H2 yield also increasing with temperature. It is observed that at similar conversions 

the H2 yield of the ESR catalysed by acid-washed biochar is less than that of the biochar catalysed 

reaction. The observed conversion at 300°C for both biochar and acid-washed biochar catalysts, 

as well as the fact that there is negligible gas phase reaction at these conditions are indicative of 

biochar exhibiting catalytic behaviour for ESR. The selectivity towards CH3CHO, CH4 and CO 

are all much higher than that of CO2, and the decomposition pathway is promoted more with 

temperature increase as selectivity towards CH4 and CO increase whilst that of CH3CHO 

decreases.  
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Figure 7-7: Effect of temperature on conversion and H2 yield (top) and carbon selectivities of CO, 

CO2, CH4 & CH3CHO (bottom) during ESR catalysed by biochar (S/C = 3, W/FEth = 90.9 gcat s-1 gEth 

-1). 

 

More CO2 formation relative to the acid-washed-biochar-catalysed reaction products is 

observed. The decomposition products CH4 and CO are also more promoted over biochar, 

therefore it could be implied that the AAEM species in biochar have additional catalytic effects. 

The results suggest that the presence of AAEM to some extent promotes the decomposition 

pathway leading to better conversion whilst also possibly providing additional sites for the 

adsorption of steam derived species and consequently better WGS activity. The Arrhenius plot 

for the biochar catalysed reaction in this temperature range is shown in Figure 7-8 from which 

the apparent activation energy observed is about 39 kJ mol -1. 
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Figure 7-8: Arrhenius plot of ESR catalysed by biochar (S/C = 3, W/FEth = 90.9 gcat s-1 gEth -1). 

 

7.3.4 Water-gas shift reaction catalysed by Ni/biochar 

To elucidate the reason for the lack of WGS activity observed during the ESR catalysed by 

Ni/biochar and gain more insight into the effects of the interactions between the different active 

sites, WGS reaction catalysed by Ni/biochar was performed in the same temperature range 300°C 

to 450°C and at the same H2O/C (C in CO) ratio of 3. The results presented in Figure 7-9 show 

that the CO conversion to CO2 and H2 increased from 5.4% to 72.7% as temperature increased. 

It is therefore evident that the Ni/biochar catalyst does not inhibit WGS reaction. 

  

Figure 7-9: Effect of temperature on the conversion of CO during WGS reaction catalysed by 

Ni/biochar (S/C = 3, W/FCO = 45.6 gcat s-1 gCO -1). 
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This result supports the explanation in Section 7.3.1, as, in the absence of ethanol as is the 

case in these experiments, the catalyst surface would be significantly less H-rich. This would 

allow H2O adsorption and dissociation to proceed more easily. Also, the spill-over of steam-

derived species would be much easier as there are no ethanol-derived species on the catalyst 

surface.  

 

7.3.5 Ethanol decomposition 

In an attempt to gain further insight into the main reaction pathways on Ni and biochar, two 

temperature scan experiments were carried out to investigate the decomposition of ethanol on 

Ni/biochar and just biochar. Figure 7-10a presents the effect of temperature on the decomposition 

of ethanol over Ni/biochar. The carbon selectivity distribution as temperature changes is 

presented in Figure 7-10b. With no CO2 formation whatsoever, the CH3CHO selectivity is seen 

to decrease as CH4 and CO selectivity increases steadily with increasing temperature. The carbon 

balance is completed by a minimal formation of C2H6.  

The conversion/H2 yield and carbon selectivity results of the similar experiments over a 

biochar catalyst are presented in Figure 7-10c & d respectively. The selectivity evolution shows 

no CO2 once again, CO selectivity was low and decreased with temperature and CH4 selectivity 

decreased in tandem with increase in C2H6 selectivity. As temperature increased, the formation 

of C2H6 is seen to dominate with no CH3CHO production. 
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Figure 7-10: Ethanol decomposition conversion and H2 yield over Ni/biochar (a), carbon 

selectivities of CO, C2H6, CH4 and CH3CHO over Ni/biochar (b), ethanol decomposition conversion 

and H2 yield over biochar (c), carbon selectivities of CO, C2H6 and CH4 over biochar (d) (S/C = 0, 

W/FEth = 90.9 gcat s-1 gEth
-1). 

 

A likely explanation for the C2H6 presence, which is not commonly encountered in ESR 

literature, is that a possible reaction pathway exists on biochar wherein upon adsorption the OH 

is cleaved from the absorbed ethanol leaving a CH3CH2 adsorbed ethanol derived species, which 

could then associatively desorb with available surface hydrogen forming C2H6. Alternatively, in 

the absence of enough hydrogen, the CH3 produced from decomposition may tend to recombine 

to give C2H6 rather than react with hydrogen to form CH4. The Arrhenius plots of the 

decomposition reactions on Ni/biochar and biochar are presented in Figure 7-11.  
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Figure 7-11: Arrhenius plots of ethanol decomposition catalysed by Ni/biochar (a) and biochar (b) 

(S/C = 0, W/FEth = 90.9 gcat s-1 gEth -1). 

 

Table 7.1 presents a brief summary of the results of the reforming and decomposition over 

the different catalysts. The table shows the obtained apparent activation energies and pre-

exponential factors from the Arrhenius plots, as well as the conversion and selectivity towards 

CH3CHO at the minimum and maximum temperature limit examined. From the data it is 

conclusive that biochar is not inert and has a different reaction mechanism to that of Ni, as we 

observe different activation energy from the Arrhenius plots of both biochar and acid-washed 

biochar. If the effect of biochar alone is subtracted from the data of Ni/biochar, the resulting data 

does not match trends observed over Ni on inert supports. We can therefore conclude that the 

reactions on biochar and Ni active sites are not independent. 

 

 

Table 7.1: Summary of ethanol steam reforming/decomposition results over the various catalytic 

systems studied. 
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Catalyst Conversion at 300°C 

(Selectivity to 

CH3CHO) 

Conversion at 450°C 

(Selectivity to 

CH3CHO) 

Ea  

(kJ mol-1) 

 

ln A  

(mol bar-1 g-1 s-1) 

No catalyst (Gas 

phase reaction) 

Not detected Not detected - - 

Ni/SiO2 [14] 3% (17%) 30% (7%) 48.0 7.2 

Ni/biochar 1.8% (87.8%) 30.8% (19.6%) 69.9 2.2 

Biochar 1.5% (54.2%) 8.3% (27.6%) 38.7 -4.3 

Acid-washed biochar 1.1% (73.2%) 4.3% (42.4%) 30.4 -6.2 

Ni/biochar catalysed 

decomposition 

2.3% (88.4%) 20.4% (36.9%) 54.6 -0.5 

Biochar catalysed 

decomposition 

0.3% (-) 6.9% (-) 50.0 -1.7 

 

7.3.6 Analysis of kinetic compensation effect 

Figure 7-12 presents a graph of the reaction activation energies vs pre-exponential factors 

for ethanol consumption and product formation in the experiments (steam reforming and 

decomposition) over the different catalysts: Ni/biochar, biochar and acid-washed biochar. The 

resulting straight-line points to evidence of the presence of some kinetic compensation effect 

(KCE) [48].  
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Figure 7-12: Reaction barriers vs pre-exponential factors for ethanol consumption and product 

formation in the experiments over the different catalysts showing the presence of a kinetic 

compensation effect. Ni/SiO2 data obtained from [14]. 

 

To explain the existence of KCE we can consider there exists a continuum distribution of 

active sites on a catalyst surface, some of which are more reactive than others at a given 

temperature. With an increase in temperature the sites with high barrier for the reaction may 

become active. Therefore, at lower temperatures the measured rate is affected mainly by sites 

with low reaction energy barriers. At higher temperatures the measured rate is now affected by 

both type of sites leading to a concurrent increase in the number of sites (higher reaction pre-

exponential factor) and the reaction barrier as both high and low energy sites contribute to the 

measured rate (higher activation energy). In our case we have two different types of sites; Ni on 

biochar and biochar itself. Biochar surface has a wide range of different structures which would 

have a distribution of sites with different energies and affect the Ni-biochar interactions. 

Therefore, Ni/biochar would also have different structures and sites with different energies. The 

presence of kinetic compensation effect means that within the set of reactions a common feature 

is shared which could be the reactants or the catalyst [48]. In this case the commonality most 

likely lies in the catalyst, specifically biochar. 

Understandably, the interactions of reactants, adsorbates and reaction intermediates with 

biochar supported metal catalysts are particularly complex and would require further 
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investigation via advanced in situ characterisation methods in conjunction with theoretical 

studies to fully elucidate them. Nonetheless, given the observed trends and kinetic compensation 

effect it can be postulated that the reaction mechanism most logically involves ethanol and steam 

adsorbing on the biochar surface as illustrated in Figure 7-13. The organic nature of biochar 

allows it to offer sites with better affinity for ethanol relative to Ni [25,36,38]. In particular, the 

O-containing structure may be similar to those on ethanol and/or acetaldehyde, making the 

transition from ethanol to acetaldehyde easier. The dehydrogenation and decomposition 

reactions may occur on biochar sites or on sites around the Ni/biochar interface. As previously 

noted, typically during reforming process ethanol will first go through dehydrogenation and 

decomposition steps. From the KCE analysis, the decomposition and reforming reactions share 

the same commonality and it can be extrapolated that the rate limiting step occurs on biochar 

within the dehydrogenation pathway.  

 

 

Figure 7-13: Schematic view of postulated distribution of ethanol and steam derived species on 

various active sites on Ni/biochar during the reforming reaction. 

 

7.3.7 Raman spectroscopic characterization of biochar  

Samples from the ESR process over Ni/biochar and just biochar at S/C ratio of 3 and 450°C, 

as well as samples from the ethanol decomposition experiments over Ni/biochar and biochar at 

S/C ratio of 0 and 450°C were characterized via Raman spectroscopy. For each experiment, two 

different reaction times were used, namely 30 mins and 60 mins, noting that there was little to 

no discernible change in the reaction rate for both reaction times. Spectra from raw biochar as 

well as fresh Ni/biochar catalyst after reduction in H2 were also collected for comparison. The 

Raman spectra of all biochar samples in the range of 800-1800 cm-1 are presented in Figure 7.15 
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in the Supplementary Information. These spectra were curve fitted by 10 Gaussian peaks, as 

described in the work of Li et al. [41,42]. An example Raman spectrum deconvolution is shown 

in Figure 7.16 in the Supplementary Information, evidencing the successful spectrum curve-

fitting with these bands. The total Raman peak areas for these biochar samples are shown in 

Figure 7-14. 

 

Figure 7-14: Raman spectroscopic data showing total Raman peak area (800 - 1800 cm-1) of biochar 

samples obtained from ESR (ethanol steam reforming) and ED (ethanol decomposition) 

experiments at 450oC at different reaction times, in comparison to that of raw biochar and fresh 

reduced Ni/biochar. 

 

After reforming and decomposition reactions the total Raman peak area in all biochar 

samples decreased, indicating the consumption of the O-containing functional groups when 

biochar is used as a catalyst. When comparing the Ni/biochar catalysed and biochar catalysed 

ESR samples, the depletion of O-containing functional groups content with reaction time is 

found to be similar at approximately 8.5% over the 30-60 min reaction interval. This could be 

implying that the biochar is similarly active even when used as a support and the ethanol and 

steam preferentially adsorb on biochar active sites. In addition, when comparing the samples 

from the ethanol decomposition experiments over Ni/biochar and biochar, the Raman area 

depletion values are also similar at roughly 15% over the 30-60 min reaction interval. Again, this 

possibly implies that even in the case where only ethanol and ethanol derived species are present, 

they preferentially adsorb on biochar active sites. 
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It is further noted in the previous data that Raman peak area reduction during decomposition is 

larger than during ESR. This is further elaborated in Table 7.2 showing the reduction of total 

Raman peak area as the S/C ratio is increased at 400oC over Ni/biochar, and the respective H2 

yield and CO and CO2 selectivities for these experiments. The total Raman peak area which 

relates to the content of O-containing functional groups is observed to reduce at a lower rate with 

increasing abundance of H2O, indicating that the presence of steam facilitates the replenishment 

or maintenance of the O-containing functional groups on the biochar surface. These findings are 

in good agreement with previous studies where steam has been used to activate biochar and 

increase the surface-O functionality [25,36,49], and suggest that the catalytic activity of 

Ni/biochar is linked with and can be enhanced by the presence of O-containing functional groups, 

as also evidenced by the increasing H2 yield and CO2 selectivity values in Table 7.2. 

 

Table 7.2: Relative change in total Raman peak area (800 - 1800 cm-1) over the 30-60 min reaction 

interval of biochar samples obtained from experiments varying S/C ratio at 400oC over Ni/biochar 

and respective products formation. 

Reaction conditions Total Raman peak 

area change (%) 

CO2 selectivity 

(%) 

CO selectivity (%) H2 yield 

(%) 

Ethanol decomposition -14.69 0 20.81 4.72 

ESR at S/C = 1 -13.23 8.89 28.78 9.14 

ESR at S/C = 3 -8.33 13.76 24.61 10.67 

ESR at S/C = 6 -3.45 25.35 20.12 14.11 

 

7.4 Conclusions 

Ethanol steam reforming and decomposition experiments over a wide range of conditions 

were carried out over Ni/biochar, biochar and acid-washed biochar catalysts in an attempt to 

ascertain the overall reaction mechanism and the effect of the biochar support on the latter. 

The observed results show that biochar is catalytically active during reforming and 

decomposition and follows a different mechanism from that of Ni. The AAEM in biochar 

contribute to the observed catalytic effect of biochar. The reactions on the active sites of biochar 

and Ni are not independent. Low CO2 formation was observed during the ESR over all catalysts. 

This was not the case during independent WGS kinetic experiments over Ni/biochar, suggesting 

that, during ESR, WGS is hindered possibly by coverage effects or changes in the working state 

of the catalyst surface induced from the adsorption and dehydrogenation of ethanol. 
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The decomposition of ethanol on biochar in the absence of steam interestingly showed the 

formation of C2H6 species, which could be a result of the abstraction of the OH group forming 

an ethyl CH3CH2 surface species which would associatively desorb with available hydrogen. It 

could also be as a result of the CH3 species formed from decomposition recombining to C2H6 

due to lack of sufficient hydrogen to form CH4. Kinetic compensation effect was observed with 

a possible rate limiting step on biochar being common to all reactions. The Raman spectroscopy 

results show similar reduction in O-containing functional groups when biochar is used alone or 

as a support to Ni, while the presence of H2O in both cases helps maintain the population of these 

groups.  
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Figure 7-15: Normalised Raman spectra of biochar samples obtained from ESR (ethanol steam 

reforming) and ED (ethanol decomposition) experiments at different reaction times, in comparison 

to that of raw biochar and fresh reduced Ni/biochar. 
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Figure 7-16: Deconvolution example of a Raman spectrum using 10 bands for a biochar sample. 
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CHAPTER 8: CONCLUSION 

In this study, the role of support materials in the mechanism and kinetics of the ethanol steam 

reforming process was investigated computationally through microkinetic modelling and 

experimentally via kinetic experiments. Additionally, the industrially relevant, effect of product 

co-feeding on the mechanism and kinetics of the dry reforming of biogas was also 

computationally investigated. 

First, a microkinetic model for the ethanol steam reforming process over a metal dominated 

catalyst with inert support was developed. Ni metal was selected of the relatively cheaper non-

noble metal catalysts, due to its high activity and hydrogen yield potential. The mean-field 

microkinetic model developed used semi-empirical rate constant estimation methods: Transition 

state theory for pre-exponential factors and unit bond index-quadratic exponential potential 

(UBI-QEP) for activation energy estimations. Thermodynamic consistency was conserved by 

constraining the surface reaction thermodynamic properties and corelating them to gas-phase 

properties using the adsorption properties. The adsorption energies of surface adsorbate species 

were initially obtained from experimental and DFT studies and then set as model parameters.  

The model was able to correctly describe and replicate a wide range of experimentally obtained 

results and provide insight on the reaction pathway and kinetically relevant reaction steps and 

adsorbate species. The observed kinetically relevant dehydrogenation of 1-hydroxyethyl towards 

CH3COH* and CH3CO* confirmed the experimental observation of a positive partial reaction 

order for ethanol, while the gradual surface saturation of the catalyst surface by adsorbed steam 

was the reason behind the experimentally observed slightly negative partial reaction order. The 

influence of the secondary water-gas shift mechanism and methane steam reforming mechanism 

was pronounced and observed to be vital to describing the experimentally observed product 

distribution. The model proposed a decomposition pathway similar to those observed over noble 

metal catalysts. The C-C cleavage point which is important in understanding the selectivities of 

products was proposed to be occurring at the ketenyl intermediate. This validated model served 

as the basis for the development of a more comprehensive kinetic system capable of describing 

the bifunctional mechanism and thus disseminating the effect of support materials on the ethanol 

steam reforming mechanism. 

Subsequently, the developed microkinetic model was improved upon and expanded to include 

and describe multiple active sites. Thus, serving as a tool for examining the bifunctional 

mechanism of reaction processes in which the support materials play an active role. The model 

was developed for the ethanol steam reforming process, this time catalysed by a Ni metal with a 
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Ceria containing support mixed oxide. An initial assumption made for simplification of the 

developed model was that the overwhelming effect of the support mixed oxides could be 

approximated to the effects of the Ceria active sites. The number of sites attributed to ceria was 

then varied in order to account for the probable effect of the other oxide sites, however, the 

change in the number of sites yielded no serious alteration to the mechanism. The number of 

active sites of the support material was estimated using hemispherical geometry assumption as 

well as assumed optimal packing of Ni atoms. The number of active sites of the metal was again 

experimentally determined and the dispersion of the Ni sites on the support surface was 

experimentally determined. The knowledge of the metal dispersion served as a basis for the 

geometric calculation of ratio of support sites to metal sites. The bifunctional mean-field 

microkinetic model developed utilised the same semi-empirical rate estimation methods of the 

first model. 

The model was used to simulate a wide range of kinetic experimental data over the bifunctional 

catalyst. Initially, a model based on a single active site was used to simulate the data and provided 

inadequate description and agreement with the kinetic data especially in terms of product 

distribution. This confirmed the requirement of a model capable of incorporating a bifunctional 

mechanism. The bifunctional microkinetic model on the other hand, provided satisfactory 

agreement with the data. The proposed model saw the adsorption of ethanol and its derivative 

adsorbates to be adsorbed on the Ni metal active sites whilst, the activation of steam occured on 

the ceria support sites with the mobile oxygen surface species migrating freely from the support 

to the metal sites. The dehydrogenation of ethanol derivatives 1-hydroxyethl and CH3COH* 

were determined to be the most kinetically relevant steps, justifying the observed positive partial 

reaction order for ethanol in the experiments. The oxidative dehydrogenation pathway was 

observed to have been promoted by the increased abundance of surface O* species on the metal 

sites. This increased relevance of the oxidative dehydrogenation pathway pushed the scission of 

the C-C bond to occur later in the dehydrogenation pathway of ethanol, affecting the product 

distribution and limiting the production of CH4. The oxidative dehydrogenation was however 

only relevant in the reaction mechanism after the formation of acetyl, before which the thermal 

dehydrogenation dominated the pathway. The kinetically relevant reaction step therefore did not 

involve any steam-derived species. This model was therefore able to provide more intrinsic and 

comprehensive insight into the effects and roles played by active support material specifically 

ceria in our case in the overall reaction mechanism and product distribution for the ethanol steam 

reforming (ESR) process. 
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Furthermore, the industrially relevant effect of co-feeding CO and H2 during the dry reforming 

of biogas process was investigated. A microkinetic model was developed for the biogas dry 

reforming process a Rh/Al2O3 catalyst using the first developed model as a basis. The influence 

of various operating parameters on the conversion of biogas and the syngas selectivity were 

evaluated using the developed microkinetic model. The effect of co-feeding H2 and CO with 

biogas were specifically targeted. The developed model provided ample agreement with the 

experimental kinetic data. The dehydrogenation of adsorbed CH3* species was observed as the 

most kinetically relevant reaction step. The activation of CO2 on the catalyst surface was 

proposed to follow three paths which included: the direct decomposition towards CO*, the H-

mediated decomposition towards COOH* and the H-mediated decomposition towards HCOO*. 

The direct decomposition to CO* was observed as the main activation step for CO2, however, 

the contributions of the H-mediated steps changed slightly with the addition of a H2 co-feed. 

During the co-feeding of H2, an increase in the partial surface coverage of H* species was 

observed at the start of the catalyst bed and later decreased across the bed, meaning the co-fed 

H2 was adsorbed and participated in surface reactions. The increase in the surface H* abundance 

led to an increased relevance H-mediated CO2 activation steps, improving the overall conversion 

and syngas formation. However, this also led to an increased partial surface coverage of CO* 

which at high values of H2 co-feeding inlet concentrations led to the saturation of the surface. 

This explained the experimentally observed maxima of conversion and yield with increasing H2 

inlet concentrations. The experimental results indicated a negative impact of increased CO co-

feeding concentration of the conversion of CO2. This was explained by the model to be as a result 

of an increased partial coverage of CO* and the start of the bed, which negatively affects the 

reverse water-gas shift equilibrium and saturates the surface of the catalyst. 

The developed microkinetic model was able to provide much needed comprehensive insight into 

the impact of industrially relevant product co-feeding on the reaction mechanism and product 

distribution of the biogas dry reforming process which could have interesting applications in 

reactor modelling and catalyst design for this process. 

Finally, kinetic experiments of ethanol steam reforming and decomposition processes were 

carried out over a sustainable and relative to acidic and basic oxides, cheap biochar supported 

Ni catalyst. The experiments were performed over a wide range of condition over a Ni/biochar 

catalyst, a biochar catalyst and an acid-washed biochar catalyst, in order to determine the overall 

reaction mechanism and the effect of biochar support on the reaction mechanism. The results 

indicated that biochar displayed catalytic activity for the reforming and decomposition of 
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ethanol, while following a different mechanism to that observed over Ni. The present alkali and 

alkaline earth metals in biochar contributed to its catalytic activity. The reactions on the active 

sites of Ni and biochar were found to not be independent. During the ethanol steam reforming 

experiments, the formation of CO2 was observed to be low, however when independent water-

gas shift experiments were performed, the CO2 formation was high. This indicated that the water-

gas shift reaction sub-mechanism during the ethanol steam reforming process was hampered 

either by the effect of surface species coverages or by the changes in the working state of the 

catalyst surface induced from the adsorption and dehydrogenation of ethanol. 

The decomposition of ethanol on biochar in the absence of steam interestingly showed the 

formation of C2H6 species, which could have been as a result of the abstraction of the OH group 

forming an ethyl CH3CH2 surface species which would associatively desorb with available 

hydrogen. It could also have been as a result of the CH3 species formed from decomposition 

recombining to C2H6 due to lack of sufficient hydrogen to form CH4. Kinetic compensation effect 

was observed with a possible rate limiting step on biochar being common to all reactions. The 

Raman spectroscopy results show similar reduction in O-containing functional groups when 

biochar is used alone or as a support to Ni, while the presence of H2O in both cases helps maintain 

the population of these groups. 

Future recommendations 

Some suggestions presented below would provide further scientific contributions to the areas of 

focus in this study. 

Firstly, with the foundation provided by the developed models in this work, it is recommended 

that expansion and investigation into the reforming of higher oxygenated hydrocarbons be 

undertaken. As was expressed in this work, it is of vital importance to obtain intrinsic kinetic 

understanding of the reforming processes in order to improve efficiency and make the technology 

more feasible and viable. Microkinetic modelling provides a tool for accomplishing this goal, 

therefore other oxygenated hydrocarbons like glycerol, phenol, and on a larger scale bio-oil 

should be investigated in-depth. 

Additionally, more advanced methods of rate constant estimation (quantum mechanical methods 

i.e., DFT) able to provide even better accuracy in terms of prediction of reaction mechanisms 

and intrinsic kinetics can be incorporated and used in the microkinetic modelling of these 

processes to provide even better comprehensive understanding of the processes. 
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Secondly, the bifunctional mean-field microkinetic model proposed in this work can stand as a 

tool for performing process optimisation and catalyst selection. Therefore, it is recommended 

that for the ethanol steam reforming process a bifunctional microkinetic Sabatier analysis be 

performed to provide insight into the optimal catalytic metal-support systems for the ESR 

process. It is also recommended that the knowledge obtained from the bifunctional model 

mechanism descriptions be used to determine the desired roles and effects of a support material 

that benefit the ESR process and use this to propose cheaper and more sustainable catalytic 

systems. 

 


