




 

 

ABSTRACT 

Ethane steam cracking is the predominant method for industrial production of ethylene in 

the United States. However, the economy of this process is significantly impeded by the periodic 

shutdown due to coke deposition. Although catalytic coking facilitated by the metallic alloy 

surface can be effectively suppressed by the barrier oxide layers formed upon oxidative 

pretreatment, radical coking still occurs at the high temperatures applied for steam cracking. To 

develop catalytic barrier oxide layers that further relieve radical coke accumulation through in situ 

steam gasification of coke under steam cracking environments, the activity and stability of various 

spinel oxide components from the barrier oxide layers in steam reforming of olefins and aromatics, 

which are model reactions for steam gasification of coke, were investigated. 

Powder samples of Mn-Cr-O spinel oxides (MnxCr3-xO4) as well as single oxides of Cr and 

Mn that are representative of the conventional MnCr2O4/Cr2O3 protective oxide layers were 

synthesized and characterized. Results from X-ray diffraction (XRD), X-ray absorption 

spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS) indicated that excess Mn in 

Mn1.5Cr1.5O4 exists as Mn3+ that partially substitutes the Cr3+ in the octahedral sites of the spinel 

lattice, whereas Cr separates into Cr2O3 when in excess. A single oxide of Mn (Mn3O4) showed 

the highest steam reforming rate for both ethylene and toluene at 873 K, but deactivated due to 

reduction to MnO. The Mn-Cr-O spinel catalysts and Cr2O3 were structurally stable under these 

reforming conditions. While Cr2O3 was initially more active for olefin reforming than the spinel 

catalysts, it deactivated rapidly due to coke deposition. The Mn-rich Mn1.5Cr1.5O4 spinel catalyst 

exhibited both the highest reforming rate and stability during steam reforming of aromatics, 

potentially attributed to the excess Mn3+ sites stabilized by the spinel lattice. 

The steam reforming rate of olefins and aromatics was nearly first order in the individual 

hydrocarbon and slightly inhibited by H2O. The reforming kinetics are explained by a Mars-van 

Krevelen type mechanism, in which the inhibition by H2O is attributed to the competitive 

adsorption between hydrocarbon and H2O. While excess H2 did not affect the reforming rate of 

olefins and benzene, the rate of toluene reforming was strongly inhibited by excess H2 resulting in 

negative first order kinetics. Results from diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) of toluene adsorption on the spinel surface suggest H2 likely inhibits the 

oxidation of the highly reactive side methyl group of toluene. Consistent with the observed 



 

 

negative first order in H2, toluene steam reforming showed the highest apparent activation energy 

compared to olefins and benzene. 

Powder catalysts of Ni-based spinel oxides (NiM2O4) that are present in the Al2O3 

protective oxide layers of the Al-enhanced cracker alloy were also synthesized and characterized. 

Results from temperature-programmed reduction in H2 (H2-TPR) indicate the reduction of Fe3+ in 

NiFe2O4 accelerated the reduction of Ni into Ni-Fe alloy particles for that sample, whereas 

NiAl2O4 and NiCr2O4 reduced to Ni metal at much higher temperatures. Consistent with this 

observation, the spinel structure of NiFe2O4 degraded to Ni-Fe alloy particles that severely coked 

during ethylene steam reforming at 873 K. While both NiAl2O4 and NiCr2O4 remained structurally 

stable, the ethylene reforming rate and the amount of coke deposited increased substantially for 

both catalysts after re-oxidation. These findings suggest a detrimental role of Ni-based spinel 

oxides for the barrier oxide layers, since the oxidative pretreatment for coke removal likely also 

facilitates the agglomeration of small Ni metal particles into NiO aggregates, which are more prone 

to reduction and catalyze coke deposition when exposed to a reducing environment like steam 

cracking. 

Finally, two Co-Cr-O spinel oxides (CoxCr3-xO4) were synthesized and characterized to 

explore the ethylene steam reforming activity of Co spinel oxides. The XRD and XPS results 

suggest the excess Co in Co1.5Cr1.5O4 exists as Co3+ that likely resides in the octahedral sites to 

replace Cr3+ by analogy to Mn1.5Cr1.5O4. The Co2+ sites in stoichiometric CoCr2O4 were reduced 

to Co metal at high temperatures. The reduction of Co1.5Cr1.5O4 with excess Co likely occurred in 

a stepwise manner with the reduction of Co3+ to Co2+ occurring at lower temperatures prior to 

reduction of Co2+. Both CoCr2O4 and Co1.5Cr1.5O4 were structurally stable during ethylene steam 

reforming at 873 K. The reforming rate over Co1.5Cr1.5O4 was one order-of magnitude higher than 

that over CoCr2O4 and was proposed to be attributed to the excess Co3+ sites. The steady-state 

ethylene reforming rate remained unchanged after re-oxidation for both CoCr2O4 and Co1.5Cr1.5O4, 

suggesting a better stability of Co-Cr-O spinel oxides against reduction to metal particles compared 

to the Ni-based spinel oxides under identical reforming conditions. 

 

 

  



 

 

Acknowledgements 

 First of all, I would like to thank the patient guidance and continuous support from my 

thesis advisor, Prof. Robert Davis. Your creative while meticulous attitude in catalysis research 

has deeply influenced me and set me a great paradigm as a scientist and engineer. In retrospect, 

although I have learned countless pieces of knowledge and experience from you in the past four 

years, I never felt even getting a bit closer to the wisdom you have. In addition to research, you 

have also introduced many aspects of American culture and life to me, which is of great help for 

an international student like myself to adapt to the new environment. 

 Secondly, I want to acknowledge the Dow Chemical Company for funding my graduate 

study. I am also grateful to our collaborators on the project, including Maxim Bukhovko and Prof. 

Christopher Jones from the Georgia Institute of Technology, Prof. Pradeep Agrawal from the Michigan 

Technological University, and Dr. Liwei Li and Dr. Andrzej Malek from the Dow Hydrocarbons R&D, 

who have constantly provided insightful feedback on my research and shared a great amount of advice 

for my career development. 

 Furthermore, I appreciate the fruitful discussions with Prof. William Epling and Prof. 

Christopher Paolucci. The both collaborative and competitive environment established by the three 

groups was critical for the success of all PhD students in our catalysis community and has expanded 

my knowledge to a great extent. In addition, I am grateful to all the indispensable support from my 

previous and current colleagues that underlies my success, including but not limited to: Dr. Jiahan Xie, 

Dr. Nicholas Kaylor, Dr. James Kammert, Dr. Gordon Brezicki, Tyler Prillaman, Dr. Yuntao Gu, 

Naomi Miyake, Ryan Zelinsky, Yu-Ren Chen, Silvia Marino, Colby Whitcomb and Konstantin 

Mamedov.  

  In the end, I want to thank the understanding and support from my parents, who provide 

me the courage to embrace and face the difficulties I encountered during my PhD study. 

Empathetic support and encouragement from many previous colleagues at Peking University, who 

are currently PhD candidates in the United States, are also acknowledged. 

 

 

 

  



 

 

Table of contents 
 

Chapter 1 Introduction .................................................................................................................... 1 

1.1 Ethylene production from steam cracking of ethane ............................................................ 1 

1.2 Coke deposition during steam cracking ................................................................................ 3 

1.3 Development of anti-coking barrier layers ........................................................................... 6 

1.4 Objective of the present dissertation ..................................................................................... 9 

1.5 References for Chapter 1 .................................................................................................... 11 

Chapter 2 Steam reforming of ethylene over manganese-chromium spinel oxides ..................... 19 

2.1 Introduction ......................................................................................................................... 20 

2.2 Experimental methods ........................................................................................................ 22 

2.2.1 Catalyst preparation ..................................................................................................... 22 

2.2.2 Catalyst characterization .............................................................................................. 22 

2.2.3 Steam reforming of ethylene ........................................................................................ 25 

2.3 Results and discussion ........................................................................................................ 26 

2.3.1 Characterizations of Mn oxide, Cr oxide and Mn-Cr-O spinel catalysts ..................... 26 

2.3.2 Steam reforming of ethylene over Mn oxide, Cr oxide and Mn-Cr-O spinel catalysts 36 

2.3.3 Steam reforming kinetics of the Mn-Cr-O spinel catalysts ......................................... 38 

2.3.4 Ethane dehydrogenation over the Mn0.5Cr2.5O4 catalyst .............................................. 44 

2.3.5 Proposed mechanism for ethylene steam reforming over the Mn-Cr-O spinel catalysts

............................................................................................................................................... 45 

2.4 Conclusions ......................................................................................................................... 46 

2.5 References for Chapter 2 .................................................................................................... 47 

Chapter 3 Steam reforming kinetics of olefins and aromatics over Mn-Cr-O spinel oxides ........ 55 

3.1 Introduction ......................................................................................................................... 56 

3.2 Experimental section ........................................................................................................... 58 

3.2.1 Catalyst preparation ..................................................................................................... 58 

3.2.2 Catalyst characterization .............................................................................................. 58 

3.2.3 Steam reforming of olefins and aromatics ................................................................... 60 



 

 

3.3 Results and discussion ........................................................................................................ 61 

3.3.1 Properties of the Mn oxide, Cr oxide and Mn-Cr-O spinel oxides .............................. 61 

3.3.2 Steam reforming of toluene over the Mn oxide, Cr oxide and Mn-Cr-O spinel oxides

............................................................................................................................................... 62 

3.3.3 Kinetics of toluene steam reforming over the Mn-Cr-O spinel oxides ........................ 66 

3.3.4 Kinetics of propylene and benzene steam reforming over the MnCr2O4 and Mn1.5Cr1.5O4 

catalysts ................................................................................................................................. 71 

3.3.5 DRIFTS of adsorbed toluene and benzene .................................................................. 76 

3.3.6 Mechanistic interpretation of reaction kinetics ............................................................ 78 

3.4 Conclusions ......................................................................................................................... 84 

3.5 References for Chapter 3 .................................................................................................... 85 

Chapter 4 Steam reforming of ethylene over nickel based spinel oxides ..................................... 93 

4.1 Introduction ......................................................................................................................... 94 

4.2 Experimental methods ........................................................................................................ 97 

4.2.1 Catalyst preparation ..................................................................................................... 97 

4.2.2 Catalyst characterization .............................................................................................. 97 

4.2.3 Steam reforming of ethylene ........................................................................................ 99 

4.3 Results and discussion ...................................................................................................... 100 

4.3.1 Characterization of the NiM2O4 spinel catalysts ....................................................... 100 

4.3.2 Steam reforming of ethylene over the NiM2O4 spinel catalysts ................................ 108 

4.3.3 Ethylene steam reforming cycles over the NiAl2O4 and NiCr2O4 spinel catalysts .... 111 

4.4 Conclusions ....................................................................................................................... 114 

4.5 References for Chapter 4 .................................................................................................. 114 

Chapter 5 Influence of Co on ethylene steam reforming over Co-Cr-O spinel catalysts ........... 125 

5.1 Introduction ....................................................................................................................... 126 

5.2 Experimental methods ...................................................................................................... 127 

5.2.1 Catalyst synthesis ....................................................................................................... 127 

5.2.2 Catalyst characterization ............................................................................................ 128 



 

 

5.2.3 Ethylene steam reforming .......................................................................................... 129 

5.3 Results and discussion ...................................................................................................... 131 

5.3.1 Characterization of the CoCr2O4 and Co1.5Cr1.5O4 catalyst ....................................... 131 

5.3.2 Rate and stability of the CoCr2O4 and Co1.5Cr1.5O4 catalyst in ethylene steam reforming

............................................................................................................................................. 137 

5.4 Conclusions ....................................................................................................................... 142 

5.5 References for Chapter 5 .................................................................................................. 143 

Chapter 6 Conclusions and future directions .............................................................................. 149 

6.1 Concluding remarks .......................................................................................................... 149 

6.2 Future directions ............................................................................................................... 151 

6.3 References for Chapter 6 .................................................................................................. 152 

Appendix A Supplementary material for Chapter 2 ................................................................... 155 

Supplementary figures (A1-A9) and tables (A1-A2) ............................................................. 155 

Appendix A1 Material balance for ethylene steam reforming ............................................... 162 

Appendix A2 Evaluation of the potential effect of heat and mass transfer on the measured 

ethylene steam reforming rates ............................................................................................... 164 

Appendix A3 Derivation of the rate expression assuming a two-site Mars-van Krevelen 

mechanism .............................................................................................................................. 166 

References for Appendix A .................................................................................................... 168 

Appendix B Supplementary material for Chapter 3 ................................................................... 169 

Supplementary figures (B1-B14), tables (B1-B4) and scheme (B1) ...................................... 169 

Appendix B1 Material balance for toluene steam reforming ................................................. 180 

Appendix B2 Evaluation of the potential effect of intraparticle heat and mass transfer on the 

measured toluene steam reforming rates ................................................................................ 182 

Appendix B3 Derivation of the rate expression for toluene steam reforming assuming a two-site 

Mars-van Krevelen mechanism .............................................................................................. 184 

References for Appendix B ..................................................................................................... 186 

Appendix C Supplementary material for Chapter 4 ................................................................... 187 

Supplementary figures (C1-C6) .............................................................................................. 187 

Appendix C1 Mass balance for ethylene steam reforming ..................................................... 192 



 

 

Appendix C2 Reproducibility of the ethylene steam reforming rate ...................................... 194 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

List of Figures and Schemes 

(Captions may be partially omitted for brevity.) 

Scheme 1.1 Common routes for chemical production derived from ethylene ............................... 1 

Figure 1.1 Ethylene production in the United States. .................................................................... 2 

Figure 1.2 A simplified schematic for ethane steam cracking process .......................................... 3 

Figure 1.3 (a) Coke layers deposited on the internal surfaces of a tubular cracking reactor; (b) 

Failure of the protective oxide layers due to carburization ............................................................. 4 

Figure 1.4 Schematic of catalytic coking mechanism over metallic surfaces ............................... 5 

Figure 1.5 Schematic of radical coking mechanism. ..................................................................... 6 

Figure 1.6 Schematic illustration of coking behavior over (a) bare tube, (b) barrier coating and (c) 

catalytic coating.. ............................................................................................................................ 7 

Figure 1.7 (a) Cumulative amount of coke deposited on uncoated and coated alloy sample and 

morphology of coke deposited on (b) uncoated and (c) coated alloy sample during steam cracking 

of light naphtha at 1123 K. ............................................................................................................. 8 

Figure 2.1 (a) SEM image and (b) EDS analysis of the fresh MnCr2O4 catalyst. ....................... 27 

Figure 2.2 X-ray diffraction patterns of the fresh Mn oxide, Cr oxide and Mn-Cr-O spinel catalysts

....................................................................................................................................................... 28 

Figure 2.3 Rietveld Refinement for the XRD patterns of the fresh Mn-Cr-O spinel catalysts. ... 29 

Figure 2.4 Normalized X-ray absorption near edge structure at the (a) Cr K edge and (b) Mn K 

edge of the fresh Mn-Cr-O spinel catalysts compared to the pure oxides .................................... 31 

Figure 2.5 Magnitude of the Fourier-transformed EXAFS from (a) Cr and (b) Mn for the fresh 

Mn-Cr-O spinel catalysts and the pure oxides .............................................................................. 32 

Figure 2.6 The Cr/Mn ratio of the fresh Mn-Cr-O spinel catalysts measured during XPS depth 

profiling......................................................................................................................................... 33 

Figure 2.7 (a) Mn 2p and (b) Cr 2p X-ray photoelectron spectra on the surface of the fresh Mn-

Cr-O spinel catalysts. .................................................................................................................... 34 

Figure 2.8 Temperature-programmed reduction in H2 of the fresh Mn oxide, Cr oxide and Mn-Cr-

O spinel catalysts. ......................................................................................................................... 35 

Figure 2.9 Rate of C1 product formation during the steam reforming of ethylene over Mn oxide, 

Cr oxide and Mn-Cr-O spinel catalysts ........................................................................................ 37 



 

 

Figure 2.10 Effect of partial pressures of (a) H2, (b) C2H4 and (c) H2O on the C1 production rate 

in the steam reforming of ethylene over the Mn-Cr-O spinel catalysts ........................................ 39 

Figure 2.11 (a) Deactivation profiles at 893 K and (b) Arrhenius-type plots of the C1 production 

rate within the temperature range of 853-893 K of the steam reforming of ethylene over the Mn-

Cr-O spinel catalysts ..................................................................................................................... 41 

Figure 2.12 Adsorption isotherms of H2O on the Mn-Cr-O spinel catalysts at 383 K. ............... 42 

Figure 2.13 (a) Ethane conversion and (b) carbon-based product selectivity of ethane 

dehydrogenation without catalyst and over Mn0.5Cr2.5O4 ............................................................. 44 

Scheme 2.1 A simplified Mars-van Krevelen mechanism proposed for ethylene steam reforming.

....................................................................................................................................................... 45 

Scheme 2.2 A modified two-site Mars-van Krevelen mechanism proposed for ethylene steam 

reforming....................................................................................................................................... 46 

Figure 3.1 Rate of C1 product formation during toluene steam reforming over the Mn oxide, Cr 

oxide and Mn-Cr-O spinel catalysts. ............................................................................................ 64 

Figure 3.2 X-ray diffraction patterns of (a) the Mn oxide, Cr oxide and (b) Mn-Cr-O spinel 

catalysts spent in toluene steam reforming. .................................................................................. 65 

Figure 3.3 (a) Effect of H2 partial pressure on the formation rate of C1 products during toluene 

steam reforming over the Mn1.5Cr1.5O4 catalyst and (b) fitted reaction order in H2 for toluene steam 

reforming over the Mn-Cr-O spinel catalysts. .............................................................................. 67 

Figure 3.4 Effect of (a) C7H8 and (c) H2O partial pressure on the formation rate of C1 products 

during toluene steam reforming over the MnCr2O4 catalyst and fitted reaction order in (b) C7H8 

and (d) H2O for toluene steam reforming over the Mn-Cr-O spinel catalysts. ............................. 69 

Figure 3.5 (a) Effect of catalyst re-oxidation on the formation rate of C1 products during toluene 

steam reforming at 893 K and (b) fitted apparent activation energy for toluene steam reforming 

over the Mn-Cr-O spinel catalysts ................................................................................................ 70 

Figure 3.6 Effect of (a) H2, (b) C3H6 and (c) H2O partial pressure and (d) reaction temperature on 

the formation rate of C1 products during propylene steam reforming over the Mn-Cr-O spinel 

catalysts ......................................................................................................................................... 73 

Figure 3.7 Effect of (a) H2, (b) C6H6 and (c) H2O partial pressure and (d) reaction temperature on 

the formation rate of C1 products during benzene steam reforming over the Mn-Cr-O spinel 

catalysts ......................................................................................................................................... 75 



 

 

Figure 3.8 In situ DRIFTS spectra of aromatic adsorption over the Mn1.5Cr1.5O4 catalyst ......... 78 

Scheme 3.1 A two-site Mars-van Krevelen mechanism proposed for olefins and aromatics steam 

reforming over the Mn-Cr-O spinel catalysts. .............................................................................. 79 

Figure 3.9 Turnover frequency of steam reforming over the Mn-Cr-O spinel catalysts estimated 

from H2O adsorption capacity and calculated with respect to (a) C1 product formation rate and (b) 

CxHy consumption rate .................................................................................................................. 83 

Figure 4.1 Scanning electron microscopy images (a) and energy dispersive X-ray spectra (b) of 

the fresh NiM2O4 spinel catalysts. .............................................................................................. 101 

Figure 4.2 X-ray diffraction patterns of the fresh NiM2O4 spinel catalysts ............................... 103 

Figure 4.3 X-ray photoelectron spectra of (a) Ni 2p and (b) M 2p on the surface of the fresh 

NiM2O4 spinel catalysts. ............................................................................................................. 104 

Figure 4.4 Temperature-programed reduction of the fresh NiM2O4 spinel catalysts in H2 ....... 106 

Figure 4.5 Product-based ethylene conversion in the steam reforming of ethylene over the NiM2O4 

spinel catalysts ............................................................................................................................ 109 

Figure 4.6 X-ray diffraction patterns of the spent NiM2O4 spinel catalysts after the steam 

reforming of ethylene at 873 K. .................................................................................................. 110 

Figure 4.7 Thermogravimetric analysis in synthetic air of the spent NiM2O4 spinel catalysts after 

the steam reforming of ethylene at 873 K ................................................................................... 111 

Figure 4.8 Rate of C1 product formation during ethylene steam reforming cycles over the NiAl2O4 

and NiCr2O4 spinel catalyst ........................................................................................................ 112 

Figure 4.9 Thermogravimetric analysis in synthetic air of the spent NiAl2O4 and NiCr2O4 spinel 

catalysts after the 2nd cycle of ethylene steam reforming at 873 K. .......................................... 113 

Figure 5.1 Rietveld refinement of the XRD patterns of the fresh CoCr2O4 and Co1.5Cr1.5O4 

catalysts ....................................................................................................................................... 132 

Figure 5.2 (a) Temperature-programed reduction of the fresh CoCr2O4 and Co1.5Cr1.5O4 catalysts 

in H2. (b) X-ray diffraction patterns of the CoCr2O4 and Co1.5Cr1.5O4 catalysts after H2-TPR to 

1273 K ......................................................................................................................................... 134 

Figure 5.3 X-ray photoelectron spectra at (a) Co 2p3/2 and (b) Cr 2p3/2 region on the surface of the 

fresh CoCr2O4 and Co1.5Cr1.5O4 catalysts. .................................................................................. 135 

Figure 5.4 Profiles of atomic Cr/Co ratio in the fresh CoCr2O4 and Co1.5Cr1.5O4 catalysts measured 

by XPS. ....................................................................................................................................... 136 



 

 

Figure 5.5 X-ray photoelectron spectra during depth profiling at (a) Co 2p3/2 and (b) Cr 2p3/2 region 

of the fresh Co1.5Cr1.5O4 catalyst.. ............................................................................................... 137 

Figure 5.6 Product formation rate during ethylene steam reforming over the fresh CoCr2O4 and 

Co1.5Cr1.5O4 catalysts. ................................................................................................................. 138 

Figure 5.7 Comparison of C1 formation rate during ethylene steam reforming over the fresh and 

re-oxidized CoCr2O4 and Co1.5Cr1.5O4 catalysts ......................................................................... 140 

Figure 5.8 Rietveld refinement of the XRD patterns of the CoCr2O4 and Co1.5Cr1.5O4 catalysts 

after two ethylene steam reforming cycles.. ............................................................................... 141 

Figure 5.9 Thermogravimetric analysis profiles during temperature-programmed oxidation of the 

CoCr2O4 and Co1.5Cr1.5O4 catalysts in synthetic air after two ethylene steam reforming cycles.

..................................................................................................................................................... 142 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

List of Tables 

Table 1.1 Mole fraction of different components under preoxidation and cracking atmospheres 

calculated for an Al-enhanced alloy from thermodynamics ........................................................... 9 

Table 2.1 Physical properties of the fresh Mn oxide, Cr oxide and Mn-Cr-O spinel catalysts ... 26 

Table 2.2 Elemental composition of the Mn-Cr-O spinel catalysts measured by different 

techniques ..................................................................................................................................... 27 

Table 2.3 Steam reforming of ethylene over Mn oxide, Cr oxide and the Mn-Cr-O spinel catalysts 

at 873 K ......................................................................................................................................... 36 

Table 2.4 Apparent reaction orders and activation barriers for steam reforming of ethylene 

measured over the Mn-Cr-O spinel catalysts ................................................................................ 40 

Table 2.5 Estimate of turnover frequency for ethylene steam reforming base on H2O adsorption

....................................................................................................................................................... 43 

Table 3.1 Properties of the fresh Mn oxide, Cr oxide and Mn-Cr-O spinel catalysts assessed from 

N2 physisorption and H2O chemisorption ..................................................................................... 62 

Table 3.2 Toluene steam reforming over the Mn oxide, Cr oxide and Mn-Cr-O spinel catalysts 63 

Table 3.3 Formation of C1 products at different total flow rates during toluene steam reforming 

over the Mn-Cr-O spinel catalysts ................................................................................................ 68 

Table 3.4 Propylene steam reforming over the Cr oxide and Mn-Cr-O spinel catalysts ............. 72 

Table 3.5 Benzene steam reforming over the Cr oxide and Mn-Cr-O spinel catalysts ................ 74 

Table 3.6 Summary of steam reforming kinetics of olefins and aromatics over the Mn-Cr-O spinel 

catalysts ......................................................................................................................................... 79 

Table 4.1 Textural properties of the fresh NiM2O4 spinel catalysts from N2 physisorption ...... 100 

Table 4.2 Elemental composition of the fresh NiM2O4 spinel catalysts measured by different 

techniques ................................................................................................................................... 102 

Table 4.3 Steam reforming of ethylene over the NiM2O4 spinel catalysts at 873 K .................. 108 

Table 5.1 Textural properties of the fresh CoCr2O4 and Co1.5Cr1.5O4 catalysts assessed from N2 

physisorption ............................................................................................................................... 131 

Table 5.2 Rate and product distribution of ethylene steam reforming over the fresh CoCr2O4 and 

Co1.5Cr1.5O4 catalysts .................................................................................................................. 138 

Table 5.3 Comparison of ethylene steam reforming rates over the MCr2O4 spinel catalysts .... 139 



1 

 

Chapter 1 Introduction  

1.1 Ethylene production from steam cracking of ethane 

 Ethylene (H2C=CH2) is one of the most essential raw materials in the chemical and polymer 

industry. During the World War II, the production of ethylene rapidly increased to fulfill the 

demands on styrene-derived synthetic rubbers, where ethylene reacted with benzene to form 

ethylbenzene [1], a primary precursor for the production of styrene through dehydrogenation [2] 

(Scheme 1.1). Although polyethylene was first commercialized early in 1939, the importance of 

ethylene in the polymer industry was not fully recognized until the 1950s when the high-density 

polyethylene (HDPE) entered the market as stiff and heat-resistant plastics thanks to the discovery 

of Cr-based (Hogan and Banks [3]) and Ti-based (Ziegler [4]) catalysts [5]. In addition to 

ethylbenzene and polyethylene, ethylene is also responsible for the production of ethylene oxide, 

vinyl acetate and 1,2-dichloroethane, which are the precursors for various types of chemicals (e.g., 

ethoxylates, ethylene glycol and glycol esters) and polymers (e.g., polyesters and polyvinyl 

chloride) in the modern petrochemical industry (Scheme 1.1) [6,7]. 

 

Scheme 1.1 Common routes for chemical production derived from ethylene. This scheme is 

adapted from ref. [7]. 
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 The United States (US) is both a major producer and consumer of ethylene in the world 

[8,9]. Production of ethylene in the US has steadily increased over the recent years and surpassed 

30 million metric tons per year in 2018 (Figure 1.1), which makes ethylene one of the most 

produced industrial chemicals [10]. Ethylene production in the US is predominated by the steam 

cracking of heavier hydrocarbon feedstocks. Liquid feedstocks like naphtha are generally preferred 

globally because of their convenience in transportation [11]. However, as a result of the rapid shale 

gas developments, the feedstock for steam crackers in the US has gradually shifted from naphtha 

to ethane for a better economy [11,12]. Compared to naphtha, steam cracking of ethane is highly 

selective toward ethylene but produces less heavier byproducts including propylene, butadiene and 

aromatics [13]. 

 

Figure 1.1 Ethylene production in the United States. Source: American Chemistry Council, 2020. 

 A simplified procedure of ethane steam cracking is shown in Figure 1.2. During ethane 

steam cracking, ethane is diluted with steam and co-fed into a tubular reactor maintained at 

elevated temperatures (1023-1273 K) to initiate the radical process [14,15]. The desired reaction 

during this step is dehydrogenation of ethane to ethylene: 

C2H6 → C2H4 + H2   ∆Hr
o = 136.5 kJ∙mol

-1
                                                                                      (1.1) 
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The cracking is then immediately quenched by cooling the effluent gas with water through a 

transfer line heat exchanger (TLE) to prevent further condensation of the olefins into undesired 

heavier side products [16,17]. Finally, the quenched effluent gas is directed sequentially through 

multiple separation columns to collect valuable cracking products and recover the unreacted ethane. 

 

Figure 1.2 A simplified schematic for ethane steam cracking process. This schematic is adapted 

from ref. [7]. 

1.2 Coke deposition during steam cracking  

 One important side reaction during steam cracking is the formation of carbonaceous 

deposits, commonly known as coke, on the internal surfaces of the tubular cracking reactor (Figure 

1.3a). Although dilution with steam has been shown to suppress coke deposition by reducing the 

gas phase partial pressure of the feedstock hydrocarbon [18,19], accumulation of coke is generally 

inevitable upon continuous operation under the extreme conditions for steam cracking. Coke 

deposition reduces the cross-sectional area (Figure 1.3a) and increases the pressure drop across 

the tubular reactor, shifting the product selectivity towards undesired heavier products [20,21]. 

The deposited carbon also carburizes the alloy surfaces, leading to degradation of the anti-coking 

protective oxide layers (Figure 1.3b) [22]. Moreover, extra heat input is required to compensate 

for the increase in heat transfer resistance from coke layers [20,21]. When metallurgic limits of the 
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reactor alloy are reached, operation of the steam cracker has to be ceased for coke removal through 

combustion in an oxygen-containing gas flow (commonly air-steam mixtures) [23,24]. Such 

periodic shutdown can vary from 20 to 60 days depending on the cracking reaction conditions 

[24,25], which significantly impedes the profitability of the steam cracking process. 

 

Figure 1.3 (a) Coke layers deposited on the internal surfaces of a tubular cracking reactor; (b) 

Failure of the protective oxide layers due to carburization. These figures are adapted from ref. [22]. 

 Coke deposition during steam cracking can be classified into three types of mechanisms, 

namely catalytic coking, radical coking and droplet condensation coking [26]. Catalytic coking 

and radical coking contribute mainly to coke deposition in the cracking reactor, whereas droplet 

condensation coking mostly occurs downstream the cracking reactor in the TLE at lower 

temperatures [26,27].  

 Catalytic coking occurs over various types of metal particle sites present on the surfaces of 

the cracking reactor, which is commonly fabricated from superalloys of Fe, Ni and Cr [26,28]. 

These sites catalyze coke deposition at temperatures as low as 773 K, resulting in a much higher 

coking rate over these metallic surfaces compared to inert oxide materials [26,28]. As shown in 

Figure 1.4, hydrocarbon precursor is converted to coke upon chemisorption on the metal active 

sites [27]. The formed coke can diffuse through the metal particles [27]. Subsequent accumulation 
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of carbon causes a pressure buildup and disrupts the grain boundary, eventually raising the metal 

particles from the surface by continuous growth of carbon filaments from gas phase precipitation 

[27]. Since catalytic coking is highly dependent on the reactive metal particle sites, this type of 

coking mechanism is particularly important upon decoking when the clean metallic surfaces are 

exposed [26,29]. 

 

Figure 1.4 Schematic of catalytic coking mechanism over metallic surfaces. This figure is adapted 

from ref. [27]. 

 Radical coking takes place through a series of reactions among gas phase radicals and is 

therefore almost independent on the nature of the reactor surface [29,30]. Since the initiation of 

gas phase free radicals is highly endothermic, radical coking only prevails at high temperatures 

[26]. The mechanism of radical coking is generally complicated. Figure 1.5 shows a sequence of 

steps proposed for coke growth during ethane steam cracking. Reactive radicals are generated by 

hydrogen abstraction, allowing the insertion of gas phase olefins [31]. Subsequently, aromatic 

rings are formed through cyclization and dehydrogenation, which increase the molecular size of 

the coke [31]. Consistent with this mechanism, industrial pyrolytic coke formed through radical 

coking is highly graphitic with very low hydrogen content and requires higher temperature to 

oxidize [27,28]. The rate of radical coking correlates with the ability of the hydrocarbon precursor 
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to produce active radicals, which generally follows the trend: acetylenes > olefins > aromatics > 

paraffins [26,27]. 

 

Figure 1.5 Schematic of radical coking mechanism. This figure is adapted from ref. [31]. 

 Droplet condensation coking involves the formation of polyaromatics condensed from 

simple aromatic intermediates at lower temperatures commonly in the TLE [26,27]. When the 

condensed droplets and soot particles collide with the reactor surface, these condensates likely 

adhere to the surface and further incorporated into the existing coke layers through 

dehydrogenation [27,29]. Since this coking mechanism arises from condensation of aromatics 

from the gas phase, the coking rate is not affected by the chemical features of the reactor surface 

while being significantly higher for aromatics and acetylenes (likely due to trimerization into 

aromatics) [26,32]. 

1.3 Development of anti-coking barrier layers 

 Numerous research efforts have been dedicated to suppressing catalytic coke deposition 

during the steam cracking process. The major approach is to create a barrier layer on the internal 

surfaces of the tubular cracking reactor, known as the anti-coking barrier layer [26]. As shown in 

Figure 1.6a, catalytic coking (green, filamentous coke) and radical coking (black, granular coke) 

occur simultaneously during steam cracking when bare metallic surfaces of the reactor tube are 
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exposed [33]. Upon pretreatment or coating, a barrier layer can form on top of the reactor tube 

surfaces, which separate the metallic sites (i.e., Ni and Fe) from being in contact with the gas phase 

hydrocarbon precursors (Figure 1.6b) [28,33]. Barrier layer materials are commonly inert like 

Al2O3 [34,35], TiC and SiC [36]. While the presence of a barrier layer effectively inhibits catalytic 

coking, radical coking can still occur through gas phase radical reactions, which is independent of 

the active sites on the surface [26,33]. To further relieve the accumulation of radical coke, the 

concept of “catalytic coating” has been developed, which incorporates active components (e.g., 

perovskites [37] and Ce-Zr mixed oxides [16]) into the barrier layer for catalyzing in situ steam 

gasification of radical coke into carbon oxides and dihydrogen (Figure 1.6c) [33,37] . 

 

Figure 1.6 Schematic illustration of coking behavior over (a) bare tube, (b) barrier coating and (c) 

catalytic coating. These figures are adapted from ref. [33]. 

 One of the state-of-the-art barrier layers for steam crackers is the MnCr2O4-Cr2O3 spinel 

oxide layer that forms upon oxidative pretreatment of the Mn-containing Fe-Ni-Cr alloy surfaces 

[38]. Since MnO and Cr2O3 exhibit a lower equilibrium partial pressure of oxygen than FeO and 

NiO, it is possible to form a spinel oxide layer of Mn and Cr (enriched with MnCr2O4) under 

controlled pretreatment conditions that separates the metallic Fe and Ni in the base alloy from the 

gas phase [39]. Indeed, such MnCr2O4 spinel barrier layers have been shown to significantly 

suppress coke deposition during steam cracking of light naphtha [40,41]. As shown in Figure 1.7a, 

the coking rate over the MnCr2O4-coated alloy decreased to less than a half compared to that over 
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the uncoated alloy [41]. The filamentous coke deposited on the uncoated alloy (Figure 1.7b) as a 

result of catalytic coking over metal particle sites was not observed when coated with the MnCr2O4 

spinel (Figure 1.7c) [41]. In addition, the stoichiometric MnCr2O4 spinel has been reported to be 

more resistant to carburization (to form metal carbides) than Cr2O3 especially in the presence of 

steam, suggesting good stability of the MnCr2O4 spinel barrier layer under steam cracking 

conditions [42,43]. Non-stoichiometric Mn-Cr-O spinel oxides with excess Mn (i.e., 

Mn2+(MnxCr1-x)2
3+O4 [44]) have also been identified on the Fe-Ni-Cr alloy surfaces after the 

exposure to carburizing environments (2 % CH4 in H2) at high temperatures [45]. It was found that 

the stability of these Mn-Cr-O spinel oxides against carburization varied with both stoichiometry 

between Mn and Cr and oxygen partial pressure [46].  

  

Figure 1.7 (a) Cumulative amount of coke deposited on uncoated and coated alloy sample and 

morphology of coke deposited on (b) uncoated and (c) coated alloy sample during steam cracking 

of light naphtha at 1123 K. These figures are adapted from ref. [41]. 

 The innovative Al-containing Fe-Ni-Cr alloy has gained more attention recently due to 

their enhanced anti-coking performance and resistance to carburization during steam cracking 

[34,35]. These improvements are associated with the Al2O3 protective barrier layer formed upon 

oxidative pretreatment of the Al-containing alloy surfaces [24], which surpasses the stability of 

Cr2O3 under carburizing environments above 1200 K [47]. Compared to the aforementioned 

MnCr2O4-Cr2O3 barrier layer, the alloy surfaces protected by the Al2O3 barrier exhibited a lower 
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coking rate and deteriorated less over time during ethane steam cracking [38]. While Al2O3 (mostly 

α phase in this case) is inert, the NiAl2O4 spinel can form on the alloy surfaces after oxidative 

pretreatment due to its high thermodynamic stability, which was both suggested by thermodynamic 

calculations [20,38] (See Table 1.1 for instance) and observed experimentally [48]. Formation of 

other Ni-based spinel oxides including NiCr2O4 and NiFe2O4 was predicted as well [20,38]. 

Although the Ni-based spinel oxides (NiAl2O4 in particular) might possibly be active for steam 

gasification of coke since they have been reported to catalyze steam reforming of various 

hydrocarbons even without reductive pretreatment [49–51], these spinels are unlikely to be 

effective components for catalytic coatings due to potential catalytic coking facilitated by Ni metal 

particles formed via in situ reduction of Ni2+ under steam cracking conditions. 

Table 1.1 Mole fraction of different components under preoxidation and cracking atmospheres 

calculated for an Al-enhanced alloy from thermodynamics  

Phase Al2SiO5 Cr2O3 Fe MnCr2O4 Ni NiAl2O4 NiCr2O4 NiFe2O4 SiO2 

Preoxidation - 0.483 - - - 0.257 0.145 0.108 0.008 

Cracking 0.008 0.351 0.136 0.393 0.092 - - - 0.020 

These data are adapted from ref [38]. 

1.4 Objective of the present dissertation 

 Herein, in an effort to mitigate radical coke accumulation, we have systematically  

investigated the activity and stability of representative spinel oxides in the barrier oxide layers to 

provide insights for improving the design of catalytic coatings. These spinel oxides were 

synthesized in powder form and evaluated in steam reforming of a series of unsaturated 

hydrocarbons, including olefins and aromatics, which are important side reactions during steam 

cracking and simplified model reactions for steam gasification of coke. Steam reforming converts 

a hydrocarbon into carbon oxides and dihydrogen when co-fed with steam at elevated temperatures. 
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Particularly in the present thesis, we have studied steam reforming of ethylene, propylene, benzene 

and toluene: 

Ethylene Steam Reforming: 

C2H4 + 2H2O → 2CO + 4H2        ∆Hr
o = 210.1 kJ∙mol

-1
                                                                    (1.2) 

Propylene Steam Reforming: 

C3H6 + 3H2O → 3CO + 6H2        ∆Hr
o = 373.9 kJ∙mol

-1
                                                                            (1.3) 

Benzene Steam Reforming: 

C6H6 + 6H2O → 6CO + 9H2        ∆Hr
o = 705.2 kJ∙mol

-1
                                                                         (1.4) 

Toluene Steam Reforming: 

C7H8 + 7H2O → 7CO + 11H2       ∆Hr
o = 868.7 kJ∙mol

-1
                                                                      (1.5) 

Other side reactions concurrent with steam reforming include:  

Water-gas Shift: 

CO + H2O → CO2 + H2   ∆Hr
o = -41.2 kJ∙mol

-1
                                                                                         (1.6) 

Methanation: 

CO + 3H2 → CH4 + H2O   ∆Hr
o = -205.9 kJ∙mol

-1
                                                                               (1.7) 

Steam reforming of hydrocarbons has been widely studied over metal particle catalysts (e.g., Ni 

[52–54], Pd [55,56] and Rh [56,57]) while less explored over metal oxide catalysts. It is worth 

emphasizing that the current dissertation does not aim to develop steam reforming catalysts with 

higher efficiency for H2 production. Instead, the rate and kinetics of olefins and aromatics steam 

reforming over the spinel oxides were examined as surrogate reactions that might be correlated 

with their performance in steam gasification of coke [19,58,59], as well as limiting the degradation 

of olefin products from steam reforming when a catalytic coating is applied.  
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In Chapter 2, Mn-Cr-O spinel oxides with different stoichiometry were thoroughly characterized 

using diffraction and spectroscopy to understand the structure and speciation of excess Mn and Cr. 

The spinel catalysts were evaluated in ethylene steam reforming and compared to single oxides of 

Mn and Cr. Subsequently, reforming kinetics of propylene, benzene and toluene over the same 

group of Mn-Cr-O spinel oxides were investigated and compared to those of ethylene reforming 

in Chapter 3. The strong inhibition of H2 observed for toluene steam reforming was further probed 

using infrared spectroscopy on aromatic adsorption over the spinel surface. The stability of Ni-

based spinel oxides was compared in temperature-programmed reduction and ethylene steam 

reforming in Chapter 4. The rate and amount of coke deposited during ethylene steam reforming 

after catalyst re-oxidation were studied to address potential reduction of Ni spinel oxides into small 

Ni metal particles under steam reforming conditions. Finally, the speciation of excess Co and its 

influence on ethylene reforming rate were explored over two Co-Cr-O spinel oxides in Chapter 5. 

The ethylene reforming rate over the MCr2O4 spinel catalysts with respect to different tetrahedral 

M2+
 cations was also compared. 
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Abstract 

A series of Mn-Cr-O spinel catalysts of different stoichiometry was synthesized using a sol-gel 

method and characterized using X-ray diffraction, X-ray photoelectron spectroscopy, X-ray 

absorption spectroscopy, N2 and H2O adsorption, and H2-temperature programed reduction. The 

introduction of extra Mn to stoichiometric MnCr2O4 led to Mn3+ substitution in the spinel lattice 

of Mn1.5Cr1.5O4 whereas excess Cr in Mn0.5Cr2.5O4 formed Cr2O3. Ethylene steam reforming at 

atmospheric total pressure and 873 K over the Mn-Cr-O spinel catalysts was nearly first order in 

ethylene, negative order in water and zero order in excess dihydrogen. The reaction kinetics were 

consistent with a Mars-van Krevelen type mechanism. While being initially more active than the 

spinel catalysts, Cr2O3 and Mn3O4 (which reduced to MnO) both deactivated during ethylene steam 

reforming. The spinel catalysts were therefore more active and structurally stable for ethylene 

steam reforming than either of the pure metal oxides. 
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2.1 Introduction 

Ethylene is one of the most essential building blocks for the chemical and polymer 

industries. The dominant method for the industrial scale production of ethylene and other light 

olefins is the steam cracking process, in which feedstock hydrocarbons are diluted in steam and 

heated to extremely high temperatures (1023-1273 K) to initiate the free radical process [1,2]. The 

desired reaction in the steam cracking of ethane is dehydrogenation to produce ethylene as shown 

below: 

C2H6 → C2H4 + H2   ∆Hr
o = 136.5 kJ∙mol

-1
                                                                       (2.1) 

To minimize the production of undesired side products like heavier aromatics, the 

downstream gas from the cracker is rapidly cooled in a transfer line heat exchanger. Valuable 

products including olefins are then separated and recovered through distillation and adsorption 

processes [2]. One major side reaction that limits the economy and energy efficiency of the steam 

cracking process is the formation of carbonaceous deposits known as coke on the inner wall of the 

tubular reactors [3]. The accumulation of carbon results in a higher pressure drop through the 

reactor, carburization of the steel surface and higher input from the furnace to compensate for the 

extra heat resistance [4], which consequently require the process to be halted periodically for coke 

removal [3,5]. The coke deposited on the reactor surface is removed by combustion and reforming 

in an air and steam flow at high temperatures over about 48 h, which considerably impacts process 

economics [1,3,5,6].  

There are three well-known mechanisms for coke formation during steam cracking: 

catalytic coking, radical coking and droplet condensation [2]. Since catalytic coking can occur at 

low temperatures (773 K) [7] and depends on the chemical composition of the reactor surface, 

researchers have investigated various routes to suppress catalytic coking [2]. The main approach 
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is to add barrier materials, or anti-coking layers, between the metallic sites on the steel alloy reactor 

surface and the hydrocarbons in the gas. One such barrier is a MnCr2O4-Cr2O3 protective oxide 

layer, which can be formed during the oxidative pretreatment of conventional Fe-Ni-Cr alloy 

surfaces at high temperatures [8,9]. The protective oxide layer typically contains both MnCr2O4 

spinel and Cr2O3, separated from the underlying alloy by a SiO2 transition layer [3,9]. This type of 

coated alloy surface significantly suppressed catalytic coking compared to an uncoated alloy 

surface in a hydrocarbon cracking environment [8,9]. Previous studies found MnCr2O4 to be more 

resistant to carburization compared to Cr2O3 [10] and the carburization resistance of MnCr2O4 

increased with higher steam partial pressure [11]. Non-stoichiometric Mn-Cr-O spinel oxides (i.e., 

Mn1.5Cr1.5O4) have also been discovered on the alloy surface after pretreatment in a CH4/H2 

carburizing gas mixture [12]. The carburization behavior of the Mn-Cr-O spinel oxides was 

reported to be affected by both the metal oxide stoichiometry and the steam partial pressure [13]. 

Although the catalytic coking resistance of Mn-Cr-O spinel protective layers has been 

reported, the catalytic performance of the Mn-Cr-O spinel oxides for important side reactions is 

relatively unexplored. When hydrocarbons are co-fed with steam at high temperatures, a potential 

side reaction is steam reforming, which generates dihydrogen and carbon oxides. In the steam 

reforming of ethylene, several reactions occur simultaneously: 

Steam Reforming:  

C2H4 + 2H2O → 2CO + 4H2   ∆Hr
o = 210.1 kJ∙mol

-1
                                                  (2.2) 

Water Gas Shift:  

CO + H2O → CO2 + H2   ∆Hr
o = -41.2 kJ∙mol

-1
                                                                 (2.3) 

Methanation:  

CO + 3H2 → CH4 + H2O   ∆Hr
o = -205.9 kJ∙mol

-1
                                                             (2.4) 
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Herein, we have synthesized powder catalysts of the Mn-Cr-O spinel oxides with various 

compositions to compare with single oxides of Mn and Cr. The catalysts were evaluated in the 

steam reforming of ethylene and thoroughly characterized. In particular, the influences of 

temperature and H2, C2H4, H2O partial pressure on the steam reforming activity were assessed over 

the series of spinel materials. In addition, the stability of the catalysts in the steam reforming was 

examined.   

2.2 Experimental methods 

2.2.1 Catalyst preparation 

The Mn-Cr-O spinel oxides were prepared using a sol-gel method. Typically, 

Mn(NO3)2·4H2O (97.0%, Sigma-Aldrich) and Cr(NO3)3·9H2O (99.0%, Sigma-Aldrich) of the 

desired molar ratio were dissolved in 100 cm3 distilled deionized water with a total metal cation 

concentration of 0.4 M. The metal solution was then mixed with 50 cm3 of 1.6 M citric acid 

solution. The mixed solution was kept stirring at 368 K until a viscous gel formed. The gel 

precursor was dried in air at 393 K overnight and thermally treated at 1273 K in air for 4 h. The 

resulting powder was denoted as MnxCr3-xO4 (x = 0.5, 1.0, 1.5) depending on the starting Cr/Mn 

ratio in the synthesis gel. The Mn oxide (Mn3O4) and Cr oxide (Cr2O3) samples were also prepared 

for comparison using the same method. 

2.2.2 Catalyst characterization 

Powder X-ray diffraction (XRD) patterns of the catalysts were collected on a PANalytical 

Empyrean X-ray Diffractometer using Cu Kα radiation. Each sample was scanned at a rate of 

5°·min-1 within a range of 2θ from 15° to 80°. Rietveld Refinement of the diffraction patterns was 

performed using the Material Analysis Using Diffraction (MAUD) software package [14]. The 
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reference phases include MnCr2O4 (PDF 00-054-0876), Cr2O3 (PDF 00-006-0504) and 

Mn1.5Cr1.5O4 (PDF 00-054-0876). 

Specific surface areas of the catalysts were evaluated from N2 physisorption at 77 K on a 

Micromeritics ASAP 2020 analyzer using the Brunauer-Emmett-Teller (BET) method of analysis. 

Typically, a sample of 2 g catalyst was used for the experiment. The sample was outgassed at 473 

K for 4 h before N2 physisorption. 

Scanning Electron Microscopy (SEM) images were acquired on a FEI Quanta 650 FEG-

SEM with a working distance of 10 mm under the secondary electron imaging mode. Elemental 

analysis was further conducted using an Oxford X-MaxN Energy Dispersive X-ray Spectroscopy 

(EDS) detector installed on the microscope. The sample was prepared by adhering the catalyst 

powders to a conductive carbon tape on the sample stage. The Cr and Mn contents were analyzed 

based on their Kα radiation using EDS. 

The elemental compositions of the catalysts were analyzed by Galbraith Laboratories 

(Knoxville, TN) using inductively coupled plasma optical emission spectroscopy (ICP-OES) for 

the Cr and Mn content.  

The measurements of H2-temperature programmed reduction (H2-TPR) and oxygen 

storage capacity (OSC) were performed on a Micromeritics AutoChem II 2920 Analyzer equipped 

with a thermal conductivity detector (TCD) using a sample of 200 mg catalyst. For the H2-TPR, 

the sample was heated to 1273 K in 5 vol % H2 in flowing Ar at a ramp rate of 10 K·min-1. For the 

OSC measurement, the sample was first heated to 873 K in 10 vol % O2 in flowing He at a ramp 

rate of 10 K·min-1 and held at 873 K for 30 min, followed by a He purge at 873 K for 10 min. The 

gas was then switched to 5 vol % H2 in flowing Ar and the sample was reduced at 873 K for 30 
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min, followed by a He purge at 873 K for 30 min. The sample was then pulsed with 10 vol % O2 

in He at 873 K until saturation. 

X-ray photoelectron spectroscopy (XPS) was performed using a Phi VersaProbe III 

spectrometer equipped with a monochromatic Al Kα radiation source (1486.7 eV) and a 

hemispherical analyzer. The sample was scanned using an X-ray beam size of 100 μm and the 

energy analyzer was operated with a passing energy of 26 eV and 50 ms dwell per step for high 

resolution. A dual charge compensation was utilized with a low-energy electron flood gun and a 

low-energy Ar ion beam during each scan. During the depth profiling scan, the sample was 

sputtered using a high-energy Ar ion beam with a bias of 3-5 kV in between the collection of the 

spectra. 

X-ray absorption spectroscopy (XAS) at the Cr K edge and the Mn K edge was conducted 

on beamline 7-BM through the Mail-in QAS Program managed by the Synchrotron Catalysis 

Consortium (SCC) at the National Synchrotron Light Source II at Brookhaven National Laboratory. 

Spectra were processed and analyzed using the Demeter software package [15]. 

The amount of coke deposited on the samples was determined by thermogravimetric 

analysis of 30 mg sample in synthetic air at a constant ramp rate of 10 K·min-1 using a TA 

Instruments SDTQ600 thermogravimetric analyzer.  

The H2O adsorption isotherms of the catalysts were measured using a volumetric 

adsorption system described previously [16]. The sample was thermally treated at 773 K for 16 h 

under vacuum and cooled to 383 K for 1 h. The sample was exposed to 40 doses of H2O through 

a volumetric dosing system, each of which was allowed to equilibrate with the sample over 15 min. 

Prior to these adsorption experiments, dissolved gas in the H2O (HPLC Grade, Fischer Scientific) 

was removed by three freeze-pump-thaw cycles. 
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2.2.3 Steam reforming of ethylene  

Catalytic steam reforming of ethylene was carried out in a fixed-bed quartz reactor (10.5 

mm I.D.×12.75 mm O.D.) in a temperature range from 853 K to 893 K at atmospheric pressure 

over 1 g catalyst (sieved to 250~425 µm).  A typical feed condition was a total flow of 100 

cm3·min-1 (corresponding to a residence time of approximately 0.052 s at 873 K) consisting of 25 

vol % C2H4, 50 vol % H2O, 5 vol % N2 and 20 vol % Ar. Using a syringe pump, H2O was 

introduced into a stainless steel evaporator maintained at 413 K to ensure vaporization and uniform 

mixing with other gases. The reactor effluent gas was first passed through a condenser to remove 

unreacted H2O, then introduced to an infrared gas analyzer (Fuji Electric ZPA) for the analysis of 

CO2 and finally to an online gas chromatograph (Agilent 7890A) equipped with a CarboPlot P7 

column and a TCD detector for the analysis of C2H4, CO, CH4 and H2. The production rates over 

the catalysts were all evaluated at an ethylene conversion below 10 %. Characteristic steam 

reforming activity is reported on carbon basis (production rate of C1), defined as the sum of the 

production rates of CO, CO2 and CH4 normalized by the dinitrogen BET surface area of the catalyst: 

rC1
 = 

F(CO)+F(CO2)+F(CH4)

SBET
                                                                                                                     (2.5) 

The ethylene conversion is evaluated based on the produced CO, CO2 and CH4: 

C2H4 conversion (%) = 
F(CO)+F(CO2)+F(CH4)

2F0(C2H4)
×100 %                                                          (2.6) 

The selectivity was defined as the mole fraction of a certain product (H2, CO, CO2 and CH4) 

relative to all the products:  

Selectivity of X (%) = 
F(X)

F(H2)+F(CO)+F(CO2)+F(CH4)
×100 %                                                      (2.7) 
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where F(X) denotes the molar flowrate of component X measured downstream of the reactor, 

F0(C2H4) denotes the molar flowrate of C2H4 fed to the reactor, SBET denotes the dinitrogen BET 

surface area of the catalyst. The material balance is discussed in Appendix A1. 

2.3 Results and discussion 

2.3.1 Characterizations of Mn oxide, Cr oxide and Mn-Cr-O spinel catalysts 

The physical properties of the catalysts assessed using N2 physisorption are summarized in 

Table 2.1. The cumulative pore volume of each catalyst calculated using the Barrett-Joyner-

Halenda (BJH) adsorption method was very low (< 0.05 cm3·g-1), indicating all the catalysts are 

essentially non-porous. The average particle diameter estimated for MnCr2O4 from the BET 

surface area assuming spherical morphology is 230 nm, which is in good agreement with the 

surface-weighted average diameter of 240 nm measured from the SEM image (Figure 2.1a). This 

comparison suggests the average pore diameter measured from N2 physisorption is likely due to 

the voids between the particle aggregates instead of intracrystalline pores [1,17]. As the catalysts 

are essentially non-porous, the BET surface area is attributed exclusively to external surface area. 

Table 2.1 Physical properties of the fresh Mn oxide, Cr oxide and Mn-Cr-O spinel catalysts 

Catalyst 
BET surface area 

(m2·g-1) 

Pore volume 

(cm3·g-1)a 

Average pore 

diameter (Å)b 

Mn3O4 1.6 0.004 100 

Cr2O3 4.1 0.016 160 

MnCr2O4 5.3 0.020 150 

Mn1.5Cr1.5O4 2.6 0.007 100 

Mn0.5Cr2.5O4 4.5 0.016 140 
a BJH cumulative pore volume 

b Estimated from cylindrical pore geometry (d = 
4V

A
) 

The elemental compositions of the Mn-Cr-O spinel catalysts measured from different 

techniques are listed in Table 2.2. The bulk Cr/Mn ratios measured from ICP are close to the 

desired starting ratios, indicating negligible loss of Mn during thermal treatment resulting from the 
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volatility of Mn(OH)2 [13]. The EDS analysis (Figure 2.1b) of the Mn-Cr-O spinel particles 

further confirms the existence of Cr and Mn mixed oxides. As the estimated penetration depth of 

the electron beam is sufficiently larger than the average particle size, the assessed Cr/Mn ratios 

from EDS are consistent with the bulk values measured from ICP. The elemental compositions 

near the surface region are identified by XPS (30~60 Å estimated from the mean free path of the 

photoelectrons). The Cr/Mn ratios of MnCr2O4 and Mn1.5Cr1.5O4 evaluated from XPS are 

consistent with the values from ICP and EDS. The Cr/Mn ratio determined by XPS for 

Mn0.5Cr2.5O4 was 2.9, which is significantly lower than that measured from ICP or EDS, indicating 

a nonuniform distribution of metals, with an enrichment of Mn close to the surface for that sample. 

 

Figure 2.1 (a) SEM image and (b) EDS analysis of the fresh MnCr2O4 catalyst. 

Table 2.2 Elemental composition of the Mn-Cr-O spinel catalysts measured by different 

techniques 

Catalyst ICP Cr/Mn EDS Cr/Mn XPS Cr/Mn 

MnCr2O4 1.7 1.9 2.0 

Mn1.5Cr1.5O4 0.85 1.0 0.84 

Mn0.5Cr2.5O4 5.0 4.2 2.9 

 

The phase compositions of the Mn-Cr-O spinel catalysts of different stoichiometry were 

characterized by XRD and compared to Mn oxide and Cr oxide. As shown in Figure 2.2, Cr oxide 

exhibits the diffraction of Cr2O3 as expected, whereas Mn oxide exists as Mn3O4, which is an oxide 



28 

 

containing both Mn2+ and Mn3+. The formation of Mn3O4 is likely due to the partial oxidation of 

Mn2+ from the nitrate precursor to Mn3+ and Mn4+ containing oxides, followed by sequential 

decomposition at higher temperatures [18,19]. Thus, the diffraction peak of low intensity at 2θ = 

32.9° is assigned to a small amount of Mn2O3 from incomplete decomposition. In the diffraction 

patterns of the Mn-Cr-O spinel catalysts, the spinel features are present in all three catalysts. A 

trace amount of Cr2O3 is present in the stoichiometric MnCr2O4. For the sample with an excess of 

Cr (Mn0.5Cr2.5O4), a significant amount of Cr2O3 is clearly observed. For the sample with an excess 

of Mn (Mn1.5Cr1.5O4), no separate Mn oxide phase was detected. These observations are all 

consistent with the previous reports [10,11,13,20,21]. The existence of a Mn-rich spinel phase has  

been discussed in earlier studies, in which Mn3+ was considered to substitute part of the Cr3+ in the 

octahedral sites of the spinel MnCr2O4 [11,22,23]. This substitution of Mn3+ for Cr3+ results in a 

slight distortion of the crystal structure, enabling us to distinguish the observed spinel features in 

terms of the lattice constants. The lattice constants of the spinel catalysts are evaluated using 

Rietveld Refinement of their diffraction patterns as shown in Figure 2.3. By fixing a Cr/Mn ratio  

 

Figure 2.2 X-ray diffraction patterns of the fresh Mn oxide, Cr oxide and Mn-Cr-O spinel catalysts. 

The asterisks on the pattern of MnCr2O4 indicate a trace amount of Cr2O3.   
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of 1, the refined pattern of Mn1.5Cr1.5O4 is in good agreement with the experimental diffraction 

data. The refined lattice constant of the Mn1.5Cr1.5O4 sample is 8.460 Å, which is in accordance 

with the reported value of 8.455-8.458 Å for the Mn1.5Cr1.5O4 phase [20,23]. The diffraction 

patterns of MnCr2O4 and Mn0.5Cr2.5O4 are refined using both the MnCr2O4 spinel phase and Cr2O3 

phase as the reference. The lattice constant refined for the MnCr2O4 spinel phase in MnCr2O4 and 

Mn0.5Cr2.5O4 are 8.438 and 8.437 Å, respectively. The spinel features observed in these two 

catalysts are therefore assigned to the stoichiometric MnCr2O4, as the reported value of the lattice 

constant is 8.437-8.439 Å [24,25]. The relative amount of the MnCr2O4 spinel phase and Cr2O3 

phase from the refinement corresponds to a Cr/Mn ratio of 2.1 for the MnCr2O4 sample and 6.0 

for the Mn0.5Cr2.5O4 sample, which are consistent with the ICP results.  

 

Figure 2.3 Rietveld Refinement for the XRD patterns of the fresh Mn-Cr-O spinel catalysts. 
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The oxidation state and coordination environment of Cr and Mn in the spinel catalysts were 

studied using X-ray absorption spectroscopy. As shown in Figure A1, the Cr K-edge spectra and 

Mn K-edge spectra of the samples were collected simultaneously by a continuous scan of the X-

ray photon energy. Consistent with the stoichiometry of the spinel catalysts, the magnitude of the 

absorption at Mn K edge increases with higher Mn content when normalized by the absorption at 

Cr K edge. The Cr K-edge X-ray absorption near edge structure (XANES) of the Mn-Cr-O spinel 

catalysts are shown in Figure 2.4a and compared to that of Cr2O3. The doublet pre-edge features 

at around 5990 eV and 5993 eV for Cr2O3 are assigned to the quadrupolar 1s to 3d transition and 

dipolar 1s to 4p transition, respectively [26,27]. These features in Cr2O3 are related to the 3d-4p 

mixing of Cr when the coordination of the Cr site is not centrosymmetric [28,29]. Similar pre-edge 

features are present in Mn0.5Cr2.5O4, which is consistent with the presence of excess Cr2O3 in that 

sample. For MnCr2O4 and Mn1.5Cr1.5O4, the Cr K pre-edge feature at around 5990 eV is attributed 

to the 1s to 3d quadrupolar transition as reported for the Cr3+ residing in the octahedral site of the 

spinel structure [30], potentially resulting from a higher symmetry of the Cr site in the spinel than 

in Cr2O3. Thus the shift in edge energy between Cr2O3 and the spinel catalysts might be related to 

the different edge shape caused by the threshold 1s to 4p dipole transition.  As the absorption edges 

for both Cr and Mn have complex shapes we arbitrarily compare the edge energy E0 of the samples 

defined at half step height. The E0 for the Cr K edge of MnCr2O4 (5999.9 eV) was 1.6 eV higher 

than that for Cr2O3 (5998.3 eV). As the edge energies of the three spinel catalysts are similar 

(Figure A1), the formal oxidation state of Cr in the three spinel catalysts is assigned to be 3+. As 

shown in Figure 2.4b, the Mn K-edge XANES of the Mn-Cr-O spinel catalysts resemble the 

XANES of Mn3O4 since Mn3O4 adopts a distorted spinel structure whereas all of the Mn atoms in 

Mn2O3 are octahedrally coordinated. The pre-edge feature around 6540 eV is attributed to the 
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dipolar 1s to 3d-4p transition that has been reported for tetrahedral Mn2+ in the spinel structure (i.e., 

MnCr2O4 and MnFe2O4) [31,32]. The weak pre-edge feature in Mn2O3 is due to the Oh symmetry 

in which only the quadrupolar 1s to 3d transition is allowed [33]. Therefore, the stronger pre-edge 

feature observed for the Mn-Cr-O spinel catalysts indicates significant presence of Mn with Td 

symmetry in the spinel structure [34]. The value of E0 for Mn3O4 (6547.6 eV), in which two thirds 

of the Mn are nominally Mn3+, is only 1.4 eV higher than MnCr2O4 (6546.2 eV). The simple oxides 

of Mn have an E0 value for Mn3+ in Mn2O3 that is 4-5 eV higher than Mn2+ in MnO [35–37]. 

Evidently, using the value of E0 to assign oxidation state of Mn can be ambiguous. Nevertheless, 

the value of E0 for Mn1.5Cr1.5O4 (6546.6 eV) is slightly higher than both MnCr2O4 (6546.2 eV) and 

Mn0.5Cr2.5O4 (6546.4 eV), which is consistent with some of the excess Mn in Mn1.5Cr1.5O4 being 

in the +3 oxidation state.  

 

Figure 2.4 Normalized X-ray absorption near edge structure at the (a) Cr K edge and (b) Mn K 

edge of the fresh Mn-Cr-O spinel catalysts compared to the pure oxides. Spectra are offset for 

clarity. 

The Fourier transformed extended X-ray absorption fine structure (EXAFS) associated 

with Cr and Mn in the Mn-Cr-O spinel catalysts are shown in Figure 2.5 together with the pure 

oxides. As shown in Figure 2.5a, the distance for the Cr-O first shell is uniform across the spinel 

samples. The second shell of Cr in all the spinel samples is similar to that of Cr2O3. This second 
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shell feature is consistent with the second nearest neighbors of octahedrally coordinated Cr. 

Comparatively, the first shell Mn-O distance for MnCr2O4 and Mn1.5Cr1.5O4 (Figure 2.5b) is 

similar to their corresponding Cr-O shell distance. The second shell feature of Mn for MnCr2O4 

and Mn1.5Cr1.5O4 is significantly longer by about 0.5 Å than the Mn second shell of Mn2O3. The 

long second shell distance of Mn in the spinel catalysts is consistent with the second nearest 

neighbors of the tetrahedrally coordinated Mn. These observations of first and second shell 

features in the EXAFS are consistent with the reported EXAFS results from various spinel oxides 

[38–40]. Interestingly, the second shell of Mn1.5Cr1.5O4 appears to be broad with a shoulder at a 

shorter distance that might arise from a fraction of the Mn residing in the octahedral site of the 

spinel structure, which has been claimed in the Mn-rich spinel oxides [11,20,22,23]. 

  

Figure 2.5 Magnitude of the Fourier-transformed EXAFS (not corrected for phase shift) from (a) 

Cr and (b) Mn for the fresh Mn-Cr-O spinel catalysts and the pure oxides. Spectra are offset for 

clarity. 
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The distributions of Cr and Mn in the Mn-Cr-O spinel catalysts were further investigated 

using EDS elemental mapping and XPS depth profiling. The EDS mappings of MnCr2O4 and 

Mn1.5Cr1.5O4 (Figure A2) suggest uniform distributions of both Cr and Mn in the particles, which 

is consistent with the observation of spinel phase by XRD. Despite a significant amount of Cr2O3 

in Mn0.5Cr2.5O4, no discontinuity of Mn distribution was detected on the EDS mapping. Figure 2.6 

shows the changes of Cr/Mn ratios determined by XPS of the Mn-Cr-O spinel catalysts as a 

function of sputtering cycle. In agreement with the results in Table 2.2, the Cr/Mn ratios of 

MnCr2O4 and Mn1.5Cr1.5O4 are almost constant regardless of sputtering cycle (or depth in the 

sample), indicating uniform Cr and Mn distributions from the surface to the bulk. However, the 

Cr/Mn ratio of Mn0.5Cr2.5O4 gradually increases with the sputtering depth and approaches the bulk 

Cr/Mn ratio, which confirms the enrichment of Mn close to the surface for that sample.  

 

Figure 2.6 The Cr/Mn ratio of the fresh Mn-Cr-O spinel catalysts measured during XPS depth 

profiling. Cycle 0: surface measurement without sputtering; Cycle 1-5: presputtered with 3 kV 

bias for 0.5 min; Cycle 6: presputtered with 3 kV bias for 5 min; Cycle 7: presputtered with 5 kV 

bias for 5 min. 
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The speciation of Mn and Cr on the surface of the Mn-Cr-O spinel catalysts was also 

investigated by XPS (Figure 2.7). The 2p3/2 and 2p1/2 binding energies for different Mn oxides are 

well-known to exist over a short energy range, so direct identification of Mn2+ from Mn3+ at around 

641.3 eV is difficult [41,42]. The Mn 2p3/2 peak in MnCr2O4 and Mn0.5Cr2.5O4 both show a shake-

up feature at 647.3 eV (Figure 2.7a), which is known to appear only when Mn2+ is present [43,44]. 

The less intense shake-up feature in Mn1.5Cr1.5O4 may be related to the existence of Mn3+ on the 

surface. The peak in MnCr2O4 and Mn0.5Cr2.5O4 at a binding energy of 640.0 eV is associated with 

the strong multiplet split of Mn2+ [43–46], which is consistent with the observed shake-up feature 

for Mn2+ at 647.3 eV. The Cr 2p3/2 region of all three spinel catalysts is similar.  

 

Figure 2.7 (a) Mn 2p and (b) Cr 2p X-ray photoelectron spectra on the surface of the fresh Mn-

Cr-O spinel catalysts. 
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The two peaks at a binding energy of 576.6 eV and 575.6 eV (Figure 2.7b) are assigned to the 

multiplet split of Cr3+ as reported in prior studies [47,48]. The broad feature around 578.7 eV is 

attributed to Cr6+ [48] since the oxidation of Cr2O3 to CrO3 at high temperature is well documented 

[49,50]. No obvious difference in the XPS of Mn and Cr 2p region is identified for MnCr2O4 

(Figure A3) during the depth profiling except the disappearance of a Cr6+ feature, indicating a 

uniform speciation of Mn and Cr from the surface to the bulk. Similar observations were associated 

with the other spinel samples (not shown). 

 

Figure 2.8 Temperature-programmed reduction in H2 of the fresh Mn oxide, Cr oxide and Mn-Cr-

O spinel catalysts.   

Temperature-programmed reduction in H2 was used to probe the redox properties of Mn 

oxide, Cr oxide and Mn-Cr-O spinel catalysts. As shown in Figure 2.8, the three spinel catalysts 

and Cr2O3 exhibit low temperature reduction features in a temperature range from 423 K to 773 K. 
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These features are attributed to the reduction of Cr6+ on the surface of MnCr2O4 or Cr2O3 phase 

[21,51,52], which is consistent with the Cr6+ identification in the spinel catalysts by XPS. The 

appearance of two features in the reduction of MnCr2O4 and Mn1.5Cr1.5O4 may be due to the 

stepwise reduction of Cr6+ to Cr3+ and Cr3+ to Cr2+ as claimed in previous studies [53,54]. A very 

high temperature reduction above 873 K has been identified for Mn1.5Cr1.5O4. Since MnO phase 

was detected by XRD after H2-TPR of Mn1.5Cr1.5O4 (Figure A4a), this peak is assigned to the 

reduction of surface Mn3+ to Mn2+. For comparison, the reduction of Mn3+ to Mn2+ in Mn3O4 was 

observed starting at a much lower temperature of 573 K. The XRD pattern (Figure A4b) indicates 

Mn3O4 was completely reduced to MnO during the H2-TPR experiment. Therefore, the substitution 

of Mn3+ into the spinel lattice in Mn1.5Cr1.5O4 can effectively stabilize Mn3+ from being reduced 

to Mn2+
. 

2.3.2 Steam reforming of ethylene over Mn oxide, Cr oxide and Mn-Cr-O spinel catalysts 

Table 2.3 Steam reforming of ethylene over Mn oxide, Cr oxide and the Mn-Cr-O spinel catalysts 

at 873 K 

Catalyst 

C2H4 

conversiona 

(%) 

C1 production 

rate 

(μmol·m-2·s-1) 

Product selectivity (%) 

CO CO2 CH4 H2 

MnCr2O4 1.8 0.13 1.2 28 13 58 

Mn1.5Cr1.5O4 1.5 0.21 0.74 30 7.7 62 

Mn0.5Cr2.5O4 2.1 0.19 1.1 28 15 56 

Cr2O3
b 3.0 0.34 1.2 27 16 55 

Mn3O4-i
c 5.3 0.57 0.64 96 0.64 2.5 

Mn3O4-f
d 0.56 0.060 1.4 27 6.4 65 

a Product-based conversion 
b Initial results averaged over t < 3 h  
c Initial results at t < 10 min 
d Steady state results after t = 4 h  

The synthesized Mn oxide, Cr oxide and Mn-Cr-O spinel catalysts were evaluated for the 

steam reforming of ethylene at 873 K, a temperature at which background reforming activity was  
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Figure 2.9 Rate of C1 product formation during the steam reforming of ethylene over Mn oxide, 

Cr oxide and Mn-Cr-O spinel catalysts. Reaction conditions: 873 K, 1 g catalyst (2 g for Mn3O4), 

100 cm3·min-1 total flow, 25 % C2H4, 50 % H2O, 5 % N2 and 20 % Ar. 

negligible. The potential effects of heat and mass transfer limitations on the measured steam 

reforming rates were found to be insignificant (see Appendix A2 for a detailed analysis). As listed 

in Table 2.3, the maximum conversion among the five catalysts was 5.3 %, which was observed 

over Mn3O4 only at the beginning of reaction. The Cr2O3 catalyst exhibited a higher initial ethylene 

reforming activity than the spinel catalysts but deactivated continuously after about 3 h on stream. 

The Cr2O3 catalyst and Mn1.5Cr1.5O4 spinel catalyst were further tested in ethylene steam reforming 

under similar partial pressures of H2 for an appropriate comparison of catalyst stability. As shown 

in Figure A5, despite a higher initial reforming rate, the Cr2O3 catalyst rapidly deactivated after 3 

h on stream and eventually became less active than the Mn1.5Cr1.5O4 spinel catalyst, which 

remained stable for over 10 h on stream. Since no degradation of the Cr2O3 phase was detected by 

X-ray diffraction and the initial reforming activity of the deactivated catalyst could be fully 

regenerated by re-oxidation, the deactivation of the Cr2O3 catalyst was likely the result of coke 

deposition evident by the weight loss (0.22 wt %) during temperature-programmed oxidation of 
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the spent catalyst sample. The Mn3O4 sample had the highest reforming rate of 0.57 μmol·m-2·s1 

at the initial stage, but it deactivated rapidly (Figure 2.9). The rate after about 4 h on stream was 

only 10 % of the rate observed initially. The three spinel catalysts showed stable activity during 

steam reforming of ethylene (Figure 2.9). The reforming rate over Mn1.5Cr1.5O4 (0.21 μmol·m-2·s1) 

was similar to that over Mn0.5Cr2.5O4 (0.19 μmol·m-2·s1), both being slightly higher than the rate 

over MnCr2O4 (0.13 μmol·m-2·s1). The reforming product selectivity over the Mn-Cr-O spinel 

catalysts favored CO2 and H2, which is ascribed to nearly equilibrated water-gas shift reaction at 

873 K in the presence of excess H2O. Since the selectivity toward H2 over Mn3O4 during the initial 

stage was much lower than that toward CO2, the deactivation of Mn3O4 may be related to the 

reduction of Mn3O4 during the reaction. The BET surface area of Mn3O4 after reaction (1.4 m2·g-

1) showed a minor decrease compared to the fresh catalyst (1.6 m2·g-1). In accordance with our H2-

TPR results, the XRD pattern (Figure A6a) of a deactivated catalyst clearly demonstrates that 

Mn3O4 was reduced to MnO during ethylene steam reforming at 873 K. Thus, the measured steady 

state rate of Mn3O4 after 4 h in Table 2.3 actually reflects the activity of MnO, indicating MnO is 

much less active than Mn3O4 in the reaction. No obvious changes regarding the BET surface area 

(Table A1) or phase composition (Figure A6b) were observed for the Mn-Cr-O spinel catalysts. 

Thermogravimetric analysis of the Mn-Cr-O spinel catalysts (Figure A7) showed negligible coke 

deposition on the catalysts, and the weight loss below 373 K is likely the result of H2O desorption. 

2.3.3 Steam reforming kinetics of the Mn-Cr-O spinel catalysts 

The kinetic behavior of ethylene steam reforming was investigated over the Mn-Cr-O 

spinel catalysts. Figure 2.10 presents the influence of H2, C2H4 and H2O on the observed rate of 

reforming. As shown in Figure 2.10a, MnCr2O4 and Mn0.5Cr2.5O4 showed almost the same C1 

production rate regardless of the H2 partial pressure. Co-feeding H2 changed the product selectivity  
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Figure 2.10 Effect of partial pressures of (a) H2, (b) C2H4 and (c) H2O on the C1 production rate 

in the steam reforming of ethylene over the Mn-Cr-O spinel catalysts. Reaction conditions: 873 K, 

1 g catalyst, 100 cm3·min-1 total flow, 20 % H2 was co-fed for testing the effect of C2H4 and H2O 

on Mn1.5Cr1.5O4. 

from CO2 toward CO and CH4, but the overall reaction order in terms of C1 production was near 

zero. Interestingly, the activity of Mn1.5Cr1.5O4 was significantly inhibited when a small amount 

of H2 was co-fed, but the reaction reached zero order in H2 at about 0.1 bar H2. This phenomenon 

may be related to the regeneration of Mn3+ on the surface but will need to be explored further. 

Since the activity of Mn1.5Cr1.5O4 is sensitive to low levels of H2, our subsequent studies with 

Mn1.5Cr1.5O4 were conducted in the presence of 20 % H2 to assure the inhibitive effect of H2 on 

the rate was similar across all measurements. As shown in Figure 2.10b, the steam reforming 

activities of all three spinel catalysts increased with increasing C2H4 partial pressure. Ethylene 

steam reforming was nearly first order in C2H4 over MnCr2O4 and Mn1.5Cr1.5O4 (Table 2.4), while  
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Table 2.4 Apparent reaction orders and activation barriers for steam reforming of ethylene 

measured over the Mn-Cr-O spinel catalysts 

Catalyst 
Order in 

H2 

Order in 

C2H4 

Order in 

H2O 

Ea (des.)c 

(kJ·mol-1) 

Ea (acs.)d 

(kJ·mol-1) 

Ea (avg.)e 

(kJ·mol-1) 

MnCr2O4 0.03 0.91 -0.21 130 120 130 

Mn1.5Cr1.5O4 -0.05a 0.93b -0.40b 150 150 150 

Mn0.5Cr2.5O4 -0.05 0.74 -0.38 200 170 190 
a Valid when p(H2) is at least 0.1 bar 
b Measured while co-feeding 20 % H2 
c  Calculated from 893 K to 853 K temperature descending sequence 
d Calculated from 853 K to 893 K temperature ascending sequence 

e  Calculated from the average rates of the descending and ascending temperature sequence   

a slightly lower reaction order of 0.74 was observed for Mn0.5Cr2.5O4. The effect of H2O partial 

pressure was also investigated as shown in Figure 2.10c. Ethylene steam reforming over all three 

spinel catalysts was slightly inhibited by H2O when the steam to carbon ratio (S/C) in the feed was 

greater than unity. The reaction order in H2O under these conditions ranges from -0.21 to -0.40 

over the spinel catalysts, although a more complex influence of H2O has been identified over a 

wider S/C range (Figure A8). The inhibitive effect of H2O suggests a higher steady state H2O 

coverage compared to C2H4 and H2 on the surfaces of the spinel catalysts, which can be ascribed 

to stronger adsorption of H2O compared to C2H4 and H2.   

The apparent activation barrier of ethylene steam reforming over the Mn-Cr-O spinel 

catalysts was evaluated using the method described by Xie et al [55] to account for deactivation. 

The apparent activation barrier was measured in the presence of excessive H2 for the spinel 

catalysts. The reactions were carried out following the temperature profile shown in Figure 2.11c, 

in which the catalyst was reacted for 20 h at 893 K to reach “steady state”, then following the 

descending and ascending temperature sequence in Figure 2.11c. As shown in Figure 2.11a, 

MnCr2O4 and Mn1.5Cr1.5O4 both exhibited stable reforming activities with only minor deactivation 

observed up to 20 h. The Mn0.5Cr2.5O4 catalyst continued to slowly deactivate, even in the presence  
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Figure 2.11 (a) Deactivation profiles at 893 K and (b) Arrhenius-type plots of the C1 production 

rate within the temperature range of 853-893 K of the steam reforming of ethylene over the Mn-

Cr-O spinel catalysts. Reaction conditions: 1 g catalyst, 100 cm3·min-1 total flow, 25 % C2H4, 50 % 

H2O, 5 % N2 and 20 % H2. The temperature profile of the whole measurement is shown in (c). 

of H2. These findings suggest the excess Cr2O3 in Mn0.5Cr2.5O4 may be responsible for the 

deactivation, potentially from surface carburization and perhaps minor coke deposition, which is 

in good agreement with the reported higher resistance to carburization of Mn-Cr-O spinels 

compared to Cr2O3 [10,11,13]. As shown in Figure 2.11b, the deactivation of Mn0.5Cr2.5O4 caused 

the slope of the temperature descending sequence to deviate significantly from that of the 

ascending one in the Arrhenius-type plots. The apparent activation barrier measured by averaging 

the two sequences over Mn0.5Cr2.5O4 was 190 kJ·mol-1 (Table 2.4), with an uncertainty of about 

20 kJ·mol-1. As expected from the slight deactivation over MnCr2O4 and Mn1.5Cr1.5O4, the 
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Arrhenius-type plots of the corresponding descending and ascending temperature sequence 

substantially overlapped. Both MnCr2O4 and Mn1.5Cr1.5O4 exhibited a lower apparent activation 

barrier compared to Mn0.5Cr2.5O4, the average values being 130 kJ·mol-1 and 150 kJ·mol-1, 

respectively. 

To estimate the intrinsic turnover frequency (TOF) of the Mn-Cr-O spinel catalysts, the 

reported C1 production rate would need to be further normalized by the active site density on the 

catalyst surface. We evaluated the surface density of redox-active oxygen sites and water 

adsorption sites as potential measures of active sites. As listed in Table A2, the oxygen storage 

capacity (OSC) of the Mn-Cr-O spinel catalysts was measured using O2 pulse chemisorption and 

compared to the corresponding H2 consumption during H2-TPR up to 873 K. The measured OSC 

values of the spinel catalysts are in good agreement with their H2 consumptions, indicating the 

redox active sites may be some surface Cr species in which Cr oxidation state is changeable. 

However, the highest OSC value of 28 μmol O·m-2 was observed for Mn1.5Cr1.5O4, which 

significantly exceeded the possible oxygen density on a spinel oxide surface. Therefore, it is likely  

 

Figure 2.12 Adsorption isotherms of H2O on the Mn-Cr-O spinel catalysts at 383 K. 
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Table 2.5 Estimate of turnover frequency for ethylene steam reforming base on H2O adsorption  

Catalyst 
Qm (H2O) 

(μmol·m-2)a 

Qm (H2O) 

(μmol·g-1) 

Qm (N2) 

(μmol·g-1)b 

C1 production rate 

(μmol·m-2·s1)c 

TOF 

(s-1)d 

MnCr2O4 4.8 25 54 0.13 0.027 

Mn1.5Cr1.5O4 2.9 7.5 27 0.21 0.072 

Mn0.5Cr2.5O4 5.8 26 46 0.19 0.033 
a Extrapolated from the linear physisorption region to p(H2O) = 0 
b Monolayer N2 physisorption coverage from the BET model 
c Reaction conditions: 873 K, 1 g catalyst, 100 cm3·min-1 total flow, 25 % C2H4, 50 % H2O, 5 % N2 and 20 % Ar 
d Calculated assuming an active site density of Qm (H2O) 

that the OSC measurement of Mn1.5Cr1.5O4 involved subsurface oxygen atoms so the measured 

OSC value cannot be used as a measure of active site density. As H2O inhibited the reforming rate 

on all three catalysts, we suspect that a strong interaction between H2O and Mn+-O2- pairs (Mn+ = 

Mn2+, Mn3+ or Cr3+) leads to a higher steady state coverage of H2O compared to C2H4 and H2 on 

the surface of the catalysts. Therefore, the chemisorption capacity of H2O was explored as a 

representative estimate of the active site density. As shown in Figure 2.12, the adsorption 

isotherms of H2O were measured for the Mn-Cr-O spinel catalysts at 383 K. The H2O adsorption 

isotherms appear to be a combination of Langmuir adsorption at low pressure followed by 

physisorption at higher pressures. The chemisorption capacity of H2O was determined from a 

linear extrapolation of the multilayer region to p(H2O) = 0 as described in our previous work [16]. 

As listed in Table 2.5, the H2O chemisorption capacity per surface area of the Mn-Cr-O spinel 

catalysts follow the trend of Mn0.5Cr2.5O4 > MnCr2O4 > Mn1.5Cr1.5O4. Compared to the respective 

monolayer adsorption capacity of N2 per mass from N2 physisorption, the chemisorption capacity 

per mass of the catalyst is much lower. Since the effective cross-sectional area of the H2O molecule 

is smaller than that of N2 [56], we exclude the possibility that H2O covers the surface in the same 

way as N2 due to physisorption. Instead, we attribute the lower capacity of H2O per mass to the 

preferential adsorption of H2O onto specific sites of the catalyst surface. Assuming the H2O 

chemisorption capacity to be the active site density, the TOF of the Mn-Cr-O spinel catalysts has 
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been calculated and reported in Table 2.5. After the site density is accounted for, the TOF of 

Mn0.5Cr2.5O4 (0.033 s-1) is similar to that of MnCr2O4 (0.027 s-1) at 873 K. A higher TOF of 0.072 

s-1 evaluated for Mn1.5Cr1.5O4 suggests the Mn3+ may be potentially more active in ethylene steam 

reforming compared to Mn2+.  

2.3.4 Ethane dehydrogenation over the Mn0.5Cr2.5O4 catalyst 

 

Figure 2.13 (a) Ethane conversion and (b) carbon-based product selectivity of ethane 

dehydrogenation without catalyst and over Mn0.5Cr2.5O4. Reaction conditions: 873-943 K, 0 or 1 

g catalyst, 100 cm3·min-1 total flow, 25 % C2H6, 50 % H2O, 5 % N2 and 20 % Ar. 

The reactivity of ethane, which is a feed to a steam cracker, was also examined under 

similar steam reforming conditions using Mn0.5Cr2.5O4 as a model catalyst. As shown in Figure 

2.13a, the conversion of C2H6 at 873 K over Mn0.5Cr2.5O4 was 1.0 %, almost identical to that 

without catalyst. The difference in C2H6 conversion between the reaction with and without catalyst 

increased with increasing temperature. At 943 K, the reaction with catalyst converted ethane at 

6.9 %, which is higher than that without catalyst (4.6 %). The corresponding product selectivity as 

a function of temperature is shown in Figure 2.13b. In the absence of the Mn0.5Cr2.5O4 catalyst, 

C2H6 dehydrogenated to C2H4 without any observed reforming reactions. The formation of CO2 in 

the presence of the catalyst confirms that steam reforming of some hydrocarbon species occurred 

in the temperature range of 873-943 K. Detailed product selectivity for the reaction over the 
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Mn0.5Cr2.5O4 catalyst is shown in Figure A9. As indicated from the high selectivity toward 

dehydrogenation (> 85 %) even in the presence of catalyst, the steam reforming of C2H6 was 

significantly less favored than the steam reforming of C2H4 over Mn0.5Cr2.5O4 at these temperatures. 

Thus, the observed reforming products are likely derived from the steam reforming of the product 

C2H4 instead of direct reforming of C2H6. 

2.3.5 Proposed mechanism for ethylene steam reforming over the Mn-Cr-O spinel catalysts 

The steam reforming of ethylene is proposed to occur through a Mars-van Krevelen 

mechanism, in which C2H4 is oxidized by the lattice oxygen atoms O* from the catalyst surface, 

and the generated lattice vacancies are refilled by the dissociation of H2O. The postulated reaction 

path is shown in Scheme 2.1 for the two kinetically significant surface reactions:  

 

Scheme 2.1 A simplified Mars-van Krevelen mechanism proposed for ethylene steam reforming. 

To simplify the mathematical derivation, we assume the oxidation rate is determined only 

by the initial reaction of C2H4 with lattice oxygen and subsequent steps are not kinetically relevant. 

Using the redox stoichiometry and site conservation of the lattice oxygen ([*]0 = [*] + [O*]), the 

reforming rate in terms of C1 product formation rC1
 is obtained as: 

[*]0

rC1

 = 
1

2k1[C2H4]
 + 

1

k2[H2O]
                                                                 (2.8) 

Assuming a negligible surface density of vacancies compared to the lattice oxygen 

([O*] ≫ [*]), the first term on the right side dominates the rate expression, which agrees with the 

observation of the reaction being an apparent first order in C2H4. This simplified model gives a 
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positive or zero order in H2O, which cannot explain the observed inhibitive effect of H2O on the 

reforming activity as seen in Figure 2.10c. Thus, we propose the participation of a second site S 

(possibly Mn2+, Mn3+ or Cr3+) on which C2H4 and H2O can adsorb competitively. This modified 

two-site Mars-van Krevelen mechanism is described in Scheme 2.2: 

 

Scheme 2.2 A modified two-site Mars-van Krevelen mechanism proposed for ethylene steam 

reforming. 

Assuming [O*] ≫ [*] as before, the reforming rate in terms of C1 product formation rC1
 

can be expressed as (see Appendix A3 for a detailed derivation): 

rC1
 = 

2k3KC2H4
[C2H4][S]0[*]0

1 + KC2H4
[C2H4] + KH2O[H2O]

                                                               (2.9) 

The inhibition by H2O can be explained by a higher steady state coverage of H2O than C2H4 on 

site S (KC2H4
[C2H4] ≪ KH2O[H2O]) resulting from a stronger interaction with H2O.  

2.4 Conclusions 

The Mn-Cr-O spinel catalysts were found to be both active and structurally stable for 

ethylene steam reforming at 873 K with negligible coke deposition. The spinel catalysts 

outperformed the pure metal oxides since under the same reforming conditions Cr2O3 and Mn3O4 

both deactivated, with Mn3O4 reducing to MnO in situ. A two-site Mars-van Krevelen type 

mechanism was proposed in which the slight inhibitive effect of H2O on the steam reforming 
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activity was ascribed to the more favorable adsorption of H2O on the spinel surface compared to 

C2H4. The excess Cr2O3 in Mn0.5Cr2.5O4 led to continuous on stream deactivation in ethylene steam 

reforming and a significantly higher activation barrier compared to MnCr2O4 and Mn1.5Cr1.5O4. 

Under similar steam reforming conditions, ethane underwent dehydrogenation to ethylene over the 

Mn0.5Cr2.5O4 catalyst without any appreciable reactivity toward steam reforming. The spinel 

feature in Mn1.5Cr1.5O4 was attributed to the substitution of Cr3+ by Mn3+ given the significant 

expansion of the lattice constant, the additional coordination shell observed in Mn EXAFS, and 

the decline in intensity of the Mn2+ satellite feature in the Mn 2p X-ray photoelectron spectrum. 

The highest TOF for reforming over the spinel catalysts was observed over Mn1.5Cr1.5O4 and may 

be attributed to the presence of Mn3+. 
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Chapter 3 Steam reforming kinetics of olefins and aromatics over 

Mn-Cr-O spinel oxides 

Work presented in this chapter was submitted to the Journal of Catalysis as: 

L. Yang, M.P. Bukhovko, A. Malek, L. Li, C.W. Jones, P.K. Agrawal, R.J. Davis, Steam reforming 

kinetics of olefins and aromatics over Mn-Cr-O spinel oxides. 

 

 

 

Abstract 

Catalytic steam reforming of propylene, benzene and toluene was investigated over Mn-Cr-O 

spinel oxides with different stoichiometry. The catalysts were structurally stable during reforming 

conditions except for Mn3O4, which reduced in situ to MnO. The Cr2O3 catalyst showed the highest 

initial rate for propylene reforming, whereas the Mn-rich Mn1.5Cr1.5O4 spinel was the most active 

and stable catalyst for aromatic reforming. Reforming rates of olefins and aromatics were 

comparable under 0.05 bar hydrocarbon and 0.40 bar steam at 873 K. The reforming rate of olefins 

and aromatics was first order in hydrocarbon and slightly inhibited by H2O, which is consistent 

with a Mars-van Krevelen type mechanism. Of the hydrocarbons investigated, only the rate of 

toluene reforming was negative first order in excess H2. Results from diffuse reflectance infrared 

Fourier transform spectroscopy of adsorbed toluene on a spinel catalyst suggest that H2 inhibits 

the rapid oxidation of the methyl group of toluene.  
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3.1 Introduction 

 Olefins are important building blocks for chemical and polymer syntheses. In particular, 

the production of ethylene has grown rapidly over recent years and is predicted to continue doing 

so with the increasing global demand [1,2]. Industrial ethylene production relies heavily on the 

steam cracking process, where a hydrocarbon feedstock is diluted with steam and heated from 773-

923 K to 1023-1148 K to initiate the radical process [3,4].  As a result of expanding shale gas 

supplies, the feedstock for steam cracking furnaces in the United States has shifted gradually from 

naphtha to ethane, which produces predominantly ethylene through dehydrogenation and less 

heavier side products like propylene, butenes and aromatics [5,6].  

 Carbonaceous deposit, commonly known as coke, is an undesired side product formed 

during the steam cracking of hydrocarbons. The accumulation of coke leads to an increase in the 

pressure drop along the cracking reactor that favors bimolecular reactions to form heavier 

byproducts (e.g., aromatics) and a higher fuel input to compensate for the increase in heat transfer 

resistance [7,8].  Eventually, the deposited carbon needs to be removed by combustion in oxygen-

containing gases, which ceases the production periodically and thus has a negative impact on the 

economy of the process [9]. Coke deposition can occur through three mechanisms, namely 

catalytic coking, radical coking and droplet condensation coking, of which the former two mainly 

contribute to the coke deposition in the cracking furnace [10]. Catalytic coking can occur rapidly 

even at low temperatures over the metallic sites present on the surfaces of the Fe-Ni-Cr alloy 

commonly used to fabricate the tubular cracking reactors [11]. However, for the Fe-Ni-Cr alloy 

containing Mn, a dense barrier layer enriched with MnCr2O4 spinel oxides can form upon oxidative 

pretreatment, which physically separates the Fe and Ni on the alloy surface from the gas-phase 

coking precursors [12,13]. The MnCr2O4 spinel layer has been reported to effectively prevent 
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catalytic coking during steam cracking, but radical coke continued to form since it was initiated 

through gas-phase radical processes and was less dependent on the composition of the reactor 

surface [14–16].  

 In efforts to relieve radical coke buildup over these state-of-the-art Mn-Cr-O spinel barrier 

oxide layers, the catalytic activity of these Mn-Cr-O spinel oxides is of interest for in situ removal 

of radical coke through steam gasification [17–19]. By analogy to our previous work on Ce-Zr 

mixed oxides [20], we have systematically investigated the steam reforming kinetics of olefins and 

aromatics that are common coking precursors present in the steam cracker as model reactions for 

steam gasification of coke over the Mn-Cr-O spinel oxides. Following our previous work on 

ethylene steam reforming [21], we have evaluated and compared the reforming kinetics of 

propylene, benzene and toluene, with the involved reactions shown below: 

Steam Reforming: 

C3H6 + 3H2O 
          
⇒   3CO + 6H2        ∆Hr

o = 373.9 kJ∙mol
-1

                                                                         (3.1) 

C6H6 + 6H2O 
          
⇒   6CO + 9H2       ∆Hr

o = 705.2 kJ∙mol
-1

                                                                         (3.2) 

C7H8 + 7H2O 
          
⇒   7CO + 11H2     ∆Hr

o = 868.7 kJ∙mol
-1

                                                                      (3.3) 

Water-gas Shift: 

CO + H2O 
          
⇒    CO2 + H2   ∆Hr

o = -41.2 kJ∙mol
-1

                                                                                         (3.4) 

Methanation: 

CO + 3H2 
          
⇒    CH4 + H2O   ∆Hr

o = -205.9 kJ∙mol
-1

                                                                               (3.5) 

 Herein, we have compared the activity and stability of Mn-Cr-O spinel oxides during 

toluene steam reforming to the single component oxides of Mn and Cr. The reforming kinetics of 
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propylene, benzene and toluene were also investigated over two spinel catalysts and compared to 

our previously reported ethylene reforming kinetics [21]. Results from rate measurements and in 

situ diffuse reflectance infrared Fourier transform spectroscopy of aromatic adsorption on the 

spinel oxide surface were used to develop a Mars-van Krevelen type mechanism. Finally, the 

turnover frequency of olefins and aromatics steam reforming over the spinel catalysts was 

estimated under conditions free of heat and mass transfer artifacts assuming an active site density 

evaluated by adsorption of H2O [21]. Together with the proposed mechanism, these results provide 

new insights for potential improvements in the design of catalytically active barrier oxide layers 

to suppress radical coke buildup during steam cracking. 

3.2 Experimental section 

3.2.1 Catalyst preparation 

 The Mn-Cr-O spinel oxide catalysts were synthesized from a conventional sol-gel method 

detailed in our previous work using Mn(NO3)2·4H2O (98 %, Alfa Aesar) and Cr(NO3)3·9H2O 

(99 %, Sigma-Aldrich) as the metal precursors and citric acid (99.5 %, Sigma-Aldrich) as the 

gelling agent, followed by a thermal treatment at 1273 K in 100 cm3·min-1 air flow for 4 h [21]. 

The catalysts were denoted as MnxCr3-xO4 (x = 0.5, 1.0 and 1.5) depending on the starting Cr/Mn 

molar ratio. Single oxide sample of Mn (Mn3O4) and Cr (Cr2O3) were prepared for comparison 

from the same procedure using one of the nitrate precursors. 

3.2.2 Catalyst characterization 

 Specific surface area and porosity of the catalysts were measured from N2 physisorption at 

77 K on a Micromeritics ASAP 2020 analyzer using the Brunauer-Emmett-Teller (BET) and the 
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Barrett-Joyner-Halenda (BJH) method of analysis, respectively. A sample of 3 g catalyst was 

evacuated at 473 K for 4 h prior to N2 physisorption.   

 Powder X-ray diffraction (XRD) patterns of the catalysts were recorded on a PANalytical 

Empyrean X-ray Diffractometer equipped with a Cu Kα radiation source in the Bragg-Brentano 

geometry. The sample was scanned through a 2θ range of 15° to 80° at a constant rate of 5°·min-1 

under ambient conditions. Lattice constants from Rietveld refinement were calculated using the 

Material Analysis Using Diffraction (MAUD) software package [22].  

 The cumulative amount of carbon deposited during steam reforming was assessed by 

temperature-programmed oxidation of the spent catalyst using a thermogravimetric analyzer (TA 

Instruments SDT Q600). A sample of 30 mg was heated at a constant ramp rate of 10 K·min-1 to 

973 K in a synthetic air flow of 50 cm3·min-1. 

 Toluene and benzene adsorption on the Mn1.5Cr1.5O4 spinel surface was examined by 

diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). Spectra were acquired on 

a Bruker Vertex 70 FT-IR spectrometer equipped with a liquid-nitrogen-cooled MCT detector by 

averaging over 100 scans at 2 cm-1 resolution. The catalyst sample was exposed to the aromatic 

carried by a flow of 30 cm3·min-1 He or excess H2 (> 90 vol %) in He at 573 K using an in situ 

reactor cell (Harrick Praying Mantis) with KBr windows. The upstream gas was purified using an 

OMI purifier (Supelco) before the aromatic was introduced through a saturator. Typically, the 

sample was first pretreated at 773 K for 1 h and then cooled down to 573 K in a He flow. The 

sample was then exposed to the aromatic in a H2-rich flow for 40 min, followed by a purge in this 

H2-rich flow without the aromatic for 20 min. Subsequently, the sample was pretreated again at 

773 K for 1 h and then cooled down to 573 K in a He flow. The sample was exposed to the same 

aromatic in a He flow for 40 min at 573 K, followed by a purge in this He flow without the aromatic 
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for 20 min at 573 K. The DRIFTS were processed using the Kubelka-Munk theory with spectra 

recorded prior to exposure to the aromatic in the corresponding gas flow being applied as 

reflectance reference spectra. 

3.2.3 Steam reforming of olefins and aromatics  

 The catalysts were evaluated in catalytic steam reforming of various hydrocarbons (toluene, 

benzene and propylene) in a temperature range of 853 K to 893 K under atmospheric total pressure. 

Typically, a total gas flow of 100 cm3·min-1 (corresponding to ~ 0.10 s residence time at 873 K) 

was directed to 2 g catalyst (sieved to 250-425 µm) loaded in a fixed-bed quartz reactor (10.5 mm 

I.D. × 12.75 mm O.D.). After removing dissolved O2 by a N2 purge, liquid reactants including 

C7H8 (99.8 %, Sigma-Aldrich), C6H6 (99.8 %, Sigma-Aldrich) and distilled deionized H2O were 

introduced by syringe pumps (ISCO, 500D) to a stainless steel evaporator maintained at 403 K to 

ensure complete vaporization and uniform mixing with other gas components supplied from mass 

flow controllers (Brooks, 5850E), including C3H6 (99.5 %, Praxair), H2 (99.999 %, Praxair), N2 

(99.999 %, Praxair) and Ar (99.999 %, Praxair). The reaction effluent gas was first directed to a 

condenser to trap unconverted aromatics (C7H8 or C6H6) and H2O, then passed through an infrared 

gas analyzer (Fuji Electric ZPA) to analyze the produced CO2, and finally sampled using an online 

gas chromatograph (Agilent 7890A) equipped with a CarboPlot P7 column and a thermal 

conductivity detector to analyze the produced H2, CO and CH4. The produced C6H6 during toluene 

steam reforming was analyzed by injecting the organic phase of the recovered liquid into an offline 

gas chromatograph (Agilent 7890A) equipped with a HP-5 column and a flame ionization detector. 

The overall rate of steam reforming was evaluated at a hydrocarbon conversion less than 10 % and 

is reported on a carbon basis (production rate of C1), which is defined as the total formation rate 

of CO, CO2 and CH4 normalized by the BET surface area of the catalyst: 
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rC1
 = 

F(CO) + F(CO2) + F(CH4)

SBET
                                                                                                                      (3.6) 

The conversion of hydrocarbon is evaluated from the produced CO, CO2 and CH4: 

CxHy conversion (%) = 
F(CO) + F(CO2) + F(CH4)

xF0(CxHy)
 × 100 %                                                                        (3.7) 

The product selectivity is defined as the molar fraction of a specific component with respect to all 

analyzed steam reforming products (H2, CO, CO2 and CH4): 

Selectivity of X (%) = 
F(X)

F(H2) + F(CO) + F(CO2) + F(CH4)
 × 100 %                                                                   (3.8) 

where F(X) denotes the molar flow rate of component X in the reaction effluent gas, F0(CxHy) 

denotes the molar flow rate of CxHy fed to the catalyst, and SBET denotes the BET surface area of 

the catalyst assessed from N2 physisorption.  

 Reproducibility of the measured steam reforming rate was within approximately 15 % 

relative uncertainty. Replicates of toluene steam reforming over the Mn-Cr-O spinel catalysts are 

shown in Figure B1 as an example. The material balance is verified based on the stoichiometry 

among the steam reforming products (see Appendix B1 of the Supplementary Material for details).  

3.3 Results and discussion 

3.3.1 Properties of the Mn oxide, Cr oxide and Mn-Cr-O spinel oxides 

 The textural properties of the oxide catalysts evaluated from N2 physisorption are 

summarized in Table 3.1. All of the catalysts had a low BET surface area (< 10 m2·g-1) after the 

high-temperature thermal treatment. The low cumulative BJH pore volume (< 0.05 cm3·g-1) of the 

catalysts likely resulted from the voids between particle aggregates instead of intracrystalline pores 

[20,23]. Since the crystallites were essentially non-porous, the measured BET surface area was 
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attributed solely to their external surface. Catalyst particles loaded into the reactor are likely 

composed of aggregates of these primary non-porous crystallites. 

Table 3.1 Properties of the fresh Mn oxide, Cr oxide and Mn-Cr-O spinel catalysts assessed from 

N2 physisorption and H2O chemisorption 

Catalyst 
BET surface area   

SBET (m2·g-1) 

Pore volume  

Vp (cm3·g-1)a 

Monolayer coverage of H2O 

 Qm(H2O) (μmol·m-2)b   

Mn3O4 1.0 0.003 - 

Mn1.5Cr1.5O4 2.4 0.008 2.9 

MnCr2O4 5.2 0.020 4.8 

Mn0.5Cr2.5O4 4.4 0.017 5.8 

Cr2O3 4.1 0.015 - 
a Cumulative pore volume from BJH adsorption method. 
b Adapted from our previous work in ref. [21]. The monolayer coverage was extrapolated from the linear physisorption 

region to p(H2O) = 0. 

 The Mn oxide, Cr oxide and Mn-Cr-O spinel oxides have been extensively characterized 

in our prior work using X-ray diffraction, X-ray absorption spectroscopy, X-ray photoelectron 

spectroscopy and temperature-programmed reduction in H2 [21]. The pure component oxide of 

Mn and Cr adopted the Mn3O4 and Cr2O3 phase, respectively. While excess Cr in the Mn0.5Cr2.5O4 

sample separated into Cr2O3, the excess Mn in the Mn1.5Cr1.5O4 sample existed as Mn3+ that 

substituted for the Cr3+ in the octahedral sites of the spinel lattice without the formation of any 

crystalline Mn oxide phases. These octahedral Mn3+ sites in the Mn1.5Cr1.5O4 sample were 

substantially more stable against reduction to Mn2+ compared to those in Mn3O4. 

3.3.2 Steam reforming of toluene over the Mn oxide, Cr oxide and Mn-Cr-O spinel oxides 

 The catalytic performance of the Mn oxide, Cr oxide and Mn-Cr-O spinel catalysts was 

first evaluated in toluene steam reforming at 873 K, a temperature at which no background steam 

reforming activity was observed (i.e., no detectable C1 products). One well-known side reaction 

that has been reported for toluene steam reforming over metal particles is the hydrogenolysis of 

toluene to form benzene and methane [24–26]: 
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C7H8 + H2 → C6H6 + CH4  ∆Hr = -42.4 kJ∙mol
-1

                                                                                    (3.9) 

To verify that the observed rate of C1 production was representative of toluene steam reforming, 

the formation rate of C6H6 under steam reforming conditions at 873 K was quantified over the 

MnCr2O4 catalyst, which was approximately 10-4 µmol·m-2·s-1 and not significantly affected by 

the partial pressure of C7H8, H2O or H2 (Table B1). Since the typical rate of C1 production 

observed during toluene steam reforming (at least initially) was one to two orders-of-magnitude 

higher, the majority of the C1 products originated from steam reforming instead of hydrogenolysis. 

Thus, the steam reforming rate of the catalysts will be reported and compared on a C1 basis.  

Table 3.2 Toluene steam reforming over the Mn oxide, Cr oxide and Mn-Cr-O spinel catalysts 

Catalyst 
C7H8 conversion  

(%)a 

C1 production rate  

(µmol·m-2·s-1) 

Product selectivity (%) 

CO CO2 CH4 H2 

Mn3O4
b 5.3 0.14 3 34 1 63 

Mn1.5Cr1.5O4 4.1 0.044 < 1 31 3 65 

MnCr2O4 5.1 0.027 < 1 31 4 65 

Mn0.5Cr2.5O4
c 5.2 0.030 < 1 31 3 65 

Cr2O3
b 5.5 0.035 1 27 < 1 71 

a Conversion based on C1 product formation. Reaction conditions: 873 K, 2 g catalyst, 100 cm3·min-1 total flow, 1 % 

C7H8, 40 % H2O, 5 % N2, balance Ar. 
b Initial results at t = 0.5 h on stream. 
c Initial results averaged over t < 2 h on stream. 

Although the initial conversion of toluene over the catalysts was similar (4-6 %, Table 3.2), 

only the Mn1.5Cr1.5O4 and MnCr2O4 catalysts showed steady formation rate of C1 products up to 

7.5 h on stream whereas deactivation occurred over the single oxides and the Mn0.5Cr2.5O4 catalyst 

to different extents (Figure 3.1). As listed in Table 3.2, catalysts with excess Mn (Mn3O4 and 

Mn1.5Cr1.5O4) exhibited a higher initial reforming rate than the stoichiometric MnCr2O4 spinel and 

catalysts with excess Cr (Mn0.5Cr2.5O4 and Cr2O3). The product distribution during toluene steam 

reforming was similar over all of the catalysts, favoring the production of H2 and CO2 as a result 

of the nearly equilibrated water-gas shift reaction that is concurrent with steam reforming in the  
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Figure 3.1 Rate of C1 product formation during toluene steam reforming over the Mn oxide, Cr 

oxide and Mn-Cr-O spinel catalysts. Reaction conditions: 873 K, 2 g catalyst, 100 cm3·min-1 total 

flow, 1 % C7H8, 40 % H2O, 5 % N2, balance Ar. 

presence of excess H2O. By analogy to our previous work on ethylene steam reforming [21], the 

highest initial reforming rate observed over the Mn3O4 catalyst (0.14 µmol·m-2·s-1) was likely 

attributed to the highly active octahedral Mn3+ sites, which underwent in situ reduction to Mn2+ by 

C7H8 and (or) the produced H2 and rapidly deactivated. As shown in Figure 3.2a, the XRD patterns 

of the spent Mn oxide catalyst revealed a phase transition from Mn3O4 to MnO, which is consistent 

with the reduction of Mn3+ to Mn2+. Although this in situ reduction was found not to change the 

surface area of the catalyst appreciably in ethylene steam reforming [21], the Mn oxide catalyst 

recovered after toluene steam reforming showed an increase in the BET surface area from 1.0 

m2·g-1 to 2.4 m2·g-1 which might be attributed to deposited carbon (catalyst appeared dark grey 

instead of green from MnO). Therefore, the deactivation of the Mn3O4 catalyst during toluene 

reforming is likely to result from both reduction of Mn3+ to Mn2+ and to carbon deposition. While 

no obvious phase change was detected for the spent Cr2O3 (Figure 3.2a) and spent Mn-Cr-O spinel 

catalysts (Figure 3.2b) compared to the fresh samples [21], the XRD patterns of the spent Mn-Cr- 
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Figure 3.2 X-ray diffraction patterns of (a) the Mn oxide, Cr oxide and (b) Mn-Cr-O spinel 

catalysts spent in toluene steam reforming. Lattice parameters of the spent Mn-Cr-O spinel 

catalysts from Rietveld refinement are compared to those of the fresh catalysts in Table B2.  

O spinel catalysts were refined to investigate any potential change in the composition of the spinel 

phase, which has been shown to correlate with the spinel lattice constant [27]. Both the spinel 

lattice constant and atomic Cr/Mn ratio refined for the spent MnCr2O4 (a = 8.439 Å, Cr/Mn = 2.1) 

and Mn0.5Cr2.5O4 (a = 8.440 Å, Cr/Mn = 5.7) catalysts were comparable to the respective values 

from the fresh samples (Table B2). The spinel phase in these two samples was assigned to the 

stoichiometric MnCr2O4 phase according to the reported lattice constant values in a range of 8.437-

8.439 Å [28–30]. The replacement of Cr3+ by excess Mn3+ in the octahedral sites led to an 

expansion in the lattice constant of Mn1.5Cr1.5O4 into 8.455-8.458 Å [27,28,31], which was also 

consistently observed in the spent Mn1.5Cr1.5O4 catalyst (a = 8.459 Å). This comparison suggested 

the highly active Mn3+ sites in Mn1.5Cr1.5O4 were stabilized against reduction to Mn2+ and therefore 

were retained in the spinel lattice during steam reforming, which contrasted the rapid deactivation 

observed for Mn3O4.  
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Given the stability of both the MnCr2O4 spinel phase and Cr2O3 phase under steam 

reforming conditions [21], the deactivation observed over the Mn0.5Cr2.5O4 (< 10 % decrease in 

surface area) and Cr2O3 (~ 16 % decrease in surface area) catalyst was likely attributed to coke 

deposition. In particular, the deactivation of Mn0.5Cr2.5O4 likely resulted from the excess Cr2O3 

present since the Cr2O3 catalyst deactivated much faster compared to the MnCr2O4 catalyst. 

Interestingly, the cumulative amount of coke deposited on Mn0.5Cr2.5O4 was very low after 7.5 h 

on stream (typically < 0.5 wt. %, see Figure B2 for instance) even for a fully deactivated catalyst. 

Nevertheless, the estimated coking rate during steam reforming was generally much lower than 

the initial formation rate of C1 products and thus did not significantly contribute to the observed 

product distribution during steam reforming.  

3.3.3 Kinetics of toluene steam reforming over the Mn-Cr-O spinel oxides 

 Kinetics of toluene steam reforming were investigated over the Mn-Cr-O spinel catalysts, 

which exhibited more stable activity than the single component oxides. As a major product from 

steam reforming, the effect of H2 on toluene reforming rate was studied first. As shown in Figure 

3.3a, the C1 production rate from toluene steam reforming over the Mn1.5Cr1.5O4 catalyst was 

significantly inhibited upon the introduction of excess H2 whereas the production rate recovered 

to the original value once the excess H2 was stopped. Such reversible inhibition of the rate by H2 

was also observed over the MnCr2O4 catalyst (not shown). The reaction order in H2 was determined 

over a range of H2 partial pressures (0.04-0.18 bar) for the Mn-Cr-O spinel catalysts as shown in 

Figure 3.3b. The toluene steam reforming rate was approximately negative first order over the 

spinel catalysts: Mn1.5Cr1.5O4 (-1.0), MnCr2O4 (-1.1), and Mn0.5Cr2.5O4 (-1.2). Intriguingly, this 

observation contrasted the ethylene steam reforming kinetics reported in our previous study 
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whereby excess H2 (> 0.10 bar) did not affect the rate of ethylene steam reforming over these same 

spinel catalysts [21]. 

 

Figure 3.3 (a) Effect of H2 partial pressure on the formation rate of C1 products during toluene 

steam reforming over the Mn1.5Cr1.5O4 catalyst and (b) fitted reaction order in H2 for toluene steam 

reforming over the Mn-Cr-O spinel catalysts. Reaction conditions: 873 K, 2 g catalyst, 100 

cm3·min-1 total flow, 1 % C7H8, 40 % H2O, 4-18 % H2, 5 % N2, balance Ar. 

Given the strong inhibition by H2, toluene reforming kinetics with respect to other 

components needed to be evaluated under a relatively constant H2 partial pressure. As shown in 

Table 3.3 and Figure B3 for runs performed in excess H2, the conversion of toluene decreased by 

half when the feed flow rate was doubled from 100 cm3·min-1 to 200 cm3·min-1, without affecting 

the rate or selectivity to C1 products. Therefore, toluene steam reforming was unaffected by the C1 

reforming products since the partial pressures of all C1 products (mostly CO2 and CH4) were nearly 

halved in the high flow rate case. Moreover, the potential effects from external heat and mass 

transfer artifacts on the measured reforming rate were found to be insignificant when the external 

heat and mass transport were changed explicitly by doubling the flow rate. Further analysis (see 
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Appendix B2 of the Supplementary Material for details) confirmed the measured reforming rate 

of toluene was also unaffected by intraparticle heat and mass transfer artifacts.  

Table 3.3 Formation of C1 products at different total flow rates during toluene steam reforming 

over the Mn-Cr-O spinel catalysts 

Catalyst 
Total flow 

(cm3·min-1) 

C7H8 conversion  

(%)a 

C1 production rate  

(µmol·m-2·s-1) 

Carbon selectivity (%) 

CO CO2 CH4 

Mn1.5Cr1.5O4 
100 0.8 0.016 3 82 15 

200 0.4 0.015 4 79 17 

MnCr2O4 
100 1.4 0.014 3 80 17 

200 0.7 0.014 2 76 22 

Mn0.5Cr2.5O4
b 

100 0.9 0.010 4 85 11 

200 0.4 0.010 3 85 12 
a Conversion based on C1 product formation. Reaction conditions: 873 K, 2 g catalyst, 2 % C7H8, 40 % H2O, 4 % H2, 

5 % N2, balance Ar. 
b Initial results averaged over t < 4 h on stream. 

The effect of C7H8 partial pressure on the reforming rate was investigated in 0.40 bar H2O 

and 0.04 bar of H2. As shown in Figure 3.4a, the initial reforming rate over the MnCr2O4 catalyst 

increased substantially with increasing C7H8 partial pressure (0.005 to 0.03 bar) while the highest 

partial pressure of C7H8 (0.03 bar) accelerated catalyst deactivation. The fitted reaction order in 

C7H8 (shown in Figure 3.4b) over the Mn-Cr-O spinel catalysts ranged from 0.78 to 0.91, 

indicating a nearly first order dependence of the reforming rate on C7H8 partial pressure. 

Comparatively, increasing the H2O partial pressure improved the stability of the MnCr2O4 catalyst 

but slightly inhibited the toluene reforming rate (Figure 3.4c). Consequently, the fitted reaction 

order in H2O (-0.26 ~ -0.38) was slightly negative over the Mn-Cr-O spinel catalysts (Figure 3.4d) 

under the tested H2O partial pressures (0.20-0.50 bar). The first-order dependence in hydrocarbon 

and slight inhibition by H2O observed in toluene steam reforming are consistent with ethylene 

reforming kinetics reported previously by us, where the inhibitive effect of H2O was explained by 

a higher strength of H2O adsorption on the spinel oxide surface compared to the hydrocarbon [21].  
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Figure 3.4 Effect of (a) C7H8 and (c) H2O partial pressure on the formation rate of C1 products 

during toluene steam reforming over the MnCr2O4 catalyst and fitted reaction order in (b) C7H8 

and (d) H2O for toluene steam reforming over the Mn-Cr-O spinel catalysts. Reaction conditions: 

873 K, 2 g catalyst, 100 cm3·min-1 total flow, (ab) 0.5-3 % C7H8, 40 % H2O, 4 % H2, 5 % N2, 

balance Ar; (cd) 2 % C7H8, 20-50 % H2O, 4 % H2, 5 % N2, balance Ar. 

Interestingly, the inhibitive effect of H2O was less prominent (i.e., less than 10 % change in toluene 

reforming rate when varying p(H2O) in the same range) over all three spinel catalysts in the 

absence of excess H2 (Figure B4). The nearly constant reforming rate resulted in similar 

downstream partial pressures of H2 even if the H2O partial pressure varied significantly. This 
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phenomenon was likely attributed to a stronger adsorption of H2O in excess H2 where the spinel 

oxide surface was partially reduced to form more O vacancies that had been shown to bind H2O 

more strongly in previous DFT studies [32–35].  

 

Figure 3.5 (a) Effect of catalyst re-oxidation on the formation rate of C1 products during toluene 

steam reforming at 893 K and (b) fitted apparent activation energy for toluene steam reforming 

over the Mn-Cr-O spinel catalysts. Reaction conditions: (a) 893 K; (b) 853-893 K, 2 g catalyst, 

100 cm3·min-1 total flow, 2 % C7H8, 40 % H2O, 4 % H2, 5 % N2, balance Ar. Catalyst spent after 

cycle 1 was re-oxidized in 100 cm3·min-1 air flow at 873 K for 6 h before tested in cycle 2. 

Due to rapid catalyst deactivation at elevated temperatures, the apparent activation energy 

of toluene steam reforming could not be assessed by changing reaction temperature continuously 

on stream. Fortunately, a deactivated catalyst could be easily regenerated by re-oxidation in air to 

remove the deposited carbon. As shown in Figure 3.5a, initial rate of toluene reforming over all 

three Mn-Cr-O spinel catalysts was regenerated via re-oxidation at 873 K even after being tested 

at the highest reaction temperature of 893 K where the catalyst was most prone to deactivation 

(see Figure B5 for the trend over MnCr2O4). In addition, the oxidative regeneration did not affect 

the surface area of the catalyst appreciably (i.e., less than 10 %). The results in Figure 3.5a also 

demonstrated that both the reforming rate and stability of the spinel catalyst increased with 
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increasing Mn content. Using this reaction-regeneration strategy, the reforming rate of the Mn-Cr-

O spinel catalysts was evaluated in a temperature range from 853 to 893 K, with the apparent 

activation energy fitted from the Arrhenius-type plot shown in Figure 3.5b. The apparent 

activation energy for toluene steam reforming over the three spinel catalysts was similar (230-250 

kJ·mol-1), all of which were substantially higher than the respective values for ethylene steam 

reforming (130-190 kJ·mol-1) [21]. This difference in the apparent activation energy is likely 

associated with the strong inhibition of toluene reforming by H2 and will be discussed in more 

detail in section 3.3.6. 

3.3.4 Kinetics of propylene and benzene steam reforming over the MnCr2O4 and Mn1.5Cr1.5O4 

catalysts 

 To understand the influence of molecular features on the reforming behavior of the 

hydrocarbon, steam reforming kinetics of propylene and benzene were also examined. Along with 

our previous studies on ethylene steam reforming [21] and the aforementioned results on toluene 

steam reforming, these results will enable a comparison of reforming kinetics between olefins and 

aromatics as well as in the absence and presence of a side chain methyl group on the unsaturated 

carbon. Under the tested conditions, propylene steam reforming over the catalysts did not produce 

any detectable C2 hydrocarbons. As listed in Table 3.4, despite a much higher initial reforming 

rate (averaged across the catalyst bed) compared to the spinel catalysts, the Cr2O3 catalyst 

deactivated continuously on stream even in the presence of excess H2 (Figure B6), which was 

likely the result of coke deposition as we reported previously for ethylene steam reforming [21]. 

Even at a higher H2O/C ratio, the Cr2O3 catalyst deactivated more rapidly in propylene reforming 

(H2O/C = 2.7) than in ethylene reforming (H2O/C = 1.0) [21], which was in agreement with a 

reported higher gas-phase coking tendency of propylene than ethylene [36]. The higher initial 
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steam reforming rate of both ethylene [21] and propylene over Cr2O3 than the MnCr2O4 spinel is 

possibly attributed to a higher density of cationic Cr sites that have been reported to be responsible 

for olefin activation in olefin polymerization studies [37,38]. 

Table 3.4 Propylene steam reforming over the Cr oxide and Mn-Cr-O spinel catalysts 

Catalyst 
C3H6 conversion  

(%)a 

C1 production rate  

(µmol·m-2·s-1) 

Product selectivity (%) 

CO CO2 CH4 H2 

Mn1.5Cr1.5O4 1.5 0.037 < 1 25 6 69 

MnCr2O4 3.9 0.042 < 1 26 12 61 

Cr2O3
b 15 0.23 1 26 25 48 

a Conversion based on C1 product formation. Reaction conditions: 873 K, 2 g catalyst, 100 cm3·min-1 total flow, 5 % 

C3H6, 40 % H2O, 5 % N2, balance Ar. 
b Initial results averaged over t < 1.5 h on stream, reforming rate listed was an average across the catalyst bed estimated 

from global C3H6 conversion. 

 As summarized in Figure 3.6, propylene steam reforming kinetics were investigated over 

two of the spinel catalysts (MnCr2O4 and Mn1.5Cr1.5O4). The propylene reforming rate over both 

catalysts, as shown in Figure 3.6a, was inhibited by a low pressure of  H2 (0.04 bar) whereas 

further increasing the H2 partial pressure did not affect the rate significantly. The inhibition of the 

rate by H2 was reversible (Figure B7a) and the reaction order in H2 fitted for both the MnCr2O4 (-

0.16) and Mn1.5Cr1.5O4 (-0.12) catalysts approached zero as the H2 partial pressure increased 

(Figure B7b). Under a controlled H2 partial pressure of 0.18 bar, propylene steam reforming 

exhibited a nearly first-order dependence on C3H6 partial pressure (1.1 for MnCr2O4 and 0.84 for 

Mn1.5Cr1.5O4, Figure 3.6b) and was slightly inhibited by H2O (-0.37 for MnCr2O4 and -0.23 for 

Mn1.5Cr1.5O4, Figure 3.6c) over both spinel catalysts. Although both catalysts remained stable 

during propylene steam reforming in excess H2 at 893 K, the apparent activation energy for 

propylene reforming in 853-893 K (130 kJ·mol-1 for MnCr2O4 and 170 kJ·mol-1 for Mn1.5Cr1.5O4, 

Figure 3.6d) was still measured by the reaction-regeneration strategy applied in toluene reforming 

to prevent any artifacts from the deposited carbon species. The re-oxidation treatment did not affect  
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Figure 3.6 Effect of (a) H2, (b) C3H6 and (c) H2O partial pressure and (d) reaction temperature on 

the formation rate of C1 products during propylene steam reforming over the Mn-Cr-O spinel 

catalysts. Reaction conditions: (a,b,c) 873 K; (d) 853-893 K, 2 g catalyst, 100 cm3·min-1 total flow. 

Detailed feed composition used for propylene steam reforming is listed in Table B3. Catalyst was 

re-oxidized in 100 cm3·min-1 air flow at 873 K for 6 h in between reactions. 

the reforming rate over both catalysts (Figure B8), which suggested severe collapse of catalyst 

surface area did not occur under the tested temperature range. As listed in Table 3.6, the kinetics 

of propylene reforming over both Mn1.5Cr1.5O4 and MnCr2O4, including reaction orders and 

apparent activation energy, were quite similar to the respective kinetics of ethylene reforming 
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reported in our previous work [21], except that the side methyl group introduced a slightly stronger 

inhibition of H2 at low partial pressure in propylene steam reforming. It is worth noting that the 

C3H6 partial pressure in the reforming results over Mn1.5Cr1.5O4 shown in Figure 3.6c and Figure 

3.6d was adjusted from 0.05 bar to 0.10 bar (see Table B3 for details) to enhance quantification 

accuracy of the products by increasing the reforming rate. Thus, the relative activity of the two 

catalysts should not be directly compared in these two figures. 

Table 3.5 Benzene steam reforming over the Cr oxide and Mn-Cr-O spinel catalysts 

Catalyst 
C6H6 conversion  

(%)a 

C1 production rate  

(µmol·m-2·s-1) 

Product selectivity (%) 

CO CO2 CH4 H2 

Mn1.5Cr1.5O4 0.7 0.033 < 1 30 8 62 

MnCr2O4 0.7 0.014 < 1 30 7 63 

Cr2O3 0.5 0.016 < 1 30 3 68 
a Conversion based on C1 product formation. Reaction conditions: 873 K, 2 g catalyst, 100 cm3·min-1 total flow, 5 % 

C6H6, 40 % H2O, 5 % N2, balance Ar. 

   The Cr2O3 catalyst and the two spinel catalysts were then tested for benzene steam 

reforming under similar conditions, where no hydrogenation activity to cyclohexane was detected 

in the presence of excess H2. In the absence of excess H2, the benzene reforming rate over Cr2O3 

and MnCr2O4 was similar, both of which were significantly less active compared to Mn1.5Cr1.5O4 

(Table 3.5). These trends were consistent with the observations for toluene steam reforming shown 

in Figure 3.1, suggesting the Mn3+ sites to be more active for the activation of aromatics. However, 

severe deactivation over Cr2O3 observed in toluene steam reforming (H2O/C = 5.7) did not occur 

in the benzene case (Figure B9) even under an elevated C6H6 partial pressure of 0.05 bar (H2O/C 

= 1.3), which was in agreement with a lower gas-phase coking tendency of benzene compared to 

toluene likely due to the high stability of the aromatic C-H bond [39].  

 The reforming kinetics of benzene over the two spinel catalysts were evaluated to be quite 

similar (Figure 3.7). As a result, the high activity of Mn3+ sites for benzene steam reforming was  
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Figure 3.7 Effect of (a) H2, (b) C6H6 and (c) H2O partial pressure and (d) reaction temperature on 

the formation rate of C1 products during benzene steam reforming over the Mn-Cr-O spinel 

catalysts. Reaction conditions: (a,b,c) 873 K; (d) 853-893 K, 2 g catalyst, 100 cm3·min-1 total flow. 

Detailed feed composition used for benzene steam reforming is listed in Table B4. Catalyst was 

re-oxidized in 100 cm3·min-1 air flow at 873 K for 6 h in between reactions. 

clearly demonstrated by the consistently higher reforming rate of Mn1.5Cr1.5O4 than MnCr2O4 

regardless of the change in partial pressure of H2, C6H6 and H2O or reaction temperature. As shown 

in Figure 3.7a, reforming rate over both catalysts was inhibited by about 50-60 % upon the 

introduction of 0.04 bar excess H2 while further increase in H2 partial pressure only showed a 
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minor effect on the reforming rate. Such reversible inhibition by H2 at low partial pressure (Figure 

B10a) followed by an asymptotic H2 order close to zero (-0.15 for Mn1.5Cr1.5O4 and -0.13 for 

MnCr2O4, Figure B10b) observed in benzene steam reforming resembled the reforming behavior 

of olefins (ethylene and propylene), instead of toluene where the reforming rate was consistently 

negative first order in H2. The contrast in H2 reaction order between toluene and benzene steam 

reforming emphasizes the particular importance of the methyl group in the activation of aromatics 

compared to olefins (i.e., C3H6 versus C2H4). Under a constant H2 partial pressure of 0.09 bar, 

while benzene steam reforming also showed an expected first order dependence on C6H6 partial 

pressure (0.97 for Mn1.5Cr1.5O4 and 1.0 for MnCr2O4, Figure 3.7b), the effect of H2O was found 

to be minor with a reaction order close to zero (-0.10 for Mn1.5Cr1.5O4 and -0.09 for MnCr2O4, 

Figure 3.7c). Applying the same reaction-regeneration strategy where catalyst re-oxidation did 

not affect the benzene reforming rate (Figure B11), the apparent activation energy for benzene 

reforming over both spinel catalysts (72 kJ·mol-1 for Mn1.5Cr1.5O4 and 71 kJ·mol-1 for MnCr2O4, 

Figure 3.7d) was surprisingly lower compared to all other three hydrocarbons tested.  

3.3.5 DRIFTS of adsorbed toluene and benzene 

 In an effort to explore the origin of the difference in reforming kinetics associated with 

toluene (~ -1 order in excess H2) and benzene (~ 0 order in excess H2), we examined the DRIFTS 

spectrum of the aromatics on a Mn1.5Cr1.5O4  spinel catalyst as a function of gas treatment (He or 

H2). As shown in Figure 3.8a, the intensity of DRIFTS bands increased by more than one order-

of-magnitude when the catalyst was exposed to toluene in He compared to the exposure in H2. The 

observed features in He were in good agreement with those reported for catalytic oxidation of 

toluene over metal oxides: The band at 1593 cm-1 was assigned to skeleton vibration of the 

aromatic ring, whereas the bands at 1540 cm-1 and 1405 cm-1 were assigned respectively to 
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asymmetric and symmetric COO vibration of the carboxyl group [40–42]. These features were 

also consistent with those observed in the adsorption of benzoic acid over Mn3O4 [43], suggesting 

that even in the absence of O2, the side methyl group of toluene could be oxidized by the spinel 

surface to form benzoate species, which has been proposed as an intermediate during total 

oxidation of toluene [44]. As the IR bands were associated with the oxidation of toluene to 

benzoate, the low absorbance intensity in H2 indicated this process was substantially inhibited, 

which is consistent with toluene steam reforming rate being severely inhibited by excess H2. 

Intriguingly, although the DRIFTS features were different in 97 % H2 and He in the case of 

benzene, the band intensity did not change significantly with respect to H2 partial pressure (Figure 

3.8b). In 97 % H2, the only band at 1432 cm-1 was likely attributed to ring vibration without any 

characteristics of carboxylate formation [41,42]. The bands observed in He for benzene adsorption 

at 1589 cm-1, 1540 cm-1 and 1406 cm-1 were similar to those observed for toluene adsorption in He 

and may have originated from trace toluene impurity in the benzene reagent. Nevertheless, they 

were still assigned to ring vibration, asymmetric and symmetric COO vibration of the carboxyl 

group correspondingly, which were in accordance with previous reports on catalytic benzene 

oxidation over metal oxides [42,45,46]. The broad shoulder at 1333 cm-1 was speculated to contain 

both the contribution from olefin rocking vibration of maleate species (~ 1310 cm-1 [40,47]) and 

CH3 stretching vibration of acetate species (~ 1360 cm-1 [45,46,48]), which were the proposed 

ring-opening products during benzene total oxidation [47]. This shoulder was not detected in the 

toluene adsorption experiments, suggesting the activation of toluene selectively occurred on the 

reactive side chain before any ring-opening process. It was worth noticing that the absorbance 

intensity in He for benzene adsorption was significantly lower than that for toluene adsorption (see 

the scale bars in Figure 3.8) even though we used a higher gas-phase concentration of benzene. 
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This observation suggests that in the absence of excess H2, toluene was much more reactive than 

benzene toward oxidation, which is consistent with both the higher reactivity of the benzyl C-H 

bond than the aromatic C-H bond [42,49] and the higher steam reforming rate of toluene even at a 

lower partial pressure (Table 3.2 and Table 3.5). Although distinct features from carboxylates 

only appeared in He for both aromatics, the sharp contrast in absorbance intensity of the bands for 

toluene adsorption suggests that inhibition of the side chain oxidation of toluene was likely 

responsible for the -1 reaction order in H2 observed during toluene steam reforming. 

 

Figure 3.8 In situ DRIFTS spectra of aromatic adsorption over the Mn1.5Cr1.5O4 catalyst upon 

sequential exposure of (a) 0.1 % C7H8 in 90 % H2 followed by 0.1 % C7H8 in He at 573 K; (b) 

0.4 % C6H6 in 97 % H2 followed by 0.4 % C6H6 in He at 573 K.  

3.3.6 Mechanistic interpretation of reaction kinetics 

 As summarized in Table 3.6, along with our previous studies on ethylene steam reforming 

[21], the reforming kinetics of each hydrocarbon were not significantly affected by the catalyst 

composition, Mn1.5Cr1.5O4 and MnCr2O4. While the reforming rate was nearly first order in the 

partial pressure of hydrocarbon for all tested hydrocarbons, only toluene reforming exhibited a 

consistently strong inhibition by excess H2 and an associated high apparent activation energy.  
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Table 3.6 Summary of steam reforming kinetics of olefins and aromatics over the Mn-Cr-O spinel 

catalysts 

Catalyst Hydrocarbon 
Reaction order Eapp  

(kJ·mol-1) H2 CxHy H2O 

Mn1.5Cr1.5O4 

C2H4
a -0.05b 0.93 -0.40 150 

C3H6 -0.12 0.84 -0.23 170 

C6H6 -0.15 0.97 -0.10 72 

C7H8 -1.0 0.78 -0.26 230 

MnCr2O4 

C2H4
a 0.03 0.91 -0.21 130 

C3H6 -0.16 1.1 -0.37 130 

C6H6 -0.13 1.0 -0.09 71 

C7H8 -1.1 0.86 -0.37 230 
a Adapted from our previous work in Ref. [21]. 
b Valid when p(H2) is at least 0.1 bar. 

 

Scheme 3.1 A two-site Mars-van Krevelen mechanism proposed for olefins and aromatics steam 

reforming over the Mn-Cr-O spinel catalysts.  

Steam reforming of benzene, on the other hand, showed the lowest apparent activation energy and 

was nearly unaffected by H2O partial pressure, which was slightly inhibitive on the reforming rate 
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of other three hydrocarbons. As proposed in our previous work [21], we have suggested a two-site 

Mars-van Krevelen type mechanism for hydrocarbon steam reforming over the Mn-Cr-O spinel 

oxides as depicted in Scheme 3.1, but we have expanded our mechanism to account for the 

inhibition of toluene reforming by H2. In all cases it is assumed that the adsorption of the 

hydrocarbon (step 1) and H2O (step 2) is competitive and quasi-equilibrated. The adsorbed 

hydrocarbon is oxidized by the lattice oxygen O* (step 3) from the spinel surface, where the 

created vacancies are regenerated by H2O (step 4). To simplify the mathematical derivations, we 

hypothesize that the overall reforming rate is determined only by the initial activation of the 

hydrocarbon by the lattice oxygen whereas subsequent steps are kinetically irrelevant. For 

propylene and benzene, assuming the density of vacancies are negligible compared to the available 

lattice oxygen ([O*] >> [*]) under reaction conditions, the reforming rate in C1 product formation 

can be described (following the derivation for ethylene reforming [21]): 

r3 = -
d[CxHy]

dt
 = 

kHCKCxHy
[CxHy][S]0[*]0

1 + KCxHy
[CxHy] + KH2O[H2O]

 ~ kHC
'

(KCxHy
[CxHy])

α
(KH2O[H2O])

β
                                  (3.10)  

Given the similarity in reforming kinetics of the two olefins, this rate expression is naturally 

consistent with the results on propylene steam reforming in excess H2 where the effect of H2 was 

minor. The apparent activation energy is correlated with the respective reaction order and heat of 

adsorption of the hydrocarbon and H2O: 

Eapp = Ea + α∆Hads(CxHy) + β∆Hads(H2O)                                                                                           (3.11) 

With α ~ 1 for all hydrocarbons and assuming ∆Hads(H2O) remains nearly constant, eqn. (11) 

suggests the low apparent activation energy of benzene reforming may be attributed to a stronger 

adsorption of benzene than the olefins on the spinel surface (i.e., more negative ∆Hads(CxHy)) and 

an associatively less intense inhibition of H2O (i.e., less negative β). The adsorption energy of H2O 
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on metal oxides (non-defect sites) varies with coverage and surface configuration, but generally in 

a range of about 100-180 kJ·mol-1 based on DFT calculations [33,50–54]. Therefore, comparing 

the values of β for benzene (~ -0.1) to those of other hydrocarbons (-0.2 ~ -0.4), the low reaction 

order in H2O can cause the apparent activation energy of benzene reforming to decrease by roughly 

10-60 kJ·mol-1. It is also worth noticing that the apparent activation energy was fitted from the 

reforming rate on a basis of C1 product formation, which assumed that the interconversion between 

CO, CO2 and CH4 occurred after the decomposition of the hydrocarbon. In such a scenario, the 

selectivity of the C1 products was likely determined by the thermodynamics of the water-gas shift 

and methanation reactions and remained nearly constant over a small temperature change (± 20 K 

from 873 K). We therefore expect the activation energy determined from individual C1 reforming 

products to be consistent and comparable to that from the overall formation of C1 products. 

However, as shown in Figure B12 and Figure B13, this expectation was only validated for steam 

reforming of olefins whereas the activation energy fitted from CO2 and CH4 (selectivity of CO was 

no more than 6 % and thus omitted) was substantially different for the aromatics. This comparison 

suggests the low apparent activation energy of benzene reforming over both spinel catalysts (~ 70 

kJ·mol-1) results from a low sensitivity of CH4 formation to temperature change (< 30 kJ·mol-1), 

whereas the activation energy fitted from CO2 (~ 110 kJ·mol-1) is only slightly lower than those of 

olefin reforming (which can be explained by the differences in H2O order). Based on the results 

from DRIFTS (Figure 3.8b), we speculate that this observation is potentially associated with 

reactions of ring-opening intermediates that directly produce CH4 (e.g., decomposition of acetic 

acid: CH3COOH → CH4 + CO2). 

 The reforming rate of toluene is proposed to be determined by the side chain oxidation of 

adsorbed toluene to benzoate intermediates, as supported by the DRIFTS results in Figure 3.8a. 
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In particular, we propose this oxidation requires an adjacent pair of lattice oxygen atoms for 

carboxylate formation, which can be inhibited via reduction of the spinel surface by H2 to form 

OH groups (Scheme 3.1, step (5)). Although such reduction, also known as homolytic dissociation 

of H2 over metal oxides (H2 + 2O* → 2O*-H), is thermodynamically favored, previous studies 

have shown that the initial dissociation of H2 likely undergoes the kinetically favored heterolytic 

pathway (H2 + M-O* → M-H + O*-H ) that has a lower activation energy [55,56]. Thus, the 

dissociation of H2 over the spinel surface hereby during high-temperature steam reforming is 

proposed to be quasi-equilibrated, but not necessarily elementary. In the presence of excess H2, 

assuming the vast majority of the pair oxygen sites are converted to OH groups as well as a 

negligible density of vacancies, the reforming rate of toluene and the associated apparent activation 

energy can be expressed as (see Appendix B3 of the Supplementary Material for a detailed 

derivation): 

r3 = 
kC7H8

KC7H8
[C7H8][S]0[* *]0

KH2
[H2](1 + KC7H8

[C7H8] + KH2O[H2O])
 ~ kC7H8

'
(KC7H8

[C7H8])
α
(KH2O[H2O])

β
(KH2

[H2])
γ
            (3.12) 

Eapp = Ea + α∆Hads(CxHy) + β∆Hads(H2O) + γ∆Hdiss(H2)                                                                            (3.13)       

The experimentally-observed strong inhibition by H2 on the toluene reforming rate (γ ~ -1) results 

from the homolytic dissociation of H2 that impedes the selective activation of toluene on the side 

methyl group. Moreover, the dissociative adsorption energy of H2 in a homolytic pattern (i.e., -

∆Hdiss(H2)) was reported in the range of 50-190 kJ·mol-1 over a series of metal oxide surfaces 

[55,57–60], which gives rise to the increase in apparent activation energy of toluene reforming 

compared to olefin reforming where the reaction orders in hydrocarbon and H2O are similar (Table 

3.6). 
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Figure 3.9 Turnover frequency of steam reforming over the Mn-Cr-O spinel catalysts estimated 

from H2O adsorption capacity and calculated with respect to (a) C1 product formation rate and (b) 

CxHy consumption rate. Reforming rates were measured or extrapolated using kinetic results to the 

following conditions: 873 K, 5 % CxHy, 40 % H2O, 0 or 10 % H2. Results on ethylene steam 

reforming and monolayer capacity of H2O adsorption measured for the catalysts were adapted 

from our previous work in ref. [21]. 

The turnover frequency (TOF) of olefins and aromatics steam reforming over the Mn-Cr-

O spinel catalysts was estimated from further normalizing the reforming rate per surface area by 

the active site density on the spinel oxide surface. Since the hydrocarbon is proposed to adsorb 

competitively with H2O on site S (likely a metal cation site), we used H2O as a probe molecule for 

measuring the site density of S, which interacts stronger with the site than the hydrocarbon as 

evident from the slightly negative reaction order in H2O. The active site density estimated by 

extrapolating the monolayer H2O coverage from the linear region of the isotherm above saturation 
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coverage to zero partial pressure of H2O [21] is listed in Table 3.1. Using the measured kinetics 

of the reforming reactions, we arbitrarily chose to compare rates at 0.05 bar hydrocarbon partial 

pressure and 0.40 bar H2O partial pressure and extrapolated the reforming rate to this condition as 

a function of H2 partial pressure. In the absence of excess H2, the TOF based on C1 product 

formation of different hydrocarbons was comparable (Figure 3.9a) while the TOF with respect to 

hydrocarbon consumption discriminated benzene to be less reactive than others (Figure 3.9b) due 

to the stable aromatic C-H bonds. Under a H2 partial pressure of 0.10 bar, the reforming rate of all 

hydrocarbons was inhibited except for C2H4 reforming over MnCr2O4. Not surprisingly, the TOF 

of toluene reforming decreased the most compared to other hydrocarbons as a result of being 

negative first order in H2. The strong inhibition by excess H2 and an associated high apparent 

activation energy for toluene steam reforming mimics the behavior of steam gasification of coke 

reported in our previous work over the same group of compounds [17], suggesting toluene is a 

reasonable coke-surrogate molecule possibly due to a combination of aliphatic and aromatic 

features. The highest activity of the Mn-rich Mn1.5Cr1.5O4 spinel for toluene steam reforming is 

consistent with the high rate of coke gasification over the same catalyst [17] as well as the 

inhibition of coke deposition potentially through in situ coke gasification identified under steam 

cracking conditions [18].  

3.4 Conclusions 

Whereas Mn-Cr-O spinel catalysts and Cr2O3 were structurally stable under steam 

reforming conditions at 873 K, Mn3O4 reduced in situ to MnO. The Cr2O3 catalyst showed the 

highest initial rate for propylene reforming but deactivated in the absence of co-fed H2, presumably 

the result of coke deposition. Under similar reforming conditions, the Mn-rich Mn1.5Cr1.5O4 spinel 

was both the most active and stable catalyst for aromatic (benzene and toluene) steam reforming. 
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Kinetics of olefin and aromatic steam reforming (first order in hydrocarbon, slightly negative order 

in H2O) could be described by a two-site Mars-van Krevelen type mechanism. However, toluene 

steam reforming was negative first order in H2, which contrasted the near zero reaction order in 

H2 for other molecules examined in the study.  In situ DRIFTS of toluene and benzene adsorption 

on the spinel surface suggests the inhibition on toluene reforming rate by H2 was likely associated 

with a slower oxidation of the side methyl group of toluene in H2. The Mn-rich Mn1.5Cr1.5O4 spinel 

oxide is a promising barrier oxide layer for steam crackers because of its steam reforming activity 

toward aromatics likely from the excess Mn3+ sites. 
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Abstract 

Spinel oxides containing Ni cations can be present in the barrier layers of ethane steam cracker 

tubes. As Ni is known to catalyze steam reforming side reactions as well as coke deposition, the 

catalytic performance of Ni spinel catalysts was investigated. A series of NiM2O4 spinel catalysts 

(M = Al, Cr, Fe) was synthesized from a sol-gel method and thoroughly characterized. The 

NiAl2O4 and NiCr2O4 catalysts were active for ethylene steam reforming at 873 K without 

degradation of the spinel structure. The NiFe2O4 catalyst was the least stable because of partial 

reduction of Fe3+ to form Fe3O4, which facilitated Ni-Fe alloy particle formation and severe coking. 

The reforming activity and the coke deposited on the NiAl2O4 and NiCr2O4 catalyst both increased 

after oxidative regeneration at 873 K, suggesting a slow reduction of Ni2+ to Ni metal particles 

during steam reforming that subsequently sinter into larger NiO particles during oxidative 

regeneration. 
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4.1 Introduction 

 Olefins are critical raw materials in chemical synthesis and the polymer industry. Indeed, 

the demand for olefins has been increasing to fulfill the growing markets for rubber, plastic and 

other consumer goods [1]. Ethylene is the most important chemical building block among the 

olefins and relies heavily on the steam cracking process for industrial scale production [2]. During 

the steam cracking process, hydrocarbon feedstocks, including ethane, naphtha or gasoil, are 

diluted in steam and pyrolyzed at extremely high temperatures (1023–1273 K) to initiate the free 

radical process [3,4]. The steam dilution  improves the selectivity toward light olefins versus the 

undesired heavy aromatics [5]. 

 One major side reaction that impacts the economy of the steam cracking process is the 

formation of carbonaceous deposits known as coke on the inner walls of the tubular reactors [6]. 

Despite the inhibitive effect of the diluting steam on coke deposition, the accumulation of carbon 

will occur inevitably after a long period of operation, which leads to an increase in pressure drop 

through the reactor, extra heat input to overcome the heat resistance of carbon, and degradation of 

the reactor alloy due to carburization of the protective oxide layer [7]. Hence, coke removal 

through the gasification in an air and(or) steam flow is required periodically [8]. The decoking 

process requires the production to be halted for up to 48 h, which significantly affects the 

profitability of the steam crackers [9]. 

 Coke formation during the steam cracking process can occur through three types of 

mechanisms: catalytic coking, radical coking and droplet condensation [10]. As Fe-Ni-Cr alloys 

are commonly used for the tubes within steam crackers, catalytic coking can occur rapidly at low 

temperatures due to the presence of metallic sites on these alloy surfaces [11]. One method to 

suppress catalytic coke formation is the creation of a barrier material [3,10], or anti-coking layer, 
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which impedes the migration of Ni and Fe metal particles from the base alloy to the surface and 

therefore prevents them from being in contact with the gaseous hydrocarbons [5]. For Fe-Ni-Cr 

alloys containing small amounts of Mn, a protective oxide layer consisting of MnCr2O4-Cr2O3 

spinel oxides can form upon oxidative pretreatment at high temperatures, which has been shown 

to be effective for catalytic coking suppression [12,13]. The incorporation of Al in Fe-Ni-Cr alloys 

was also shown to reduce coke formation and improve resistance to carburization [14,15]. A 

protective oxide layer of Al2O3, which surpasses the stability of Cr2O3 against carburization at a 

temperature above 1200 K [16], forms during oxidative pretreatment of the Al-containing alloy 

surface, which further reduces coke formation over the metallic alloy and deteriorates less over 

time compared to the conventional Fe-Ni-Cr alloys [17,18]. Because of the high thermodynamic 

stability of the spinel NiAl2O4 phase, both thermodynamic calculations [17,19] and experimental 

results [20] indicate NiAl2O4 spinel can form on the alloy surface after the oxidative pretreatment, 

with other possible Ni-based spinels NiCr2O4 and NiFe2O4 predicted to form as well. Given the 

potential existence of Ni-containing spinels on the alloy surface, their catalytic activity and 

stability in steam reforming of ethylene (a potential side reaction occurring when hydrocarbons 

are present with steam at high temperatures) are worthy of exploration.  

Ethylene steam reforming involves the concurrence of the following reactions: 

Steam Reforming:  

C2H4 + 2H2O → 2CO + 4H2   ∆Hr
o = 210.1 kJ∙mol

-1
                                                                        (4.1) 

Water Gas Shift: 

 CO + H2O → CO2 + H2   ∆Hr
o = -41.2 kJ∙mol

-1
                                                                              (4.2) 

Methanation:  

CO + 3H2 → CH4 + H2O   ∆Hr
o = -205.9 kJ∙mol

-1
                                                                                (4.3) 
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 In our prior work, we examined the activity and stability of Mn-Cr-O spinel oxides with 

different stoichiometry in catalytic ethylene steam reforming [4]. Herein, we have extended those 

studies to Ni-based spinel oxides. The NiAl2O4 based catalysts were commonly studied for 

hydrocarbon steam reforming reactions [21,22]. Previous studies have shown that the NiAl2O4 

catalysts were active for steam reforming of diesel and other hydrocarbons without reductive 

pretreatment [23,24] and remained stable without decomposition to NiO or reduction to Ni metal 

by the produced H2 [25]. On the other hand, pre-reduction of the NiAl2O4 catalyst significantly 

increased its activity for methane steam reforming [26], potentially resulting from an improved 

ability for methane activation [27]. Although the NiFe2O4 spinel was reported to catalyze dry 

reforming of methane without reductive pretreatment [28], the spinel phase decomposed as a result 

of in situ reduction by the generated H2 to form Ni-Fe alloy particles [29]. While monometallic Ni 

[30] and Ni-containing bimetallic catalysts (e.g., Ni-W and Ni-Ru) [31] have been explored 

previously, ethylene steam reforming studies over the Ni-based spinel catalysts were relatively 

sparse. In this work, three Ni-based spinel oxides with Al, Cr or Fe were synthesized and 

characterized by various techniques regarding phase composition, elemental analysis and chemical 

properties. The samples were then evaluated in catalytic ethylene steam reforming without 

reductive pretreatment under the same conditions used to probe Mn-Cr-O spinel oxides to enable 

comparisons of reforming activity, coke deposition and Ni reducibility. It should be emphasized 

that the goal of the current work is not to optimize activity of Ni catalysts for ethylene steam 

reforming, but instead to probe the reforming activity of potential components in ethane steam 

crackers in an effort to guide the development of new barrier layers. In other words, reduction of 

Ni cations to highly active Ni metal particles is to be avoided as those particles would convert the 

desired product ethylene to coke or reforming products under the conditions of steam cracking. 
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4.2 Experimental methods 

4.2.1 Catalyst preparation 

The NiM2O4 (M = Al, Cr and Fe) spinel catalysts were prepared from a conventional sol-

gel method. Typically, Ni(NO3)2·6H2O (99.999 %, Sigma-Aldrich) and M(NO3)3·9H2O (98 %, 

Sigma-Aldrich) corresponding to a 3 g NiM2O4 equivalence were first dissolved in 100 cm3 

distilled deionized water under vigorous stirring (10 cm3 concentrated HNO3 was added during the 

synthesis of NiFe2O4 to prevent hydrolysis of Fe3+). The metal solution was then mixed with 50 

cm3 aqueous solution of citric acid (CA) (99.5 %, Sigma-Aldrich) to achieve a molar ratio of 

Ni2+:M3+:CA = 1:2:6. The resulting solution was stirred at 368 K until the formation of a viscous 

gel. The gel precursor was dried overnight in air at 393 K and thermally treated at 1273 K in 

flowing air for 4 h. The powders collected after the thermal treatment were referred to as the fresh 

NiM2O4 catalysts.  

4.2.2 Catalyst characterization 

Scanning Electron Microscopy (SEM) was performed on a FEI Quanta 650 FEG-SEM 

microscope operated at 10 kV under the secondary electron imaging mode. Elemental composition 

of the catalysts was further analyzed using an Oxford X-MaxN Energy Dispersive X-ray 

Spectroscopy (EDS) detector based on the corresponding Kα radiations of the metal elements. The 

sample was prepared using a conductive double-sided carbon tape to adhere the catalyst powders 

to the sample stage.  

Specific surface areas and pore volumes of the catalysts were assessed by N2 physisorption 

at 77 K on a Micromeritics ASAP 2020 analyzer using the Brunauer-Emmett-Teller (BET) and 
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the Barrett-Joyner-Halenda (BJH) method of analysis, respectively. A sample of 2 g catalyst was 

outgassed at 473 K for 4 h before N2 physisorption. 

Powder X-ray diffraction (XRD) patterns of the catalysts were recorded using a 

PANalytical Empyrean X-ray Diffractometer equipped with a Cu Kα radiation source. The sample 

was scanned in a 2θ range from 15° to 80° with a scan rate of 5°·min-1
 at room temperature. 

Rietveld refinement of the diffraction patterns was performed using the Material Analysis Using 

Diffraction (MAUD) software package [32]. 

X-ray photoelectron spectroscopy (XPS) was conducted on a Phi VersaProbe III Scanning 

X-ray Photoelectron Spectrometer equipped with a monochromatic Al Kα radiation source (1486.7 

eV) and a hemispherical energy analyzer. High resolution spectra of the catalysts were collected 

using an X-ray beam size of 100 μm with the pass energy and stepwise dwell time of the energy 

analyzer to be 55 eV and 100 ms, respectively. During the measurements of the depth profile, the 

sample was etched by a high-energy Ar ion beam (3 μm×3 μm) with a bias of 3 kV for 1 min in 

between the collection of the spectra. All scans were accompanied by a dual charge compensation 

using a low-energy electron flood gun and a low-energy Ar ion beam. The binding energy was 

calibrated to C1s (284.8 eV) from the adventitious carbon. 

Temperature-programmed reduction in H2 (H2-TPR) of the catalysts was measured on a 

Micromeritics AutoChem II 2920 Analyzer equipped with a thermal conductivity detector. 

Typically, a sample of 300 mg catalyst was first pretreated in Ar at 773 K for 0.5 h and cooled 

down to 323 K. The sample was then heated in 5 vol % H2 in flowing Ar to 1273 K at a constant 

ramp rate of 10 K·min-1.  
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Thermogravimetric analysis of the spent catalysts was carried out using a TA Instruments 

SDT Q600 thermogravimetric analyzer. The weight changes of a 30 mg sample were recorded 

while the sample was heated in synthetic air to 1073 K at a constant ramp rate of 10 K·min-1. 

4.2.3 Steam reforming of ethylene 

The NiM2O4 spinel catalysts were evaluated in catalytic steam reforming of ethylene at 

873 K under atmospheric total pressure. Typically, a feed gas flow of 100 cm3·min-1 consisting of 

25 vol % C2H4, 50 vol % H2O, 5 vol % N2 and 20 vol % Ar was introduced to 1 g catalyst (sieved 

to 250-425 μm) loaded in a fixed-bed quartz reactor (10.5 mm I.D. × 12.75 mm O.D.). After a N2 

purge to remove dissolved O2, a syringe pump (ISCO, 500D) was used to supply H2O into a 

stainless steel evaporator maintained at 413 K for uniform mixing with other gases upon 

vaporization. The effluent gas after reaction was first directed to a condenser to remove unreacted 

H2O, then passed through an infrared analyzer (Fuji Electric ZPA) for the quantification of CO2, 

and eventually to an online gas chromatograph (Agilent 7890A) equipped with a CarboPlot P7 

column and a thermal conductivity detector for the quantification of H2, CO, CH4 and C2H4. 

Characteristic steam reforming activity, evaluated at an ethylene conversion below 10 %, is 

reported on a carbon basis (production rate of C1), defined as the sum of the production rates of 

CO, CO2 and CH4 normalized by the BET surface area of the catalyst: 

rC1
 = 

F(CO) + F(CO2) + F(CH4)

SBET
                                                                                                                     (4.4) 

The ethylene conversion is evaluated based on the produced CO, CO2 and CH4: 

C2H4 conversion (%) = 
F(CO) + F(CO2) + F(CH4)

2F0(C2H4)
×100 %                                                          (4.5) 

The selectivity is defined as the mole fraction of a certain product (H2, CO, CO2 and CH4) relative 

to all the products:  
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Selectivity of X (%) = 
F(X)

F(H2) + F(CO) + F(CO2) + F(CH4)
×100 %                                                      (4.6) 

where F(X) denotes the molar flowrate of component X measured downstream of the reactor, 

F0(C2H4) denotes the molar flowrate of C2H4 fed to the reactor, SBET denotes the dinitrogen BET 

surface area of the catalyst. 

4.3 Results and discussion 

4.3.1 Characterization of the NiM2O4 spinel catalysts 

 The textural properties of the NiM2O4 spinel catalysts evaluated using N2 physisorption are 

summarized in Table 4.1. After the thermal treatment, the BET surface areas of all three NiM2O4 

catalysts were observed to be extremely small (< 5 m2·g-1). Approximating a spherical morphology, 

the average particle diameter of NiCr2O4 calculated from the BET surface area and bulk density 

was 290 nm, which is in good agreement with the surface-weighted average diameter of 300 nm 

evaluated from the SEM image (middle micrograph in Figure 4.1a). This comparison suggests the 

minor pore volume assessed using the BJH method likely resulted from the void between the 

particle aggregates rather than intracrystalline pores [33]. Thus, the NiM2O4 catalysts are 

concluded to be non-porous and the BET surface areas measured are attributed exclusively to the 

external surface.  

Table 4.1 Textural properties of the fresh NiM2O4 spinel catalysts from N2 physisorption 

Catalyst 
BET surface area  

(m2·g-1) 

Pore volume 

(cm3·g-1)a 

NiAl2O4 1.5 0.004 

NiCr2O4 3.8 0.010 

NiFe2O4 0.4 0.0004 
a BJH cumulative pore volume. 
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Figure 4.1 Scanning electron microscopy images (a) and energy dispersive X-ray spectra (b) of 

the fresh NiM2O4 spinel catalysts. 

As shown in Figure 4.1a, the NiCr2O4 particles exhibited a relatively uniform morphology 

whereas larger agglomerates were observed in NiAl2O4 and NiFe2O4. The corresponding EDS 

analysis (Figure 4.1b) confirms the existence of Ni, the respective co-cation M and O in the 

catalyst particles, which is consistent with the formation of NiM2O4 mixed oxides. The atomic 

ratio of M/Ni measured for the NiM2O4 catalysts from EDS and XPS is compared in Table 4.2. 

Since the estimated penetration depth of the electron beam was 0.4 μm, the M/Ni ratio measured 

from EDS was considered to reflect the bulk composition of the catalysts. Consistent with the 

NiM2O4 stoichiometry, the EDS M/Ni ratio measured for all three catalysts was close to 2. 

Comparatively, the elemental composition near the surface region of the catalyst was characterized 

by XPS, corresponding to a depth of 30-90 Å estimated from the mean free path of the 

photoelectrons. The XPS M/Ni ratio evaluated for NiAl2O4 and NiCr2O4 were fairly consistent 

with their respective EDS results. As evident from a significantly lower Fe/Ni ratio measured from 

XPS (1.2) compared to that from EDS (1.7), the NiFe2O4 catalyst apparently had a non-uniform 

elemental distribution with an enrichment of Ni near surface. The elemental composition measured  
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Table 4.2 Elemental composition of the fresh NiM2O4 spinel catalysts measured by different 

techniques 

Catalyst EDS M/Ni (atomic) XPS M/Ni (atomic) 

NiAl2O4 1.9 1.6a 

NiCr2O4 1.9 2.0 

NiFe2O4 1.7 1.2 
a Slightly underestimated due to overlapping of Al 2p with Ni 3p in XPS. 

from the XPS depth profiling as a function of etching cycle is shown in Figure C1. Starting from 

second cycle, the M/Ni ratio for all three samples approached 2.0, which was consistent with the 

NiM2O4 stoichiometry and the EDS results. Although less significant compared to the NiFe2O4 

sample, the XPS depth profile suggests an enrichment of Ni near the surface also occurred in 

NiAl2O4. The Cr/Ni ratio in NiCr2O4 was observed to be nearly constant regardless of the etching 

cycle.  

The phase composition of the three NiM2O4 spinel catalysts characterized by XRD (shown 

in Figure 4.2) revealed the spinel structure in each case. The XRD pattern of the NiAl2O4 sample 

is consistent with previous reports [34,35], and the diffraction features of very low intensity at 2θ 

= 43.3° and 2θ = 62.9° (inserted graph) are attributed to a trace amount of NiO, which has been 

observed in synthetic NiAl2O4 depending on the starting stoichiometry [36] and sintering 

conditions [37]. The XRD pattern of the NiCr2O4 sample is also consistent with a prior report [38], 

without any appreciable presence of crystalline Cr2O3, which is a known impurity when annealed 

at lower temperatures [39]. The XRD pattern of the NiFe2O4 sample is in accordance with the 

cubic spinel structure [40]. The lattice constant of NiFe2O4 assessed from the Rietveld refinement 

(Figure C2) is 8.340 Å, which is similar to the reported range of values (8.338-8.339 Å) for 

NiFe2O4 [41,42] compared to those of Fe3O4 (8.392-8.397 Å) [43,44]. Our results indicate the 

diffraction features arise from a uniform NiFe2O4 spinel phase instead of a Fe3O4 phase, both 

having inverse spinel structures. The small features in the diffraction pattern of NiCr2O4 compared 
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to a typical cubic spinel structure (i.e., patterns for NiAl2O4 and NiFe2O4 in Figure 4.2) result from 

the phase transition of NiCr2O4 from cubic to tetragonal below 310 K [45] caused by the Jahn-

Teller distortion of tetrahedrally coordinated Ni2+ [46]. The Ni2+ cations in NiAl2O4 [47] and 

NiFe2O4 [48] are octahedrally coordinated whereas the M3+ cations reside in both octahedral and 

tetrahedral sites. Consistent with their inverse spinel structures, the Jahn-Teller distortion was not 

observed for NiAl2O4 and NiFe2O4 at ambient temperature.  

 

Figure 4.2 X-ray diffraction patterns of the fresh NiM2O4 spinel catalysts. The inset demonstrates 

the diffraction resulted from trace amount of NiO in the NiAl2O4 sample. The label t-NiCr2O4 

refers to the tetragonal NiCr2O4 phase with I41/amd symmetry.  

The speciation of Ni and the cation M on the surface of the NiM2O4 spinel catalysts was 

investigated by XPS. As shown in Figure 4.3a, the spectra in the Ni 2p region reveal features 

associated with 2p3/2 and 2p1/2, resulting from the strong spin-orbit coupling effect of Ni. For the  
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Figure 4.3 X-ray photoelectron spectra of (a) Ni 2p and (b) M 2p on the surface of the fresh 

NiM2O4 spinel catalysts. 

Ni 2p spectra of all three catalysts, the Ni 2p3/2 peak is accompanied by a significant satellite 

feature (861-863 eV), which is consistent with the presence of Ni2+ instead of metallic Ni0 [49]. 

The Ni 2p3/2 binding energy of the NiAl2O4 sample at 856.5 eV agrees well with a reported value 

of 856.0-856.8 eV [49–52]. Since the Ni 2p3/2 binding energy of NiO has been reported to be 

significantly lower (854.1-854.8 eV [49,50,52,53]), the Ni2+ in the NiAl2O4 sample is assigned to 

the lattice of the spinel NiAl2O4 phase instead of NiO, which is consistent with the XRD pattern 

and the surface elemental composition. The Ni 2p3/2 binding energy of NiCr2O4 was reported to be 

higher than that of NiFe2O4, within a range of 855.7-856.4 eV and 854.7-855.3 eV, respectively 

[52–55]. The comparison of the Ni 2p3/2 binding energy for our NiCr2O4 (856.1 eV) and NiFe2O4 
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(854.6 eV) is consistent with previous reports. In addition, the Ni 2p3/2 peak of NiFe2O4 is 

substantially skewed and has a larger intensity relative to the satellite compared to that of NiCr2O4, 

which has been correlated with the corresponding Ni2+ coordination environment. In particular, a 

large proportion of Ni2+ resides in the octahedral site in NiFe2O4 whereas Ni2+ predominantly 

resides in the tetrahedral site of NiCr2O4 [54,56]. Consistent with the tetragonal distortion from 

XRD discussed earlier, the tetrahedrally coordinated Ni2+ in NiCr2O4 exhibits a much higher 

binding energy than that of NiO and therefore is assigned to the Ni2+ in the NiCr2O4 spinel lattice. 

In contrast, the similarity of the Ni 2p3/2 binding energy of NiFe2O4 and NiO suggests that the 

appreciable enrichment of Ni on the surface of the NiFe2O4 sample (Table 4.2) may result from 

the existence of surface NiO. The Ni speciation in the NiCr2O4 sample below the surface layers 

was not accessible, since Ni2+ underwent reduction to metallic Ni0 by the Ar ion beam during the 

depth profiling (Figure C3). Similar observations occurred for the NiAl2O4 and NiFe2O4 sample 

as well (not shown).  

The XPS results in the 2p region of the respective co-cation M are shown in Figure 4.3b. 

The observed binding energy of Al 2p in the NiAl2O4 sample is 74.8 eV and agrees well with 

reported values of 74.1-75.4 eV for Al3+ in various Al-containing spinel compounds (MAl2O4) 

[57,58]. According to our previous work [4], the two major peaks of Cr 2p3/2  in the NiCr2O4 sample 

at 576.4 eV and 575.3 eV are associated with the strong multiplet split of Cr3+, whereas the broad 

peak at 578.4 eV is attributed to the Cr6+ present in trace CrO3. While being larger than the value 

reported for the Fe2+ in FeO (709.5 eV [59,60]), a Fe 2p3/2 binding energy of 710.2 eV observed 

for our NiFe2O4 sample is slightly smaller than the reported values of 710.6-710.7 eV for the Fe3+ 

in NiFe2O4 [56,61]. Since the weak satellite feature of the NiFe2O4 sample at 717-720 eV 
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resembles that reported for Fe3O4 instead of the explicit features seen in FeO and Fe2O3 [59], it is 

likely that Fe3+ and Fe2+ both exist on the surface of the NiFe2O4 sample.  

 

Figure 4.4 Temperature-programed reduction of the fresh NiM2O4 spinel catalysts in H2. The inset 

demonstrates the minor H2 uptake from the reduction of surface Cr6+ species. 

The redox properties of the NiM2O4 spinel catalysts were probed by H2-TPR. The reduction 

of NiO separate from the spinel structure was commonly observed at a temperature lower than 873 

K , whereas the Ni2+ in the NiAl2O4 spinel framework was reduced at a much higher temperature 

over 1073 K [62–64]. As shown in Figure 4.4, the NiAl2O4 sample exhibited minor reduction 
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before 900 K whereas the H2 uptake substantially increased above 1000 K. These observations are 

consistent with the XRD pattern, suggesting the majority of Ni exists within the NiAl2O4 spinel 

phase. The NiCr2O4 sample showed a similar reduction profile, except the reduction of Ni2+ in 

NiCr2O4 started at a lower temperature of about 800 K. The doublet feature at 520 K and 650 K 

were attributed to the reduction of surface Cr6+ species, potentially stepwise from Cr6+ to Cr3+ and 

then to Cr2+ [65,66], which is in agreement with the identification of trace Cr6+ from XPS. 

Comparatively, the NiFe2O4 sample showed a significant reduction feature at 720 K, followed by 

rapid reduction at higher temperatures. According to previous studies [67,68], this low temperature 

feature was associated with the reduction of Fe3+ to Fe2+ to form Fe3O4, which potentially led to 

the degradation of the spinel structure and accelerated the reduction of Ni2+. The phase 

composition of the three NiM2O4 catalysts after H2-TPR was investigated by XRD and shown in 

Figure C4a. The diffraction features of metallic Ni were present in all three samples, indicating 

the reduction of Ni2+ to Ni0 during the H2-TPR. The slightly lower 2θ values of the metal 

diffraction features in the reduced NiFe2O4 sample were attributed to the formation of fcc Ni-Fe 

alloy particles [69–71]. The lattice constant of the Ni-Fe alloy particles estimated from the (111) 

diffraction feature (2θ = 44°) was 3.55 Å, which corresponded to a Fe content of 20-30 mol% 

according to previous reports [72,73]. The NiAl2O4 sample did not undergo complete reduction 

given the persistence of the NiAl2O4 spinel phase, whereas the spinel structure in the NiCr2O4 and 

NiFe2O4 sample decomposed severely as revealed by the appearance of Cr2O3 and Fe3O4 features. 

The spinel feature in the reduced NiFe2O4 sample was assigned to Fe3O4 based on a refined lattice 

parameter of 8.393 Å as shown in Figure C4b, which agrees well with the reported values of 

8.392-8.397 Å for Fe3O4 [43,44]. Evidently, the NiAl2O4 catalyst was the most stable against 
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reduction in H2 among the three NiM2O4 spinels, but the stability did not correlate with the Ni 

coordination environment (i.e., tetrahedral vs. octahedral) explicitly.  

4.3.2 Steam reforming of ethylene over the NiM2O4 spinel catalysts 

Table 4.3 Steam reforming of ethylene over the NiM2O4 spinel catalysts at 873 K 

Catalyst 
C2H4 conversion 

(%)a 

C1 production rate 

(μmol·m-2·s-1) 

Product selectivity (%) 

CO CO2 CH4 H2 

NiAl2O4 8.8b 2.1b 6.6 22 0.4 71 

NiCr2O4 2.1c 0.20c 3.1 24 8.4 65 

NiFe2O4 89d 80e 10 11 2.1 77 
a Product-based conversion. Reaction conditions: 873 K, 1 g catalyst, 100 cm3·min-1 total flow, 25 % C2H4, 50 % H2O, 

5 % N2 and 20 % Ar. 
b Steady state results at t > 1.5 h. 
c Initial results at t < 1 h. 
d Conversion determined from disappearance of C2H4 is > 99 % (i.e., no C2H4 was detected downstream the catalyst). 
e Average rate across the catalyst bed estimated from the global C2H4 conversion. 

 The catalytic performance of the NiM2O4 spinel catalysts was evaluated in ethylene steam 

reforming at 873 K, a temperature at which the background ethylene conversion was negligible 

[4]. The results in Figure 4.5 show the different time profiles of the reaction over the NiM2O4 

catalysts. The NiAl2O4 catalyst exhibited an initial ethylene conversion of 1.7 %, which gradually 

increased and plateaued at 8.8 % conversion after about 1.5 h on stream. A similar initial ethylene 

conversion of 2.1 % was observed for the NiCr2O4 catalyst, but it was followed by continuous 

deactivation to only 25 % of its initial activity after 7 h on stream. As denoted in Table 4.3, 

ethylene was almost entirely converted over the NiFe2O4 catalyst, with the detected C1 products 

recovering 89 % of the carbon fed to the system. The initial C1 production rate over the NiCr2O4 

catalyst was 0.20 μmol·m-2·s-1, which is in the range of values (0.13-0.21 μmol·m-2·s-1) reported 

previously for the MnxCr3-xO4 spinel catalysts under the same conditions [4]. The steady C1 

production rate observed over the NiAl2O4 catalyst (2.1 μmol·m-2·s-1) was one order of magnitude 

higher (Table 4.3) than that over NiCr2O4. The product selectivity over the NiAl2O4 and NiCr2O4  
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Figure 4.5 Product-based ethylene conversion in the steam reforming of ethylene over the NiM2O4 

spinel catalysts. Reaction conditions: 873 K, 1 g catalyst, 100 cm3·min-1 total flow, 25 % C2H4, 

50 % H2O, 5 % N2 and 20 % Ar. 

catalysts favors H2 and CO2, which can be attributed to the nearly equilibrated water-gas shift 

reaction that occurred simultaneously with steam reforming. The high selectivity of H2 relative to 

CO2 for the NiFe2O4 catalyst suggests coke formation from dehydrogenation of ethylene, 

potentially catalyzed by the presence of Ni metal particles formed by the in situ reduction of the 

catalyst under reaction conditions. The presence of Ni metal would explain the very high rate of 

ethylene conversion of that sample. Unfortunately, the steam reforming rate of the NiFe2O4 catalyst 

was inaccessible under the tested conditions.  

The spent NiM2O4 spinel catalysts were characterized using XRD and TGA to investigate 

any phase transition and coke deposition that may have occurred during ethylene steam reforming, 

with the results summarized in Figure 4.6 and Figure 4.7, respectively. The XRD pattern of the 

spent NiFe2O4 indicates the spinel structure of that catalyst decomposed via reduction to Ni-Fe 

alloy and Fe3O4 during the reaction. As discussed above, the Ni-Fe alloy particles formed on the  
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Figure 4.6 X-ray diffraction patterns of the spent NiM2O4 spinel catalysts after the steam 

reforming of ethylene at 873 K. 

spent NiFe2O4 catalyst contained 20-30 mol% Fe according to a lattice constant of 3.55 Å 

estimated from the (111) diffraction feature [72,73], whereas the identification of the Fe3O4 phase 

is based on the comparison between a refined lattice constant of 8.398 Å (Figure C5) and the 

reported values of 8.392-8.397 Å for Fe3O4 [43,44]. Moreover, the broad diffraction feature at 2θ 

~ 25-27° is attributed to the formation of graphitic carbon. This is also in agreement with a 

significant weight loss of 18.8 % due to coke removal observed during the temperature-

programmed oxidation in the TGA (Figure 4.7). However, the weight fraction of coke deposited 

could be underestimated given the continuous mass gain of the spent NiFe2O4 sample starting at 

500 K, which may be associated with the re-oxidation of Ni to NiO [74] and Fe3O4 to Fe2O3 [75]. 

The spent NiAl2O4 and NiCr2O4 catalyst did not show any appreciable changes in their XRD 

patterns, suggesting the Ni remained in a 2+ oxidation state in the spinel structure. While the 

amount of coke deposited on the MnCr2O4 spinel was negligible under identical reforming 
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conditions [4], all spent NiM2O4 spinel catalysts exhibited weight loss that was indicative of coke 

deposition during the temperature-programmed oxidation of the TGA (Figure 4.7). Although the 

relative amount of coke deposited on the NiCr2O4 catalyst (2.0 wt %) was slightly higher than that 

on the NiAl2O4 catalyst (1.1 wt %), both catalysts had substantially lower coke levels than NiFe2O4, 

which is consistent with the absence of Ni2+ reduction to metal on the former two samples. 

 

Figure 4.7 Thermogravimetric analysis in synthetic air of the spent NiM2O4 spinel catalysts after 

the steam reforming of ethylene at 873 K. The labelled percentages are the maximum weight loss 

of the sample below 923 K. 

4.3.3 Ethylene steam reforming cycles over the NiAl2O4 and NiCr2O4 spinel catalysts 

 The NiAl2O4 and NiCr2O4 spinel catalysts were further evaluated in ethylene steam 

reforming for two cycles, separated by an oxidative treatment at 873 K. Despite their improved 

stability against the formation of large Ni metal particles, it is still possible that nanoparticles of 

Ni could be formed in small amounts that are not detectable by XRD. The re-oxidation treatment, 

which is sufficient to remove the deposited coke from the first cycle as evident by the TGA (Figure 
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4.7), could potentially oxidize highly dispersed Ni nanoparticles to NiO and facilitate aggregation 

[76]. Since larger NiO particles are more prone to reduction [62,64,77], the resulting Ni metal 

particles might be expected to contribute to observed reactivity in the second cycle. As shown in 

Figure 4.8, the activity of both the NiAl2O4 and NiCr2O4 catalyst in the second cycle significantly 

increased compared to their corresponding first cycle. During the second cycle of the NiAl2O4 

sample, the gradual increase in activity that was observed in the initial stage of the first cycle did 

not occur. Instead, the NiAl2O4 sample exhibited a stable C1 production rate of 2.9 μmol·m-2·s-1, 

which was more than twice the steady rate (> 2 h on stream) of the first cycle (1.2 μmol·m-2·s-1). 

The rate in the second cycle over the NiCr2O4 sample could not be determined with confidence 

because of the major fluctuations in the product formation. Nevertheless, the activity of the 

NiCr2O4 sample in the second cycle showed an increase of five times on average compared to the 

initial rate of the first cycle (0.22 μmol·m-2·s-1). The XRD patterns of the spent NiAl2O4 and 

NiCr2O4 catalyst after the second cycle (Figure C6) suggest that the spinel structure in both  

 

Figure 4.8 Rate of C1 product formation during ethylene steam reforming cycles over the NiAl2O4 

and NiCr2O4 spinel catalyst. The C2H4 conversion after 5 h on stream is indicated on the plots. 

Reaction conditions: 873 K, 1 g catalyst, 100 cm3·min-1 total flow, 25 % C2H4, 50 % H2O, 5 % N2 

and 20 % Ar. The catalyst was thermally treated at 873 K in 100 cm3·min-1 air flow for 4 h in 

between the two cycles.  
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Figure 4.9 Thermogravimetric analysis in synthetic air of the spent NiAl2O4 and NiCr2O4 spinel 

catalysts after the 2nd cycle of ethylene steam reforming at 873 K. The labelled percentages are 

the maximum weight loss of the sample below 923 K. 

catalysts was retained without any diffraction features corresponding to bulk Ni metal. The mass 

fraction of the coke deposited during the second cycle on the two catalysts was measured by TGA 

and compared in Figure 4.9. Even though the second reaction cycle (Figure 4.8) was slightly 

shorter than the previous steam reforming test (Figure 4.5), the amount of coke deposited on the 

spent NiAl2O4 and NiCr2O4 catalyst during the second cycle was 3.5 wt % and 19.8 wt % 

respectively (Figure 4.9), higher than the corresponding values measured from the previous steam 

reforming test (1.1 wt % and 2.0 wt %, respectively, Figure 4.7). Given the appreciable increase 

in steam reforming activity and the higher coking tendency observed in the second cycle, we 

speculate that a minor fraction of Ni2+ on the spinel surface reduced to metallic Ni0 in the first 

cycle and potentially sintered into NiO particles upon oxidation. Previous studies have indicated 

that NiAl2O4 spinel can interact strongly with Ni metal particles and prevent further sintering of 
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Ni [76,78–80]. Therefore, the agglomeration of very small amounts of Ni metal formed on the 

NiAl2O4 catalyst may be inhibited by the stabilization of the substrate NiAl2O4 spinel phase. We 

expect that Ni is less stabilized by the NiCr2O4 spinel phase, leading to a larger extent of Ni 

agglomeration upon oxidation, which further enhances in activity and coke deposition during the 

second cycle. 

4.4 Conclusions 

 The synthesized NiM2O4 (M = Al, Cr, Fe) catalysts adopt the spinel structure with the 

existence of Ni2+ and M3+ cations on the catalyst surface confirmed by the X-ray photoelectron 

spectroscopy. High temperature treatment with H2 reduced Ni2+ to large Ni metal particles 

(detected by XRD) for all three NiM2O4 spinel catalysts, with the reduction of Fe3+ in NiFe2O4 

facilitating Ni reduction in that sample. The NiFe2O4 catalyst was also reduced to Ni metal and 

Fe3O4 during steam reforming of ethylene at 873 K. The NiAl2O4 and NiCr2O4 catalyst were both 

active and significantly more stable than the NiFe2O4 catalyst in steam reforming of ethylene, with 

the rate over the NiAl2O4 catalyst being an order of magnitude greater than that over NiCr2O4. An 

oxidative regeneration treatment of  NiAl2O4 and NiCr2O4 enhanced both the reforming rate and 

coke deposition amount, likely the result of trace Ni reducing to form metal particles on the surface. 

These observations suggest that periodic oxidative treatments for coke removal from Ni-containing 

barrier layers on steam cracker tubes might facilitate aggregation of surface Ni atoms followed by 

reduction to Ni metal particles in the highly reducing environment of an operating steam cracker. 
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Abstract 

Two Co-Cr-O spinel catalysts with different stoichiometry were synthesized and characterized by 

X-ray diffraction, X-ray photoelectron spectroscopy, N2 physisorption and temperature-

programmed reduction in H2. Excess Co in Co1.5Cr1.5O4 existed as Co3+ that substituted for Cr3+ in 

the octahedral sites of the spinel lattice. High temperature treatment of the spinel catalysts in H2 

resulted in stepwise reduction of Co3+ to Co2+ and eventually to Co metal. Both the CoCr2O4 and 

Co1.5Cr1.5O4 catalyst were active and structurally stable in ethylene steam reforming under 

differential reaction conditions at 873 K, with the areal reforming rate over Co1.5Cr1.5O4 being one 

order-of-magnitude greater than that over CoCr2O4. The steady state reforming rate after oxidation 

was comparable to that over the fresh catalyst for both CoCr2O4 and Co1.5Cr1.5O4, indicating the 

stability of the spinel structure against reduction under steam reforming conditions. 
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5.1 Introduction 

 Transition metal oxides have been widely studied as potential candidates for catalyzing 

oxidation of hazardous components from industries and automobile exhausts in light of their high 

stability and low cost [1,2]. Among those, the remarkable performance of Cr2O3 was identified in 

the oxidation of various compounds, including CO [3], CH4 [4] and heavier hydrocarbons [5]. The 

application of Cr2O3 catalysts remains limited due to concerns about gradually forming Cr6+ 

species (e.g., CrO3) that are significantly more volatile and poisonous [6]. Thus Cr-containing 

spinel catalysts have been explored given the improved stability of Cr3+ in the spinel lattice [7,8]. 

In particular, the CoCr2O4 spinel catalyst exhibited promising performance in the catalytic 

oxidation of hydrocarbons [8,9].  

 Despite extensive studies on the CoCr2O4 spinel in catalytic oxidation, the activity and 

stability of the CoCr2O4 spinel under reductive environments was rarely explored. Moreover, the  

reactivity of Co3+ , which was suggested to play an important role in the oxidation of CO [10] and 

hydrocarbons [11] over Co3O4, is not favored in stoichiometric CoCr2O4 where Co predominantly 

exists as Co2+. In our previous studies, the activity and stability of MnCr2O4 [12] and NiCr2O4 [13] 

were evaluated in ethylene steam reforming, where ethylene was oxidized to carbon oxides 

accompanied by H2 production. Specifically, the following reactions occurred simultaneously: 

Steam Reforming:  

C2H4 + 2H2O → 2CO + 4H2   ∆Hr
o = 210.1 kJ∙mol

-1
                                                                        (5.1) 

Water Gas Shift: 

 CO + H2O → CO2 + H2   ∆Hr
o = -41.2 kJ∙mol

-1
                                                                               (5.2) 

Methanation:  

CO + 3H2 → CH4 + H2O   ∆Hr
o = -205.9 kJ∙mol

-1
                                                                                (5.3) 
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 Herein, we have extended our ethylene steam reforming studies to the Co-Cr-O spinel 

system. Two spinel catalysts, CoCr2O4 and Co1.5Cr1.5O4, were synthesized and thoroughly 

characterized. The reforming rate over the catalysts and stability against reduction to Co metal was 

evaluated in catalytic steam reforming of ethylene under the same conditions to investigate the 

influence of excess Co3+ in the spinel as well as to compare performance to MnCr2O4 and NiCr2O4 

spinel catalysts.  

5.2 Experimental methods 

5.2.1 Catalyst synthesis 

 The two Co-Cr-O spinel catalysts were synthesized from a conventional sol-gel method. 

Specifically, Co(NO3)2·6H2O (98 %, Sigma-Aldrich) and Cr(NO3)3·9H2O (98 %, Sigma-Aldrich) 

of the desired molar ratio (Cr/Co = 2.0 for CoCr2O4 and Cr/Co = 1.0 for Co1.5Cr1.5O4) were 

dissolved in 100 cm3 distilled deionized water with a total metal concentration of 0.4 M at ambient 

temperature. A 50 cm3 aqueous solution containing 1.6 M citric acid (99.5 %, Sigma-Aldrich) was 

then added under vigorous stirring. The mixed solution was stirred at 368 K until the formation of 

a viscous gel. The gel precursor was transferred to an oven and dried overnight at 393 K in air. 

The dried gel was then pulverized and thermally treated in 100 cm3·min-1 air flow at 1273 K for 4 

h based on the conditions reported for Co-Cr-O spinel formation [14]. The pretreatment conditions 

were identical to those in our previous studies on ethylene steam reforming over MnCr2O4 [12] 

and NiCr2O4 [13]. The resulting powders were denoted as fresh CoCr2O4 and fresh Co1.5Cr1.5O4 

catalyst depending on the starting stoichiometry. 
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5.2.2 Catalyst characterization 

 Physisorption of N2 at 77 K was conducted on a Micromeritics ASAP 2020 analyzer with 

a sample of 2 g catalyst for the measurement of specific surface area and porosity, using the 

Brunauer-Emmett-Teller (BET) and the Barrett-Joyner-Halenda (BJH) method of analysis, 

respectively. The sample was evacuated at 473 K for 4 h prior to N2 physisorption. 

 Powder X-ray diffraction (XRD) patterns of the catalysts were recorded on a PANalytical 

Empyrean X-ray Diffractometer equipped with a Cu Kα radiation source in Bragg-Brentano 

geometry. The sample was scanned at a constant rate of 5°·min-1 within a 2θ range from 15° to 80° 

under ambient conditions. The collected XRD patterns were refined using the Material Analysis 

Using Diffraction (MAUD) software package [15]. 

 Temperature-programmed reduction in H2 (H2-TPR) of the catalysts was measured on a 

Micromeritics AutoChem II 2920 Analyzer. A sample of 300 mg catalyst was first pretreated in 

20 cm3·min-1 Ar flow at 773 K for 0.5 h and cooled down to 323 K in the Ar flow. Upon the 

introduction of 20 cm3·min-1 flow of 5 vol % H2 in Ar, the sample was heated to 1273 K at a 

constant ramp rate of 10 K·min-1 with the consumption of H2 monitored by a thermal conductivity 

detector (TCD).  

X-ray photoelectron spectroscopy (XPS) was performed on a Phi VersaProbe III Scanning 

X-ray Photoelectron Spectrometer. The sample was excited by an incident X-ray of 100 μm beam 

size and 25 W power output from a monochromatic Al Kα radiation source (1486.7 eV). Kinetic 

energy of the photoelectrons was analyzed by a hemispherical energy analyzer under a passing 

energy of 55 eV and a stepwise dwell time of 100 ms to ensure high energy resolution. The XPS 

depth profiles were acquired by etching the sample surface with a high-energy Ar ion beam (3 kV 
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bias, 3 μm×3 μm beam size) during the intervals between the collections. The sample was etched 

while rotating horizontally for 30 s in each cycle. A dual charge compensation using a low-energy 

electron flood gun and a low-energy Ar ion beam was applied in all scans. The reported binding 

energy was calibrated with respect to C1s (284.8 eV) from the adventitious carbon on the surface. 

Thermogravimetric analysis (TGA) of the spent catalysts was carried out using a TA 

Instruments SDT Q600 thermogravimetric analyzer. The weight change of the sample was 

recorded during a temperature-programmed oxidation procedure, in which 30 mg catalyst was 

heated to 973 K from ambient temperature at a constant ramp rate of 10 K·min-1 in 40 cm3·min-1 

synthetic air (20 vol % O2 in He) flow. 

5.2.3 Ethylene steam reforming 

 The two Co-Cr-O spinel catalysts were evaluated in catalytic steam reforming of ethylene 

at 873 K under atmospheric total pressure. A typical feed flow of 100 cm3·min-1 containing 25 vol % 

C2H4, 50 vol % H2O, 5 vol % N2 and 20 vol % Ar was directed to 1 g catalyst loaded in a vertical, 

down-flow, fixed-bed quartz reactor (10.5 mm I.D. × 12.75 mm O.D.). The catalyst was sieved to 

250-425 μm for CoCr2O4 and 70-180 μm for Co1.5Cr1.5O4 prior to reaction. Although two different 

particle sizes were utilized in this study because of difficulty forming compressed pellets, 

reforming rates measured on both samples were not influenced by intraparticle mass transfer 

artifacts as confirmed by the Weisz-Prater criterion [16]. Liquid water with dissolved O2 removed 

by a N2 purge was introduced by a syringe pump (ISCO, 500D) into a steel evaporator maintained 

at 413 K, where steam was generated and mixed with other gas components supplied from mass 

flow controllers (Brooks, 5850E). Upon removal of unreacted H2O in the effluent gas through 

condensation, the produced CO2 was measured by an infrared gas analyzer (Fuji Electric ZPA) 
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and the produced H2, CO and CH4 were measured by a gas chromatograph (Agilent 7890A) 

equipped with a CarboPlot P7 column and a TCD. To properly compare the intrinsic activity of 

the catalysts, reaction rates were normalized by the exposed surface area instead of catalyst mass. 

Assessed under an ethylene conversion below 10 %, the characteristic rate of steam reforming is 

defined on the basis of overall C1 product formation (CO, CO2 and CH4) normalized by the BET 

surface area: 

rC1
 = 

F(CO) + F(CO2) + F(CH4)

SBET
                                                                                                                       (5.4) 

The product-based ethylene conversion is evaluated assuming 100 % carbon recovery from the C1 

products: 

C2H4 conversion (%) = 
F(CO) + F(CO2) + F(CH4)

2F0(C2H4)
×100 %                                                                       (5.5) 

The product selectivity is defined as the mole fraction of a certain component with respect to all 

quantified steam reforming products (H2, CO, CO2 and CH4):  

Selectivity of X (%) = 
F(X)

F(H2) + F(CO) + F(CO2) + F(CH4)
×100 %                                                                 (5.6) 

where F(X) denotes the molar flowrate of component X measured downstream of the reactor, 

F0(C2H4) denotes the molar flowrate of C2H4 in the feed gas and SBET denotes the BET surface 

area of the catalyst from N2 physisorption. Given the identical reaction conditions and similar 

ethylene conversion levels to our previous work [12], the ethylene reforming rates reported in the 

present study were not affected by mass and heat transfer artifacts. 



131 

 

5.3 Results and discussion 

5.3.1 Characterization of the CoCr2O4 and Co1.5Cr1.5O4 catalyst 

 The textural properties of the catalysts assessed from N2 physisorption are summarized in 

Table 5.1. The BET surface area of both CoCr2O4 and Co1.5Cr1.5O4 catalysts was very low (i.e., 

less than 10 m2·g-1) as a result of the high temperature treatment. Similar to the case of MnCr2O4 

and Mn1.5Cr1.5O4 [12], the introduction of excess Co caused a substantial decrease in the BET 

surface area of Co1.5Cr1.5O4 (0.58 m2·g-1) compared to the stoichiometric CoCr2O4 (5.4 m2·g-1). The 

low cumulative pore volume calculated from the BJH method suggested both catalysts were 

essentially non-porous. The estimated pore diameter (70-140 Å) was likely representative of the 

voids between the particle aggregates [17]. Therefore, the measured BET surface area of the 

catalysts was attributed solely to external surface area.  

Table 5.1 Textural properties of the fresh CoCr2O4 and Co1.5Cr1.5O4 catalysts assessed from N2 

physisorption 

Catalyst 
BET surface area 

(m2·g-1) 

Pore volume 

(cm3·g-1)a 

CoCr2O4 5.4 0.019 

Co1.5Cr1.5O4 0.58 0.0011 
a BJH cumulative pore volume. 

The phase composition of the catalysts was characterized by XRD. As shown in Figure 

5.1, the CoCr2O4 sample exhibited the typical diffraction patterns corresponding to a cubic spinel 

structure without detectable crystalline Cr2O3 impurities that appeared when Cr was in excess [18]. 

By analogy to our previously reported Mn-rich Mn1.5Cr1.5O4 spinel [12], the diffraction features 

observed for the Co1.5Cr1.5O4 sample are attributed to a Co-rich spinel phase according to prior 

reports [19–22], in which the octahedrally coordinated Cr3+ cations are partially substituted by the 

Co3+ cations as a result of the introduction of excess Co. The lattice parameter of the spinel phase 
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in CoCr2O4 (8.332 Å) and Co1.5Cr1.5O4 (8.270 Å) was acquired from Rietveld refinement, which 

is in agreement with the respective range of values of 8.327-8.333 Å for CoCr2O4 and 8.267-8.273 

Å for Co1.5Cr1.5O4 from prior reports [19–21], while both being significantly larger than the range 

of values of 8.082-8.083 Å reported for the Co3O4 spinel phase [19–21]. The significant decrease 

in the lattice constant of Co1.5Cr1.5O4 with respect to the stoichiometric CoCr2O4 spinel is 

consistent with the distortion resulting from the replacement of Cr3+ by smaller Co3+ [21]. The 

occupancy from Rietveld refinement for both tetrahedrally and octahedrally coordinated cations 

was unity for the two Co-Cr-O spinel catalysts. 

 

Figure 5.1 Rietveld refinement of the XRD patterns of the fresh CoCr2O4 and Co1.5Cr1.5O4 

catalysts. The refined lattice parameter for CoCr2O4 and Co1.5Cr1.5O4 is 8.332 Å and 8.270 Å, 

respectively. 
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The redox properties of the catalysts were probed by H2-TPR with the reduction profiles 

shown in Figure 5.2a. The results indicated the Co cations in the Co-Cr-O spinels were 

substantially more stable against reduction compared to Co3O4, which underwent complete 

reduction to Co metal at much lower temperatures (i.e., below 823 K) [23,24]. The very small H2 

consumption below 450 K observed for both samples (Figure 5.2a, inset) was attributed to the 

reduction of surface Cr6+ species that occurred over various Cr-based spinel oxides [25]. The 

reduction feature initiated at about 900 K in the profile of CoCr2O4 was assigned to the reduction 

of tetrahedrally coordinated Co2+ in the spinel lattice to Co0 metal [26]. Consistent with this 

assignment, the formation of a trace amount of Co metal particles was detected in the XRD pattern 

of the CoCr2O4 sample after reduction in H2 (Figure 5.2b). However, due to a low reduction degree 

of Co2+ (3.3 %), the small amount of Cr2O3 formed was dispersed and not detectable by XRD. 

Comparatively, the Co1.5Cr1.5O4 sample exhibited a reduction feature at 960 K followed by a rapid 

increase in H2 uptake above 1100 K, which was assigned to the stepwise reduction of Co3+ to Co2+ 

and Co2+ to Co0, respectively [27]. Unfortunately, the overall reduction degree of Co (6.5 %) could 

not be separated into individual reduction events as multiple processes occurred simultaneously. 

While the appearance of CoO diffraction feature was in accordance with the reduction of Co3+ to 

Co2+, the diffraction feature corresponding to Co metal was not observed in the reduced 

Co1.5Cr1.5O4 sample (Figure 5.2b). We speculate that the CoO formed upon reduction of Co3+ in 

the octahedral sites interacts strongly with the Cr-containing spinel lattice and therefore impedes 

continuous reduction of the spinel to Co metal by retarding the outward diffusion of Co2+ and Co3+ 

cations [24,28,29]. Moreover, very small Co metal particles exposed to air during collection of the 

XRD patterns will likely oxidize surface Co metal.  
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Figure 5.2 (a) Temperature-programed reduction of the fresh CoCr2O4 and Co1.5Cr1.5O4 catalysts 

in H2. A minor H2 consumption peak at low T from the reduction of surface Cr6+ species is shown 

in the inset. (b) X-ray diffraction patterns of the CoCr2O4 and Co1.5Cr1.5O4 catalysts after H2-TPR 

to 1273 K. The remaining spinel structure in the reduced Co1.5Cr1.5O4 was labelled as CoxCr3-xO4 

since the stoichiometry changed as a result of CoO formation. 

The chemical speciation of Co and Cr on the catalyst surface was investigated by XPS. 

Results from previous reports have shown that the 2p binding energy of Co2+ and Co3+ did not 

correlate explicitly with the oxidation state, so discrimination between Co2+ and Co3+ from the 2p 

binding energy can be ambiguous [24,30,31]. As shown in Figure 5.3a, the spectra of Co 2p3/2 

were deconvoluted into two peaks including the major 2p3/2 energy state and a satellite feature 

from Co2+ and Co3+ [32,33] according to the report from Xie et al. [34]. The Co 2p3/2 binding 

energy of the CoCr2O4 sample (780.9 eV) was slightly higher than that of the Co1.5Cr1.5O4 sample 

(780.4 eV). The predominant presence of Co2+ on the surface of CoCr2O4 was confirmed by the 

intense satellite feature at 786.4 eV [34,35], whereas the weak satellite feature at 784.6 eV in 

Co1.5Cr1.5O4 was consistent with those seen in Co3O4 and Co-excess Co-Cr-O spinels, suggesting 

the presence of Co3+ on the surface of that sample [24,36]. The Cr 2p3/2 spectra were deconvoluted  

(a) (b) 
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Figure 5.3 X-ray photoelectron spectra at (a) Co 2p3/2 and (b) Cr 2p3/2 region on the surface of the 

fresh CoCr2O4 and Co1.5Cr1.5O4 catalysts. 

into three peaks as described by Keturakis et al. [37] with one peak at ca. 578.9 eV assigned to 

Cr6+ and two peaks at ca. 576.6 and 575.6 eV assigned to Cr3+ to account for the multiplet splitting 

of Cr3+ [38]. As shown in Figure 5.3b, the broad peak with the highest binding energy of 578.7 

eV in CoCr2O4 and 578.2 eV in Co1.5Cr1.5O4 suggested the presence of Cr6+ species on the surface 

of both samples, which was supported by the weak low temperature reduction features observed 

in H2-TPR (Figure 5.2a). The two peaks of lower binding energies in the CoCr2O4 (576.8 and 

575.6 eV) and Co1.5Cr1.5O4 (576.5 and 575.4 eV) samples were associated with Cr3+ cations likely 

residing in the spinel lattice. The fraction of Cr6+ with respect to total surface Cr (Cr3+ and Cr6+) 
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estimated from the peak areas was 12 % for CoCr2O4 and 15 % for Co1.5Cr1.5O4, respectively, 

indicating Cr3+ to be the predominant form of existence for surface Cr in both samples.  

 
Figure 5.4 Profiles of atomic Cr/Co ratio in the fresh CoCr2O4 and Co1.5Cr1.5O4 catalysts measured 

by XPS. Cycle 0: as prepared; Cycle 1-4: etched with Ar ion beam prior to the measurement. 

The elemental composition of the catalysts was analyzed by XPS depth profiling using Ar 

ion beam etching. As shown in Figure 5.4, the Cr/Co ratio measured on the surface of the CoCr2O4 

sample was 2.0, which was slightly higher than the range of values from 1.7 to 1.8 observed in the 

later four cycles with pre-sputtering before each measurement. The Cr/Co ratios measured for the 

Co1.5Cr1.5O4 sample appeared in a narrow range of 0.8 to 0.9 regardless of the measuring depth. 

Despite a minor enrichment of Cr possibly on the surface of CoCr2O4, the depth profiles indicated 

a fairly uniform elemental distribution for both samples that was consistent with the desired 

stoichiometry. The spectra associated with the Co 2p3/2 and Cr 2p3/2 regions of the Co1.5Cr1.5O4 

sample during depth profiling are shown in Figure 5.5. The chemical state of Co in the bulk spinel 
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was unfortunately inaccessible from the current depth profiling since Co cations were rapidly 

reduced to Co0 metal upon exposure to the Ar ion beam, as evident by the development of the peak 

at 778.2 eV corresponding to metallic Co. The chemical state of Cr did not change appreciably 

with the probing depth except the decline of the broad Cr6+ feature at 578.2 eV starting from the 

first cycle. A similar trend was observed in the XPS spectra during depth profiling of CoCr2O4 

(not shown).  

 
Figure 5.5 X-ray photoelectron spectra during depth profiling at (a) Co 2p3/2 and (b) Cr 2p3/2 region 

of the fresh Co1.5Cr1.5O4 catalyst. Cycle 0: as prepared; Cycles 1-4: etched with Ar ion beam prior 

to the measurement.  

5.3.2 Rate and stability of the CoCr2O4 and Co1.5Cr1.5O4 catalyst in ethylene steam reforming 

 The catalytic performance of the CoCr2O4 and Co1.5Cr1.5O4 catalysts was evaluated in 

ethylene steam reforming at 873 K, a temperature at which the background ethylene conversion 

was negligible [12]. Since Cr2O3 was found to be nearly inactive for ethylene steam reforming  
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Figure 5.6 Product formation rate during ethylene steam reforming over the fresh CoCr2O4 and 

Co1.5Cr1.5O4 catalysts. Reaction conditions: 873 K, 1 g catalyst, 100 cm3·min-1 total flow, 25 % 

C2H4, 50 % H2O, 5 % N2 and 20 % Ar. 

under identical reaction conditions [12], the observed reforming activity for the Co-Cr-O spinel 

oxides was attributed to the Co sites. As shown in Figure 5.6, a steady rate of formation for H2 

and C1 molecules (CO, CO2 and CH4) was observed over both catalysts after introduction of the 

reactants. Both catalysts exhibited stable steam reforming activity without appreciable 

deactivation up to 7 h on stream, suggesting severe coke formation did not occur. As listed in 

Table 5.2, the product-based ethylene conversion over the Co1.5Cr1.5O4 catalyst (2.0 %) was 

slightly higher than that over the CoCr2O4 catalyst (1.3 %) for an equivalent mass loading of  

Table 5.2 Rate and product distribution of ethylene steam reforming over the fresh CoCr2O4 and 

Co1.5Cr1.5O4 catalysts 

Catalyst 
C2H4 conversion 

(%)a 

C1 production rate 

(μmol·m-2·s-1) 

Product selectivity (%) 

CO CO2 CH4 H2 

CoCr2O4 1.3 0.093 2 28 14 56 

Co1.5Cr1.5O4 2.0 1.3 1 28 15 56 
a Product-based conversion. Reaction conditions: 873 K, 1 g catalyst, 100 cm3·min-1 total flow, 25 % C2H4, 50 % H2O, 

5 % N2 and 20 % Ar. 
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catalyst in the reactor. The product distribution favoring H2 and CO2 was observed for both 

catalysts, which was attributed to the nearly equilibrated water-gas shift reaction that occurred 

simultaneously with ethylene steam reforming. The steady state rate of C1 formation over CoCr2O4 

(0.093 μmol·m-2·s-1) was comparable to the steady state rate over MnCr2O4 (0.13 μmol·m-2·s-1) [12] 

and the initial rate over NiCr2O4 (0.20 μmol·m-2·s-1) [13] under identical conditions (see Table 5.3). 

Along with the results from H2-TPR (Figure 5.2a), this comparison suggested the steam reforming 

activity was likely from the stable Co-Cr-O spinel surfaces without severe decomposition of the 

spinel structure to form Co metal particles. Interestingly, the steady state rate of C1 formation over 

Co1.5Cr1.5O4 (1.3 μmol·m-2·s-1) was an order-of-magnitude greater compared to CoCr2O4 (0.093 

μmol·m-2·s-1), which potentially resulted from Co3+ on the surface that was proposed as the active 

site for the oxidation of hydrocarbons [39,40]. The structure and oxidation state of Co in the 

octahedral Co sites during steam reforming conditions remain undetermined. 

Table 5.3 Comparison of ethylene steam reforming rates over the MCr2O4 spinel catalysts 

Catalyst C2H4 conversion (%)a 
C1 production rate  

(μmol·m-2·s-1) 
Source 

CoCr2O4 1.3 0.093 This work 

MnCr2O4 1.8 0.13 Ref. [12] 

NiCr2O4 2.1b 0.20b Ref. [13] 
a Product-based conversion. Reaction conditions: 873 K, 1 g catalyst, 100 cm3·min-1 total flow, 25 % C2H4, 50 % H2O, 

5 % N2 and 20 % Ar. 
b Initial results at t < 1 h. 

 The spent CoCr2O4 and Co1.5Cr1.5O4 catalysts were re-oxidized and then evaluated in 

ethylene steam reforming for a second cycle to examine whether slow reduction of Co cations to 

Co0 metal occurred during the first cycle. As shown in Figure 5.7, the rate of C1 formation over 

the re-oxidized CoCr2O4 (0.086 μmol·m-2·s-1, second cycle) was stable and nearly identical to that  
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Figure 5.7 Comparison of C1 formation rate during ethylene steam reforming over the fresh and 

re-oxidized CoCr2O4 and Co1.5Cr1.5O4 catalysts. Reaction conditions: 873 K, 1 g catalyst, 100 

cm3·min-1 total flow, 25 % C2H4, 50 % H2O, 5 % N2 and 20 % Ar. The catalysts were re-oxidized 

at 873 K for 4 h under 100 cm3·min-1 air flow in between the two cycles. 

of the fresh catalyst (0.093 μmol·m-2·s-1, first cycle). This comparison suggests the reduction of 

Co2+ in the CoCr2O4 spinel lattice to Co0 metal was negligible under reaction conditions and did 

not contribute to the observed reforming activity. These results contrast the behavior of NiCr2O4 

where the reforming rate increased substantially in the second cycle as a result of the formation of 

NiO agglomerates upon re-oxidation [13]. Interestingly, the re-oxidized Co1.5Cr1.5O4 exhibited an 

induction period for about 1.5 h before reaching steady state during the second cycle, over which 

the C1 formation rate gradually increased from 0.94 μmol·m-2·s-1 and plateaued at a rate of 1.3 

μmol·m-2·s-1 that was comparable with the first cycle. Although the reason for the induction period 

was unclear, the consistency in the steady state rate between the two cycles nevertheless indicated 

the stability of the Co1.5Cr1.5O4 catalyst against the formation of Co metal particles. We speculate 

this phenomenon was related to the interconversion between Co3+ and Co2+. In particular, the Co3+ 

on the surface was potentially reduced to Co2+ during steam reforming based on the H2-TPR results 
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(Figure 5.2a), forming a CoO-like layer with octahedrally coordinated Co2+. These octahedral 

Co2+ sites might be partially converted to the less reactive tetrahedral Co2+ sites when oxidized to 

Co3O4 during the re-oxidation [36,39], whereas this process was perhaps reversible when the 

catalyst was exposed to the reductive environment during the second cycle of steam reforming.  

 

Figure 5.8 Rietveld refinement of the XRD patterns of the CoCr2O4 and Co1.5Cr1.5O4 catalysts 

after two ethylene steam reforming cycles. The refined lattice parameter for CoCr2O4 and 

Co1.5Cr1.5O4 is 8.332 Å and 8.270 Å, respectively. 

 The stability of the spinel structure in both catalysts was also evident from the XRD 

patterns after the second steam reforming cycle. As shown in Figure 5.8, diffraction features 

corresponding to CoO or metallic Co resulting from the decomposition of the spinel structure were 

not detected in either of the two catalysts. The refined lattice parameter for the CoCr2O4 (8.332 Å) 

and Co1.5Cr1.5O4 (8.270 Å) spent catalysts after the second cycle remained identical to the 
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respective value of the fresh catalyst, suggesting most of the excess Co3+ cations in Co1.5Cr1.5O4 

were retained in the lattice under reaction conditions. The occupancy for both tetrahedrally and 

octahedrally coordinated cations in the two catalysts remained unity. As expected from the steady 

reforming rate observed over both catalysts (after 1.5 h on stream), the amount of coke deposited 

during the second reforming cycle measured by temperature-programmed oxidation (Figure 5.9) 

was negligible over either CoCr2O4 or Co1.5Cr1.5O4 (i.e., less than 0.5 wt %).  

 

Figure 5.9 Thermogravimetric analysis profiles during temperature-programmed oxidation of the 

CoCr2O4 and Co1.5Cr1.5O4 catalysts in synthetic air after two ethylene steam reforming cycles. 

5.4 Conclusions  

 The synthesized CoCr2O4 and Co1.5Cr1.5O4 catalysts both adopted a cubic spinel structure. 

The excess Co in Co1.5Cr1.5O4 was attributed to octahedrally coordinated Co3+ that partially 

substituted for Cr3+ in the stoichiometric CoCr2O4 spinel lattice, resulting in a significant decrease 

in lattice constant. High temperature treatment in H2 reduced the Co2+ in the CoCr2O4 spinel lattice 

to Co metal particles, whereas the reduction of Co3+ to Co2+ in Co1.5Cr1.5O4 occurred at lower 

temperatures. Both the CoCr2O4 and Co1.5Cr1.5O4 catalyst were active and structurally stable for 

ethylene steam reforming at 873 K. The areal reforming rate over Co1.5Cr1.5O4 was one order-of-

magnitude greater than that over CoCr2O4, which was potentially related to the presence of Co3+ 
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on the catalyst surface as evident by X-ray photoelectron spectroscopy. The steady state rate of 

ethylene steam reforming over both catalysts after re-oxidation was comparable to the respective 

rate from the fresh catalysts, suggesting an outstanding stability of the Co-Cr-O spinel structure 

against reduction to Co metal under steam reforming conditions. 
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Chapter 6 Conclusions and future directions 

6.1 Concluding remarks 

 Synthetic powder catalyst samples (MnxCr3-xO4) based on the conventional 

MnCr2O4/Cr2O3 barrier layers catalyze olefins and aromatics steam reforming. While the excess 

Cr in Mn0.5Cr2.5O4 exists separately as Cr2O3, the excess Mn in Mn1.5Cr1.5O4 exists as Mn3+ that 

substitutes for the Cr3+ in the octahedral sites of the spinel lattice instead of forming crystalline 

Mn oxides. A single oxide of Mn (Mn3O4) showed the highest reforming rate for both ethylene 

and toluene but rapidly deactivated due to reduction to MnO at 873 K whereas the spinel catalysts 

and Cr2O3 remained structurally stable under identical reforming conditions. The Cr2O3 catalyst 

exhibited a much higher initial reforming rate for olefins than the spinel catalysts followed by a 

rapid deactivation likely resulting from coke deposition. On the other hand, the Mn1.5Cr1.5O4 

catalyst was the most active and stable catalyst for aromatic steam reforming likely attributed to 

the presence of Mn3+ sites, while rates of aromatic reforming over MnCr2O4 and Cr2O3 were 

similar. 

 The steam reforming rates of olefins and aromatics were comparable over the Mn-Cr-O 

spinel catalysts. The reforming rates of olefins and aromatics all showed a first-order dependence 

on the respective hydrocarbon and were slightly inhibited by H2O, which is consistent with a Mars-

van Krevelen type mechanism. While the reaction orders in excess H2 were nearly zero for olefins 

and benzene reforming, the toluene reforming rate was negative first order in excess H2, which is 

likely associated with a slower oxidation of the side methyl group of toluene in H2 as evident from 

in situ DRIFTS of toluene adsorption on the spinel surface. The inhibition by H2 and a high 

apparent activation energy observed for toluene steam reforming is consistent with the steam 
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gasification kinetics of coke studied over the same materials [1], suggesting toluene to be a 

reasonable model compound for coke. The higher toluene reforming rate over the Mn-rich 

Mn1.5Cr1.5O4 spinel catalyst is also consistent with its higher rate for ex situ steam gasification of 

coke [1] and an improved anti-coking performance under steam cracking conditions potentially 

through in situ steam gasification of coke and coke precursors [2], which makes the Mn-rich 

Mn1.5Cr1.5O4 spinel a promising candidate for catalytic barrier oxide layers. 

 Synthetic powder catalysts of Ni-based spinel oxides (NiM2O4) that are analogous to those 

present in the barrier oxide layers of the Al-enhanced cracking reactor tubes are active for ethylene 

steam reforming. Consistent with the results from H2-TPR, reduction of Ni2+ to Ni-Fe alloy for 

NiFe2O4 was facilitated by the reduction of Fe3+ and resulted in severe coke deposition during 

steam reforming. Although the spinel structure in NiAl2O4 and NiCr2O4 was stable during ethylene 

steam reforming at 873 K, the ethylene reforming rate and the amount of deposited coke on both 

catalysts increased substantially in the second reforming cycle after an oxidation treatment 

following the first cycle. These observations suggest that periodic oxidative treatments for coke 

removal may accelerate the agglomeration of small Ni metal particles formed via reduction of Ni 

spinel oxides during steam cracking conditions into larger NiO particles, which easily reduce to 

Ni metal particles that catalyze coke deposition. Thus, the Ni-based spinel oxides are inappropriate 

for anti-coking barrier oxide layers even though they are catalytically active for steam reforming. 

 The activity and stability of Co-Cr-O spinel oxides (CoxCr3-xO4) were explored in ethylene 

steam reforming. Excess Co in Co1.5Cr1.5O4 is attributed to Co3+ in the octahedral sites of the spinel 

lattice that partially substitute Cr3+. The Co3+ sites in Co1.5Cr1.5O4 were reduced to Co2+ when 

heated in H2 whereas reduction of Co2+ to Co metal occurred at much higher temperatures for 

CoCr2O4. Both CoCr2O4 and Co1.5Cr1.5O4 were structurally stable during ethylene steam reforming 
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at 873 K, with the order of magnitude higher reforming rate over Co1.5Cr1.5O4 being potentially 

attributed to the Co3+ sites. Interestingly, the reforming rate over CoCr2O4 was comparable to that 

over MnCr2O4 and NiCr2O4 without a strong dependence on the identity of the tetrahedral cations 

in the spinel structure. The CoCr2O4 and Co1.5Cr1.5O4 catalysts both showed similar reforming 

activity after re-oxidation, suggesting good stability of Co-Cr-O spinel oxides against reduction to 

Co metal particles. 

 To summarize, this dissertation has investigated the steam reforming rate of olefins and 

aromatics over various types of spinel oxides. While the reforming rate is comparable for MCr2O4 

spinel oxides (where M = Mn, Ni, Co), MnCr2O4 is the most stable against reduction to metal 

particles and therefore suitable for the barrier oxide layers of steam cracking reactors. The 

introduction of excess Mn (i.e., Mn1.5Cr1.5O4) increases the rate for aromatics steam reforming but 

the Mn3+ sites can be prone to reduction when in great excess (i.e., Mn3O4). Thus, the development 

of catalytic barrier oxide layers from the Mn-Cr-O spinel oxides likely requires a proper balance 

between activity and stability. Slow reduction of Ni-containing spinel oxides to Ni metal particles 

prevents them as effective barrier oxide layers due to potential catalytic coking. As a result, 

catalytic barrier oxide layers for Al-enhanced alloy reactors need further research on the active 

components, potentially forming other Al-based spinel oxides. 

6.2 Future directions 

 Although the excess octahedral Mn3+ sites were proposed to be responsible for the higher 

rate of aromatics steam reforming over Mn1.5Cr1.5O4, the presence of these Mn3+ sites was only 

confirmed by ex situ characterizations using diffraction and spectroscopy before and (or) after 

reaction. The oxidation state of Mn under steam reforming conditions with excess H2 is of interest 

for understanding the higher rate of aromatics steam reforming over Mn1.5Cr1.5O4. Results in this 
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dissertation have shown that Mn1.5Cr1.5O4 remained stable after steam reforming without bulk 

reduction to form MnO, therefore interconversion between Mn3+ and Mn2+ likely occurs near the 

catalyst surface, which can be probed by in situ XPS [3]. Based on the characteristic satellite 

features from Mn2+, in situ XPS may identify potential changes in Mn speciation as a function of 

H2 partial pressure under steam reforming conditions. 

 The TOF of steam reforming over the Mn-Cr-O spinel oxides was estimated using an active 

site density of monolayer H2O adsorption capacity. This adsorption capacity of H2O was 

determined ex situ for each catalyst, which assumed that the active site density did not depend on 

the hydrocarbon. Transient kinetic analysis (TKA) could be used to investigate the intrinsic active 

site density during steam reforming by switching the hydrocarbon reactant [4]. Since olefins and 

aromatics may interact with the spinel surface differently given their unique molecular structures, 

TKA provides a more trustworthy measurement of the site density for calculating and comparing 

the steam reforming TOF of different hydrocarbons. 

 In addition to NiAl2O4, MnAl2O4 is also predicted to form on the surface of the Al-

containing alloy by thermodynamic calculations [5], possibly through solid spinel solutions [6]. 

Unlike NiAl2O4, MnAl2O4 is stable against reduction to metal particles based on thermodynamic 

calculations [7]. The MnAl2O4 spinel can be synthesized under reducing environments at 

extremely high temperatures [8,9] and was reported to catalyze soot oxidation [10]. By analogy to 

the Mn-Cr-O spinel oxides investigated in this dissertation, the kinetic studies on olefins and 

aromatics steam reforming can be potentially extended to the Mn-Al-O spinel oxides with different 

stoichiometry for developing catalytically active components in the Al2O3 barrier oxide layers.  
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Appendix A Supplementary material for Chapter 2 

 

Supplementary figures (A1-A9) and tables (A1-A2) 

 

 

Figure A1 Cr K edge and Mn K edge X-ray absorption spectra of the fresh Mn-Cr-O spinel 

catalysts normalized by the Cr K edge absorption. 
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Figure A2 EDS elemental mappings of Cr and Mn in the fresh (a) MnCr2O4, (b) Mn1.5Cr1.5O4 and 

(c) Mn0.5Cr2.5O4 catalyst. 



157 

 

 

Figure A3 (a) Mn 2p and (b) Cr 2p X-ray photoelectron spectra during the depth profiling of the 

MnCr2O4 catalyst. 

 

Figure A4 X-ray diffraction patterns of the fresh catalyst and after H2-TPR of (a) Mn1.5Cr1.5O4 and 

(b) Mn3O4. 
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Figure A5 Rate of C1 product formation during ethylene steam reforming over the Cr2O3 and 

Mn1.5Cr1.5O4 catalyst. Reaction conditions: 873 K, 1 g catalyst, 100 cm3·min-1 total flow, 25 % 

C2H4, 20 % H2O, 5 % N2, 10 % H2 and 40 % Ar. Deactivated Cr2O3 catalyst was regenerated by 

oxidation at 873 K for 2 h in 100 cm3·min-1 air flow. 

 

 

 

Figure A6 X-ray diffraction patterns of (a) the fresh and spent Mn3O4 catalyst and (b) the spent 

Mn-Cr-O spinel catalysts. Reaction conditions: 873 K, 1 g catalyst (2 g for Mn3O4), 100 cm3·min-

1 total flow, 25 % C2H4, 50 % H2O, 5 % N2 and 20 % Ar. 
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Table A1 The BET surface area of the fresh and spent Mn-Cr-O spinel catalysts 

Catalyst 
Fresh BET surface area 

(m2·g-1) 

Spent BET surface area 

(m2·g-1) 

MnCr2O4 5.3 4.6 

Mn1.5Cr1.5O4 2.6 2.6 

Mn0.5Cr2.5O4 4.5 4.4 

 

 

 

 

Figure A7 Thermogravimetric analysis (TGA) of the spent MnCr2O4 catalyst. Reaction conditions: 

873 K, 1 g catalyst, 100 cm3·min-1 total flow, 25 % C2H4, 50 % H2O, 5 % N2 and 20 % Ar. TGA 

procedure: 30 mg catalyst was heated in a 50 cm3·min-1 synthetic air (20 vol % O2 in He) flow to 

1073 K at a constant ramp rate of 10 K·min-1. 
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Figure A8 Effect of H2O partial pressure on the C1 production rate in the steam reforming of 

ethylene over the Mn-Cr-O spinel catalysts ranging from 0.1 bar to 0.6 bar. Reaction conditions: 

873 K, 1 g catalyst, 100 cm3·min-1 total flow, 10 % C2H4, 10-60 % H2O, 5 % N2, balance Ar (20 % 

H2 for Mn1.5Cr1.5O4).  

 

 

Table A2 Consumptions of H2 during H2-TPR and measurements of the oxygen storage capacity 

of the fresh Mn-Cr-O spinel catalysts 

Catalyst 
H2 consumption   

(μmol H2·m
-2)a 

Oxygen storage capacity 

(μmol O·m-2)b 

MnCr2O4 6.3 9.1 

Mn1.5Cr1.5O4 25 28 

Mn0.5Cr2.5O4 16 12 
a Measured during H2-TPR up to 873 K, reporting in terms of H2 molecule 
b Measured by O2 pulse chemisorption at 873 K, reporting in terms of O atom 
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Figure A9 (a) Production rate of H2, C2H4 and C1 and (b) individual production rate of CO, CO2 

and CH4 in ethane dehydrogenation over Mn0.5Cr2.5O4. Reaction conditions: 873-943 K, 1 g 

catalyst, 100 cm3·min-1 total flow, 25 % C2H6, 50 % H2O, 5 % N2 and 20 % Ar. 
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Appendix A1 Material balance for ethylene steam reforming 

Since the C2H4 conversion was only 1-2 % under the reaction conditions, evaluating the 

conversion based on the change in molar flowrate of C2H4 from upstream to downstream of the 

reactor (reactant based conversion) was inconsistent because of the inaccuracies of standard TCD 

detection during gas chromatography, leading to an overall carbon balance of 100-300 %. 

Therefore, to assess the material balance reliably on a carbon basis was not feasible. Alternatively, 

we utilized the H2 balance among the steam reforming products to validate our material balance. 

Using the results of ethylene steam reforming over the MnCr2O4 catalyst at 873 K as an example, 

the material balance on a hydrogen basis can be evaluated. Since all C1 products, including CO, 

CO2 and CH4, originate from C2H4, the following overall stoichiometry shall apply: 

C2H4 + 2H2O → 2CO + 4H2 

C2H4 + 4H2O → 2CO2 + 6H2 

C2H4 + 2H2 → 2CH4 

Assuming a negligible formation of coke, which was evident from the TGA results shown 

in Figure A7, the production rate of H2 can be predicted by the production rate of CO, CO2 and 

CH4 in the following way: 

Fpredicted(H2) = 2F(CO) + 3F(CO2) - F(CH4) 

As shown in Figure A10, the predicted H2 production rate is generally 10-20 % higher 

than that was measured experimentally. Regardless, the comparison still suggests a reasonably 

consistent material balance for the measurement of the products observed in ethylene steam 

reforming.  



163 

 

 

Figure A10 The measured and predicted production rate of H2 during ethylene steam reforming 

over MnCr2O4. 
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Appendix A2 Evaluation of the potential effect of heat and mass transfer on the measured 

ethylene steam reforming rates 

The following experiments were conducted to explore potential influences of external heat 

and mass transport limitations. As shown in the attached table, the C1 production rate was 

unaffected by changing the flow rate by a factor of 2. These results suggest that artifacts from 

external transport effects on kinetics are not significant under the conditions of study.  

Table A3 Influence of Flow Rate on Ethylene Steam Reforming over MnCr2O4  

Catalyst 
Catalyst loading 

(mg) 

Total flow rate 

(STP cm3·min-1) 

C2H4 conversiona 

(%) 

C1 production 

rate 

(μmol·m-2·s-1) 

MnCr2O4 

1017 100 1.8 0.13 

1002 100 1.9 0.14 

700 200 0.62 0.13 

Reaction condition: 873 K, 25 % C2H4, 50 % H2O, 5 % N2 and 20 % Ar 
a Product based conversion 

The Weisz-Prater criterion was used to assess the potential effect of intraparticle mass 

transfer artifacts on the reported ethylene steam reforming rates over the stoichiometric spinel 

catalyst. The Weisz-Prater criterion for an irreversible, isothermal, first-order reaction in a 

spherical catalyst pellet is given as [1]: 

𝑟𝑜𝑏𝑠(𝑅𝑝)
2

𝐷𝑇𝐴
𝑒 𝐶𝐴𝑆

< 1 

where the observed reaction rate per unit volume 𝑟𝑜𝑏𝑠 ~ 0.49 𝑚𝑜𝑙 ∙ 𝑚
−3 ∙ 𝑠−1 , the radius of the 

catalyst particle 𝑅𝑝 ~ 2 × 10
−4 𝑚, the effective transition diffusivity 𝐷𝑇𝐴

𝑒  ~ 1.2 × 10−7 𝑚2 ∙ 𝑠−1, 

and the concentration of ethylene at the external surface 𝐶𝐴𝑆 ~ 3.4 𝑚𝑜𝑙 ∙ 𝑚
−3. 

With the above parameters, we obtain:  
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𝑟𝑜𝑏𝑠(𝑅𝑝)
2

𝐷𝑇𝐴
𝑒 𝐶𝐴𝑆

= 0.048 ≪ 1 

Therefore, according to the Weisz-Prater criterion, the measured steam reforming rates are not 

limited by intraparticle diffusion through the pore-like voids between the particle aggregates.  

The Anderson criterion was used to confirm the observed steam reforming rate over 

stoichiometric spinel was unaffected by intraparticle temperature gradients (within 5 %) [1]: 

|∆𝐻𝑟|𝑟𝑜𝑏𝑠(𝑅𝑝)
2

𝜆𝑒𝑇𝑆
< 0.75

𝑅𝑔𝑇𝑆
𝐸𝑎

 

where the enthalpy change of ethylene steam reforming, which is concurrent with the Water Gas 

Shift reaction, ( 𝐶2𝐻4 + 4𝐻2𝑂 → 2𝐶𝑂2 + 6𝐻2 ) ∆𝐻𝑟 ~ 1.28 × 10
5 𝐽 ∙ 𝑚𝑜𝑙−1 , the observed 

reaction rate per unit volume 𝑟𝑜𝑏𝑠 ~ 0.49 𝑚𝑜𝑙 ∙ 𝑚
−3 ∙ 𝑠−1 , the radius of the catalyst particle 

𝑅𝑝 ~ 2 × 10
−4 𝑚, the estimated effective thermal conductivity of the catalyst particle 𝜆𝑒 ~ 8.4 𝐽 ∙

𝑠−1 ∙ 𝑚
−1
∙ 𝐾−1, the surface temperature of the catalyst particle 𝑇𝑆 ~ 873 𝐾, the ideal gas constant 

𝑅𝑔 ~ 8.314 𝐽 ∙ 𝑚𝑜𝑙
−1 ∙ 𝐾−1 and the activation energy of the reaction (from Table 5) 𝐸𝑎 ~ 1.30 ×

105 𝐽 ∙ 𝑚𝑜𝑙−1. 

With the above parameters, we obtain: 

|∆𝐻𝑟|𝑟𝑜𝑏𝑠(𝑅𝑝)
2

𝜆𝑒𝑇𝑆
= 3.4 × 10−7 ≪ 0.042 = 0.75

𝑅𝑔𝑇𝑆
𝐸𝑎
  

Thus, according to the Anderson criterion, the measured steam reforming rates are unaffected by 

intraphase heat transfer artifacts. 
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Appendix A3 Derivation of the rate expression assuming a two-site Mars-van Krevelen 

mechanism  

The proposed two-site Mars-van Krevelen mechanism involves the following steps: 

 

The site S is proposed to represent the metal sites (Mn2+, Mn3+ or Cr3+) on the catalyst surface, on 

which C2H4 and H2O adsorb competitively. Assuming the adsorption of C2H4 and H2O to be quasi-

equilibrated, we obtain: 

[C2H4∙S] = KC2H4
[C2H4][S]  (5) 

[H2O∙S] = KH2O[H2O][S]  (6) 

The site conservation of S gives: 

[S]0 = [S] + [C2H4∙S] + [H2O∙S]  (7) 

Using Eqn. (5), (6) and (7) we obtain: 

[C2H4∙S] = 
KC2H4

[C2H4][S]0

1 + KC2H4
[C2H4] + KH2O[H2O]

 (8) 

The site ∗ is proposed to represent the lattice oxygen vacancy on the catalyst surface. Based on the 

Mars-van Krevelen mechanism, the lattice oxygen atoms oxidize the adsorbed C2H4 and are 

regenerated by the dissociation of H2O. We assume here that the oxidation rate of C2H4 (r3) is 

governed by reaction with the surface oxygen according to Eqn. (9):  
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r3 = k3[C2H4∙S][O*]  (9) 

The rate of H2O reduction (r4) to regenerate the lattice oxygen sites is written as: 

r4 = k4[H2O][*]  (10) 

The redox stoichiometry and the site conservation of ∗ are written as: 

r4 = 2r3  (11) 

[*]
0
 = [*] + [O*]  (12) 

Using Eqn. (9), (10), (11) and (12) we obtain: 

 [O*] = 

k4[H2O]

2k3[C2H4∙S]
[*]0

1 + 
k4[H2O]

2k3[C2H4∙S]

 (13) 

With Eqn. (9), the reforming rate in terms of C2H4 consumption is: 

r3 = -
d[C2H4]

dt
 = k3[C2H4∙S][O*] = 

k4[H2O]

2
[*]0

1 + 
k4[H2O]

2k3[C2H4∙S]

 (14) 

The two terms in the denominator reflect the relative amount of lattice oxygen atoms compared to 

lattice vacancies. If we assume the amount of vacancies is negligible under reaction conditions: 

k4[H2O]

2k3[C2H4∙S]
 = 

[O*]

[*] 
 ≫ 1  (15) 

r3 = k3[C2H4∙S][*]0 = 
k3KC2H4

[C2H4][S]0[*]0

1 + KC2H4
[C2H4] + KH2O[H2O]

 (16) 

The reforming rate in terms of C1 product formation is therefore: 

rC1
= 2r

3
=

2k3KC2H4
[C2H4][S]0[*]0

1 + KC2H4
[C2H4] + KH2O[H2O]

 (17) 
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Appendix B Supplementary material for Chapter 3 

 

Supplementary figures (B1-B14), tables (B1-B4) and scheme (B1) 

 

 

 

Figure B1. Replicates of rate in C1 product formation during toluene steam reforming over the 

Mn-Cr-O spinel catalysts. Reaction conditions: 873 K, 2 g catalyst, 100 cm3·min-1 total flow, 2 % 

C7H8, 40 % H2O, 4 % H2, 5 % N2, balance Ar. 
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Table B1. Steady state rate of benzene production during toluene steam reforming at different 

C7H8, H2O and H2 partial pressures at 873 K 

Catalysta 
p(C7H8) 

(bar) 

p(H2O) 

(bar) 

p(H2) 

(bar)b 

C6H6 production rate 

(10-4 µmol·m-2·s-1) 

SiO2 
0.25 0.50 n.d. n.d. 

0.25 0.50 0.095c n.d. 

MnCr2O4 

0.20 0.40 0.0040 6.9  

0.25 0.40 0.0040 8.5  

0.30 0.40 0.0044 7.6  

0.40 0.40 0.0044 8.9  

0.25 0.50 0.0048 4.3 

0.25 0.50 0.087c 3.4  
a Catalyst loading (1 g for SiO2 and 2 g for MnCr2O4) was adjusted to give similar volumetric space velocity.  
b Quantified downstream the catalyst bed by gas chromatography. 
c Excess H2 was introduced in the feed.  

 

 

Table B2. Results from Rietveld refinement of the XRD patterns of the Mn-Cr-O spinel catalysts 

spent in toluene steam reforming 

Catalyst 
Lattice Constant a (MnxCr3-xO4) (Å) Atomic Cr/Mn 

Fresha  Spent Fresha Spent 

Mn1.5Cr1.5O4 8.460 8.459 1 (fixed) 1 (fixed) 

MnCr2O4 
b 8.438 8.439 2.1 2.1 

Mn0.5Cr2.5O4 
b 8.437 8.440 6.0 5.7 

a Listed values for the fresh catalysts were from our previous work [1]. 
b The Cr/Mn ratio was calculated assuming a combination of MnCr2O4 phase (PDF 00-054-0876) and Cr2O3 phase 

(PDF 00-038-1479). 
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Figure B2. (a) Deactivation profile of C1 product formation during toluene steam reforming over 

the Mn0.5Cr2.5O4 catalyst and (b) thermogravimetric analysis of the spent catalyst sample in 

temperature-programmed oxidation. Reaction conditions: 873 K, 2 g catalyst, 100 cm3·min-1 total 

flow, 2 % C7H8, 40 % H2O, 4 % H2, 5 % N2, balance Ar. Integrated weight loss resulting from 

H2O desorption and carbon oxidation was labelled on the plot. The estimated rate of carbon 

deposition from the weight loss (1.1 µmol·min-1) was small relative to the initial formation rate of 

C1 products (6.1 µmol·min-1) averaged over the first 3.5 h onstream before rapid deactivation. 
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Figure B3. Effect of total flow rate on the formation rate of C1 products during toluene steam 

reforming over the Mn-Cr-O spinel catalysts. Reaction conditions: 873 K, 2 g catalyst, 100 or 200 

cm3·min-1 total flow, 2 % C7H8, 40 % H2O, 4 % H2, 5 % N2, balance Ar. 

 

 

Figure B4. Effect of H2O partial pressure on the formation rate of C1 products during toluene 

steam reforming over the Mn-Cr-O spinel catalysts without introducing excess H2. Reaction 

conditions: 873 K, 2 g catalyst, 100 cm3·min-1 total flow, 1 % C7H8, 20-50 % H2O, 5 % N2, balance 

Ar. 
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Figure B5. Effect of reaction temperature on the formation rate of C1 products during toluene 

steam reforming over the MnCr2O4 catalyst. Reaction conditions: 853-893 K, 2 g catalyst, 100 

cm3·min-1 total flow, 2 % C7H8, 40 % H2O, 4 % H2, 5 % N2, balance Ar. 

 

 

Figure B6. Effect of H2 partial pressure on the formation rate of C1 products during propylene 

steam reforming over the Cr2O3 catalyst. Reaction conditions: 873 K, 2 g catalyst, 100 cm3·min-1 

total flow, 5 % C3H6, 40 % H2O, 0-11 % H2, 5 % N2, balance Ar. 



174 

 

Table B3. Reaction conditions for steam reforming kinetics of propylene shown in Figure 6a 

Variable 
Conditions 

T (K) C3H6 (%) H2O (%) H2 (%) 

p(H2) (Figure 6a) 873 5 40 0-18 

p(C3H6) (Figure 6b) 873 5-12 40 18 

p(H2O) (Figure 6c)b 873 5 or 10 20-50 18 

Temp. (Figure 6d)b 853-893 5 or 10 40 18 
a All tested at 2 g catalyst, 100 cm3·min-1 total flow. Other than those specified in the table, the gas feed always 

contained 5 % N2 and was balanced by Ar. Catalyst was re-oxidized in 100 cm3·min-1 air flow at 873 K for 6 h in 

between reactions. 
b Reactions were conducted at 5 % C3H6 over MnCr2O4 and 10 % C3H6 over Mn1.5Cr1.5O4. 

 

 

 

 

Figure B7. (a) Effect of H2 partial pressure on the formation rate of C1 products during propylene 

steam reforming over the Mn1.5Cr1.5O4 catalyst and (b) fitted reaction order in H2 for propylene 

steam reforming over the Mn-Cr-O spinel catalysts. Reaction conditions: 873 K, 2 g catalyst, 100 

cm3·min-1 total flow, 5 % C3H6, 40 % H2O, 4-18 % H2, 5 % N2, balance Ar. 
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Figure B8. Effect of catalyst re-oxidation on the formation rate of C1 products during propylene 

steam reforming. Reaction conditions: 893 K, 2 g catalyst, 100 cm3·min-1 total flow, 5 % C3H6 

(10 % for Mn1.5Cr1.5O4), 40 % H2O, 18 % H2, 5 % N2, balance Ar. Catalyst spent after cycle 1 was 

re-oxidized in 100 cm3·min-1 air flow at 873 K for 6 h before tested in cycle 2. 

 

 

Figure B9. Effect of H2 partial pressure on the formation rate of C1 products during benzene steam 

reforming over the Cr2O3 catalyst. Reaction conditions: 873 K, 2 g catalyst, 100 cm3·min-1 total 

flow, 5 % C6H6, 40 % H2O, 0-5 % H2, 5 % N2, balance Ar. 
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Table B4. Reaction conditions for steam reforming kinetics of benzene shown in Figure 7a 

Variable 
Conditions 

T (K) C6H6 (%) H2O (%) H2 (%) 

p(H2) (Figure 7a) 873 5 40 0-19 

p(C6H6) (Figure 7b) 873 2-5 40 9 

p(H2O) (Figure 7c) 873 5  20-50 9 

Temp. (Figure 7d) 853-893 5 40 9 
a All tested at 2 g catalyst, 100 cm3·min-1 total flow. Other than those specified in the table, the gas feed always 

contained 5 % N2 and was balanced by Ar. Catalyst was re-oxidized in 100 cm3·min-1 air flow at 873 K for 6 h in 

between reactions. 

 

 

 

 

Figure B10. (a) Effect of H2 partial pressure on the formation rate of C1 products during benzene 

steam reforming over the Mn1.5Cr1.5O4 catalyst and (b) fitted reaction order in H2 for benzene 

steam reforming over the Mn-Cr-O spinel catalysts. Reaction conditions: 873 K, 2 g catalyst, 100 

cm3·min-1 total flow, 5 % C6H6, 40 % H2O, 4-19 % H2, 5 % N2, balance Ar. 
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Figure B11. Effect of catalyst re-oxidation on the formation rate of C1 products during benzene 

steam reforming. Reaction conditions: 893 K, 2 g catalyst, 100 cm3·min-1 total flow, 5 % C6H6, 

40 % H2O, 9 % H2, 5 % N2, balance Ar. Catalyst spent after cycle 1 was re-oxidized in 100 

cm3·min-1 air flow at 873 K for 6 h before tested in cycle 2. 
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Figure B12. Apparent activation energy for steam reforming of (a) C2H4 (data adapted from ref. 

[1]); (b) C3H6; (c) C6H6 and (d) C7H8 with respect to CO2 formation, CH4 formation and overall 

formation of C1 products over the Mn1.5Cr1.5O4 catalyst within 853-893 K. 
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Figure B13. Apparent activation energy for steam reforming of (a) C2H4 (data adapted from ref. 

[1]); (b) C3H6; (c) C6H6 and (d) C7H8 with respect to CO2 formation, CH4 formation and overall 

formation of C1 products over the MnCr2O4 catalyst within 853-893 K. 
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Appendix B1 Material balance for toluene steam reforming  

Due to the low flow rate of liquid toluene fed in the reaction, it is not feasible to evaluate 

the material balance confidently on a carbon basis from the unreacted toluene recovered in the 

condenser. Instead, we validated our material balance according to the hydrogen balance among 

the C1 steam reforming products. Since all C1 products, including CO, CO2 and CH4, derive from 

C7H8, the following overall stoichiometry shall apply: 

C7H8 + 7H2O → 7CO + 11H2 

C7H8 + 14H2O → 7CO2 + 18H2 

C7H8 + 10H2 → 7CH4 

Assuming the rate of coke formation was negligible compared to that of steam reforming 

under reaction conditions, the production rate of H2 can be predicted by correlating with the 

production rate of CO, CO2 and CH4 through the following equation: 

Fpred(H2) = 
11

7
F(CO) + 

18

7
F(CO2) - 

10

7
F(CH4) 

For instance, the comparison of the measured and predicted H2 production rate in toluene 

steam reforming over the MnCr2O4 catalyst at 873 K was shown in Figure B14. The predicted 

molar flow rate of H2 was in general 10-20 % higher than the experimentally measured value. 

Nevertheless, this comparison still indicates a reasonably consistent material balance for the 

measurements of the steam reforming products. 
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Figure B14. The measured and predicted H2 production rate in toluene steam reforming over the 

MnCr2O4 catalyst. Reaction conditions: 873 K, 2 g catalyst, 100 cm3·min-1 total flow, 1 % C7H8, 

40 % H2O, 5 % N2, balance Ar. 
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Appendix B2 Evaluation of the potential effect of intraparticle heat and mass transfer on the 

measured toluene steam reforming rates 

The Anderson criterion was applied to validate the observed toluene steam reforming rate 

over the MnCr2O4 catalyst at 873 K was unaffected by intraparticle temperature gradients (within 

5 % difference) [2]: 

|∆Hr|robs
(Rp)

2

λ
e
TS

 < 0.75
RgTS

Ea

 

where the incorporated enthalpy change of toluene steam reforming concurrent with the Water Gas 

Shift reaction (C7H8 + 14H2O → 7CO2 + 18H2 ) ∆Hr = 5.8×10
5
 J∙mol

-1
, the observed reaction 

rate of toluene per unit volume robs ~ 0.032 mol∙m-3∙s-1 , the radius of the catalyst 

pellet Rp ~ 2×10
-4

 m , the estimated effective thermal conductivity of the catalyst particle 

λ
e
 ~ 7.6 J∙s-1∙m

-1
∙K-1, the surface temperature of the catalyst particle TS ~ 873 K, the ideal gas 

constant Rg ~ 8.314 J∙mol
-1

∙K-1 and the activation energy of the reaction Ea ~ 2.3×10
5
 J∙mol

-1
. 

With the above parameters, we obtain: 

|∆Hr|robs
(Rp)

2

λ
e
TS

 = 1.1×10
-7

 ≪ 0.024 = 0.75
RgTS

Ea

 

Therefore, according to the Anderson criterion, the observed toluene steam reforming rates are 

unaffected by intraparticle heat transfer artifacts. 

The Weisz-Prater criterion was utilized to evaluate the potential effect of intraparticle mass 

transfer artifacts on the reported toluene steam reforming rate over the MnCr2O4 catalyst at 873 K. 

For an irreversible, isothermal and first-order reaction in a spherical catalyst pellet, the Weisz-

Prater criterion is written as [2]: 
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robs(Rp)
2

DTA
e CAS

 ≪ 1 

where the observed reaction rate of toluene per unit volume robs ~ 0.032 mol∙m-3∙s-1, the radius of 

the catalyst pellet Rp ~ 2×10
-4

 m, the estimated effective transition diffusivity of toluene DTA
e  ~ 

1.4×10
-7

 m2∙s-1 [3], and the concentration of toluene at the external surface CAS ~ 0.14 mol∙m-3. 

With the above parameters, we obtain: 

robs(Rp)
2

DTA
e CAS

 = 0.065 ≪ 1 

Thus, according to the Weisz-Prater criterion, the reported steam reforming rates are not limited 

by intraparticle diffusion through the pore-like voids between the particle aggregates. 
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Appendix B3 Derivation of the rate expression for toluene steam reforming assuming a two-

site Mars-van Krevelen mechanism 

 

Scheme B1. A two-site Mars-van Krevelen mechanism proposed for toluene steam reforming over 

the Mn-Cr-O spinel catalysts.  

 As shown in Scheme B1, the adsorption of C7H8 (step 1) and H2O (step 2) is proposed to 

be competitive over the site S, which likely represents cationic metal sites of Mn2+, Mn3+ or Cr3+. 

Assuming these two steps to be both quasi-equilibrated, we obtain: 

[C7H8∙S] = KC7H8
[C7H8][S]  (6) 

[H2O∙S] = KH2O[H2O][S]  (7) 

The site conservation of S is written as: 

[S]0 = [S] + [C7H8∙S] + [H2O∙S]  (8) 

With Eqn. (6), (7) and (8), we obtain the coverage of C7H8: 

[C7H8∙S] = 
KC7H8

[C7H8][S]0

1 + KC7H8
[C7H8] + KH2O[H2O]

  (9) 

Steam reforming of toluene is proposed to undergo a sequence of intermediates and eventually to 

form C1 products (step 3), with the generated lattice oxygen vacancies refilled by H2O (step 4). 
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For mathematical simplicity, it is assumed that only the initial oxidation of toluene to benzoate is 

kinetically relevant. In this context, the reforming rate of toluene can be expressed as: 

r3 = kC7H8
[C7H8∙S][O* O*]                                                                                                 (10) 

The inhibition of H2 in negative first order is proposed to be associated with the homolytic 

dissociation of H2 (step 5) over the spinel oxide surface that inhibits the oxidation of toluene on 

the side chain into benzoate evidenced by the DRIFTS results. Assuming the dissociation of H2 to 

be quasi-equilibrated, we acquire: 

[O*H O*H] = K
H2

[H2][O* O*]                                                                                                                             (11) 

Although homolytic dissociation of H2 generally produces a pair of OH groups (O*H O*H), non-

paired OH group (O*H O*) can still exist due to the high mobility of H atoms. The overall site 

conservation of the paired lattice oxygen site is written as: 

[* *]
0
 = [O*H O*H] + [O*H O*] + [O* O*] + [O*H *] + [O* *] + [* *]                                     (12) 

where [O*H *], [O* *] and [* *]  represent sites containing vacancies as a result of steam 

reforming. We assume the density of vacancies to be negligible compared to lattice oxygen atoms 

under reaction conditions ([O*H *] + [O* *] + [* *] ≪ [O*H O*H] + [O*H O*] + [O* O*] ). The 

site conservation in Eqn. (12) can be approximated as: 

[* *]
0
 ≈ [O*H O*H] + [O*H O*] + [O* O*]                                                                                                     (13) 

In the presence of excess H2, it is further assumed that the first term representing the coverage of 

paired OH groups dominates the right side of Eqn. (13): 

[* *]
0
 ≈ [O*H O*H]                                                                                                                          (14) 

Using Eqn. (11) and (14) to solve for [O* O*]: 
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[O* O*] = 
[O*H O*H]

 KH2
[H2]

 ≈ 
[* *]0  

 KH2
[H2]

                                                                                                                         (15) 

Rate expression of toluene steam reforming is obtained by plugging Eqn. (9) and (15) into (10): 

r3 = kC7H8
[C7H8∙S][O* O*] ≈ 

kC7H8
KC7H8

[C7H8][S]0[* *]0 

KH2
[H2](1 + KC7H8

[C7H8] + KH2O[H2O]) 
                              (16) 

The rate expression in Eqn. (16) is consistent with the reaction kinetics observed experimentally 

for toluene steam reforming. With the rate of hydrodealkylation to benzene to be minor compared 

to that of steam reforming, the formation rate of C1 products is obtained as: 

rC1
 = 7r3 =

7kC7H8
KC7H8

[C7H8][S]0[* *]0

KH2
[H2](1 + KC7H8

[C7H8] + KH2O[H2O])
                                                                                        (17) 
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Appendix C Supplementary material for Chapter 4 

 

Supplementary figures (C1-C6)  

 

 

 

 

Figure C1 Elemental composition of the fresh NiM2O4 spinel catalysts measured from XPS depth 

profiling. Cycle 0: measured without any treatment; Cycle 1-4: etched with 3 kV Ar ion beam for 

1 min before measurement. 
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Figure C2 Rietveld refinement of the XRD pattern of the fresh NiFe2O4 sample. The lattice 

constant a from the refinement is 8.340 Å. 
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Figure C3 X-ray photoelectron spectra of (a) Ni 2p and (b) Cr 2p of the NiCr2O4 sample during 

XPS depth profiling. Surface: measured without any treatment; Cycle 1-4: etched with 3 kV Ar 

ion beam for 1 min before measurement. 
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(a)  

 

 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

 

Figure C4 (a) X-ray diffraction patterns of the NiM2O4 spinel catalysts after being reduced during 

the H2-TPR to 1273 K. (b) Rietveld refinement of the XRD pattern of the reduced NiFe2O4 catalyst 

after the H2-TPR. The spinel phase is assigned to Fe3O4 based on a refined lattice constant a of 

8.393 Å. The major negative peaks in the residual are attributed to Ni-Fe alloy particles, which 

were not included in this specific refinement. 
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Figure C5 Rietveld refinement of the XRD pattern of the spent NiFe2O4 catalyst after the steam 

reforming of ethylene at 873 K. The spinel phase is assigned to Fe3O4 based on a refined lattice 

constant a of 8.398 Å. The major negative peaks in the residual are attributed to Ni-Fe alloy 

particles, which were not included in this specific refinement. 

 

Figure C6 X-ray diffraction patterns of the spent NiAl2O4 and NiCr2O4 spinel catalyst after the 

2nd cycle of ethylene steam reforming at 873 K. 
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Appendix C1 Mass balance for ethylene steam reforming 

Since the C2H4 conversion over the NiAl2O4 and NiCr2O4 catalyst was below 10 % under 

the evaluated conditions, assessing the conversion based on the change in molar flowrate of C2H4 

from upstream to downstream of the reactor (reactant based conversion) caused inconsistency in 

carbon balance (i.e., > 300 %) as a result of the general inaccuracies in C2H4 quantification from 

TCD. Therefore, the material balance on a carbon basis could not be reliably validated. 

Alternatively, we utilized the H2 balance across the steam reforming products to verify our material 

balance. Since all C1 products, including CO, CO2 and CH4, originate from C2H4, the following 

overall stoichiometry shall apply: 

C2H4 + 2H2O → 2CO + 4H2 

C2H4 + 4H2O → 2CO2 + 6H2 

C2H4 + 2H2 → 2CH4 

Coke deposition on the NiAl2O4 and NiCr2O4 catalysts during steam reforming was no 

more than 2 wt % (Figure 4.7), which corresponded to 1.7 mmol carbon. Comparing to the total 

carbon formed as C1 products from C2H4 steam reforming (> 11 mmol carbon), the effect of coke 

deposition on the production rate of H2 (C2H4 → 2C + 2H2) was small. Therefore, the production 

rate of H2 can be approximated by the production rate of CO, CO2 and CH4 as following: 

Fpredicted(H2) = 2F(CO) + 3F(CO2) - F(CH4) 

As shown in Figure C7, the calculated H2 production rates from the above equation are 

slightly higher than the experimental values over both catalysts. Nevertheless, the comparison 

indicates a reasonably consistent mass balance from a perspective of product measurement.  
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Figure C7 Comparison between the measured and calculated H2 production rates during ethylene 

steam reforming over the NiAl2O4 and NiCr2O4 catalysts. Data correspond to those shown in Table 

4.3 and Figure 4.5. Reaction conditions: 873 K, 1 g catalyst, 100 cm3·min-1 total flow, 25 % C2H4, 

50 % H2O, 5 % N2 and 20 % Ar. 
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Appendix C2 Reproducibility of the ethylene steam reforming rate  

The C1 production rates during ethylene steam reforming replicates over the NiAl2O4 and 

NiCr2O4 catalysts are shown in Figure C8. The trends for the C1 production rate changing with 

time on stream were generally reproducible for both catalysts, in which the rate over the NiAl2O4 

catalyst gradually increased and plateaued whereas the NiCr2O4 catalyst deactivated with time. 

The initial C1 production rate over the NiCr2O4 catalyst (0.22 ± 0.02 μmol·m-2·s-1) was consistent 

between four replicates, suggesting the reliability of the reforming product quantification. The C1 

production rate after about 5 h over NiAl2O4 (1.4 ± 0.6 μmol·m-2·s-1) is somewhat less reproducible 

than that over NiCr2O4, but was still considerably higher during all three replicates. The reforming 

rate variability over the NiAl2O4 catalyst was likely attributed to the presence and transformation 

of trace amounts of NiO that is not uniformly distributed in that sample of catalyst. 

  

Figure C8 Rate of C1 formation during the replicates of ethylene steam reforming tests over the 

NiAl2O4 (Run 1: as reported in Table 4.3 and Figure 4.5, Run 3: first cycle as reported in Figure 

4.8) and NiCr2O4 (Run 1: as reported in Table 4.3 and Figure 4.5, Run 4: first cycle as reported 

in Figure 4.8) catalysts. Reaction conditions: 873 K, 1 g catalyst, 100 cm3·min-1 total flow, 25 % 

C2H4, 50 % H2O, 5 % N2 and 20 % Ar. 

 


