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Abstract 

Abstract 
 

Chemical looping reforming (CLR) is an extension of Chemical Looping combustion (CLC), which is 

primarily used for syngas production with inherent CO2 capture. The process is further accompanied 

by WGS reactors and PSA unit to obtain pure H2. Membrane assisted Gas switching reforming (GSR) is 

a nov high pressure operation possible.   

Oxygen carriers are an important aspect of GSR. They are responsible for carrying oxygen, heat and for 

catalytic properties for H2 production.  This thesis consists an optimization study of oxygen carriers 

according to their properties for their use in Gas switching reforming (GSR). The properties include 

different physical characteristics which are vital for fluidization, thermodynamic properties, which 

contribute to auto-thermal operation of the process and catalytic properties, for H2 production. 

The oxygen carriers compared for physical properties are Nickel, Cooper, Manganese and Ilmenite, 

with every physical property needed for effective use of OC in GSR on industrial scale. 

Thermodynamically, they were tested for theoretical temperature rise, which is an important aspect 

for auto-thermal operation of the process. With comparing all the enlisted properties, Nickel turned 

out to be the OC with maximum temperature rise (891.1 0C for 2.4 kg of Nickel) and suitable physical 

properties for GSR. Ilmenite showed second highest temperature rise of (737.2 0C for 2.4 kg of Ilmenite) 

with suitable fluidization properties as well.  

For catalytic activity, Nickel, Rhodium and Ilmenite were compared to investigate the kinetic behaviour 

towards SMR and WGS, along with effect of operating conditions on kinetic behaviour.  Rhodium was 

found much more active than Nickel at all operating conditions, with turnover frequency of 1.92 (moles 

reacted/moles of active content/s), whereas, nickel showed turnover frequency of 0.48 at 6000C. 

Rhodium also showed better catalytic activity (Rhodium’s rate of WGS reaction: 0.23 mole/kg/s) for 

Water gas shift reaction than Ilmenite (Ilmenite’s rate of WGS reaction: 0.027 mole/kg/s). The catalytic 

activity of Ilmenite for WGS reaction, along with considerable temperature rise and low cost sparked 

the importance of using noble metals in combination with Ilmenite. 

Owing to the high costs of noble metals, a preliminary economic feasibility of noble metals was done 

in order to find the most active metal with minimum price by minimizing cost/activity ratio. Ruthenium 

(cost/activity: 2.99) and Rhodium (cost/activity: 5.83) were found to be the most suitable noble metals 

for GSR in terms of cost/activity ratio.



 

iv 
 

Nomenclature 

Nomenclature 
 

Symbol Explanation  Units 
A Pre-exponential Constant - 
𝑎𝑐 Interfacial area m2/m3 

𝐶𝐶𝐻4
 Concentration of methane mole/m3 

D Diffusion constant m2/s 
𝑑𝑝 Diameter of particle m 

EA Activation energy kJ/mole 
𝐹𝐶𝐻4𝑖𝑛

 Molar flow rate mole/s 

𝑘𝑐 Mass transfer coefficient m2/s 
𝑘 𝑜𝑟𝑘𝑒𝑥𝑝 Reaction constant m/s 

𝑀𝐶𝐻4
𝐻2

 Molar ratio - 

P Partial pressure bar 
Pr Prandtl number - 
R Universal Gas constant 𝐽

𝑚𝑜𝑙𝑒. 𝐾
 

r Radius of the particle m 
Re Reynold’s number - 

𝑟𝐶𝐻4
 Rate of reaction mole/kg/s 

Sh Sherwood number - 
T Temperature kelvin 
W Weight of the catalyst kg 
X Conversion - 

 

 

 Symbols: 

 

 

Symbol Explanation  Units 

𝑇𝑠𝑡𝑎𝑟𝑡 
 
 

𝑆𝑡𝑎𝑟𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛, Kelvin 

𝑇𝑒𝑛𝑑 𝐸𝑛𝑑 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 Kelvin 
𝑇𝑖𝑛𝑙𝑒𝑡 𝐼𝑛𝑙𝑒𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 Kelvin 
𝐸𝑠𝑡𝑎𝑟𝑡 𝐻𝑒𝑎𝑡 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑂𝐶 𝑎𝑡 𝑇𝑠𝑡𝑎𝑟𝑡 Joule 

𝐸𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝐻𝑒𝑎𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 Joule 
𝐸𝑔𝑎𝑠ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝐻𝑒𝑎𝑡 𝑡𝑎𝑘𝑒𝑛 𝑎𝑤𝑎𝑦 𝑏𝑦 𝑡ℎ𝑒 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑎𝑛𝑑 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑔𝑎𝑠𝑒𝑠 Joule 

𝐸𝑔𝑎𝑠𝑜𝑢𝑡 𝐻𝑒𝑎𝑡 𝑡𝑎𝑘𝑒𝑛 𝑎𝑤𝑎𝑦 𝑏𝑦 𝑁2 𝑎𝑛𝑑 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑂2 Joule 

 𝐸𝑒𝑛𝑑 𝐻𝑒𝑎𝑡 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 Joule 
𝑋𝑎𝑐𝑡𝑖𝑣𝑒 𝐴𝑐𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑒𝑡𝑎𝑙 𝑜𝑥𝑖𝑑𝑒 𝑜𝑛 𝑡ℎ𝑒 𝑂𝐶, % loading - 

𝑁𝑂𝐶/𝑠𝑢𝑝𝑝𝑜𝑟𝑡/𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑂𝐶 𝑁𝑜. 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑎𝑟𝑟𝑖𝑒𝑟/𝑠𝑢𝑝𝑝𝑜𝑟𝑡/𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑂𝐶 Moles 

𝐹𝑁2/𝑂2
 𝑀𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛/𝑂𝑥𝑦𝑔𝑒𝑛,  

 
mole/s 

𝑡𝑜𝑥 𝑡𝑖𝑚𝑒 𝑓𝑜𝑟 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 minutes 
𝑤𝑜𝑐 𝑂𝑥𝑦𝑔𝑒𝑛 𝑐𝑎𝑟𝑟𝑖𝑒𝑟 𝑢𝑡𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛, % 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑂𝐶 𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 - 



 

v 
 

Nomenclature 

 Subscripts 

 

Greek symbols 

Symbol Explanation  Units 
𝜑 Thiele modulus - 
𝜂 Effectiveness factor - 
𝜀 Bed voidage - 
𝜌 Catalyst density kg/m3 
𝑣 velocity m/s 
𝜇 Viscosity Pa.s 
𝜗 Volumetric flow rate m3/s 

 

 

 

  
CLC Chemical looping combustion 
CLR Chemical looping reforming 
COP Conference of Parties 
GC Gas chromatograph 

GSC Gas switching combustion 
GSR Gas switching reforming 
OC Oxygen carrier 
NK Numaguchi and Kikuchi 
PSA Pressure swing adsorption 
SMR Steam methane reforming 
STC Steam to carbon ratio 

WGS Water gas shift 
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Introduction 

1) Introduction 
 

1.1) General Introduction 

 

The world has been increasingly dependent on Fossil fuel as a primary source for power production in 

last 100 years. Most of the developed countries in Europe and America have been focussing more on 

using Renewable Energy sources more than conventional energy sources [1]. But, the Renewable 

Energy is still not a very reliable source in terms of technology readiness level and cost effectiveness. 

Mostly, developing countries like India and China still have a major dependence on fossil fuels  [2]. It 

is inevitable that, these fossil fuel (including reserves ) will deplete in approximately 200 years [3]. Paris 

COP summit in 2015 made it crystal clear that, it is high time we start taking global warming very 

seriously.  CO2 emissions have been a major factor contributing to the phenomenon of Global warming. 

90% of CO2 emissions originate from fossil-fuel combustion and are determined by the elements: 

energy demand, energy efficiency and fuel mix [4].  Energy demand has been growing and is expected 

to grow over the course of next few years. The quality of fuel mix is determined by the geographical 

location and one can’t change that, except pre-treating it before the actual process so as to have clean 

energy. The energy efficiency will be a major contributing factor in changing the way fuel has been 

used over time. 

 

Three general approaches are considered to separate Nitrogen and carbon dioxide in syn-gas 

production are, 1) Post-combustion technologies, (Scrubbing carbon dioxide using amine (Or 

Potassium Carbonate) or cryogenic distillation), 2) Pre-Combustion Decarbonization, (Autothermal 

steam reforming with separation of hydrogen and CO2), 3) Oxy-fuel Combustion (Where Oxygen and 

nitrogen are generally separated via Cryogenic distillation). Chemical looping Combustion (CLC) is one 

of the promising technologies for clean power production because of its property to have improved 

energy efficiency, and developing power production while mitigating CO`2 emissions. In CLC, an oxygen 

carrier, generally a metal or metal oxide is oxidized in one reactor with air and it is then reduced with 

fuel in another reactor to obtain CO2 rich stream after condensation of the steam.  The main 

advantages of the process is that it is auto-thermal. The temperature increases rapidly for the 

reduction because of the exothermic oxidation reaction in the air reactor to produce steam and carbon 

dioxide. Another advantage is that in the reduction stage, there is no mixing between combustion air 

and fuel, so the products are not diluted with nitrogen compounds like NO, NO2, N2O, NO3 etc., which 

are generally removed in an economically intensive, separation units. 

 

Chemical looping reforming (CLR) utilises the same principle as CLC, but the products are different in 

CLR. Primary aim of CLC is clean power production, whereas in CLR, the primary aim is producing H2 

and CO. Catalytic reforming of CH4 is an industrially established process for production of syn-gas, 

which is further used to produce Hydrogen, Fischer Tropsch fuels, Ammonia, Methanol etc. [5]. The 

CLR process gives different yield of products from CLC owing to its lower fuel to air ratio.  To explain 

the system in nutshell, CLR has two interconnected reactors, named as air and fuel reactors, as shown 

in Figure 1. The process has an oxygen carrier metal, which is first oxidized in the first reactor with air. 

The oxidation time is decided on the basis of oxygen carrying capacity and oxygen carrier utilisation. 

Once the metal oxygen carrier is oxidized to its maximum oxygen carrying capacity, air is replaced by 



 

2 
 

Introduction 

fuel like CH4 (or natural gas), to undergo steam methane reforming to produce syn-gas. Conventional 

CLR process is followed by water gas shift reactors to increase the H2 yield and then it is followed by 

PSA (Pressure Swing Adsorption) unit if the pure H2 is the desired end product. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: CLR, Schematic diagram 

The Chemical Looping reforming (CLR) can be implemented in 2 different types of configuration, 

packed beds and fluidized beds. Fluidized beds are chosen over packed beds because of their excellent 

heat and mass transfer characteristics. Circulated fluidized beds can be operated for CLR, but owing to 

the technical challenges in circulation of solids and difficulties in high pressure operation, the 

configuration is still challenging to implement for a continuous operation [6,7]. 

1.2) Gas Switching reforming 

 

The novel concept which integrates the CLR technology with inherent CO2 capture is Gas switching 

reforming (GSR). The GSR technology involves a single fluidized bed reactor which operates in a 

periodic manner with switching in the feed gases; fuel/steam and air. The bed is filled with a material 

which has both excellent oxygen/heat carrier and excellent catalyst for syn-gas production by steam 

methane reforming and water gas shift reaction.  The major difference between GSR and circulated 

fluidized beds is, after oxidation cycle, the air is switched by fuel/steam after a purge by nitrogen 

flushing. The periodic switching avoids contact between CO2 and N2, hence giving the intrinsic CO2 

recovery [8]. Circulated fluidized beds and GSR configurations have an additional modification in the 

setup for further process intensification i.e. membranes. Using hydrogen selective Pd/Ag membranes   

promotes continuous hydrogen removal which shifts the equilibrium of both steam methane 

reforming and water gas shift in the right direction, therefore increasing the hydrogen recovery and 

Air 
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reactor 

Fuel 

reactor 

N2, Unreacted 

O2 

Fuel (CH4), H2O 

H2, CO, CO2, 
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purity. The GSR configuration, thus offers, excellent fluidization properties, excellent separation 

properties, without the complications of solid circulation and the ease of scale-up at high pressure 

conditions.   

The process has one major factor which affects the overall product yield and heat recovery i.e. the 

oxygen carrier. The material which will act as an oxygen carrier has to be a good heat carrier as well as 

a good catalyst for steam methane reforming. In addition to that, the cost and toxicity of the material 

plays a pivotal role in determining the safety and economic viability of the process. The physical 

properties of the material determine the fluidization properties which should obviously be as per the 

requirement for continuous operation of the process. 

1.3) Importance of Oxygen Carriers 

 

There are many oxygen carriers (metals and metal oxides) which are present in the literature for 

chemical looping reforming and combustion: CuO, NiO, Mn2O3, Fe2O3, CoO [7,9]. The metal oxides are 

combined with an inert support in order to provide higher surface area for reaction, higher mechanical 

strength and attrition resistance.  But, manufacturing cost of the material with support and its toxicity 

(especially for oxygen carriers like NiO) is an issue. Among all the oxygen carriers available, Nickel, iron, 

copper, manganese are the most promising oxygen carriers [10]. The fluidization properties of these 

metal oxides have been proven to be better than other oxygen carriers [11]. 

One of the very important characteristic for the metal oxides is its oxygen transport capacity which is 

defined as 𝑅𝑜 = (𝑚𝑜𝑥 − 𝑚𝑟𝑒𝑑)/𝑚𝑜𝑥, which can be physically interpreted as the amount of oxygen, 

that an oxygen carrier can take up, which is later used in fuel stage during reduction. The oxygen 

carrying capacity is important, because of two major things. It decides how much oxygen will be 

available for the reduction stage of the reforming and it decides how much will be the temperature 

rise during the oxidation stage. So the oxygen carrying property and heat of reaction is very important 

for auto-thermal operation of the process. 

Almost all of the mentioned oxygen carriers need a support and investment in manufacturing the 

oxygen carrier for impregnating the carrier on a support, which increases the fixed cost of the process. 

The continuous full-scale process involves handling enormous amounts of oxygen carriers. So the 

safety considerations of the oxygen carriers must be taken into account for future perspective. The 

fact that Ilmenite is being used in the work instead of iron oxide is because of its natural availability. 

Ilmenite is a naturally occurring oxygen carrier, so it has no investment cost as such except the buying 

cost. Since it is a form of iron oxide with a lot of other inert materials, it is also not as toxic as Nickel, 

along with mediocre fluidization properties. 

1.4) Objectives and overview of the work 
The objective of this work is to select the most suitable oxygen carrier or mixture from copper, nickel, 

Ilmenite, Manganese and noble metals (Rh, Ru, Ir, Pt) which is optimized for both heat carrying and 

catalytic properties along with excellent fluidization properties for GSR application.  

The overview of the project begins with theoretical background, in which, mapping out of all the 

important properties of OC for GSR, with comparison of those properties for most important OC’s. In 

addition, support interaction, which is one of the most important parameters is explained for all the 
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OC. It is followed by the thermodynamic analysis for temperature rise to find out the OC with maximum 

temperature rise, which is an important factor in the oxidation stage of GSR.  

The next sections entails the testing of kinetic activity for Rhodium and Nickel and Ilmenite, starting 

with experimental procedure and set-up description and followed by results and discussions of kinetics 

of Rhodium, Nickel and Ilmenite, in a quest of comparing the given materials for SMR and WGS, which 

is pivotal for production of H2, during the reduction stage of GSR.  

The last section emphasizes on the preliminary economic feasibility report for aforementioned noble 

metals, whereby a comparison for all the materials is given in terms of cost and the work is summarized 

with conclusions and recommendations, which gives an overall comparison of all the materials on the 

basis of thermodynamic analysis, activity for H2 production and economics.     
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Theoretical Background

22)  Theoretical Background 
 
2.1) Gas Switching Reforming (GSR) 

 

 

Figure 2: Schematic diagram, GSR 

To understand the research question a little more in detail, one needs to comprehend why Gas 
switching reforming is significant in making Chemical Looping reforming practically feasible in large 
scale operations. 

GSR is a novel reactor concept which integrates steam methane reforming and CO2 separation in a 
single process unit [8]. The process can be further intensified by using hydrogen (thin Pd-Ag supported) 
perm selective membranes, which shift the equilibrium of the reduction stage to the right side, along 
with improving the hydrogen purity. A GSR reactor operates in a transient manner, where, a single 
fluidized bed reactor filled with an oxygen carrier material, acting both as catalyst and heat/oxygen 
carrier, is alternately exposed to reduction and oxidation via periodic switching of gas feed streams (as 
shown in Figure 2.  In the oxidation stage, air is supplied to the reactor and the oxygen carrier/catalyst 
is heated by the exothermic metal oxidation reaction. In the reduction stage, a fuel gas (natural gas) is 
supplied to the reactor, where the heated catalyst transfers the energy to the endothermic reaction; 
part of the fuel reacts with the oxygen from the oxygen carrier, thereby simultaneously regenerating 
the oxygen carrier, and the remainder of the fuel is catalysed by the reduced oxygen carrier (catalyst) 
and is converted into hydrogen and carbon oxides via natural gas reforming. The oxidation and the 
reduction stages are separated with a short purging stage with an inert gas to ensure that air is never 
in direct contact with fuel. 

2.1.1) Advantages of GSR reactor configuration other available configurations: 
Some other commonly implemented configurations for CLR are packed beds and circulated fluidized 
beds.  
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Packed beds offer a lot of advantages in terms of operational ease of high pressure operation and no 

solid circulation, but there are lot of drawbacks as well. Some drawbacks are: thermal stability and low 

effectiveness factor of packed bed pellets and large axial temperature gradients. In addition to that, as 

the reaction front passes the solids at the inlet of the reactor, the solids at the inlet will be cooled 

continuously due to incoming cold gases, which results in low reaction rates at the start of the reactor 

because of low temperature. There were few approaches suggested to overcome these issues which 

were, 1) An oxygen carrier which is highly reactive at low temperatures [12], 2) A proper heat 

management of the reactor [13]. 

Circulated fluidized beds have been demonstrated experimentally on lab scale [14][15]. But they have 

faced many operational difficulties in scaling up. The attrition problem is higher in circulating fluidized 

beds due to hammering of the particles on the walls, cyclones, which leads to decrease in the efficiency 

of cyclone[16,17]. Besides that, it causes a decrease in the circulation rate of the solids and needs more 

particles to recover the lost particles due to attrition, which in turn increases the cost of the process. 

The most common problem with circulated beds is its operational difficulties at higher pressure. 

Circulation of solids also requires expensive solid separation system with loop seals to prevent gas 

leakage [17]. 

Gas switching reforming mitigates the heat management issue of the packed bed along with increasing 

the low operational viability of the Circulating fluidized beds. Although, it has some of its own issues 

namely, attrition of particles, back-mixing of gases, which need to be resolved before going to the next 

technology readiness level. The main important factor is to identify an oxygen carrier which is 1) 

relatively more active for SMR at lower temperatures, 2) helps in auto-thermal nature of the process 

with optimum heat capacity of the oxygen carrier (to make sure, high temperatures during oxidation 

don’t damage the membranes), 3) excellent fluidization properties in terms of attrition and 

agglomeration resistance, 4) (Cost/activity) should be minimum. 

That is why development and selection of an appropriate oxygen carrier for gas switching reforming is 

of an utmost importance. As mentioned previously, the fluidized and auto-thermal configuration of 

the reactor demands certain important characteristics of the oxygen carrier that need to be taken into 

consideration in order to have a successful large scale operation.  

2.2) Mapping out the Oxygen Carriers and properties 
 

A lot of research has gone into mapping out ideal oxygen carriers for reforming applications [10,18]. 

Since GSR requires the oxygen carrier to undergo multiple redox cycles with reproducible redox 

kinetics at elevated temperatures, the thermal stability of the material is one of the most important 

criterion to avoid sintering. The reactivity of the material towards reforming reaction is also a vital 

aspect as producing hydrogen is the ultimate aim of the process. In case of GSR and CLR, the reactivity 

of the oxygen carrier towards CH4 is not only dependent on the theoretical conversion obtained from 

thermodynamics, but also on reducing the mass transfer resistances by controlling the particle size, 

porosity, shape structure and specific surface area [19]. The reversibility of the oxygen carrier during 

multiple oxidation-reduction cycles and its resistance towards deactivation during the cycles is another 

crucial factor that needs to be taken into consideration. The deactivation can be caused because of 

carbon formation, side reaction with the support or agglomeration. 

Among various oxygen carriers, Ni, Ilmenite (FeO), Cu and MnO are the most promising OC [5,20,21]. 

But these oxygen carriers have their disadvantages as well. For an instance, FeO, Mn, Cu have relatively 
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low reactivity [9]. Cu has a low melting point [9]. Cu and FeO show agglomeration behaviour at higher 

temperatures [22]. Ni has safety concerns in large scale operation [23].  

Noble metals like Rh, Ru, Pt, Ir do not oxidize as much as other elements but they have a very high 

catalytic activity for steam methane reforming. If one can incorporate the catalytic activity of the noble 

metals with oxygen carrying properties of mentioned OC to map out a low cost oxygen carrier, having 

an ideal oxygen carrier is a possibility. 

2.2.1)  Oxygen Carrying capacity 
Oxygen carrying capacity can be physically realized as the OC’s property to transfer oxygen over a 

redox cycle. The maximum oxygen transfer capacity can be signified as the maximum amount of 

oxygen that can be transferred over one redox cycle by the OC. It is interesting to note that copper, 

iron and manganese have different oxidation states. Pure oxygen carriers can suffer with a loss of 

reactivity over a multiple redox cycles and mechanical as well as thermal instability causing attrition 

and loss of activity [19]. This is where the need for a support material comes from. Support is a 

framework, generally an inert material which is used to stabilize the catalyst performance. The addition 

of this material impacts the oxygen carrying capacity of the composite material. The loading of the 

active material on support affects the composite catalyst particle in various ways mainly, activity, 

agglomeration and attrition tendencies which will be explained in the following sections. The actual 

oxygen carrying capacity can be influenced by other factors such as operating conditions and 

thermodynamic and kinetic limit of the oxygen carrier.  

2.2.2) Reactivity towards CH4 and Selectivity towards H2 
One of the advantages of GSR is its ability to achieve autothermal operation. The temperature needed 

for the reforming process is achieved in the previous stage with exothermic oxidation of the OC. Hence, 

the temperature after the oxidation should be enough for the OC to be catalytically active for SMR in 

the reduction stage.   

The selectivity towards H2 is significant factor in selecting an appropriate OC for GSR. The catalytic 

activity of OC should be more towards reforming than combustion in order to have H2 as a final 

product. The products of the methane combustion are more CO2 and H2O, rather than H2, CO and CO2 

(because of Water gas shift reaction), which is the desired product range for GSR. The selection of 

support and active metal oxide combination can have positive or negative impact on the reactivity 

towards CH4 and selectivity towards H2 depending on the support-metal interaction and loading. One 

of the ways to alter reactivity of the particles is by adding extremely active metal (towards reforming) 

like noble metals (Rh, Ru, Pt, Pd etc.) to the oxygen carrier for better yield of H2, simultaneously not 

affecting the heat and oxygen carrying capacity of the OC.  

2.2.3) High rates of reaction 
The rate at which the OC accepts and donates oxygen is an important property in case of GSR. Although 

methane conversion to H2 determines the efficiency of GSR system, the rate at which the conversions 

take place plays an important role in the reactor dimensioning. Higher reaction rates for reduction are 

also important in utilizing the methane during steam methane reforming. Higher rate of reaction 

signifies higher methane conversions at lower residence time. The support active metal interaction 

plays an important role in determining the rate of reaction as well, as sometimes forming an 

intermediate like Nickel Aluminate (NiAl2O4) which gets formed with Nickel on Alumina support can 

decrease the activity towards fuel while using a small amount of Magnesium to Alumina support can 

lead to formation of MgAl2O4 which enhances the activity of OC towards methane [24].  
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The particle size plays an important role in improved reactivity of the OC.  Smaller sized OC’s show 

faster reaction rates than larger ones.  This can be explained by increased surface to volume ratio and 

decrease in intra-particle mass transfer limitations. Although, this method of improving oxygen carrier 

reactivity might seem obvious, but it has its drawbacks. Smaller the particles, more is the probability 

for agglomeration and particle entrainment out of the reactor in case of higher gas flow rate [25]. 

Hence, the optimization of particle size with reactivity should be done in order to have a robust 

process.  

2.2.4) Fluidization Properties: Agglomeration 
The agglomeration of the particles is one of the significant problems that needs to be avoided in order 

to have a smooth operation of GSR. It causes a channelling of the gas stream which obstructs the flow 

between incoming gases and particles and results into less number of active sites available for methane 

conversion which reduces the efficiency of the process. With agglomeration, there is sharp decrease 

in pressure, which causes difficulties in fluidizing the OC. Agglomeration can be reduced by varying the 

active content of the catalyst particles. It also depends on the support of used for the catalyst particle 

and the method of preparation of the catalyst particle. For oxygen carrier like iron, it depends on the 

reduction state of iron. For an instance, Ilmenite gets agglomerated if reduced to a metallic form of Fe 

(iron) from Fe2O3. 

2.2.5) Mechanical strength: Attrition 
Mechanical strength is another property that influences the lifetime of the OC. While recyclability 

determines the lifetime on the basis of reactivity of the OC, mechanical strength determines the 

lifetime on the basis of physical integrity. Crushing strength and attrition resistance are the 2 primary 

physical parameters determining physical integrity of the particle. There is a significant stress on the 

particle because of particle-particle and particle-wall collisions during the fluidization process. The 

operating regime of fluidization and fluidizing velocities are vital for the amount of stress on a particle. 

The stress can cause the particle to fracture and lose its physical integrity.  

Another important mechanism that results in loss of physical integrity is continuous redox cycles. It 

imparts massive stress on a particle because of movement of oxygen and continuous change in particle 

morphology.  

The attrition mainly depends on the crushing strength of the material, the material for the support and 

the loading on the catalyst particles.  In case where the support is mechanically very strong, the active 

content of the material is low to make the overall particle mechanically strong. This is a trade-off in 

reactivity and recyclability of the particle which needs to be optimized before selecting an ideal OC.  

2.2.6) Resistance to Carbon deposition 
GSR is designed to handle methane as fuel for the subsequent reforming stage. Methane, if used in 

the form of natural gas might have a contaminant/other gases which can negatively affect the OC 

performance. They can also facilitate the carbon deposition on the OC. The carbon deposition in GSR 

is majorly due to CO and CH4. The major reaction contributing to carbon deposition is the Boudouard 

Reaction and methane splitting [26]: 

𝐶𝐻4 ⟺ 𝐶 + 2𝐻2                                𝛥𝐻6000𝐾 =  87.8 
𝑘𝐽

𝑚𝑜𝑙𝑒
          

2𝐶𝑂 ⟺ 𝐶 + 𝐶𝑂2                            𝛥𝐻6000𝐾 =  −171.8 
𝑘𝐽

𝑚𝑜𝑙𝑒
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Carbon deposition affects the GSR system in multiple ways. It decreases the reactivity of the OC for 

the reduction stage, which means the rate of reaction for reforming and water gas shift would be low, 

which implies less yield of hydrogen.  

There are multiple solutions to avoid carbon deposition. The first and the most important one is to 

design the oxygen carrier to have least amount of these side reactions. Other solutions consists of 

maintain the operating conditions which are not favourable for the side reactions to take place. One 

more promising solution is to have certain dopants like ceria or zirconia which have been reported to 

inhibit carbon deposition [19], albeit quite costly. It can be controlled by preventing excessive 

reduction of the oxygen carrier or by introducing retardants like air, CO2 or steam. The issue with this 

option is, the gases might take away the heat from the reactor bed which is necessary for the reforming 

reaction.  

2.2.7) Toxicological Considerations 
A commercial GSR plant will be expected to carry huge amount of inventories of OC. The continuously 

moving large solid inventory (because of make-up OC is required in GSR reactors.  The commercial 

magnitude of the OC use makes toxicological considerations of a vital importance. Among commonly 

used OC, nickel has the maximum toxicity. Therefore, handling OC like nickel calls for stringent safety 

measures in entire OC chain from production to disposal. Selecting an OC which is environmentally 

benign is an important factor. 

2.2.8) Compatible Heat capacity of OC and high melting point 
In case of most of the OC (except manganese) reduction is endothermic and oxidation is exothermic. 

Therefore, for an auto-thermal operation, it is expected that oxygen carriers will act as both oxygen 

and heat carrier mediums for respective modes of operation.  Suitable heat carrying capacity is 

important for heat integration purpose and the property could be manipulated with the support. The 

heat integration is controlled with the help of oxygen carrier utilization. The heat duty of each reactor 

can be controlled with the help of different OC compositions (loading).  

Copper based oxygen carriers provide a special advantage in terms of both the oxidation and reduction 

(mainly combustion, not reforming) reactions are exothermic. This makes it convenient to integrate 

heat in the reactor but the downside is copper has lower melting point than most of the other metal 

oxides. Manganese also has an important characteristic on similar lines, where the reduction reaction 

is also exothermic, which makes it convenient to use but the drawback in this case is that the 

temperature rise during oxidation is not enough to reach desired temperatures for reforming.  

Supports play an important role in carrying the heat since in most of the cases, the loading is generally 

lower than 50%, which implies, support plays an important role in carrying the heat. Higher heat 

capacity support will greatly reduce the temperature rise. Hence, high heat capacity support appears 

to be essential in making the process auto-thermal.  

 

2.2.9) Comparison: Mapping of Oxygen Carriers 
Aforementioned OC (Cu, MnO, Fe, Ni, Ilmenite) are compared for some of the factors mentioned above 

which are important for successful implementation of GSR in Table 1. 
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Table 1: Comparison of the selected Oxygen Carriers 

* For copper, the crushing strength is found out for 61% CuO with Mn2O3 particles      

** For Manganese, the crushing strength is found for MnO particles with addition of Fe 

particles 

2.3) Support interactions of Oxygen carriers 
 

2.3.1) NiO as an oxygen carrier 
It is a widely known fact that, NiO is the most used OC for CLR, mainly on accounts of its high reactivity 
towards CH4 and its stability at harsh temperatures of 900-1000 0C and reaches thermodynamically full 
methane conversion [35]. NiO also has a highly exothermic oxidation reaction which is very important 
in maintaining the auto-thermal operation of the bed, which is one of the biggest advantages of 
chemical looping in general. NiO has been tested on various supports like La2O3 [22], CeO2[36], 
Al2O3[16], SiO2, CaAl2O4 [24].  Carbon deposition can be a problem when using Nickel oxide as an 
oxygen carrier. But the presence of an appropriate support can abate the carbon deposition problem 
[19]. Moreover, using various supports can affect the mobility of oxygen and support interaction with 

Factors CuO MnO Fe NiO Ilmenite 

(FeTiO3) 

Selectivity towards 
H2 [27] 

3rd Highest, 
but more 

towards H2 

2nd Highest Negligible Highest Least 

Reactivity with 

methane [9] 

2nd highest 3rd highest Modest Highest Slowest 

Temperature range 

( 0C) [10] 

500 to 800 800 to 1050 600 to 1000 500 to 950 700 to 1100 

Oxygen transport 

capacity (kg/kg) 

[25] 

0.2 0.07 0.10 0.214 0.045 

Price ($/kg) [28] 3.37 1.97 0.095 4.25 1.5 

Carbon deposition 

 

Highly 

support 

dependent 

Highly support 

dependent 

Negligible Highly 

support 

dependent 

In most of 

the cases, No 

carbon 

deposition 

Crushing Strength 
(Newton) [29–32] 

3* 2.8** 10 2.6 4.8 

Specific Heat Heat 
Capacity @ 298 K 

(Joule/mole/K)[33] 

24.45 26.19 25.07 26.06 49.92 

Toxicological 
Consideration 

[9,34] 

Hazardous if 
ingested, 
Slightly 

hazardous 
with skin 
contact 

Slightly 
Hazardous if 

ingested, toxic 
for the skin 

Slightly 
Hazardous in 

case of 
ingestion and 
skin contact 

Very 
hazardous if 

ingested, 
toxic 

Non-toxic, 
slightly 

hazardous if 
ingested 
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nickel at different stages of oxidation and reduction. In case of La2O3, depending on the preparation 
method, the interaction between La and Ni yields a variety of oxides like LaNiO3. In case of CeO2, the 
weak interaction between Ce and Ni resulted in the OC favouring partial oxidation of methane rather 
than reforming when treated with methane[19].  

Using NiO with an alumina support (NiO/Al2O3), shows excellent reactivity towards material along with 

negligible agglomeration problems and strong resistance towards carbon deposition [25], but the 

reduction is impeded by transformation of NiO into a spinel compound, Nickel Aluminate (NiAl2O4) 

which results in a decrease in total number of active sites present for methane, thereby decreasing the 

methane conversion [22]. This can be avoided with a different method of preparation used for the 

same support,  60% loading is ideal for highest reactivity for Nickel [22]. 

CaAl2O4 and MgAl2O4 as a support have shown lower amount of nickel aluminate formation than Al2O3 

support, but they still show a lower rate of reaction due to the product layer formation and mass 

transfer resistance because of that [24].  

With SiO2, NiO shows low reaction rates and low mechanical strength, as well as deactivation over the 

number of cycles due to silicate formation [19].   

The relatively higher cost of nickel to other transition metals and its toxicity is one of the most 

important issue that needs to be considered in having NiO as a suitable oxygen carrier. 

2.3.2) CuO as an oxygen carrier; 
In general, CuO as an OC shows high reactivity at lower temperatures, absence of carbon deposition 

and thermodynamic limitation in complete combustion of the fuel [9]. Moreover, the cost of copper is 

much lower than other transition metals and it also has a highly exothermic oxidation reaction during 

the oxidation stage. However, with copper due to a relatively low melting point of 1085 0C [37], 

agglomeration problems are massive without a proper control on temperature with multiple number 

of cycles. Cu as an OC shows more selectivity towards CO2 and H2O if compared with all other OC with 

same support. 

The high reactivity of Cu is more towards combustion of methane than reforming  which yields CO2 

and H2O [23]. After 900 0C, it starts reacting with aluminium in case of alumina support. The advantage 

of CuAl2O4. Fortunately (unlike NiAl2O4), it is highly reducible with methane.  

For Copper based OC’s, zirconia support (ZrO2), particles sintered at lower temperature and eventually 

agglomerated.   

With addition of Lanthanum to Alumina support, the formation of Copper aluminate was facilitated, 

thereby increasing the thermal stability and reactivity towards methane [27].  

CuO with SiO2 support shows higher extent of reaction than other OC (Ni, Fe and MnO) with SiO2 

support. There is a possibility of forming metal silicates at higher temperature and therefore all of 

them, except Cu show deactivation with time [24].  

2.3.3) Iron based Oxygen carriers: 
Iron based materials are considered as a strong candidate for OC, due to its resistance towards carbon 

formation and agglomeration resistance [21]. Major advantages of Fe based OC comprise of easy 

availability, cost effectiveness and less toxicity. Naturally, they come with some disadvantages like 

mainly, very low reactivity towards CH4. Iron has many oxidation states like, FeO, Fe2O3 and Fe3O4. The 

transition from Fe2O3 to Fe3O4 is more suitable for oxidation for CH4 [19]. Iron based OC’s with Al2O3 as 
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a support have a large tendency of forming FeAl2O4, which assists in fully converting CH4 into CO2 and 

H2O [24]. 

Addition of magnesium to Al2O3 (equi-atomic) mitigates the formation of ferrous aluminates (FeAl2O4) 

[38]. 

If SiO2 is used as the binder, there might be a formation of unreactive Fe2SiO4 which causes a partial 

loss of activity and hence decreases the selectivity of the carrier towards syn-gas formation [39]. 

With MgAl2O4, the activity was found to be increased over the number of redox cycles [24].  Along with 

the activity, the thermal stability, and the specific heat capacity was found to be appropriate for CLR 

applications [40]. 

Iron based oxygen carriers with zirconia support have shown high activity. 

Ilmenite is a naturally found OC with majorly TiO2 as a supporting material and it provides more activity 

towards water gas shift and steam splitting than steam-methane reforming. In fact, the experiments 

showed the steam-methane reforming activity to be almost non-existent. 

2.3.4) Manganese based Oxygen Carriers: 
There has been limited amount of work done on Manganese based OCs’ because of the likely 

interaction of Mn with the support to form non-reactive intermediates, hindering the reactions. As 

specified previously, Manganese is an interesting OC to be taken into account because of its 

exothermic reduction reaction. Hence, an appropriate support for Manganese is very important.  Like 

Iron, Manganese has multiple oxidation states like, MnO, Mn2O3 and Mn3O4. The oxidation state of Mn 

is not stable at temperatures above 500 0C and starts to decompose if treated with air above the 

designated temperature. Mn2O3 has stability problems above 900 0C. The use of OC’s consisting only 

manganese oxides didn’t show good reactivity towards CH4 [19]. 

Zirconia (ZrO2) has been the best available support for preparing MN based oxygen carriers [10,24]. 

The OC’s show good reactivity and stability over multiple redox cycles [19]. However, because of phase 

transformations of Mn, agglomeration of Mn particles is observed and as a result, MgO, CeO2 and CaO 

can be used as a stabilizing agent. All the stabilizing agents, enhance the reactivity of the OC as well as 

limit the structural changes to prevent agglomeration [19].   

With TiO2 as the support, Mn based oxygen carriers show an affinity towards forming unreactive 

titanates at low loading. If the active content is increased to 80%, the conversion of CH4 was higher but 

it showed less mechanical strength because of less amount of support [10].  With Al2O3 and SiO2, it also 

showed formation of unreactive intermediates which decreased the reactivity of the OC. 

2.4) Thermodynamic Analysis: Temperature rise during oxidation 
While mapping out all the properties of good OC, the last property mentioned about OC having 

optimized specific heat capacity. The specific heat capacity is crucial for the temperature rise during 

oxidation. Generalized oxidation reaction for metals is depicted below. 

                      2 𝑀𝑒 + 𝑂2  →  2𝑀𝑒𝑂       𝛥𝐻 =  − 𝑋 𝑘𝐽/𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑂2   

Oxygen Carrier acts as heat carrier and oxygen carrier, meaning, the heat it carries to the next 

reduction cycle is very important for the feasibility of the process. One of the most vital things in the 

feasibility of the GSR process is, the heat needed for the reduction (reforming) cycle is obtained from 

the previous oxidation cycle. Theoretically, there should be no external supply of heat for reforming to 

take place and all of the necessary heat should be given by the oxidation of the OC.  The reforming 

temperature is generally very high (>600 0C) and the cost of heat that needs to be supplied to maintain 
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that temperature industrially is higher than raw material costs and is one of the most important factors 

which drives H2 pricing.   

The heat of oxidation and specific heat capacity play a key role in deciding the temperature rise 

obtained during oxidation. The heat of oxidation releases the heat and OC particles act as a carrier 

which absorb the heat and then carry it to the reforming step for an auto-thermal operation. 

This section will emphasize on thermodynamic analysis of oxygen carriers, by calculating the 

temperature rise during the oxidation process, taking into account the change in specific heat capacity 

with temperature. The temperature at the end of oxidation stage is referred as the target temperature 

representing the maximum temperature that can be obtained during the oxidation stage.  

These temperature will be calculated for 4 different oxygen carriers. Ni/NiO, Cu/CuO, Ilmenite and 

MnO/Mn3O4. All of them are supported on Al2O3 except Ilmenite. Ilmenite has a natural support of 

TiO2 with Fe2O3/FeO as the active material.  All the oxygen carriers are the same as those used for 

comparison of physico-chemical properties for ideal oxygen carriers in the section 2.2. The first and 

foremost thing to have a crude comparison between the oxygen carriers is the heat of oxidation. Table 

2 compares heat o reactions for the OC. 

Table 2: Heat of reaction of OC 

 

Reaction scheme for given OC’s: 

2 𝐶𝑢 + 𝑂2  →  2𝐶𝑢𝑂           𝛥𝐻 =  − 314.8 
𝑘𝐽

𝑚𝑜𝑙𝑒 𝑜𝑓 𝑂2
 

6 𝑀𝑛𝑂 +  𝑂2  →  2𝑀𝑛3𝑂4   𝛥𝐻 =  −464.9 
𝑘𝐽

𝑚𝑜𝑙𝑒 𝑜𝑓 𝑂2
  

2 𝑁𝑖 +  𝑂2  →  2 𝑁𝑖𝑂          𝛥𝐻 =  −480.1 
𝑘𝐽

𝑚𝑜𝑙𝑒 𝑜𝑓 𝑂2
 

4 𝐹𝑒𝑂 +  𝑂2  →  2𝐹𝑒2𝑂3     𝛥𝐻 =  −562.4 
𝑘𝐽

 𝑚𝑜𝑙𝑒 𝑜𝑓 𝑂2
  

2.4.1) Derivation of the temperature dependent specific heat capacity: 
A different approach has been used to calculate temperature dependent heat content of the materials. 

There has been work done before calculating the temperature rise theoretically with temperature 

dependent specific heat capacities [12,17].  The issue with temperature dependent heat capacities is, 

a certain polynomial correlation of temperature dependent capacities is valid in a particular 

Oxygen Carrier Heat of Oxidation 
(kJ/mole of O2) 

Stoichiometric moles of 
O2 for a mole of OC 

Heat of Oxidation 
(kJ/mole of OC)  

(OC: Ni,FeO,Cu, MnO) 

Copper 314.8 1

2
 

157.4 

Manganese 464.9 1

6
 

77.48 

Nickel 480.1 1

2
 

240.05 

Ilmenite 562.4 1

4
 

140.6 
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temperature range and the correlation changes substantially when the temperature enters into a 

different temperature range, which needs to be taken into consideration while calculating the 

temperature rise.  

Robie and Hemingway provide a data for thermodynamic properties of minerals [33]. The heat content 

of the material at a particular temperature is measured relatively with respect to the heat content at 

reference temperature of 298 0K and is denoted as HT-H298 K with units of J/mole. The book provides a 

data for heat content of the material at different temperatures. The relative heat content (HT-H298 K) 

was plotted against temperature (T) to obtain a polynomial fit with degree 2 (aT2+bT+c) and the quality 

of the fit was excellent with R2 values of around 0.99 and above. The quality of the fit determines the 

heat content irregularities with respect to temperature ranges. Since, the quality of the fit was 

excellent, it was safe to assume to have taken the temperature range irregularities of the heat content 

into consideration. The data of (HT-H298 K vs T) is enclosed in the appendix. 

To explain the energy balance, the heat released by the exothermic oxidation reaction is taken away 

by a) Solid OC and b) Outgoing components of air i.e. N2 and unreacted O2 if there is any. 

𝐸𝑠𝑡𝑎𝑟𝑡 + 𝐸𝑎𝑑𝑑𝑒𝑑 = 𝐸𝑒𝑛𝑑  

1) Heat Content of Oxygen Carrier at 𝑻𝒔𝒕𝒂𝒓𝒕:  

𝐸𝑠𝑡𝑎𝑟𝑡 =  𝑁𝑂𝐶 × (𝐻𝑇𝑠𝑡𝑎𝑟𝑡
− 𝐻298 𝐾)𝑂𝐶 + 𝑁𝑆𝑢𝑝𝑝𝑜𝑟𝑡 × (𝐻𝑇𝑠𝑡𝑎𝑟𝑡

− 𝐻298 𝐾)𝑆𝑢𝑝𝑝𝑜𝑟𝑡 

𝐸𝑠𝑡𝑎𝑟𝑡 = 𝑁𝑂𝐶 × (𝑎𝑇𝑠𝑡𝑎𝑟𝑡
2 + 𝑏𝑇𝑠𝑡𝑎𝑟𝑡 + 𝐶)𝑂𝐶 + 𝑁𝑆𝑢𝑝𝑝𝑜𝑟𝑡 × (𝑎𝑇𝑠𝑡𝑎𝑟𝑡

2 + 𝑏𝑇𝑠𝑡𝑎𝑟𝑡 + 𝐶)𝑆𝑢𝑝𝑝𝑜𝑟𝑡 

2) Net heat added to the solids:  

𝐸𝑎𝑑𝑑𝑒𝑑 = 𝐸𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 − 𝐸𝑔𝑎𝑠ℎ𝑒𝑎𝑡𝑖𝑛𝑔 

                 2.1) Heat of reaction: 

𝐸𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 =  ∆𝐻𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 × 𝑁𝑜. 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑂𝐶   

𝑁𝑜. 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑂2                                                                                                                          

=  
𝑁𝑜. 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑂𝐶 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 × 𝑋𝑎𝑐𝑡𝑖𝑣𝑒 × 𝑤𝑂𝐶

𝑀𝑊𝑂𝐶
 

 

                  2.2)  Heat taken away by the gases:  

𝐸𝑔𝑎𝑠ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = 𝐸𝑔𝑎𝑠𝑜𝑢𝑡 

𝐸𝑔𝑎𝑠𝑜𝑢𝑡 = 𝐹𝑁2
× 𝑡𝑜𝑥 × (𝐻𝑇𝑒𝑛𝑑

− 𝐻298 𝐾)𝑁2
+ 𝐹02

× 𝑡𝑜𝑥 × (𝐻𝑇𝑖𝑛𝑙𝑒𝑡
− 𝐻298 𝐾)𝑂2

+ 𝐹𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑂2
× 𝑡𝑜𝑥 × (𝐻𝑇𝑒𝑛𝑑

− 𝐻298 𝐾)𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑂2
 

𝐸𝑔𝑎𝑠𝑜𝑢𝑡 = 𝐹𝑁2
× 𝑡𝑜𝑥 × (𝑎𝑇𝑒𝑛𝑑

2 + 𝑏𝑇𝑒𝑛𝑑 + 𝐶)𝑁2
+ 𝐹𝑂2

× 𝑡𝑜𝑥 × (𝑎𝑇𝑖𝑛𝑙𝑒𝑡
2 + 𝑏𝑇𝑖𝑛𝑙𝑒𝑡 + 𝐶)𝑂2

+ 𝐹𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑂2
× 𝑡𝑜𝑥 × (𝑎𝑇𝑒𝑛𝑑

2 + 𝑏𝑇𝑒𝑛𝑑 + 𝐶)𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑂2
 

3) Heat content at the end of oxidation, 𝑻𝒆𝒏𝒅:  

𝐸𝑒𝑛𝑑 =  𝑁𝑂𝐶 × (𝐻𝑇𝑒𝑛𝑑
− 𝐻298 𝐾)𝑂𝐶 + 𝑁𝑆𝑢𝑝𝑝𝑜𝑟𝑡 × (𝐻𝑒𝑛𝑑 − 𝐻298 𝐾)𝑆𝑢𝑝𝑝𝑜𝑟𝑡

+ 𝑁𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑂𝐶 × (𝐻𝑇𝑒𝑛𝑑
− 𝐻298 𝐾)𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑂𝐶   

𝐸𝑒𝑛𝑑 = 𝑁𝑂𝐶 × (𝑎𝑇𝑒𝑛𝑑
2 + 𝑏𝑇𝑒𝑛𝑑 + 𝐶)𝑂𝐶 + 𝑁𝑆𝑢𝑝𝑝𝑜𝑟𝑡 × (𝑎𝑇𝑒𝑛𝑑

2 + 𝑏𝑇𝑒𝑛𝑑 + 𝐶)𝑆𝑢𝑝𝑝𝑜𝑟𝑡 + 𝑁𝑂𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑂𝐶

× (𝑎𝑇𝑒𝑛𝑑
2 + 𝑏𝑇𝑒𝑛𝑑 + 𝐶)𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑂𝐶  
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The equation for 𝑇𝑒𝑛𝑑 was solved by fixing  𝑇𝑠𝑡𝑎𝑟𝑡, active content and by varying oxygen carrier 

utilization and air flow rate. 

There were some assumptions which were taken into account for calculating the theoretical 

temperature rise: 

1) The heat losses by convection and radiation were not taken into account, i.e. the process was 

assumed to be adiabatic. 

2) The temperature of the outgoing gases was assumed to be the end temperature of the solids, 

𝑇𝑒𝑛𝑑  

3) Active content was same for all the OC except and it was 37%. For Ilmenite, the active content 

was 50%, since it is a natural oxygen carrier. 

4) Mass of the oxygen carrier was constant throughout the calculations and it was 2.4 kg. 

5) Time for oxidation was constant for all the oxygen carriers and it was 6 minutes.  

6) Heat of the reaction is calculated at the start temperature of the oxidation, 𝑇𝑠𝑡𝑎𝑟𝑡, which is 

assumed as 623 K 

2.5) Temperature Rise vs Oxygen Carrier Utilization 

 
            Figure 3: Temperature rise vs Oxygen Carrier Utilization                      Figure 4: Temperature rise vs Space velocity 

Figure 3 depicts the temperature rise vs oxygen carrier utilization. Temperature rise was found out to 

be the highest for Nickel. A common support of Al2O3 was used for Nickel, Copper and Manganese. 

Major factors affecting the temperature rise are:  

1) Heat released through oxidation depicted in Table 2.  

2) Support’s Specific heat content,  

3) Heat taken away by nitrogen. 

 For a same number of moles of OC, heat released by Nickel is maximum, followed by copper, Ilmenite 

and Manganese. However, for the temperature rise, the order is, Ni >Ilmenite > Cu >MnO  

Prospective reasons why Ilmenite has a better temperature rise than Copper would be the support. 

The support in case of Copper is Alumina and in case of Ilmenite, natural support is TiO2. Alumina has 

much more specific heat capacity than TiO2. More specific heat capacity means lesser temperature rise 
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for Al2O3 as compared to TiO2. Similar effect of support on temperature rise is depicted in 2.6) Support 

effect on temperature rise 

The air input plays an important role in the temperature rise considering the amount of heat taken 

away by the gases can be significant dependent on the air input. Figure 3 depicts temperature rise vs 

space velocity obtained, where space velocity is defined as a ratio of weight of active material to the 

inlet flow rate of the air.  Space velocity is varied in terms of increasing oxygen carrier utilization from 

0.1 to 1. Air input is directly decided by the stoichiometry described in Table 2. The amount of air 

required in litre/min is minimum for Manganese and maximum for Nickel and copper at fixed oxygen 

carrier utilization of 1 and is depicted in Table 3. 

Table 3: Minimum airflow needed at full Oxygen carrier utilization of (w=1) 

 
Temperature Rise 

(K) 
Air flow 
(lit/min) 

Cu 538.5 124.2 

MnO 316.2 37.1 

Ni 891.1 134.5 

Ilmenite 737.2 74.2 

 

 The space velocity, hence, would be maximum for manganese and minimum for Nickel and copper. 

Minimum stoichiometric air input for copper is almost twice as much as Ilmenite. Therefore, in case of 

copper, N2 takes away much more heat than in case of Ilmenite. The combination of support effect 

and heat taken away by N2 is the reason why Ilmenite’s temperature rise is more than Copper’s.  

Nickel, albeit having a high input of air, the heat released due to oxidation is very large and therefore, 

Nickel has a very high temperature rise. Manganese has minimum temperature rise, owing to the 

minimum heat released due to oxidation. 

2.6) Support effect on temperature rise 
 

The specific heat capacity of support matters a lot for the temperature rise. Support acts as a carrier 

of heat and lesser the heat capacity, more will be the temperature rise. Although very high 

temperature rise can result in damaging the OC by sintering. Hence, support with optimum heat 

capacity as well as with least amount of interaction with active material is necessary for its 

implementation in GSR.  

This section demonstrates the effect of support. 4 different supports are tested for temperature rise 

with Nickel: TiO2, SiO2, Al2O3 and MgAl2O4.  

 Figure 5 below shows the effect of different supports on temperature rise at 10% oxygen carrier 

utilization for Nickel. 

It can be observed that supports like TiO2 and SiO2 have lower heat capacity and hence the 

temperature rise for those supports is much higher than Al2O3 or MgAl2O4.  
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Figure 5: support effect on temperature rise 

2.7) Excess air effect on temperature rise 

 

Figure 6: Effect of excess air on temperature rise 

The air flow calculation in the previous results was done accurately considering the stoichiometry. The 

% excess was calculated with respect to minimum air required for oxygen carrier utilization of 1.   

However, excess air can take away more heat resulting in reduced temperature rise during oxidation.  

Figure 6 shows the effect of %excess air on temperature rise. Especially in the case of Nickel and 

Copper, where stoichiometric quantity of air required is higher than Ilmenite and MnO, excess air can 

decrease the temperature rise significantly, which can be seen from Figure 6. The decrease for Ni and 

Cu is much more than Ilmenite and MnO owing to their already required higher quantity of air.
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3) Experimental Section 

3.1) Reactor Specifications and working Principle 
The setup consists of three sections. Feed section, reactor section, condensation section and analysis 

section. The feed section consists of the feed gases supply from gas cylinders (CH4, H2, N2, CO, CO2) and 

steam generated from de-mineralized water and mass flow controllers to set desired flow rates and 

feed composition. The setup is programmed for an emergency shutdown in case the 

temperature/pressure is above a certain permissible value. The surroundings of the setup are 

equipped with H2/CO sensors to detect possible leaks. The reactor section was changed in between. 

The first reactor section configuration was made up of a U-tube fixed bed glass reactor, contained 

within a fluidized sand oven (2.2 kW capacity) for maintaining the isothermal conditions in the reactor. 

The steam has an HPLC pump for pumping de-mineralized water into a steam generator where the 

steam is produced by CEM.  

 

Figure 7: Schematic diagram, Reactor Set-up 

The part of U tube reactor which was outside oven, was insulated with cotton in order to prevent 

steam condensation and all the lines are traced with the help of electric tracing and maintained at a 

temperature of 150 0C to make sure there is no steam condensation in the lines. The analysis section 

consists μ-GC equipped with 3 columns. First column is used to detect CH4, N2, O2, CO while other 2 

columns are used to detect H2, CO2 and O2. The condensation section consisted of 2 condensers in 

series to remove any steam present in the gases leaving the reactor. This is done in order to make sure 

there is no water in the GC as it is hazardous for the GC. Both the condensers need to be emptied after 

at least twice a day to remove the condensed water, so as to not saturate the condenser with 

condensed water.  The reactor setup has a provision for bypass for both GC and exhaust. The pressure 

in the line is detected with the help of pressure sensors (one before the reactor and one after) to 

monitor the pressure drop through the reactor. 2 thermocouples were inserted in both sides of the U-

tube reactor in order to measure temperature in the reactor bed and temperature of the outgoing 

gases after the reaction. 
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                  Figure 8: Reactor section, oven                                                                         Figure 9: Feed section, Steam                         

3.2) Catalyst Specifications 
There were mainly 3 catalysts, on which, the experiments were carried out. Rhodium, Nickel and 
Ilmenite.  

3.2.1) Nickel: 
A Johnson Matthey product, R110, Ni based catalyst supported on CaAl2O4 was available in pelleted 
form from Alfa Aesar. The NiO content is 17% of the total weight. The pellets have been crushed to a 
mean particle size of 150 μm and are used for steam-methane reforming experimental study. The 
catalyst shows resistance towards forming Nickel Aluminates (NiAl2O4), which deactivates the catalyst 
[19].  

3.2.2) Rhodium 
Rhodium used for the work was supported on Alumina (Al2O3), with an active material percentage of 
1.3%. The mean particle size of the material used for experiments was 140 μm. Rhodium was checked 
for carbon deposition and deactivation and there was no visible deactivation at lower temperatures, 
except for steam to carbon ratio of 1.5 and lower. The material, in case of carbon deposition was 
flushed with air to burn the carbon and get back the activity of the catalyst to normal. 

3.2.3) Ilmenite 
The ilmenite particles used are from Titania A/S, there were crushed to to a mean particle size of 250 
μm, for Steam-methane reforming and mainly water gas shift studies. Ilmenite is mainly composed of 
TiO2, playing the inert material role and Fe2O3/FeO as the active material. The active material content 
is about 40% of the total weight. The ilmenite was also tested for steam methane reforming and it did 
not show any visible activity for steam methane reforming, but it showed considerable activity for 
water gas shift. 
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3.3)  Experimental Procedure: 

 

Figure 10:  U tube reactor 

A packed bed U-tube reactor, made up of glass, which can withstand temperatures upto 1000 oC was 
used with a small fixed bed of the catalyst filled inside it. The catalyst was mixed with quartz 
(approximate size of 250-500 μm) in the ratio of 1:6 respectively in order to have maximum surface 
area of the catalyst exposed to the incoming gases for reaction.  A quartz particle bed (approximate 
size of 500 -1000 μm) was filled on top of the catalyst and quartz mixture to make sure the gases, 
before flowing into the catalyst bed are sufficiently pre-heated. Following are the different masses of 
the catalysts used for the experiments. 

Table 4: Catalyst specifications 

Catalyst Mass (milligrams) 
Rhodium 40.6, 35 

Nickel 120, 150 
Ilmenite 500 

 

Reactor was checked for the leakages with the help of a flow meter (Horiba) and leak detector soap 
solution. The leaks were detected and fixed to make sure the amount of gases going inside the reactor 
are in accordance with the flow meter calibrations. The feed composition was measured with the help 
of GC by bypassing the gases from the reactor. The outlet composition was measured by passing the 
mixture of gases through the catalyst bed at the steady interval of 3 minutes. For heating up the bed, 
N2 was fed through the reactor. The GC was switched on to the flushing mode for 2 days before starting 
the actual experimental procedure to have best possible results. Mass used for Rhodium was much 
lower because of very high activity of Rhodium. To get the experimental readings under kinetic regime, 



 

21 
 

Experimental Section 

the residence time has to be very low and set-up has its limitations about the flowrate of reactants. 

Therefore, mass of catalyst is different for all the materials because of the different activity of the 

catalysts. 

3.3.1) Activation of the catalyst for Nickel and Rhodium: 
Activation of the catalysts was done prior to kinetic tests. The bed was heated up to 800 0C while 
feeding N2. After the bed has reached the desired temperature, the catalyst was exposed to multiple 
oxidation reduction cycles with air (400 ml/min) and a mixture of  H2 (200 ml/min) and N2 (200 ml/min). 
There was a purge with N2 (400 ml/min for 2 minutes) in between the oxidation-reduction cycles to 
avoid the contact between H2 and O2 for safety reasons.  After 5 redox cycles, it was reduced with 200 
ml/min of H2 along with 200 ml/min of N2 for 30 minutes before starting the reaction. Nickel and 
Rhodium were both tested mainly for steam methane reforming. Both the catalysts also showed water 
gas shift activity which was confirmed by detecting CO2 in the outlet gas composition.  

3.3.2) Activation for Ilmenite: 
Ilmenite needs to be activated properly for extracting its best possible activity than Nickel and 
Rhodium.  Ilmenite is basically FeTiO3 which contains partially oxidized state of FeO. Precautions were 
taken in order to make sure iron is not reduced to completely reduced state of Fe, as it is prone to 
agglomeration which gives rise to pressure drop. The Ilmenite activation was done at 900 0C by doing 
10 oxidation-reduction cycles. The oxidation cycle involved passing air (400 ml/min) for 5 minutes and 
the reduction cycle involved passing a mixture of H2 (200 ml/min), steam (200 ml/min) and N2 (400 
ml/min) through the catalyst bed. The steam was added to the mixture of H2 and air for reduction cycle 
in order to make sure Iron oxides is not completely reduced to its metallic form of Fe which is pro-
agglomeration.  There was a purge N2 (400 ml/min) cycle in between the oxidation and reduction in 
order to make sure there is no contact between H2 and O2 for safety reasons. Ilmenite was tested both 
for steam-methane reforming and water gas shift. It showed no activity towards steam-methane 
reforming. Hence, Ilmenite was tested for water gas shift kinetics. 

3.4) Pre-experimental Calibrations: 
 

3.4.1) Flow meter Calibrations:                                                                                                                              
 The flow meter was calibrated by assuming a linear correlation between the set value and obtained 
value. The calibration was done through feeding different set points for flow rates for all the flow 
meters except steam flow. The flow was measured with the help of Horiba Film flow meter and was 
plotted against the set point. The linear correlation seemed to fit well because of the high R2 values in 
the order of 0.99 and above. Detailed Calibrations are in Appendix B. 

3.4.2) GC Calibrations: 
The calibration of the GC is one of the most important factor in having trustworthy and accurate 
experimental results. The GC accuracy varies with the concentration range and volumetric flow being 
measured. Therefore, it is necessary that the GC calibration is done in the required concentration 
regime of every component. The concentration ranges for methane (5-20%), N2 (80-90%), H2 (1-10%), 
CO (1-10%) and CO2 (1-5%). The mixture was fed keeping the total flow rate same to 1500 ml/min and 
varying the concentration of components in the given concentration range. The retention time for all 
the components were known along with the channel in which they are detected. On the basis of 
retention time, the area was noted down for the respective concentration of a particular component. 
A linear regression analysis was done to obtain a correlation between areas and concentration range 
with a reasonably good accuracy of R2

 > 0.98 for all the components with H2 being the least accurate. 
The linear fit was later used to detect the concentration of particular component after the 
measurements. The results of the GC calibration are in the appendix C. 
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3.4.3) Experimental Error- Carbon balance: 
To make sure the experimental error and is under permissible limits and there is no carbon deposition, 

carbon balance was carried out over the cycle of every experiment to observe if there is any carbon 

deposition or any other source of experimental error. Hydrogen and oxygen balance is difficult to carry 

out because the water is condensed before the mixture goes to GC.  

𝐶𝑎𝑟𝑏𝑜𝑛 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 % =  
𝑁𝑒𝑡 𝐶𝑎𝑟𝑏𝑜𝑛 𝐼𝑛 − 𝑁𝑒𝑡 𝐶𝑎𝑟𝑏𝑜𝑛 𝑂𝑢𝑡

𝑁𝑒𝑡 𝐶𝑎𝑟𝑏𝑜𝑛 𝐼𝑛
× 100 

Experimental errors can be introduced because of flow meter variations and GC calibration   variations. 

Carbon deposition could be because of side reactions during steam methane reforming like Boudouard 

reaction. More the deviation of carbon balance from 0%, more it signifies that it is probably because 

of the carbon deposition.  In case of deactivation due to carbon deposition observed at lower steam 

to carbon ratios (1 and 2), deposited carbon was removed by passing air through the reactor for a 

period of 15 minutes. The carbon deposition can be confirmed with CO and CO2, being observed in the 

analyser after passing air through the reactor bed. All the carbon balances are in the appendix A. 

As one can see from the Carbon balance percentages, for all Nickel, Rhodium and Ilmenite, it can be 

inferred that the carbon balance was near 5 % for Nickel and Rhodium and 10% for Ilmenite. Ilmenite 

showed more deviation of carbon balance because of less accuracy of GC in measurement of CO 

concentration. No visible deactivation was found in case of Ilmenite, which was concluded from no 

loss in WGS activity with time. It concludes that the experiments were done at best possible accuracy 

and the results are trustworthy.  
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4) Results and discussions 
 

The primary aim of GSR is producing hydrogen at high temperatures with minimum amount of 

contaminants that are generally associated with syn-gas production (CO2, NO, NO2 etc.). The reduction 

stage of GSR mainly aims for steam methane reforming unlike methane oxidation in conventional 

chemical looping combustion process to have better hydrogen yield. The oxygen carrier should have 

good catalytic activity for steam methane reforming (and water gas shift) in order to have good H2 

yield. The intrinsic kinetics of steam methane reforming (SMR) has been studied over decades. These 

studies have been carried out over wide range of temperatures, pressures, compositions and on 

different catalysts. This section talks about steam methane reforming kinetics with Nickel, Rhodium 

and Ilmenite. The objective of the experimental study is to obtain the activity of the catalyst at different 

operating condition so as to get optimized behaviour of the catalyst.            

4.1) Reaction scheme and influence of side reactions       
The reaction system for steam methane reforming is a set of desired and few undesired side reactions.  

The heat of reaction and equilibrium constants are written below to see the effect of temperature on 

the extent of side reactions [41,42].   

Table 5: Reaction scheme 

1) 
 
 
2) 
 
 
3) 
 
 
4) 
 
 
5) 
 
 
6)  

Steam Methane Reforming (SMR) 

𝐶𝐻4 + 𝐻2𝑂 ⟺ 𝐶𝑂 + 3𝐻2                   𝛥𝐻6000𝐾 =  223.5 
𝑘𝐽

𝑚𝑜𝑙𝑒
            𝐾𝑒𝑞

𝑆𝑀𝑅 = 5414.15 (𝑘𝑃𝑎)2 

Water Gas Shift (WGS)  

𝐶𝑂 + 𝐻2𝑂 ⟺ 𝐶𝑂2 + 𝐻2            𝛥𝐻6000𝐾 =  −36.1 
𝑘𝐽

𝑚𝑜𝑙𝑒
          𝐾𝑒𝑞

𝑊𝐺𝑆 = 2.73 (𝑘𝑃𝑎)0 

Dry reforming of CH4 (DRM) 

𝐶𝐻4 + 𝐶𝑂2 ⟺ 2𝐶𝑂 + 2𝐻2               𝛥𝐻6000𝐾 =  259.6 
𝑘𝐽

𝑚𝑜𝑙𝑒
           𝐾𝑒𝑞

𝐷𝑅𝑀 = 1985.17 (𝑘𝑃𝑎)2 

Methane decomposition (MD) 

𝐶𝐻4 ⟺ 𝐶 + 2𝐻2                                𝛥𝐻6000𝐾 =  87.8 
𝑘𝐽

𝑚𝑜𝑙𝑒
              𝐾𝑒𝑞

𝑀𝐷 = 218.73  (𝑘𝑃𝑎) 

CO Disproportionation (COD) 

2𝐶𝑂 ⟺ 𝐶 + 𝐶𝑂2                            𝛥𝐻6000𝐾 =  −171.8 
𝑘𝐽

𝑚𝑜𝑙𝑒
         𝐾𝑒𝑞

𝐶𝑂𝐷 = 0.11 (𝑘𝑃𝑎)−1 

CO Reduction (COR) 

𝐶𝑂 + 𝐻2 ⟺ 𝐶 + 𝐻2𝑂                        𝛥𝐻6000𝐾 =  −135.7 
𝑘𝐽

𝑚𝑜𝑙𝑒
            𝐾𝑒𝑞

𝐶𝑂𝑅 = 10.69 (𝑘𝑃𝑎)−1 

 

 

Besides the aforementioned reactions, there are few reactions side reactions, but the favourable 

conditions for those side reactions are far away from the operating conditions implemented in the 

experiments. Reaction 1 (SMR) and 3 (DRM) are favoured at temperature above 800 0C owing to their 

endothermic nature [43]. However, out of the undesired reactions 4, 5 and 6, methane decomposition 

(MD) is favoured at temperature above 1000 0C and the reaction 5 and 6, COD and COR are favoured 

below 400 0C [44–46]. Coke formation generally happens at very high temperatures, although, it is 

highly support and catalyst dependent. Experiments were worked out at very low methane 

conversions implying that CO and H2 formed are very low. Water gas shift, being a very fast reaction, 
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is the dominating reaction which takes over once the products are formed. Hence, it is safe to assume 

that, all the other reactions had negligible contribution when SMR was being tested kinetically with 

Nickel and Rhodium. 

  4.2) Influence of internal and external mass transfer limitations 
 

4.2.1) Influence of internal mass transfer limitations 
The experiments are done in laboratory sized reactor which is fixed bed type, where small amounts of 

catalyst and very low gas residence time were used.  The purpose of using very small amount of catalyst 

and small residence time is to make sure the experiments are done in the kinetic regime. Hence, to 

understand reaction kinetics and influence of reaction parameters on kinetics, it is important to work 

under differential conditions.  There are two mass transfer limitations which need to be avoided for 

intrinsic kinetic study, intra-particle mass transfer limitations and inter-particle mass transfer 

limitations.  

The effect of intra-particle mass transfer limitations strongly depends on the particle size and can be 

checked analytically by calculating the overall effectiveness factor. Experimentally, two different 

particle sizes of the same material were tested by Medrano et al and the conversion was found to 

remain the same [47]. Effectiveness factor is the ratio of observed rate of reaction to rate of reaction 

at bulk conditions. Effectiveness factor of 1 or just below 1 signifies that the observed rate of reaction 

is almost equal to the rate of reaction at bulk conditions, which means there are no diffusion limitations 

within the particle.  For a spherical particle and first order reaction.  

𝑇ℎ𝑖𝑒𝑙𝑒 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝜑 =  
𝑅

3
√

𝑘𝑒𝑥𝑝  

𝐷
 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 𝜂 =  
3

𝜑2
(𝜑𝑐𝑜𝑡ℎ𝜑 − 1)  

The influence of particle radius on effectiveness factor can clearly be seen from the aforementioned 

formulae. Assuming the steam methane reforming is a first order reaction with methane, the 

maximum value of reaction constant k obtained was 0.5 from all the experiments. Assuming diffusion 

constant is 10-8 m2/ s. The variation of effectiveness factor with particle radius is as follows [48].  

Table 6: Radius vs Effectiveness factor 

R (µm) 𝜼 

50 0.9990 

100 0.9963 

150 0.9917 

200 0.9854 

 

Clearly, from the values in Table 6 and with the particle size of Ni (150 µm) and Rh (140 µm), it is safe 

to assume that the internal mass transfer limitations were avoided during experiments with Nickel and 

Rhodium. 
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4.2.2) Influence of External mass transfer limitations 
The influence of external mass transfer limitations might be because of product layer formation and 

can be checked both experimentally and analytically.  Experimentally they can be checked by using 

different mass of the catalyst and keeping the same space velocity and observing if the conversion is 

the same. The experimental alternative was checked for Nickel and Rhodium both and the external 

mass transfer limitations, according to the experiments, were absent. It can be confirmed analytically 

with Mear’s criterion [49]. 

𝑟𝐶𝐻4

𝐶𝐶𝐻4
× 𝑘𝑐 × 𝑎𝑐

=  
𝑘𝑒𝑥𝑝

𝑘𝑐 × 𝑎𝑐
≤ 0.15 

It is important to check Mear’s criterion for lowest inlet flow rates used as lowest flow rates correspond 

to highest conversion possible, which correspond to the highest probability of having mass transfer 

limitations.  

kC can be calculated from the following Sherwood number correlation. 

𝑆ℎ = 2 + 1.5𝑆𝑐0.33(1 − 𝜀) × 𝑅𝑒0.5   

𝑆ℎ =
𝑘𝑐𝑑𝑝

𝐷
. 𝑅𝑒 =

𝜌𝑐𝑎𝑡×𝑣𝑔𝑎𝑠×𝑑𝑝

𝜇𝑔𝑎𝑠
. 𝑆𝑐 =

𝜇𝑔𝑎𝑠

𝜌𝑔𝑎𝑠𝐷
 

Table 7: Mear's criterion Parameters 

𝒌𝒆𝒙𝒑 m/s 0.5 

𝒌𝒄ac 1/s                      0.01275 

𝒅𝒑 m 120. 150 µm 

𝑫 m2/s 10-8 

𝝆𝒄𝒂𝒕 kg/m3 2700.  2400 

𝒗𝒈𝒂𝒔 m/s 0.0106 

𝝁𝒈𝒂𝒔 Pa.s 10-5 

𝒌𝒆𝒙𝒑

𝒌𝒄𝒂𝑪
 

- 0.073 

 

Hence, external mass transfer limitations were checked both experimentally and analytically to 

conclude that there are no significant mass transfer limitations in the kinetic studies of Nickel and 

Rhodium for rate of reaction calculation at different temperatures.   

4.3) Experimental Description and planning 
The experimental planning is pivotal in determining kinetics and influence of operating parameters on 

the reaction kinetics. The main parameters affecting the kinetics are as follows: 

1) Temperature, 

2) Pressure, 

3) Methane residence time, 

4) Methane partial pressure, 

5) Steam to Carbon ratio 

The experimental planning is done to investigate the effects of temperature, methane residence 

time/partial pressure and steam to carbon ratio.  The desired temperature range selected was in 

between 500 0C to 800 0C, with 600 0C being the main temperature for deciding the effect of operating 

parameters on kinetics. The temperature above and below 600 are used to find out the rate of reaction 



 

26 
 

Results and discussions 

at those temperatures and mainly to find out the activation energy of the catalyst. Conventionally, 

steam methane reforming is operated at higher temperatures but the implementation of 

temperatures higher than 600 0C in GSR unit with membranes is challenging, owing to, the lack of 

stability of membranes above the given temperature range. The effect of pressure was not studied as 

the kinetic setup, where the experiments were done, has its limitations at higher pressures.   The total 

flow rate of reactants (N2, CH4, H2O) used for Nickel was 1600 ml/min, 2133.33 ml/min and the total 

flow rate of rhodium used was 800, 1000, 2133.33 ml/min and the concentrations of individual 

components are mentioned in Table 8. In case of SMR, the conversions are expressed in terms of 

methane and in case of WGS, the conversions are expressed in terms of CO. 

Table 8: Experimental Planning 

 

4.4) Effect of reaction parameters on kinetics   

4.4.1) Temperature 
Temperature change has different effect on different reactions taking place in the system. The major 

reaction taking place is SMR and it is endothermic, hence, the rate of reaction and conversion increase 

with increasing temperature.  Another reaction taking place is the WGS, but it is in lower extent as the 

Cases Methane 
volume % 

Steam   
volume% 

STC N2  
Volume % 

Weight of 
the 

catalyst 
(mg) 

Temperature 
(0C) 

Rhodium 
Nickel 

Ilmenite 

    40.6,35 
120, 150 

500 

 

Reference case 0.1 0.3 3 0.6 121 600 

1) On the basis of STC       

Different STC_1 0.1 0.1 2 0.8 121, 150 600 

Different STC_2 0.1 0.2 1 0.7 121, 150 600 

Different STC_3 0.1 0.4 4 0.5 121, 150 600 

2)On the Basis of 
temperature 

      

DifferentT_1 0.1 0.3 3 0.6 121, 150 500 

DifferentT_2 0.1 0.3 3 0.6 121, 150 700 

DifferentT_3 0.1 0.3 3 0.6 121, 150 800 

3 )On the basis of 
different methane 
partial pressures 

      

DifferentPP_1 0.0375 0.1125 3 0.85 121, 150 600 

DifferentPP_2 0.075 0.225 3 0.7 121, 150 600 

DifferentPP_3 0.1 0.3 3 0.6 121, 150 600 

DifferentPP_4 0.15 0.45 3 0.4 121, 150 600 
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conversion of methane is low. Water gas shift being an exothermic reaction, the rate of reaction 

decreases with temperature increase.  Overall, because of endothermic reforming reaction, an 

increase in conversion of methane with temperature was observed during experiments.  

 

                         Figure 11: Arrhenius plot for Nickel                                                      Figure 12: Arrhenius plot for Rhodium 

Table 9: Pre-exponential Constant and activation energy 

 Nickel Rhodium 

Activation Energy EA (kJ/mole) -113.68 -73.73 

Pre-exponential Constant A 8.16×105 1.51×107 

Quality of the fit R2 0.96 0.94 

 

The kinetic data was fit to a first order methane partial pressure dependent kinetic model to find out 

the activation energy and Arrhenius constant. From Arrhenius plots and Table 9, it can be clearly seen 

that the activation energy of Rhodium for SMR is much lower than Nickel. Literature shows wide range 

of activation energy for nickel ranging from 90-120 kJ/mole and for Rhodium from 30-80 kJ/mole [50].   

 

Figure 13: Rate of reaction vs Temperature 
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From Figure 13, it is possible to compare the rate of reaction for Nickel and for Rhodium at different 

temperatures. Effect of temperature on SMR rate is a non-linear relationship between temperature 

and reaction rate constant. The repercussions of this non-linear relationship can be clearly seen on the 

rate of reaction with temperature increase. The increase in the rate of reaction for Rhodium with 

temperature is much faster than for Nickel. Also, at the base case temperature of 600 0C, the rate of 

reaction for Nickel is 0.023 mole/kg/s while for Rhodium, it is 0.458 mole/kgs/s, which concludes that 

Rhodium is much more active than Nickel at 600 0C, which is the temperature of operation for GSR.  

4.4.2) Methane residence time 
The methane conversion vs. Residence time of methane is showed in Figure 14 at 600 0 C for both 

Nickel and Rhodium. The residence time is expressed as weight of the catalyst (grams) per volumetric 

flow rate of methane in ml/min. The total flow rate is changed proportionally keeping methane partial 

pressure, steam to carbon ratio and temperature the same. 

 

Figure 14: Methane Conversion vs Residence Time 

At low methane conversions, methane conversion shows proportional increase with residence time, 

which is in accordance with the theoretical insight. The conversion in a CSTR/PFR should increase with 

Residence time, until it reaches thermodynamically full conversion, which is equilibrium conversion at 

given temperature in this case. At residence time of 0.0002 grams.min/ml, the conversion of CH4 WITH 

Rh was 25%, on the other hand, the conversion with nickel was 3%. Similar trend of Rhodium showing 

more conversion at same residence times as compared to Nickel can be seen at higher residence times 

can be seen in Figure 14. 

For Nickel, similar experiments were done at higher temperature of 700 0K and 800 0K. It shows similar 

trend of proportional increase in conversion with residence time at higher temperature.  The results 

are shown in Figure 15. With temperature increase, the increase in conversion is higher and the 

increase in slope can be clearly seen from the Figure 15. For commercial scale production of H2 in GSR, 

it is recommended to work at higher residence times in order to have conversions near the 

thermodynamic equilibrium value. For Rhodium, similar experiments at higher temperature were not 

done owing to its sintering tendency and therefore, non-reliability of results at higher temperatures.  
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                                                                600 0C           700 0C          800 0C   

Figure 15: Conversion vs Residence time: Nickel at different temperatures 

4.4.3) Methane Partial Pressure  
The effect of methane partial pressure is one of the most important parameters and the effect of 

partial pressure is depicted in Figure 16. 

 

Figure 16: Conversion vs Methane %: Comparison, Nickel and Rhodium 

The basic reaction mechanism of SMR consists of series of steps. Reactants are adsorbed on the 

catalyst and then surface reaction takes place between the reactants adsorbed and finally product 

desorption takes place. Multiple literatures have shown methane adsorption on the catalytic surface 

is the slowest and therefore rate determining step of the kinetics [42,51,52]. Hence, at low 

conversions, rate of reaction for SMR can be assumed as a linear function with concentration of CH4 

[50]. So, at differential conditions, the rate of reaction is kinetically dependent only on the partial 
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pressure of methane. Hence, to investigate the effect of methane partial pressure on reaction kinetics, 

the space velocity, temperature and steam to carbon ratio are kept constant.  

From Figure 16, conversion decreases with increasing partial pressure of methane, which is contrary 

to the first order methane partial pressure dependence on rate of reaction at low conversions. With 

increase in partial pressure, the methane residence time decreases when the total flow rate is kept 

same. Decreasing residence time is one of the reasons why the conversion decreases. Also, the 

decrease in conversion is much steeper for Rhodium than Nickel. From the conversions, it is evident 

that for Nickel, the conversions are under the differential kinetic regime, while for Rhodium, they are 

not under differential kinetic regime. The reason for that is, the space velocity for both Nickel and 

Rhodium is kept the same and at same space velocity, Rhodium has much more conversion than Nickel, 

which is the reason why it is not under kinetic regime. Also, for Nickel, the decrease in conversion is 

much slower than Rhodium. The kinetic dependence on methane partial pressure has an opposite 

effect on the conversion than that of the residence time, which might be the reason for slower 

decrease in conversion of Nickel. 

4.4.4) Effect of steam to Carbon ratio (STC) 

 

Figure 17: Conversion vs Steam to Carbon ratio: Comparison, Nickel and Rhodium 

Steam to Carbon ratio (STC) is a very important parameter in SMR and is generally kept higher than 2 

while performing SMR reaction. The primary reason for that is to prevent carbon deposition. According 

to Hou et al, in the reaction mechanism, the methane gets adsorbed on the catalytic surface and the 

steam reacts with methane and then, the products desorb [42]. Having excess steam, (even though 

required stoichiometric ratio of steam to methane is 1:1 for SMR) makes sure that there is a high 

probability that the every methane molecule adsorbed on the catalytic surface reacts with steam and 

further steps in reaction mechanism take place. In the situation where there is no excess steam, 

adsorbed methane may stay on the surface and get split into carbon and hydrogen resulting in the 

carbon deposition on the catalytic surface.  

The effect of steam to carbon ratio on conversion is depicted in Figure 17. For Nickel, the conversion 

goes down with increase in STC. On contrary, for Rhodium, the conversion increases with increase in 

STC. The probable reasons for decrease in conversion are:  
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1) The increase in STC, decreased the methane partial pressure for a given reaction pressure and 

methane disappearance rate is first order with respect to methane partial pressure at lower 

conversions [50].  

2) The high steam concentration might hinder methane from adsorbing on the catalyst surface, 

particularly at high temperatures in the order of 600 0C and above [42] 

The reason for Rhodium’s increase in conversion with increasing STC might be because of much higher 

activity of the active sites of Rhodium. High activity of catalytic sites results in very fast rate of reaction, 

which increases the methane disappearance rate and hence the increase in conversion with STC.   

4.4.4.1) Effect of Steam to Carbon ratio (STC) on Water gas shift (WGS) Reaction 

Steam to carbon ratio mainly affects the extent of water gas shift reaction (WGS) which is the 

secondary reaction taking place during SMR along with extent of carbon deposition. With increasing 

STC, the steam concentration increases, and it results in higher amount of WGS reaction. 

 

Figure 18: H2 to CO ratio vs STC: Comparison, Nickel and Rhodium 

Figure 18 depicts the increase in H2 to CO ratio, which is defined as product molar ratio of H2 and CO 

with STC for both the catalysts. It can be seen that the H2 to CO ratio, at all the experimental points is 

more for Nickel than for Rhodium, which implies that the extent of WGS for Nickel is more than extent 

of WGS for Rhodium. But there is no conclusive evidence for that, since, the outlet concentration of 

CO for Nickel was just above the minimum amount that can be detected by the GC.  Hence, there might 

be an error in detection of extent of WGS, but the trend of H2/CO ratio with STC is in accordance with 

the literature [41]. Also, WGS experiment was carried out on Rhodium and it showed considerable 

catalytic activity for WGS.  

Figure 19 depicts yield of CO2 vs STC. CO2 gets formed mainly due to WGS reaction. As specified 

previously from Figure 17, fixing the CH4 concentration and adding more steam increases the extent 

of WGS reaction, due to higher extent of the conversion of CO, more CO2 and H2 is formed. It can be 

clearly seen from increasing trend of CO2 yield with increasing STC.   
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Figure 19: Yield of CO2 vs STC: Comparison, Nickel and Rhodium 

 

4.5) Steady state kinetic Model fitting 
The experimental readings were compared with a CSTR kinetic model to investigate the 1st order 

kinetic dependence of the reaction rate on methane partial pressure. Mass balance of the methane 

can be written as,  

𝐹𝐶𝐻4𝑖𝑛
− 𝐹𝐶𝐻4𝑜𝑢𝑡

= −𝑟𝑛 × 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝑊)                                (1) 

Using Mass balance of CH4, it is possible to calculate the theoretical reaction rate in mole/kg/s. In 

absence of deactivation of the catalyst, forward SMR rates can be calculated using the equilibrium 

approach by defining β and η from the SMR experimental data and the measured partial pressures of 

reactants and products in order to see how far the values are from equilibrium. 

𝛽 = 1 − 𝜂                                                                                                   (2) 

η =
[𝑃𝐶𝑂][𝑃𝐻2

]
3

[𝑃𝐶𝐻4
][𝑃𝐻2𝑂]

 

The values of β range from 0.03 to 0.34 in the experiments. The measured net reaction rates, rn, are 

used to obtain the forward rates rf  

  𝑟𝑓 =
𝑟𝑛

𝛽
,                                                                                                (3) 

Forward reaction rate is specified first order with respect to methane partial pressure and is defined 

as 

𝑟𝑓 = 𝑘 × 𝑃𝐶𝐻4
                                                                                      (4) 

Additional effect of product concentrations are taken into account by β and η.  The kinetic parameters 

of Ea (Activation energy) and A (Pre-exponential Constant) are calculated in section 4.4.1.  
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From equation (1), 

𝐹𝐶𝐻4𝑖𝑛
−   𝐹𝐶𝐻4𝑜𝑢𝑡= −𝑟𝑛 × 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝑊)                                (1) 

𝐹𝐶𝐻4𝑖𝑛
−𝐹𝐶𝐻4𝑜𝑢𝑡

𝐹𝐶𝐻4𝑖𝑛

=
−𝑟𝑛×𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡

𝐹𝐶𝐻4𝑖𝑛

                                                               (5) 

𝑋 =
−𝑘×𝑃𝐶𝐻4×β×W

𝐹𝐶𝐻4𝑖𝑛

                                                                         (6) 

𝑋𝐶𝐻4
=

−𝑘×𝑅×𝑇×𝐶𝐶𝐻4×β×W

𝐹𝐶𝐻4𝑖𝑛

                              

By ideal gas law, 𝑃𝐶𝐻4
=  𝑅 × 𝑇 × 𝐶𝐶𝐻4

and 
𝐹𝐶𝐻4𝑖𝑛

𝐶𝐶𝐻4𝑖𝑛

= 𝜗𝐶𝐻4
  

 

𝑋𝐶𝐻4
=

−𝑘 × 𝑅 × 𝑇 × β × W × (1 − 𝑋𝐶𝐻4
)

𝜗𝐶𝐻4

 

𝑋𝐶𝐻4
=

−𝑘 × 𝑅 × 𝑇 × β × W × (1 − 𝑋𝐶𝐻4
)

𝜗0 × (1 + 𝜖𝑋𝐶𝐻4
)

 

The equation for conversion is solved with a solver to obtain theoretical conversion for given 

experimental conditions. The experimental conversions are compared with the theoretical conversions 

with the help of parity plots. The aim is to see if the experimental and theoretical conversions are 

similar, which eventually decides the applicability of the kinetic model assumed.  

 

  

Figure 20: Parity Chart: Nickel                                              Figure 21: Parity Chart, Rhodium 

 

Figure 20 and Figure 21 represent individual parity charts of Nickel and Rhodium, from which, it can 

be concluded that at higher temperatures, the kinetic model is not a very good fit. As specified before, 

the kinetic model is applicable only at low conversions and at high temperatures the conversions are 

higher.  
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Figure 22: Parity Chart, combined 

Figure 22 is the modified parity chart which combines data points of both Rhodium and Nickel, 

neglecting the higher conversions. The fitting at low conversions confirms that, under low conversions 

and within the boundaries of intrinsic kinetics, the SMR rate of reaction is first order with respect to 

methane partial pressures and zero order with respect to steam partial pressure, implying that 

methane adsorption on the catalytic surface being the rate determining step at lower conversions. 

 

4.6) Kinetic model fitting, Numaguchi and Kikuchi Model (NK) 
The intrinsic kinetics of SMR has been investigated over decades, where different mechanisms have 

been proposed with various catalysts and all of the most promising ones are listed by Patil et al. [41]. 

The kinetic expression developed by NK is one of the most promising kinetic model [53]. This section 

comprises of modelling of one of the experimental reading with NK kinetics and see how accurate the 

fit is. 

𝑟𝑆𝑀𝑅 = 𝑘𝑆𝑀𝑅 × (
𝑃𝐶𝐻4𝑃𝐻2𝑂−

𝑃𝐶𝑂𝑃𝐻2
3

𝐾𝑒𝑞

𝑃𝐻2𝑂
1.596 )                                                    (7) 

Where, rSMR represents reaction rate in mole/kg/s, kSMR  is reaction rate constant in mole/kg/s/bar0.504, 

Assuming ideal gas law,  

𝑃𝐶𝐻4
=  𝑅 × 𝑇 × 𝐶𝐶𝐻4

, 𝐶𝐶𝐻4
= 𝐶𝐶𝐻4,0

× (1 − 𝑋),  𝐶𝐻2
= 𝐶𝐶𝐻4,0 × (𝑀𝐶𝐻4

𝐻2

+ 3𝑋) 

By converting the partial pressures into methane conversion, 

𝑑𝑋

𝑑𝑡
=

𝜗𝑇𝑜𝑡𝑎𝑙  𝑅𝑇 × 𝑘𝑆𝑀𝑅

𝑃0,𝐶𝐻4

0.596 ×

(1 − 𝑋)2 − (
𝑃0,𝐶𝐻4

2

𝐾𝑒𝑞,𝑆𝑀𝑅
) × 27 × 𝑋4

(1 − 𝑋4)
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Figure 23: Methane conversion vs Time, Kinetic comparison 

From Figure 23, it can be concluded that the experimental results are delayed as compared to NK 

kinetics. The later part of the NK curve fits well with the experimental readings due to the equilibrium 

term present in NK rate equation.  

4.7) Experimentation on Ilmenite for WGS and Comparison with Rhodium 
 

Ilmenite is an OC which has been used quite commonly for CLC applications. Ilmenite is majorly 

composed of FeTiO3. During the reduction stage of GSR, Ilmenite is expected to act as an oxygen carrier 

as well as catalyst for H2 production. Hence, Ilmenite was tested for SMR, but no conversion of CH4 in 

the measurement range of the GC was found. Because Ilmenite contains FeO in its active content, 

which is quite frequently used as a catalyst in conventional WGS reactors, the activity of Ilmenite for 

WGS was kinetically tested. The total inlet flow rate used for Ilmenite was 2000, 3000 and 4000 ml/min. 

CO and H2O were used as reactants with along with inert N2. CO% was varied within 10, 12.5 and 15% 

for the kinetic experiments.   

The WGS reaction is considered as a very fast reaction. At very low residence times during SMR, where 

WGS was a secondary reaction, WGS reaction was found at equilibrium.  The kinetic tests performed 

in this work were found far from equilibrium, but due to the set-up limitations and higher pressure 

drop, even at very low residence times, the conversion was found to not follow Mear’s criterion, hence, 

the results might be affected by external mass transfer limitations. According to Ortiz et al and Hla et 

al, it is impossible to avoid mass transfer limitations while testing WGS for Iron based catalysts [54,55].  

For the kinetic study, the effects of some of the important reaction parameters were studied, and the 

parameters include, methane residence time, temperature and steam to carbon ratio.  

4.7.1) Effect of temperature 
WGS shift reaction, as explained in section 4.1, is an exothermic reaction. Hence, with increasing 

temperature, the rate of reaction decreases. 
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                Figure 24: Conversion vs Temperature                                             Figure 25: Rate of reaction vs Temperature 

Figure 24 and Figure 25 depict the effect of temperature on the reaction kinetics. The experimental 

conversion also decreases with temperature, although the rate of decrease of conversion is not as 

much as the rate of decrease for equilibrium conversion. This depicts the presence of mass transfer 

limitations in the measurements.  

4.7.2) Effect of STC 
On contrary to Nickel, the conversion and rate of reaction both increases with steam to carbon ratio 

for Ilmenite. Ortiz et al developed a kinetic model where, the kinetic dependence of steam partial 

pressure on the rate of reaction is 𝑃𝐻2𝑂
0.3 , which justifies the increase in rate of reaction/conversion as 

increasing steam to carbon ratio in Figure 26[54]. But, Ilmenite also shows an interesting tendency of 

steam splitting, which was also observed in experiments [56]. If only steam, along with N2 (both 200 

ml/min) is fed to fully reduced Ilmenite, the outlet of the GC shows a hydrogen concentration peak for 

a certain amount of time and then, the concentration goes down to zero.   

 

                      Figure 26: Conversion vs STC, Ilmenite                                      Figure 27: Steam splitting at different T, Ilmenite 

From Figure 26, it is also possible to see that the extent of steam splitting increases with temperature. 

Ilmenite gets oxidized because of the steam until a point of saturation, after which, the H2 

concentration decreases to 0%.  
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4.7.3) Effect of CO partial pressure 

 

Figure 28: Conversion vs CO%, Ilmenite 

 Figure 28 shows the effect of CO partial pressure on the conversion. The conversion increases with 

increase in CO partial pressure, although the rate of increase is more than that of H2O concentration 

(or STC). Ortiz et al developed a kinetic model where, the kinetic dependence of CO partial pressure 

on the rate of reaction is 𝑃𝐶𝑂
0.65 [54], which could be the reason for steeper increase in conversion with 

respect to steam, whose dependence is proportional to 𝑃𝐻2𝑂
0.3 . 

4.8) Comparison between the rate of WGS and SMR between Rhodium, Nickel and 

Ilmenite  
Rhodium and Nickel presented in the work were especially tested for SMR and Ilmenite was only tested 

for WGS. In order to have a clear comparison between the rates of reaction for WGS at intrinsically 

kinetic conditions, Rhodium was tested for one WGS measurement in order to have comparison with 

Ilmenite keeping the other reaction parameters CO%, STC, temperature the same. The effect of space 

velocity and residence time gets neutralized in the reaction rate which is expressed in mole/kg/s. 

Influence of external mass transfer limitations might be significant in the observed reaction rate.   

Table 10: Comparison of WGS rate of reactions between Rhodium and Ilmenite 

Material Rate of WGS Reaction (mole/kg/s) 

Ilmenite 2.68×10-2 

Rhodium 2.35×10-1 

 

From the experimental readings, the rate of WGS at 6000C for Rhodium is found out to be much higher 

than Ilmenite at similar operation conditions as specified in Table 10. 

From the experimental readings, the rate of SMR at 600 0C for Rhodium was found out to be higher 

than Nickel, at all the operating conditions.  
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5) Significance of Noble metals and Economic Analysis 
 

SMR is conventionally carried out with Nickel, because of its availability, relatively less expensive price 

compared noble metal catalysts and good catalytic activity. There are other noble metal catalysts 

which are much more active than nickel. These noble metals have been kinetically tested for SMR in 

literature [20,51,57] and mostly consists of Platinum (Pt), Rhodium (Rh), Ruthenium (Ru) and Iridium 

(Ir). Noble metals are toxicologically much less dangerous than nickel and are known to show much 

higher activity for SMR than Nickel. But owing to very high price of noble metals, they are not 

traditionally used for SMR on industrial scale. 

For GSR, an OC which has a good oxygen carrier capacity as well as good catalyst for SMR is needed. 

Aforementioned noble metals don’t oxidize at all under reaction temperatures below 1000 0C [58]. The 

SMR activity of all the noble metals is very high and hence, a little amount of noble metal catalyst 

impregnated on a natural oxygen carrier like Ilmenite could optimize both the oxygen carrying capacity 

and higher activity for SMR in one oxygen carrier. Very small amounts of noble metals might not be 

economically too intensive as well.  

This section demonstrates the comparison between activity of all the noble metals and Ni along with 

basic economic calculations. The activity for Rhodium and Nickel is taken from the experiments that 

have been carried out and the activity for other noble metals has been taken from the literature [1.4.5]. 

The prices are taken from Sigma Aldrich website for individual materials [61]    

Table 11: Basic economic feasibility calculations 

Materials 

available on 

Sigma 

Aldrich 

Reference 

Mass 

(grams) 

Euros Cost of 

1 gram 

(Euros) 

Cost 

normalized 

to 1% 

Weight 

(grams) 

Turnover Frequency 

(Moles of CH4 

reacted/moles 

active 

material/seconds) 

Cost/Turnover 

Frequency 

 

 

1% Platinum 

on Alumina 

25 203.5 8.14 8.14 0.19 42.36 

65% Nickel 

on Alumina 

100 78.8 0.788 0.012 0.024 0.49 

5% Rhodium 

on Alumina 

1 56.1 56.1 11.22 1.92 5.83 

5% 

Ruthenium 

on Alumina 

5 105 21 4.2 1.40 2.99 

100%Iridium 0.5 149 298 5.96 0.247 24.08 

 

From Table 11, cost/turnover frequency is minimum for Nickel, followed by Ruthenium and Rhodium.    
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6) Conclusions and recommendations 
 

6.1) Conclusions on the basis of theoretical and thermodynamic analysis 
 

The design and efficiency of the GSR process is highly influenced by the type of oxygen carrier used.  

This work presents all the ideal properties of oxygen carriers that are needed for successful 

implementation of GSR plant. The oxygen carriers compared were Ni, FeO (Ilmenite), Cu and Mn. The 

support and loading play an important role in determining the applicability of the material in the 

fluidized bed, especially in a scaled up environment. On the other hand, the active material is pivotal 

in determining H2 yield.  

Copper, as an oxygen carrier shows attrition even with high loading and agglomeration at high 

temperatures because of sintering. Although Copper has exothermic reforming reaction, because of 

low melting point and lesser selectivity towards H2, Copper is not a suitable candidate for GSR 

application. Ilmenite shows good stability and fluidization properties under controlled oxidation, but 

reactivity of Ilmenite towards SMR is negligible. It shows good activity towards WGS reaction and 

economically, it is the cheapest oxygen carrier owing to no costs involved in preparation of Ilmenite. 

Manganese shows highest support interaction, which affects the stability of Mn in a fluidized beds. 

Although it also has an exothermic reduction reaction, which is good for auto-thermal operation of the 

process, selectivity towards H2 is very less. Both Cu and Mn show more selectivity towards methane 

oxidation rather than methane reforming, which does not comply with the aim of GSR, which is H2 

production. Nickel shows excellent activity towards H2 production along with excellent fluidization 

properties. Nickel showed to have all the desired properties for GSR application in terms of good 

fluidization properties and catalytically active for SMR. But in terms of safety issue, Nickel was found 

to be the most toxic one as compared to others. In terms of economics of the process, Nickel is the 

most expensive OC, on the other hand, Ilmenite is the cheapest.  

Thermodynamic analysis is identified as one of the most important factors affecting the temperature 

variation during different cycles.  The principal advantage of GSR, as mentioned previously, is achieving 

H2 production, with minimum amount of external heat input.  

The temperature rise during oxidation should be maximum (without melting the OC) in order to have 

highest temperature when reforming reaction takes place to have better H2 yield. The oxygen carrier 

and its stoichiometry for oxidation reaction plays an important role in determining temperature rise. 

Temperature rise for all the mentioned oxygen carriers was calculated at constant mass of 2.4 kg and 

at oxygen carrier utilization 1 and are shown in Table 12.  Nickel showed the maximum temperature 

rise, followed by Ilmenite, Copper and MnO. 

The support is of an utmost importance in terms of its specific heat capacity. Support with optimized 

specific heat capacity is desired to have maximum temperature rise without melting the OC. Following 

supports were compared in case of Nickel with 0.1 oxygen carrier utilization: TiO2, SiO2, Al2O3 and 

MgAl2O4. SiO2 and TiO2 showed highest temperature rise of 199.1 0C and 203.5 0C. On the other hand, 

Al2O3 showed 141.2 0C and MgAl2O4 showed 108.6 0C. The variation in temperature rise with supports 

points out the effect of support selection on temperature rise. Interaction of support with OC leading 

to deactivation and the melting temperature of the support are also crucial in determining an 

optimized support for OC.  
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 Also, since oxidation reaction is a fast and exothermic reaction, oxidation time should be optimized to 

have maximum conversion with minimum stoichiometric amount of air. With excess air, the N2 and 

unreacted O2 take away the heat from the oxygen carrier which leads to lesser temperature rise, which 

is not desired in terms of auto thermal constraints of the process. OC’s were compared for 0, 50, 100 

150% stoichiometric excess air and, owing to high amount of stoichiometric air needed by Nickel and 

Copper, the temperature rise decreased significantly. The temperature rise for Nickel decreased from 

891.1 0C to 481.5 0C (for 0% excess air and 200% excess air), while for copper, the decrease was from 

538.5 0C to 259.5 0C. For Ilmenite (from 737.2 0C to 573.6 0C) and MnO (from 316.2 0C to 219.7 0C), 

owing to lesser amount of air required for oxidation, the decrease was not as high as Nickel and 

Copper. 

6.2) Conclusion on the basis of experiments 
Three different catalysts, Rhodium, Nickel and Ilmenite were tested for their activity for SMR kinetics. 

Ilmenite was found to show no activity for SMR and hence, it was tested for WGS kinetics. The 

experimental results demonstrated the effect of reaction parameters such as Temperature, methane 

partial pressure (or CO partial pressure for Ilmenite), residence time of methane and STC on the 

kinetics of the reaction. 

 The experimental data for SMR was modelled with a first order kinetic CSTR model with dependence 

on only methane partial pressure and the model matched well with experimental data at lower 

conversions, which confirm the validity of the kinetic model at lower conversions.  

The ideal temperature to work with GSR unit is 600 0C. Of course, higher the temperature, more will 

be the hydrogen yield, but the stability of membranes above 600 0C is an issue.  At 600 0C, rate of 

methane conversion with Rhodium was 0.458 mole/kg/s, on the other hand, with Nickel, the rate of 

methane conversion was 0.023 mole/kg/s, which clearly suggests that rhodium has much higher 

catalytic activity than Nickel at 600 0C. With highly active catalysts like Rhodium, with increasing STC 

(3 or more), methane conversion increases (as shown in Figure 17). On the other hand, Nickel does not 

show such behaviour with increasing STC ratio. But of course, increasing steam partial pressure will 

incur in the feed costs, so an optimization between conversion of methane and steam costs has to be 

done in order to obtain optimum STC ratio. For WGS as well, CO conversion rate of Rhodium (0.235 

mole/Kg/s) was found to be way more than Ilmenite (0.027 mole/kg/s) at 600 0C. With increasing STC, 

the WGS selectivity also increased for both Nickel and Rhodium (as shown in Figure 19), implying the 

increasing influence of WGS with increasing STC.  

6.3) Overall Conclusion 
Table 12: Overall Comparison between OC's 

 Nickel Copper Manganese Ilmenite Platinum Rhodium Ruthenium Iridium 

∆𝑻𝒐𝒙𝒊𝒅𝒂𝒕𝒊𝒐𝒏 

(0C) 

891.1 538.5 316.2 737.2 - - - - 

Activity 

(Turnover 

frequency)  

0.48 - - - 0.19  1.92 1.41 0.25 

Cost 

(€/gram) 

0.012 0.0014 0.0008 0.00004 8.14 11.22 4.2 5.96 
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Rhodium always showed much higher activity for SMR than Nickel at given operating conditions. Even 

though price of Rhodium is much higher than Nickel, the toxicology issues are much lesser and the 

quantity of Rhodium required for same amount of product H2 yield is way lesser than nickel.  

 
Table 12 compares all the major properties of OC’s along with preliminary costing [28,61].   

Overall, considering the fluidization behaviour, temperature rise (∆𝑇𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛), reforming properties 

(Turnover frequency), and basic economic analysis (€/gram), an overview is presented here. The 

temperature rise should be maximum, the activity should be maximum and the price should be 

minimum. Cost was minimum for Ilmenite. Activity was maximum for Rhodium, and temperature rise 

was maximum for Nickel.  

Overall, with existing OC’s, Nickel is still the best OC available in terms of its relatively less expensive 

cost and catalytic activity towards SMR, although, a synthetic OC’s which consists of a combination of 

noble metals’ reforming activity and other material’s oxygen carrying properties would be the best 

combination for GSR. From the cost point of view, Rhodium and Ruthenium are the best noble metals 

available in terms of price and activity, because of their least cost/activity ratio in comparison with 

other noble metals. Hence, a combination of Ruthenium or Rhodium with Ilmenite would be an 

interesting combination to test for OC behaviour. From the experiments, Rhodium with Ilmenite would 

be a very good combination for an OC, because of Rhodium’s very high activity towards both SMR and 

WGS and Ilmenite’s oxygen carrying capacity, temperature rise and WGS activity.  

 

6.4) Recommendations for Future work 
This section includes all the recommendations and future work that could be done in order to have an 

optimized oxygen carrier.  

6.4.1) Combination of natural oxygen carrier and noble metal 
Ilmenite is a natural OC which doesn’t have any preparation costs involved in it. Whereas, other OC’s 

like Ni, Cu, Mn have to be prepared with a support which incurs some costs. A combination of Ilmenite 

with one of the noble metals can be an interesting combination to study for GSR. 2 noble metals which 

had least cost/activity ratio from the economic analysis were Rhodium and Ruthenium. Rh or Ru 

impregnated on Ilmenite can be a prospective combination to test in a laboratory scale GSR and test 

its viability for industrial scale. The combination is also toxicologically favourable for industrial scale, 

unlike Nickel. The physical mixing of Ruthenium and Ilmenite would be another interesting way to 

investigate the feasibility of the combination as an OC. Hydrodynamic behaviour of the physical mix 

for fluidization should be observed in a lab scale fluidized bed to see if physical mixing is a prospective 

option. 

6.4.2) Support with least interaction with OC and optimized specific heat capacity 
Support is ideally supposed to be inert, with high mechanical strength, high surface area and with 

efficient pore system. As explained in the support interaction section, most of the supports form inert 

intermediates with the active content that leads to deactivation during the reforming reaction, which 

is undesirable. An inert and cheap support which has least amount of interaction with the active 

content is necessary. Along with the interaction, specific heat capacity of the support is an important 

parameter to optimize. Specific heat capacity of the support is important during the temperature rise. 

Specific heat capacity of the support should be optimum in order to have enough temperature rise 

during oxidation, to undergo reforming reaction without damaging the membranes or without melting 
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the OC. Experiments on finding out an optimized support with least interaction with active content, 

enough temperature rise and high mechanical stability should be done.  

6.4.3) Rhodium’s applicability at high temperature 
Rhodium used in the experiments was with Alumina support and it undergoes sintering when used 

above 600 0C. In case of Rhodium impregnated on Ilmenite, the operating temperature range would 

be very large and hence, it is necessary to make sure that Rhodium is kinetically active above 600 0C. 
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Appendix A: Carbon balance 
 

Carbon balance for Nickel, Rhodium and Ilmenite for all the presented readings is presented below. 

The carbon balance for Ilmenite is a little higher than rest of the two because of low accuracy of 

calibrations with CO. 

 

 

Figure 29: Rhodium Carbon balance 

 

Figure 30: Nickel Carbon balance 
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Appendix A: Carbon balance 

 

Figure 31: Ilmenite Carbon balance 
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AAppendix B: Flow meter Calibrations 
Flow meter Calibrations are presented below for different flow meters used for different gases.  

 

Figure 32: Nitrogen Calibration 

 

Figure 33: Methane Calibration 
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Appendix B: Flow meter Calibrations

 
Figure 34: Hydrogen Calibration 

 

Figure 35: CO2/CO Calibration 
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AAppendix C: GC Calibrations 
Following are the GC calibrations used to calibrate the GC for each of the gases. 

 

Figure 36: methane, GC calibration, methane 

 

Figure 37: CO GC Calibrations 
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Figure 38: CO2 GC Calibrations 

 

Figure 39: H2 GC Calibrations 
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Appendix C: GC Calibrations

 

 

Figure 40: N2, GC Calibrations 

 


