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Abstract 

Three chars were gasified in CO2 in a fluidised bed of inert sand or Fe2O3 as an oxygen 

carrier (either derived from an ore or prepared in the laboratory). Rates of gasification were 

found to increase with temperature and the presence of active oxygen carriers. The observed 

change varied both with the chars’ and carriers’ reactivity. A numerical model was developed 

to simulate char gasification. It accounts for: intrinsic kinetics of gasification, intraparticle mass 

transfer in the char, external mass transfer in the particulate phase of the fluidised bed and CO 

combustion in the bed of Fe2O3. At 1223 K, CO was removed from the vicinity of the char on 

being oxidised by an oxygen carrier; this was accompanied by a simultaneous increase in CO2 

concentration, reducing the limitation imposed by mass transfer. It was concluded that the 

acceleration of gasification by oxygen carriers is significant only if gasification is limited by 

mass transfer in the first place. In addition, an analytical solution has been proposed, to combine 

all the processes into one simplified expression for estimating the apparent gasification rate. 

The influence of the intraparticle resistance was introduced with the effectiveness factor; the 

gasification rate was linearized with a Taylor series; finally the processes in the particulate 

phase were described with an enhancement factor, based on the Hatta number. This simple 

analytical model allows one to predict the influence of an oxygen carrier on the gasification of 

char during chemical looping combustion. The proposed expression for the effective rate was 

used to construct a map of the enhancement expected for various kinetic characteristics of an 

oxygen carrier. 
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Nomenclature 

𝐴 Pre-exponential factor in Arrhenius expression for a rate constant (same units 

as its rate constant) 

𝐴𝐺  Coefficient in the linearized expression for gasification of char (s-1) 

𝐴𝑝 Particle surface (m2) 

𝐵𝐺 Coefficient in the linearized expression for gasification of char (s-1) 

𝑐𝐶𝑂2 , 𝑐𝐶𝑂 Molar concentration of CO2 and CO (mol m-3) 



𝐶𝐺 Coefficient in the linearized expression for gasification of char (mol m-3 s-1) 

𝑑𝑝 Particle diameter (m) 

𝐷𝐴𝐵 Molecular diffusivity (m2 s−1) 

𝐷𝑒 Effective diffusivity of a gas component (m2 s−1) 

𝐸𝑎 Activation energy (kJ mol−1) 

𝐹 Enhancement factor (-) 

𝑓(𝑋𝑐ℎ𝑎𝑟) Function of char conversion, representing relative change in the surface area (-) 

𝑓(𝑋𝑂𝐶) Function of conversion of oxygen carrier, representing relative change in the 

surface area (-) 

𝑘𝑔,𝐶𝑂, 

𝑘𝑔,𝐶𝑂2 

Mass transfer coefficients (m s−1) 

𝑘𝐿 Mean mass transfer coefficient (m s−1) 

𝑘𝑖 Intrinsic rate constant of CO combustion with oxygen carrier (s-1) 

𝑘𝐹𝑒2𝑂3 Apparent rate constant of CO combustion with oxygen carrier (s-1) 

𝑘−1, 𝑘1 Rate constants per active carbon centre (mol s−1 bar−1) 

 𝑘2 Rate constants per active carbon centre (mol s−1) 

𝐾𝑝,𝑐ℎ𝑎𝑟 Equilibrium constant for char gasification (-) 

𝐾𝑝,𝐹𝑒2𝑂3 Equilibrium constant for CO combustion on Fe2O3 (-) 

𝑀𝐶 Carbon molar weight (g mol-1) 

𝑁𝐶𝑂2 , 𝑁𝐶𝑂 Molar flux of CO2 and CO (mol m-2 s-1) 

𝑝𝐶𝑂2, 𝑝𝐶𝑂 Partial pressure of CO2 and CO (bar)  

𝑟𝑔 Intrinsic rate of gasification (mol g-1 s-1) 

𝑟𝑐ℎ𝑎𝑟,𝑚𝑎𝑥
′  Maximum rate of gasification (mmol s-1 g-1) 

𝑟𝑝 Radius of char particle (m) 

𝑟𝑝,𝑡 Radius of char particle at time 𝑡 (m) 

𝑅 Universal gas constant (kJ mol−1 K−1) 

𝑅𝐺  Volumetric rate of gasification (mol s-1 m-3) 

𝑅𝐺(𝑋𝑐ℎ𝑎𝑟)  Gasification rate at conversion 𝑋𝑐ℎ𝑎𝑟 (mol s-1 m-3) 

𝑅𝐺,𝑒𝑓𝑓 Effective rates of gasification (mol s-1 m-3) 

𝑅𝑝 Particle radius of oxygen carrier (m) 

𝑅𝑂𝐶 Rate of CO combustion with oxygen carrier (mol s-1 m-3) 

𝑆ℎ Sherwood number (-) 

𝑈𝑚𝑓 Minimum superficial fluidising velocity (m s-1) 

Greek letters 

𝛿 Thickness of the mass transfer boundary layer (m) 

𝛾 Hatta number (-) 

𝜀𝑐ℎ𝑎𝑟  Char porosity 

𝜀𝑚𝑓 Voidage in the particulate phase (-) 

𝜌𝑐ℎ𝑎𝑟 Char molar density (mol m-3) 

𝜂 Radial position after coordinate transformation (-) 



𝜂𝑐ℎ𝑎𝑟 Effectiveness factor for gasification of char (-) 

𝜂𝐹𝑒2𝑂3 Effectiveness factor for Fe2O3 reduction (-) 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 Overall effectiveness of char gasification 

𝑣 Kinematic viscosity (m2 s−1) 

𝜏 Tortuosity (-) 

Φ Thiele modulus (-) 

Subscripts 

𝑏𝑢𝑙𝑘 In the bulk 

𝑐ℎ𝑎𝑟 In regards to the gasification of char 

𝐹𝑒2𝑂3 In regards to CO combustion with oxygen carrier 

𝑠 Particle surface 

1. Introduction 

Direct combustion of a solid fuel by contact with a solid oxygen carrier in chemical looping 

combustion (CLC) is improbable, at least with typical oxygen carriers, such as Fe2O3 [1]. In 

the classical form of chemical looping, conversion of the solid fuel to a gaseous form is 

required, and the gaseous product combusts in a reaction with an oxygen carrier. Alternatively, 

carriers, which release oxygen into the gas phase can be used, as in the CLOU process, allowing 

for a direct combustion of the solid fuel [2]. 

Conversion from a solid to a gaseous fuel can involve gasification by CO2 or H2O prior to 

combustion with an oxygen carrier or gasification carried out in-situ in the fuel reactor [3]. 

In both cases, if gasification takes place at moderate temperatures and low pressures, it is 

relatively slow, which will most likely limit the overall rate of CLC [4]. Besides the slow 

conversion of fuel, finding suitable oxygen carriers could also be problematic. Lyngfeld [4] 

suggested that the implementation of CLC with solid fuels at industrial scale will require 

inexpensive, naturally occurring minerals to be used as oxygen carriers. This is mostly due to 

the quick deactivation of the oxygen carrier in the presence of impurities carried by the solid 

fuel. A large makeup of material is needed, which is uneconomic unless cheap oxygen carriers 

can be found.  

Finally, the effective performance of solid fuel gasification during CLC may not be easy to 

predict. The result depends not only on the fuel’s properties and process parameters, as in the 

conventional combustion but also on the properties of the oxygen carrier. These, however, are 

rarely reported together, as a complementary set of attributes describing a CLC setup. 

Gasification, in the presence of an oxygen carrier, can be influenced by the combustion of a 

gaseous product, which makes the overall process challenging to assess. Previous studies report 

that an increase in the rate of char conversion was observed during the in-situ gasification in 

CLC [5]. Saucedo et al. [6] suggested that the acceleration of the observed rate is connected 

only to mass transfer, which often controls gasification. If a very reactive fuel is gasified in the 

diffusion-controlled-regime, the consumption of the gasification products by the oxygen carrier 

may reduce the mass transfer restriction. This was supported by the fact that the gasification 



rate was not increased if the process was carried out at low temperatures, where it was instead 

limited by slow reaction kinetics.  

So far, the main conclusion is that the enhancement depends on a set of conditions, at which 

gasification takes place. Process parameters, oxygen carrier’s reactivity and kinetics of char 

gasification - all must be considered. This study analysed the problem comprehensively. First, 

the kinetics of char gasification in CO2 and the kinetics of CO combustion with oxygen carrier 

were evaluated separately. Then, the gasification of char in CO2 was carried out in the presence 

of oxygen carrier, as in chemical looping. Finally, for the combined situation: in-situ 

gasification of char and combustion of the gasification product using an oxygen carrier, we 

proposed a simplified model to quickly evaluate the effective rate of gasification.  

2. Experimental 

2.1. Fuels and bed materials  

Three fuels were used in the gasification experiments: activated carbon, and two lignite 

chars: Polish char and a German char. The first one, a relatively unreactive activated carbon 

(Sigma-Aldrich C2889, peat bog char), was only crushed and sieved to 650-800 µm prior to 

the experiments. The last two fuels were prepared from Polish lignite coal (Belchatow area) 

and German Hambach lignite coal. Coals were pyrolysed in a fluidised bed (i.d. 78 mm) in a 

continuous flow of hot nitrogen at 1173 K for 2 h. Then the bed was cooled to room 

temperature, also in N2. Resulting chars were sieved to 650-800 µm. The German char was 

prepared and described by Saucedo [7]. The proximate analysis for each char is given in Table 

1. 

Table 1. Proximate analysis of chars. 

Parameter (wt%) Polish char German char Activated carbon 

Moisture 3.9 2.3 6.0 

Ash 8.42 10.71 6.35 

Volatiles 12.07 5.28 4.67 

Fixed carbon 75.6 81.7 82.9 

 

Three materials were fluidised as the bed material for experiments on gasification:  

1. Silica sand (David Ball Group), 250-355 µm; washed twice in de-ionized water and 

dried for 24 h at 393 K. It was assumed throughout this study that SiO2 was inert. 

2. Roasted pyrite (Hessjøgruva AS, Norway), 100-250 µm; prepared from Norwegian 

pyrite ore by roasting in a fluidized bed (i.d. 78 mm) at 1023 K in the air (0.5×10-3 m3 

s-1). This allowed for iron sulphide converting into iron oxide according to: 2FeS2 + 

5.5O2→Fe2O3 + 4SO2. Roasting was performed in a bed of limestone (850-1000 µm, 

(Longcliffe Quarries Ltd), to capture SO2. Separation of the roasted pyrite from the bed 

was carried out firstly with sieves, then with a magnet. The resulting material contained 



~ 90 wt% Fe2O3, estimated using a temperature programmed reduction performed in 

H2 in a TGA. XRF results showed trace amounts of Cu, Ca and Zn in the roasted 

material.  

3. Iron oxide particles, 100-250 µm; prepared from powder (Sigma Aldrich) by 

mechanical mixing with 2 wt% PVA water solution; calcined in air at 1273 K for 3 h 

and sieved. As shown later in Fig. 4, Section 4: Results, the resulting particles were 

initially unreactive and needed activating; without activation, gasification in Fe2O3 was 

very similar to the experiments with inert SiO2. The activation was performed in a 

fluidized bed by a long reduction in a CO/CO2/N2 mixture (3.7 vol% CO, 25 vol% CO2, 

rest N2), followed by re-oxidation in an O2/CO2/N2 mixture (5 vol% O2, 15 vol% CO2, 

rest N2). Both reduction and oxidation were carried out until gas composition at the 

outlet did not change and the concentrations were identical to those at the inlet. This 

procedure resulted in an increase in the reactivity (Fig. 5). 

2.2. Experimental setup 

Most experiments were performed in the fluidized bed, illustrated in Fig. 1. The bed was 

held in a quartz reactor, with a porous disk (grade 1) as the distributor, located 110 mm from 

the gas inlet. The reactor was heated electrically by a tubular furnace (up to 1223 K). From the 

top of the reactor, a K-type thermocouple was inserted for controlling the temperature, by 

measuring the temperature of the bed material ~ 1 cm above the porous disk. Gas flows, 

provided to the bottom of reactor, were controlled with a system of solenoid valves and 

rotameters. Outlet gas was sampled with a pump (16 mL s-1) and passed through a drying tube 

(filled with CaCl2), then directed to an NDIR analyser (ABB EL3020) to measure the 

concentrations of CO and CO2.  

2.3. Char gasification experiments 

Gasification experiments were performed by dropping a batch of fuel (0.1 g) to the fluidized 

bed, made of silica sand or one of the active materials (15 cm3, unfluidised). A mixture of 

20 vol% CO2/N2, used as the gasifing agent, was provided to the bottom of the reactor 

Fig. 1. Experimental setup with small-scale fluidised bed (i.d. 25 mm). TC represents a thermocouple. 



(40 mL s-1, NTP), resulting in U/Umf  ~ 12 (Umf evaluated with Wen and Yu’s correlation [8]). 

Experiments were performed at 5 temperatures, from 1123 to 1223 K in steps of 25 K.  

Gasification was carried out until no CO was measured at the outlet, typically for 5 to 

240 min., depending on the temperature, fuel and bed material used. After each experiment, 

the reactor was purged with nitrogen and then air was introduced for 5 min., in order to re-

oxidize the active material.  

2.4. Kinetics of char gasification 

Gasification in CO2 was firstly investigated in SiO2, an inert material. Kinetic parameters 

for the gasification of the German lignite char were taken from the study by Saucedo et al [7]. 

For the Polish char and activated carbon a set of gasification experiments was performed in 

SiO2 (15 cm3
, unfluidized), with a small batch of fuel (~0.04 g) being dropped into the fluidised 

bed. Experiments were performed between 1123 K and 1223 K, in steps of 25 K, using CO2/N2 

mixtures, where CO2 concentration was varied between 20 and 100 vol%. Exemplary results 

for the gasification in 20 vol% CO2/N2 are presented in Fig. 5.  

The overall reaction for gasifying a solid fuel with CO2 is:  

Cs + CO2(g)
   
↔ 2COg  (1) 

The two-step mechanism for char gasification proposed by Ergun [9] assumes:  

1. On adsorption, a molecule of CO2 leaves a chemisorbed atom of oxygen and gaseous CO: 

C∗ + CO2(g)

k1
k−1
⁄

↔    C(O) + CO(g) (2) 

The reverse reaction involves the detachment of the adsorbed atom of oxygen by a CO 

molecule, forming CO2 in the gas phase. 

2. The C(O) complex can detach from the char, yielding CO into the gas phase, with possibly 

the creation of new active carbon sites (n = 0, 1 or 2): 

 C(O)
k2
→ nC∗ + CO(g)  (3) 

For a heterogeneous set of reactions involving sorption-desorption processes, a Langmuir-

Hinshelwood expression for the overall rate of char conversion, 𝑟𝑔(mol g-1 s-1) emerges:  

𝑟𝑔 =
𝑐𝑘2(𝑝𝐶𝑂2−

𝑝𝐶𝑂
2

𝐾𝑝,𝑐ℎ𝑎𝑟
)

𝑝𝐶𝑂2+(𝑘2/𝑘1) +(𝑘−1/𝑘1)𝑝𝐶𝑂
 (4) 

where 𝑐 is the concentration of active centres in a unit mass of fuel; 𝑘−1, 𝑘1, 𝑘2 are the rate 

constants per active carbon centre; 𝑝𝐶𝑂2, 𝑝𝐶𝑂 represent partial pressures of CO2 and CO; 𝐾𝑝,𝑐ℎ𝑎𝑟 

is the equilibrium constant for Reaction (1). For the equilibrium constant in Reaction (2) the 

following relation was proposed [9]:  

𝑘−1/𝑘1 = 2.4 × 10
−4exp (−𝐸𝑎𝑘−1/𝑘1

/𝑅𝑇) (5) 

with the activation energy, Ea = -95 kJ mol-1, independent of the type of char.  

Expression (4) for the rate of char gasification was first introduced by Ergun [9] and later 

the term 𝑝𝐶𝑂
2 /𝐾𝑝,𝑐ℎ𝑎𝑟 in the nominator was added to allow for reversibility of 



reaction (1) [10,11]. This term, however, is usually negligible (at low temperatures 𝑝𝐶𝑂 is close 

to 0, while at higher temperatures 𝐾𝑝 increases quickly; in both cases 𝑝𝐶𝑂
2 /𝐾𝑝,𝑐ℎ𝑎𝑟 → 0).  

As gasification progresses, the char’s properties change. To account for the evolution of the 

available surface area, the char reaction rate 𝑅𝐺  (mol s-1 m-3), as proposed by Dai et al. [11], 

can be related to the experimentally measured function of char conversion 𝑓(𝑋𝑐ℎ𝑎𝑟), i.e. 

𝑅𝐺 = 𝑟𝑔𝜌𝑐ℎ𝑎𝑟𝑓(𝑋𝑐ℎ𝑎𝑟)𝑀𝐶 (6) 

with 𝜌𝑐ℎ𝑎𝑟 being the char’s molar density, 𝑀𝐶 is the molar weight of carbon and 𝑓(𝑋𝑐ℎ𝑎𝑟) is 

the conversion function, determined as 𝑓(𝑋𝑐ℎ𝑎𝑟) = 𝑅𝐺(𝑋𝑐ℎ𝑎𝑟)/𝑅𝐺,𝑋𝑐ℎ𝑎𝑟=0.01 and obtained 

experimentally at a temperature at which particles react uniformly across the cross-section 

(kinetic regime). Here, 𝑓(𝑋𝑐ℎ𝑎𝑟) was obtained by fitting a polynomial (septic) function to the 

gasification results at 1123 K. 𝑅𝐺(𝑋𝑐ℎ𝑎𝑟) and 𝑅𝐺,𝑋𝑐ℎ𝑎𝑟=0.01 are gasification rates at conversions 

𝑋𝑐ℎ𝑎𝑟 and the initial conversion, chosen to be 𝑋𝑐ℎ𝑎𝑟 = 0.01.  

Rearranging Ergun’s expression (4) and ignoring  𝑝𝐶𝑂
2 /𝐾𝑝 term in the nominator gives a 

linear relation between the initial gasification rate, 𝑟𝑔,0 and the constants, 𝑐𝑘1 and 𝑐𝑘2: 

 
𝑝𝑐𝑜2

𝑟𝑔,0
=

1

𝑐𝑘2
(𝑝𝐶𝑂2 +

𝑘−1

𝑘1
𝑝𝐶𝑂) +

1

𝑐𝑘1
     (7) 

By applying the Arrhenius’ law for 𝑐𝑘1 and 𝑐𝑘2 it is possible to evaluate activation energies 

and pre-exponential coefficients for both kinetic constants. Here, the kinetic parameters were 

experimentally determined for the Polish char and for activated carbon. The Arrhenius plots 

obtained are presented in the Supplementary Information (SFig. 1). The set of all the kinetic 

constants is given in Table 2.  

Table 2: Kinetic parameters for the rate constants of char gasification, as expressed with Ergun’s equation. 

Values for the German lignite char were taken from [7]. 

Fuel Ack1,  

(mol s-1 g-1 bar-1) 

Eck1,  

(kJ mol-1) 

Ack2,  

(mol s-1 g-1) 

Eck2,  

(kJ mol-1) 

Polish char 2.46×106 237 1.61×1011 162 

German char 2.56×106 200 1.26×1011 290 

Activated carbon 2.10×106 216 2.25×1011 273 

2.5. Kinetics of the reduction of active materials 

Reduction of oxygen carrier was characterised separately from the gasification of chars, 

using CO from a cylinder (in mixture with CO2 and N2). For reduction of Fe2O3 with CO: 

3Fe2O3(s) + CO(g) → 2Fe3O4(s) + CO2(g) (8) 

1.200Fe3O4(s) + CO(g) → 3.801Fe0.947O(s) + CO2(g) (9) 

During an in-situ char gasification in CO2, a high concentration of CO2 is expected in the 

bulk gas, to keep the rate of char conversion high. Due to the presence of CO2, the reduction 



of Fe2O3 will be limited and the main reaction occurring will be the reduction of hematite to 

magnetite (R. 8). The same assumption will be valid in industrial CLC systems [1]. 

 In order to evaluate the kinetics of Fe2O3 reduction, redox cycling experiments, analogous 

to the one in [12] were performed. A typical experiment started with a blank cycle (no sample 

in the reactor), then a sample of the oxygen carrier (0.02-0.05 g) was dropped into the fluidised 

bed, where it was subjected to 8 redox cycles. A single cycle consisted of a reduction and an 

oxidation step. Reduction of the carrier was done in a mixture of 3.7 vol% CO, 25 vol% CO2 

and N2 for 5-15 min. Oxidation of the carrier lasted for 5 min. and was carried out in a mixture 

of 5 vol%  O2, 15 vol%  CO2 and N2. In between, the bed was flushed with N2 for 1 min. By 

keeping a high CO2/CO ratio (6.76) it was possible to prevent reduction of iron oxide to wustite 

or metallic iron. Experiments were carried out at 723-973 K. The duration of the reduction and 

the gas flowrates were adjusted with temperature to allow for the complete transition of 

hematite to magnetite and to keep U/Umf ~ 9. Exemplary profiles of CO and CO2 measured in 

the experiments are presented in the Supplementary Information (SFig. 2). 

Assuming a first order reaction, the rate of CO combustion by reacting with oxygen carrier 

in R. (8), 𝑅𝑂𝐶 (mol s-1 m-3), is: 

𝑅𝑂𝐶 = kicCO = 𝐴𝑒𝑥𝑝 (−
𝐸𝑎

𝑅𝑇
) (𝑐𝐶𝑂 −

𝑐𝐶𝑂2

𝐾𝑝,𝐹𝑒2𝑂3
) 𝑓(𝑋𝑂𝐶) (10) 

with 𝐴 and 𝐸𝑎 being kinetic parameters, 𝐾𝑝,𝐹𝑒2𝑂3 is the equilibrium constant for reaction (8). 

𝑓(𝑋𝑂𝐶) represents the function of the particle’s conversion. In the experiments, where a batch 

of char was gasified in the presence of oxygen carrier, the amount of metal oxide was in excess 

(Section 2.3). Thus, the conversion of oxygen carrier was negligible and can be assumed to be 

𝑋𝑂𝐶 = 0; i.e.  𝑓(𝑋𝑂𝐶) ~ 1 simplifying eq. (10).  

To account for diffusional effects, the experimentally determined rate constant, 𝑘𝐹𝑒2𝑂3, was 

analysed using the total resistance method, as described by Bohn [13]: 

1

𝑘𝐹𝑒2𝑂3
=

𝑅𝑝

3𝑘𝑔,𝐶𝑂
+

1

𝜂𝐹𝑒2𝑂3𝑘𝑖
+

𝑅𝑝

𝑘𝑔,𝐶𝑂2𝐾𝑝,𝐹𝑒2𝑂3
 (11) 

where 𝑘𝐹𝑒2𝑂3 is the apparent rate coefficient, 𝑅𝑝 is the radius of a particle of oxygen carrier, 

𝑘𝑔,𝐶𝑂 and 𝑘𝑔,𝐶𝑂2are mass transfer coefficients, 𝑘𝑖 is the intrinsic rate constant, respectively 

𝜂𝐹𝑒2𝑂3 =
3

𝜙𝐹𝑒2𝑂3
2 (𝜙𝐹𝑒2𝑂3𝑐𝑜𝑡ℎ𝜙𝐹𝑒2𝑂3 − 1) is the effectiveness factor for Fe2O3 reduction, with 

𝜙𝐹𝑒2𝑂3 = 𝑅𝑝√
𝑘𝑖

𝐷𝑒,𝐶𝑂
+

𝑘𝑖

𝐷𝑒,𝐶𝑂2
. The effective diffusivity of the gas component is given as 𝐷𝑒 =

𝜀𝑝𝐹𝑒2𝑂3𝐷𝐴𝐵

𝜏𝐹𝑒2𝑂3
2 , where 𝜀𝑝𝐹𝑒2𝑂3 represents the porosity of the particle, 𝜏𝐹𝑒2𝑂3 its tortuosity and 𝐷𝐴𝐵 

molecular diffusivity. For both active materials the fitted values of 𝜀𝑝𝐹𝑒2𝑂3 = 0.5 and 𝜏𝐹𝑒2𝑂3 =

2.5 were used. 

Calculations for 𝑘𝑖 were carried out iteratively, using as the first approximation of 𝑘𝑖 the 

value obtained from the experimental results and assuming effectiveness factor 𝜂𝐹𝑒2𝑂3 = 1. 

The iterations were carried out until 𝜂𝐹𝑒2𝑂3 converged to a stable value. The mass transfer 



coefficients, 𝑘𝑔,𝐶𝑂 and 𝑘𝑔,𝐶𝑂2, were calculated using 𝑘𝑔 = (2𝑅𝑝𝑆ℎ)/𝐷𝐴𝐵, where Sherwood 

number was obtained with eq. (21). The ratio between the experimental 𝑘𝐹𝑒2𝑂3 and the 

converged value of 𝑘𝑖 indicates the importance of mass transfer and the range of implemented 

correction. For both materials, 𝑘𝐹𝑒2𝑂3/𝑘𝑖 decreased with temperature, from 0.97 at 723 K to 

0.77 at 973 K. At the highest temperature, the correction was imposed by the resistance from 

intraparticle diffusion ( 𝜂𝐹𝑒2𝑂3~85%). 

 Finally, the kinetic parameters were evaluated assuming the Arrhenius equation for the rate 

constant: 𝑘𝑖  =  𝐴𝑒𝑥𝑝(−𝐸𝑎/(𝑅𝑇)). Fig. 2 shows the Arrhenius plots obtained for both oxygen 

carriers. For pyrite the activation energy was found to be 71 kJ mol-1 with corresponding pre-

exponential factor A = 1.6×107 s-1. For iron oxide particles the values are 𝐸𝑎 = 64 kJ mol-1 and 

A = 0.42×107 s-1. The obtained parameters are in good agreement with the values reported in 

the literature [14,15] for Fe2O3 particles. 

After characterising the gasification of chars in CO2 and reduction of oxygen carriers with 

CO separately, the experiments of char gasification in CO2 in the presence of an oxygen carrier 

were conducted. The results are presented in Section 4. 

3. Models 

3.1. Approximate analytical solution 

The 1-D model used here describes the gasification of a single char particle when 

surrounded by oxygen carrier particle. Solid fuels in the presence of CO2 or H2O are converted 

to combustible gaseous products through the gasification reactions (R. 2 and 3). For (2) to 

occur, the gasifying agent (CO2) needs to diffuse towards the char particle from the bulk. 

Similarly, the product of the reactions (R. 2 and 3), CO is transferred in the opposite direction, 

away from the char. At moderate temperatures, as investigated here, char gasification is slow 

(see Fig. 4). This makes the transient change in CO and CO2 concentrations negligible and 

allows one to assume pseudo-steady-state conditions. Moreover, to keep the analysis simple, a 

Fig. 2. Arrhenius plots for the reduction of oxygen carriers: roasted pyrite and synthesized Fe2O3. Results 

obtained from initial reduction rates, 𝑟′𝐹𝑒2𝑂3 , of hematite to magnetite reduction carried in: 3.7 vol% CO, 

25 vol% CO2 and N2.  



dilute flow and pseudo-binary mixture were also assumed, allowing Fickian fluxes to be used. 

With the above simplifications, a component balance over a differential volume in the gas 

phase was expressed as: 

0 =
𝐷𝑒,𝑔

𝑟2
𝜕

𝜕𝑟
(𝑟2

𝜕𝑐

𝜕𝑟
)  (12) 

where 𝐷𝑒,𝑔 = 𝐷𝐴𝐵 ∙ 𝜀𝑚𝑓 is the effective diffusivity through the gas layer, affected by the 

particular matter (bed material) and 𝜀𝑚𝑓 is the voidage in the particulate phase.  

When gasification takes place in a CLC system, the balance within the differential volume 

should also consider the reaction involving oxygen carrier. Thus, eq. (12) becomes: 

0 =
𝐷𝑒,𝑔𝐶𝑂2

𝑟2
𝜕

𝜕𝑟
(𝑟2

𝜕𝑐𝐶𝑂2

𝜕𝑟
) + 𝜂𝐹𝑒2𝑂3𝑘𝑖 ∙ 𝑐𝐶𝑂 (13) 

0 =
𝐷𝑒,𝑔𝐶𝑂

𝑟2
𝜕

𝜕𝑟
(𝑟2

𝜕𝑐𝐶𝑂

𝜕𝑟
) − 𝜂𝐹𝑒2𝑂3𝑘𝑖 ∙ 𝑐𝐶𝑂 (14) 

Since the gasification experiments were carried out at high temperatures, some influence of 

mass transfer within a particle of the oxygen carrier can be expected. To account for that, 

𝑅𝑂𝐶 , the rate of CO combustion was multiplied by the effectiveness factor for Fe2O3 reduction, 

𝜂𝐹𝑒2𝑂3 (described in sec. 3.5). Equations 13 and 14 can be summed up, leading to:  

0 =
𝐷𝑒,𝑔𝐶𝑂2

𝑟2
𝜕

𝜕𝑟
(𝑟2

𝜕𝑐𝐶𝑂2

𝜕𝑟
) +

𝐷𝑒,𝑔𝐶𝑂

𝑟2
𝜕

𝜕𝑟
(𝑟2

𝜕𝑐𝐶𝑂

𝜕𝑟
) (15) 

By applying boundary conditions: 

𝑐𝐶𝑂2 = 𝑐𝐶𝑂2,𝑏𝑢𝑙𝑘, 𝑐𝐶𝑂 = 𝑐𝐶𝑂,𝑏𝑢𝑙𝑘 = 0 𝑎𝑡 𝑟 → rp + δ  (16) 

𝑐𝐶𝑂2 = 𝑐𝐶𝑂2,𝑠, 𝑐𝐶𝑂 = 𝑐𝐶𝑂,𝑠 𝑎𝑡 𝑟 → rp  (17) 

equation (14) can be solved independently as: 

cCO =
rp

r
c𝐶𝑂,s

sinh ((𝛾(1−
𝑟−𝑟𝑝

𝛿
))

sinh (𝛾)
 (18) 

where 𝑟𝑝 is the radius of the char particle, 𝛾 is the Hatta number: 𝛾 = 𝛿√ηFe2O3ki/𝐷𝑒,𝑔𝐶𝑂 , and 

𝛿 is the thickness of gas boundary layer around the char particle. The value of 𝛿 was calculated 

using Hayhurst’s expression [16], together with the Sherwood number for equimolar counter-

diffusion (EMCD) [17]. The result was corrected for fluidized bed experiments in a reactor of 

a small diameter [18], by multiplying by a correction factor 𝛼: 

𝑆ℎ𝐸𝑀𝐶𝐷 = 2𝜀𝑚𝑓(1 + 𝑟𝑝/𝛿) (19) 

ShEMCD = α (2εmf + 0.69 (
2𝑟𝑝𝑈𝑚𝑓

𝑣ϵmf
)

1

2
(

𝑣

𝐷𝐴𝐵,𝐶𝑂2
)

1

3
) (20) 

where 𝜈 is the kinematic viscosity. As 𝑟𝑝 is the particle radius, then the distance from particle 

centre to the bulk is r∞ = 𝑟𝑝 + 𝛿. The correction factor, 𝛼 = 2, was experimentally determined 

by Mao [18] and accounts for the differences in experimentally determined Sherwood number, 

as measured for fluidisation in a reactor of very small diameter, similar to the one used here. 

The Sherwood number was assumed constant throughout the char conversion. 

The concentration of CO2 was obtained by solving eq. (15): 

𝑐𝐶𝑂2 =
𝑟𝑝

𝑟

(2𝑟𝑝+𝛿−𝑟)

𝑟𝑝+𝛿
(
𝐷𝑒,𝑔𝐶𝑂

𝐷𝑒,𝑔𝐶𝑂2
𝑐𝐶𝑂,𝑠 + 𝑐𝐶𝑂2,𝑠 − 𝑐𝐶𝑂2,𝑏𝑢𝑙𝑘) + 𝑐𝐶𝑂2,𝑏𝑢𝑙𝑘 −

𝐷𝑒,𝑔𝐶𝑂

𝐷𝑒,𝑔𝐶𝑂2
𝑐𝐶𝑂 (21) 



Using the above solution for CO (eq. 18), the CO flux from the particle surface can be 

calculated: 

𝑁𝐶𝑂|𝑟=𝑟𝑝 = −𝐷𝑒,𝑔𝐶𝑂
𝜕𝑐𝐶𝑂

𝜕𝑟
 (22) 

With the pseudo-steady state assumption (no accumulation), the CO2 flux is linked to the 

CO flux: 

𝑁𝐶𝑂2|𝑟=𝑟𝑝
= −

1

2
𝑁𝐶𝑂|

𝑟=𝑟𝑝
  (23) 

As CO diffuses away from the char particle, it is being consumed by the oxygen carrier. 

This is analogous to the mass transport and reaction through a liquid layer, which is often 

described using an enhancement factor. It is assumed that the gas layer around the char particle 

is stagnant and is responsible for all of the mass transfer resistance, meaning when there is no 

reaction the rate of CO transfer from the char-gas interface (particle surface) to the bulk is: 

𝑁𝐶𝑂|𝑟=𝑟𝑝Ap = 𝑘𝑔𝐶𝑂(𝑐𝐶𝑂,𝑠 − 𝑐𝐶𝑂,𝑏𝑢𝑙𝑘)𝐴𝑝 = 𝑘𝑔𝐶𝑂𝑐𝐶𝑂,𝑠𝐴𝑝 (24) 

where Ap is the particle surface and the mass transfer coefficients for the CO transport in the 

gas is: 𝑘𝑔𝐶𝑂 = 𝐷𝑒,𝑔𝐶𝑂(𝛿 + 𝑟𝑝)/(𝛿𝑟𝑝). 

The simultaneous and, as assumed here, irreversible chemical reaction with the oxygen 

carrier consumes CO and increases the mass transfer rate. The overall result can be assessed 

with an enhancement factor, 𝐹𝐶𝑂, defined as: 

𝐹𝐶𝑂 =
𝑁𝐶𝑂

𝑘𝑔𝐶𝑂
(𝑐𝐶𝑂,𝑠−𝑐𝐶𝑂,𝑏𝑢𝑙𝑘)

=
𝑁𝐶𝑂

𝑘𝑔𝐶𝑂
𝑐𝐶𝑂,𝑠

 (25) 

where 𝑁𝐶𝑂 is the actual flux, enhanced by the chemical reaction and 𝑘𝑔𝐶𝑂(𝑐𝐶𝑂,𝑠 − 𝑐𝐶𝑂,𝑏𝑢𝑙𝑘) 

represents the mass transfer resistance if there was no reaction. Moreover, it can be connected 

to the CO flux at the particle surface, eq. (22): 

𝐹𝐶𝑂 =
𝐷𝑒,𝑔𝐶𝑂(𝛿+𝛾𝑟𝑝 𝑐𝑜𝑡ℎ(𝛾))

𝛿𝑘𝑔𝐶𝑂𝑟𝑝
 (26) 

This result differs from that commonly found in the literature, because it was derived for 

spherical coordinates, with the important assumption of 𝑐𝐶𝑂,𝑏𝑢𝑙𝑘 = 0 𝑎𝑡 𝑟 → rp + 𝛿. If there is 

no reaction in the gas phase, then 𝛾=0, 𝐹𝐶𝑂=1 and the rate of mass transfer is that for diffusion 

only.  

As CO is consumed, CO2 is created, and the rate of mass transfer of CO2 is also enhanced, 

however, in the opposite direction. For the pseudo-steady-state, eq. (23) also applies when there 

is an enhancement of the external mass transfer. That implies that the enhancement factor needs 

to be the same both for CO and CO2: 

𝐹𝐶𝑂2 = 𝐹𝐶𝑂 = 𝐹  (27) 

Finally, the connection between processes inside the char particle and its surrounding comes 

through the fluxes on the surface, where the steady-state assumption imposes that the total 

amount for each component entering/leaving needs to be equal to the generation/consumption 

of the component in the particle: 

𝐹𝑘𝑔,𝐶𝑂2 (𝑐𝐶𝑂2,𝑠 − 𝑐𝐶𝑂2,𝑏𝑢𝑙𝑘) = −𝜂𝑐ℎ𝑎𝑟𝑅𝐺 
𝑟𝑝

3
 (28)  



𝐹𝑘𝑔,𝐶𝑂 𝑐𝐶𝑂,𝑠 = 2𝜂𝑐ℎ𝑎𝑟𝑅𝐺
𝑟𝑝

3
 (29) 

Here, the intraparticle mass transfer is introduced through the effectiveness factor, 𝜂𝑐ℎ𝑎𝑟 and 

the external mass transfer is described with the enhancement factor, 𝐹 and the Hatta number, 𝛾. 

To simplify the analysis, the rate of gasification can be linearized. If a Taylor series centred 

on the species concentrations in the bulk is applied on the Ergun’s expression, then the rate of 

char gasification (eq. 4) becomes: 

RG = AGcCO2,s + BGcCO,s + CG  (30) 

where 𝐴𝐺 , 𝐵𝐺 and 𝐶𝐺 are the linearization coefficients: 

𝐴𝐺 = (𝑐𝑘2)
1

𝑅𝑇

𝑘2

𝑘1
𝜌0,𝑐ℎ𝑎𝑟𝑓(𝑋)𝑀𝑐/ (

1

𝑅𝑇

𝑘2

𝑘1
+ 𝑐𝐶𝑂2,𝑏𝑢𝑙𝑘)

2

 (31) 

𝐵𝐺 = −𝑐𝐶𝑂2,𝑏𝑢𝑙𝑘(𝑐𝑘2)
𝑘−1

𝑘1
𝜌0,𝑐ℎ𝑎𝑟𝑓(𝑋)𝑀𝑐/ (

1

𝑅𝑇

𝑘2

𝑘1
+ 𝑐𝐶𝑂2,𝑏𝑢𝑙𝑘)

2

 (32) 

𝐶𝐺 = 𝑐𝐶𝑂2,𝑏𝑢𝑙𝑘
2 (𝑐𝑘2)𝜌0,𝑐ℎ𝑎𝑟𝑓(𝑋)𝑀𝑐/ (

1

𝑅𝑇

𝑘2

𝑘1
+ 𝑐𝐶𝑂2,𝑏𝑢𝑙𝑘)

2

 (33) 

𝐴𝐺 , 𝐵𝐺 and 𝐶𝐺 change with temperature and conversion, and represent char properties 

through the kinetic constants, 𝑘1, 𝑘2, 
k−1

k1
, and the conversion function f(X).  

Despite the simplification, the linearized expression gives rates very close to those from the 

full Ergun’s equation. In fact, the linearized expression can be simplified further by dropping 

the term 𝐶𝐺 or both 𝐵𝐺𝑐𝐶𝑂 + 𝐶𝐺, and effectively changing the equation into an irreversible, 

first-order reaction rate expression. The error introduced with such simplification depends on 

temperature and char characteristics, mostly its sensitivity to CO inhibition. For the fuels in 

this study, the rates estimated for the activated carbon and the Polish lignite were found only 

up to 1.6% different than the rates calculated with the full Ergun’s equation, for T = 873-

1223 K. In case of the German lignite char, as presented in Fig. 3, the rate in the form 𝑅𝐺 =

𝐴𝐺𝑐𝐶𝑂2was about 50% of the value evaluated with the full rate at T = 873K. The discrepancy 

quickly diminished with temperature, and the error less than 5% was noted at T > 1073 K. 

Fig. 3. Comparison of gasification rates calculated for German lignite char using full Ergun expression, or 

simplified linearized forms. Rates were calculated for maximum values of 𝑓(𝑋). Above 1073 K all simplified 

rates are within 5% error in respect to the rate obtained using full Ergun’s expression. 



Solving eq. (28) and (29) for cCO2,s and cCO,sand using the linearized rate 𝑅𝐺 = 𝐴𝐺𝑐𝐶𝑂2 +

𝐵𝐺𝑐𝐶𝑂 + 𝐶𝐺, then gives an analytical expression for effective rate of char gasification in the 

presence of the oxygen carrier, 𝑅𝐺,𝑒𝑓𝑓: 

𝑅𝐺,𝑒𝑓𝑓 =
3𝐹𝜂𝑐ℎ𝑎𝑟𝑘𝐿(𝐶𝐺 + 𝐴𝐺𝑐𝐶𝑂,2,𝑏𝑢𝑙𝑘)

3𝐹𝑘𝐿+𝐴𝐺𝜂𝑐ℎ𝑎𝑟𝑟𝑝−2𝐵𝐺𝜂𝑐ℎ𝑎𝑟𝑟𝑝
  (34) 

where 𝑘𝐿 is the mean mass transfer coefficient. 

The proposed overall rate, 𝑅𝐺,𝑒𝑓𝑓, gathers information about gasification conditions 

(𝑇, 𝑐𝐶𝑂2,𝑏𝑢𝑙𝑘), fuel reactivity and its conversion function (present in the 𝐴𝐺 , 𝐵𝐺 and 𝐶𝐺  

coefficients), intraparticle mass transfer (𝜂𝑐ℎ𝑎𝑟), and external mass transfer (𝑘𝐿,𝐶𝑂2), including 

the influence from the reaction with the oxygen carrier (𝐹). 

To evaluate the effectiveness factor for char gasification 𝜂𝑐ℎ𝑎𝑟, needed in eq. (28) and (29), 

the approach presented in [19] was applied. For a Langmuir-Hinshelwood type of reaction, the 

rate can alternatively be expressed as:  

𝑅𝑔 =
𝑘′𝑝𝐶𝑂2,s

1+𝐾𝐶O𝑝𝐶O,𝑠+𝐾𝐶𝑂2𝑝𝐶𝑂2,𝑠
 (35) 

where 𝑘′ is the modified rate constant, while 𝐾 connects the parameters for all species present 

in the system:  

𝑘′ = 𝑐𝑘1𝜌𝑐ℎ𝑎𝑟 ∙ 𝑓(𝑋𝑐ℎ𝑎𝑟)/𝜔 (36) 

𝐾𝐶𝑂 = 𝑘−1/𝑘2 (37) 

𝐾𝐶𝑂2 = 𝑘1/𝑘2 (38) 

Sundaram [20] then gives the effectiveness factor in terms of: 

𝐾 =
KCO2−

𝐷𝑒,𝑝2

𝐷𝑒,𝑝1
∙KCO𝑣𝐶𝑂

𝜔
 (39) 

𝜔 = 1 +
𝐷𝑒,𝑝2

𝐷𝑒,𝑝1
𝑝𝐶𝑂2,𝑠𝑣𝐶𝑂 + 𝐾𝐶𝑂𝑝𝐶𝑂,𝑠 (40) 

Here, 𝑣𝐶𝑂 = 2 is the stoichiometric coefficient for CO in the gasification reaction. The 

effective diffusivity of gas component transported through the char matrix 𝐷𝑒,𝑝 can be 

calculated with its molecular diffusivity 𝐷𝐴𝐵 after [6] as  𝐷𝑒,𝑝 = 𝐷𝐴𝐵(𝜀𝑐ℎ𝑎𝑟,0 + (1 −

𝜀𝑐ℎ𝑎𝑟,0)𝑋𝑐ℎ𝑎𝑟(𝑡))/𝜏𝑐ℎ𝑎𝑟
2, where 𝜀𝑐ℎ𝑎𝑟,0 is the initial char porosity, 𝑋𝑐ℎ𝑎𝑟(𝑡) represents the char 

conversion and 𝜏𝑐ℎ𝑎𝑟  is the particle tortuosity (assumed here to be 2). 

A modified Thiele modulus was also evaluated [19]: 

𝛷 =
𝑟𝑝

3
(
𝑘′𝑅𝑇

𝐷𝑒,𝑝𝐶𝑂2
)
0.5

 (41) 

The effectiveness factor, 𝜂𝑐ℎ𝑎𝑟, for the Langmuir-Hinshelwood rate equation was evaluated 

numerically by Sundaram [20]  and can be calculated as: 

 𝜂𝑐ℎ𝑎𝑟  = 𝑡𝑎𝑛ℎ(𝑓𝛷
∗) /𝛷∗ (42) 

where Φ∗ =
Φ

Φ𝐶
, Φ𝐶 = √2

(1+𝐾𝑝𝐶𝑂2,s)

𝐾𝑝𝐶𝑂2,s
(𝐾𝑝𝐶𝑂2,s − ln(1 + 𝐾𝑝𝐶𝑂2,s))

0.5
 and 𝑓 = 1 −

0.4457(𝐾𝑝𝐶𝑂2,𝑠)
2
Φ∗exp (−0.1153Φ∗). 



To evaluate 𝜂𝑐ℎ𝑎𝑟 concentration of both species on the particle surface are needed. These 

can be obtained by solving again for fluxes on the particle surface, using 𝑐𝐶𝑂2 eq. (18) and 𝑐𝐶𝑂 

from eq. (21): 

−𝐷𝑒,𝑔𝐶𝑂2
𝜕𝑐𝐶𝑂2

𝜕𝑟
= −𝜂𝑐ℎ𝑎𝑟𝑅𝐺 

𝑟𝑝

3
 (43)  

 

−𝐷𝑒,𝑔𝐶𝑂
𝜕𝑐𝐶𝑂

𝜕𝑟
= 2𝜂𝑐ℎ𝑎𝑟𝑅𝐺

𝑟𝑝

3
 (44) 

Because eq. (43 and 44) depend on the reaction rate, then by introducing further eq. (4 or 

30), a set of coupled equations for 𝑐𝐶𝑂2,𝑠 and 𝑐𝐶𝑂,𝑠 is obtained. This needs to be solved 

simultaneously, as species concentrations on the surface depend on 𝜂𝑐ℎ𝑎𝑟. A similar approach 

has been used previously, using full Ergun’s rate [6]. The closed solution for 𝑐𝐶𝑂2,𝑠 and 𝑐𝐶𝑂,𝑠, 

obtained here for the linearized rate, is presented in the Supplementary Document.  

3.2. Numerical solution 

Because the analytical approach was simplified (assumed steady-state conditions, no 

particle radius change, an average conversion for the whole char particle), a numerical 

approach was also proposed. This time no steady-state conditions were assumed, hence a 

component balance (for CO2 or CO) over a differential volume of the char particle was: 

 
𝜕𝑐𝜀𝑐ℎ𝑎𝑟

𝜕𝑡
=
𝐷𝑒,𝑝

𝑟2
𝜕

𝜕𝑟
(𝑟2

𝜕𝑐

𝜕𝑟
) + 𝑥𝑅𝐺  (45) 

where 𝜀𝑐ℎ𝑎𝑟  is the char porosity, 𝑟 is the radial position in the particle, 𝑥 is a stoichiometric 

coefficient in respect to gasification reaction (𝑥 = −1 for CO2, 𝑥 = 2 for CO) and 𝑅𝐺  is the 

rate of gasification calculated with eq. (6).  

For the case in which diffusional effects are dominant, the reaction occurs primarily in a 

thin outer layer, resulting in a change of radius (𝑟𝑝) with time. To model the transition between 

fully kinetic control, i.e. no gradients in conversion and falling density, to the strong diffusional 

control, in which the particle shrinks (𝑟𝑝(𝑡) = 𝑟𝑝,𝑡), a coordinate transformation is needed and 

was implemented here by setting 𝜂 =
𝑟

𝑟𝑝,𝑡
, which fixes the solid/gas interface at 𝜂 = 1. Same 

approach was applied previously in char combustion, when reaction is mostly limited to the 

surface [21,22]. The new coordinate system introduces a pseudo-convective term in all time-

derivative equations, thus for the component balance inside the particle (0 < 𝜂 ≤ 1) eq. (45) 

becomes: 

𝜕𝑐𝜀𝑐ℎ𝑎𝑟

𝜕𝑡
=

𝐷𝑒,𝑝

𝑟𝑝,𝑡
2 𝜂2

𝜕

𝜕𝜂
(𝜂2

𝑑𝑐

𝑑𝜂
) + 𝑥𝑅𝐺 +

𝜂

𝑟𝑝,𝑡

𝜕𝑐

𝜕𝜂

𝑑𝑟𝑝

𝑑𝑡
  (46) 

where the derivative 
𝑑𝑟𝑝

𝑑𝑡
 refers to a moving boundary velocity, that was calculated with the rate 

of change of particle density at the most outer layer (𝑟 = 𝑟𝑝) [22]: 

𝑑𝑟𝑝

𝑑𝑡
=
(
𝑑𝜌

𝑑𝑡
)
𝑟=𝑟𝑝,𝑡

(
𝑑𝜌

𝑑𝑟
)
𝑟=𝑟𝑝,𝑡

=
𝑅𝐺𝜂=1

(
1

𝑟𝑝,𝑡

𝑑𝜌

𝑑𝜂
)
𝜂=1

 (47) 

The material balance in the solid particle gives the density change at fixed η ≤ 1 as:  



𝜕𝜌

𝜕𝑡
= −𝑥𝑅𝐺 −

η

𝑟𝑝,𝑡

𝜕𝜌𝑐ℎ𝑎𝑟

𝜕𝜂

𝑑𝑟𝑝

𝑑𝑡
 (48) 

The component balance over a differential volume of the gas phase around the particle (1 <

𝜂 ≤
𝑟∞ 

𝑟𝑝,𝑡
) was represented as: 

𝜕𝑐𝜀𝑚𝑓

𝜕𝑡
=

𝐷𝑒,𝑔

𝑟𝑝,𝑡
2 𝜂2

𝜕

𝜕𝜂
(𝜂2

𝜕𝑐

𝜕𝜂
) −

𝜂

𝑟𝑝,𝑡

𝜕𝑐

𝜕𝜂

𝑑𝑟𝑝

𝑑𝑡
 for SiO2 as bed material (49) 

𝜕𝑐𝜀𝑚𝑓

𝜕𝑡
=

𝐷𝑒,𝑔

𝑟𝑝,𝑡
2 𝜂2

𝜕

𝜕𝜂
(𝜂2

𝜕𝑐

𝜕𝜂
) − 𝑧𝜂𝐹𝑒2𝑂3𝑅𝑂𝐶 −

𝜂

𝑟𝑝,𝑡

𝜕𝑐

𝜕𝜂

𝑑𝑟𝑝

𝑑𝑡
 for active bed material(50) 

with 𝑧 being a stoichiometric coefficient for a component in the CO combustion with an oxygen 

carrier (𝑧 = −1 for CO2, 𝑧 = 1 for CO). Again, the last term in eq. (49 and 50) accounts for 

the moving interface.  

Calculations for CO and CO2 molar concentrations were carried out by applying boundary 

conditions: 

𝑐𝐶𝑂 = 0 𝑎𝑡 𝜂 →
𝑟∞ 

𝑟𝑝,𝑡
  (51) 

𝑐𝐶𝑂2 = 𝑐𝐶𝑂2,𝑏𝑢𝑙𝑘 𝑎𝑡 𝜂 →
𝑟∞ 

𝑟𝑝,𝑡
  (52) 

𝑑𝑐

𝑑𝑟
= 0 𝑎𝑡 𝜂 = 0 (53) 

and initial conditions at t = 0: 

𝑐𝐶𝑂(𝜂,  t = 0) = 0 for 0 < 𝜂 <
𝑟∞ 

𝑟𝑝,𝑡
 (54) 

𝑐𝐶𝑂2(𝜂,  t = 0) = 0 for 0 < 𝜂 < 1 (55) 

𝑐𝐶𝑂2(𝜂,  t = 0) = 𝑐𝐶𝑂2 𝑏𝑢𝑙𝑘 for 1 ≤ 𝜂 <
𝑟∞ 

𝑟𝑝,𝑡
 (56) 

In all simulations, the particle was treated as isothermal. The differential equations were 

discretised spatially, on a computational grid both within the particle and its gaseous 

surrounding. The equations were coded and solved by marching forward in time, in Matlab, 

using the ODE15s solver. 



4. Results  

Gas composition at the outlet of the fluidised bed was measured during the gasification 

experiments; Fig. 4 gives an example of the obtained profiles. In silica sand, the appearance of 

CO and the decrease in CO2 concentration showed the progress of the gasification. In the active 

bed materials, the CO created in gasification was combusted, leading to an increase in CO2 

concentration above the values observed in SiO2 bed. It is also worth noticing that in case of 

the roasted pyrite almost a complete combustion of CO was observed. 

Fig. 5 presents rates of gasification for chars and bed materials, both obtained in experiments 

and simulated with the theoretical models. Experiments in SiO2 showed that the reactivity of 

the fuels was of order: activated carbon < Polish lignite < German lignite. 

When the bed material was switched from SiO2 to the active one, a significant increase in 

the gasification rate was observed for both lignite chars at 1223 K. From two lignite chars at 

1223 K, when active materials were introduced, the gasification rate of the German char 

increased more than for the Polish char. At the lower temperature, 1123 K, the effect was 

similar although much less pronounced. For the activated carbon, regardless of the temperature 

and bed material, the observed rates were almost the same.  

Gasification in roasted pyrite was always faster than in Fe2O3 particles, providing that the 

influence from active materials was noticeable. The ore-derived material had lower nominal 

content of iron oxide than the synthesised Fe2O3 particles, which suggests that impurities from 

the natural mineral might have influenced the material characteristics. As it was described in 

Sec. 2.1 particles prepared from Fe2O3 powder were almost inactive immediately after 

calcination. The possible activation of the synthesised Fe2O3 particles, through a full redox 

cycle, indicates that the material properties also depend strongly on its structure and porosity.  

Fig. 5 presents also the results of the simulations carried out with the simplified analytical 

approach (sec. 3.1) and with the numerical model (sec. 3.2). Gasification rates calculated 

Fig. 4. CO and CO2 profiles measured during the gasification experiments in inactive (SiO2, fresh Fe2O3 

particles) and active (activated Fe2O3, roasted pyrite) bed materials. The graph presents the results obtained for 

the German lignite char at T=1148 K. 



numerically are in agreement with rates obtained in experiments. Thus, the kinetic parameters 

taken for the German lignite char from [7] and parameters determined here for the other two 

fuels seem to describe the gasification correctly, at all temperatures. The experimentally 

determined conversion function, 𝑓(𝑋), aimed to simulate the evolution of pore structure as 

char is being consumed. Indeed, its presence helped with modelling the shapes of rate curves 

correctly. This contrasts with Dai et al. [11], who gasified Hambach lignite char, produced 

from the same coal as the German char used in this study. They found the 𝑓(𝑋) function failed 

to predict the experimental results at higher temperatures. Despite that, the good agreement 

showed here and the simplicity of the 𝑓(𝑋) still make this approach very attractive in 

comparison to other, numerical models used for prediction of structure evolution. 

Despite the fact that the calculated and experimental results agree, some discrepancies were 

noticed. In most cases, this can be investigated by checking if the assumptions behind the 

theoretical models were met, as will be discussed in section 5. Another possibility is that at low 

rates of reaction, i.e. at the lowest temperatures, the measured gas concentrations fall close to 

the detection limit. As a result, the experimental profiles might be underestimated. 

Fig. 5. Rates of char gasification from experiments (black) and simulated with the numerical model (blue) and 

simplified analytical model with linearised rate equation (red). Gasification carried out in SiO2, Fe2O3 and 

roasted pyrite, at 1123 K and 1223 K (1148 K and 1223 K for the activated carbon in Fe2O3 particles due to a 

very low measurement signal at the lowest temperature). 



5. Discussion 

At high temperatures, gasification is often limited by the rate of diffusion of gaseous 

components. If gasification was controlled solely by the mass transfer, then the obtained rate 

would have been close to the theoretical maximum rate that can be observed [17]:  

𝑟𝑐ℎ𝑎𝑟,𝑚𝑎𝑥
′ = 2 × 0.91 × 𝑆ℎ𝐸𝑀𝐶𝐷𝐷𝐶𝑂2𝑐𝐶𝑂2,𝑏𝑢𝑙𝑘

6

𝜌𝑐ℎ𝑎𝑟𝑑𝑝
2 (57) 

where 𝑑𝑝 is the particle diameter and 0.91 corrects 𝑆ℎ𝐸𝑀𝐶𝐷 for a non-equimolar diffusion. 

At 1223 K, using parameters as in this study, the value of 𝑟𝑐ℎ𝑎𝑟,𝑚𝑎𝑥
′  would be 11 (mmol s-1 g-1). 

This sets a reference value to the rates presented in Fig. 5. It is worth noticing that the 

gasification rate for the activated carbon was an order of magnitude lower than 𝑟𝑐ℎ𝑎𝑟,𝑚𝑎𝑥
′ , 

suggesting that the conversion was limited by the reaction kinetics in all experiments. For two 

lignite chars, at the highest tested temperature, the obtained rates were significantly higher, 

indicating an increasing importance of the mass transfer. 

Previous studies showed that the presence of an oxygen carrier enhances char 

gasification [6] at high temperatures if the mass transfer limitation is noticeable. At lower 

temperatures, the rate of gasification was not affected significantly, suggesting that in the 

kinetics limited regime, any consumption of the gasification products by the oxygen carrier 

does not influence the overall rate. Here, in case of activated carbon, no influence from oxygen 

carriers was observed in a broader range of studied temperatures because of the very low 

reactivity of the fuel that limited the overall rate of its gasification to the kinetic reaction rate. 

Moreover, as discussed before, chars kinetics indicate different sensitivity to the CO inhibition. 

This suggests that the removal of CO by the oxygen carrier may result in a different range of 

the rate enhancement for different chars.  

Fig. 6. Predicted CO and CO2 concentrations during char gasification (German lignite) at 1223 K in a) SiO2 and 

b) roasted pyrite. Dimensionless position ≤ 1 refers to the char particle, while > 1 to the surrounding. Change of 

line colour indicates char conversion and can be understood as a dimensionless duration of the gasification. 

Concentration profiles were calculated with the numerical model. 



The simplest way to assess how diffusion limits the gasification rate is to analyse 

concentration gradients across particle. As shown in Fig. 6, for the gasification in SiO2 of the 

German lignite char (1223 K), the accumulation of CO in the particle was continuously 

increasing and the gradient of CO2 concentration was significant and spread from the bulk to 

the particle centre. For the gasification in the bed of active material, the gas profiles changed. 

As expected, CO was consumed in particle surrounding and its concentration in that region 

dropped. The reaction with the oxygen carrier led to CO2 accumulation close to the particle 

surface and the resulting increase in the CO2 level exceeded the value in the bulk. Both the 

change of CO and CO2 concentration in the gas phase resulted in the increase of the overall 

gasification rate, which explains the experimental observations. Interestingly, the level of CO 

in the particle towards the end of the process was even higher than for the gasification in SiO2; 

but so was the average concertation of CO2. The later has more impact on the Ergun’s rate, 

therefore the inhibition from the CO was masked. 

The aim of the simplified rate expression, derived with the analytical model, was to present 

a way of rate evaluation, independent on the conditions in the surface, yet, inclusive to other 

process conditions. As presented in Fig. 5, the results were generally in agreement with rates 

obtained experimentally and through the numerical simulation. Nevertheless, it needs to be 

highlighted that the analytical approach required a few essential assumptions and 

simplifications. Besides the steady state conditions and no particle radius change, an average 

conversion for the whole char particle was assumed. This will be correct only if particle reacts 

uniformly and the diffusion of CO and CO2 through the particle matrix is fast. This assumption 

is only strictly valid if there are no concentration gradients in the particle. In the simplified 

model, it was imposed by an average value of the 𝑓(𝑋) function. Moreover, for the external 

mass transfer, it was assumed that 𝑐𝐶𝑂,𝑏𝑢𝑙𝑘 = 0, at the distance of 𝛿 (from the surface). This 

Fig. 7. Arrhenius plot for rates of gasification: influenced by intraparticle mass transfer only (dotted lines), 

influenced by intraparticle and external mass transfer (solid lines). Gasification carried out in SiO2 or oxygen 

carrier (results for Fe2O3 and roasted pyrite overlap).  



will hold only if the reaction in the film (gas phase + carrier particles) was fast, and 𝛾 > 3 [23]. 

In other cases, such as gasification in SiO2, the analysis should account for the value of 𝑐𝐶𝑂,𝑏𝑢𝑙𝑘, 

(as included in eq. (59) and in the Supplementary Information). With that in mind, it is worth 

emphasizing that the results obtained with the effective rate expression were, nevertheless, 

reasonable in the whole temperature range.  

Since the effective rate expression, 𝑅𝐺,𝑒𝑓𝑓, combines parameters of phenomena in the 

chemical looping setup, it can conveniently be used to analyse the influence of each of them. 

The importance of the changes in the external mass transfer can be investigated with the 

Arrhenius plots, as presented in Fig. 7. For the activated carbon, gasification was not restricted 

by the external diffusion up to 1223 K. With a further increase in the temperature, the rate 

started to deviate from the case calculated with no mass transfer resistance. This was not 

elevated by the presence of the oxygen carrier until an even higher temperature was reached, 

> 1300 K. For more reactive German lignite char, the influence from the external mass transfer 

was noticeable even at 923 K. At this conditions, CO combustion with Fe2O3-containing 

materials was slow due to the slow reaction kinetics. When the reaction rate increased, so did 

the influence from the oxygen carrier and the effective rate of char conversion significantly 

increased. Interestingly, as seen for the Polish lignite char, there seems to be a regime, in which 

the mass transfer limitation is present, yet the reaction with the oxygen carrier does not enhance 

the gasification. This is not due to slow Fe2O3 reduction, as the oxygen carrier enhances the 

gasification of the German char at the same conditions. On the other hand, there will be a 

transition period, when both external mass transfer and the reaction kinetics play similarly 

important roles.  

Fig. 7 allows evaluating what is the starting temperature when the presence of oxygen carrier 

will accelerate the gasification rate. For both tested oxygen carriers, the influence on the rate 

is very similar. On contrary, it is the reactivity of the fuel that primarily influences the effective 

rate. To follow with these conclusions, a much broader range of char-oxygen carrier pairs will 

be needed, including oxides of metals other than Fe. 

Eq. (34) can be directly non-dimensionalised to: 

𝑅𝐺,𝑒𝑓𝑓

(𝐶𝐺 + 𝐴𝐺𝑐𝐶𝑂,2,𝑏𝑢𝑙𝑘)
=

𝑅𝐺,𝑒𝑓𝑓

𝑅𝐺 @ 𝑏𝑢𝑙𝑘 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑠
=

1

1

𝜂𝑐ℎ𝑎𝑟
+
(𝐴𝐺−2𝐵𝐺)𝑟𝑝

3𝐹𝑘𝑔

= 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 (58) 

which compares the ratio of the effective rate to the maximum possible rate if the entirety of 

the char is gasified at bulk conditions (i.e. when the rate is 𝐶𝐺  + 𝐴𝐺𝑐𝐶𝑂,2,𝑏𝑢𝑙𝑘+𝐵𝐺𝑐𝐶𝑂,𝑏𝑢𝑙𝑘, 

with 𝑐𝐶𝑂,𝑏𝑢𝑙𝑘 = 0)  . The dimensionalised equation still holds if CO was present in the bulk: 

𝑅𝐺,𝑒𝑓𝑓

(𝐶𝐺 + 𝐵𝐺𝑐𝐶𝑂,𝑏𝑢𝑙𝑘+𝐴𝐺𝑐𝐶𝑂,2,𝑏𝑢𝑙𝑘)
=

1

1

𝜂𝑐ℎ𝑎𝑟
+
(𝐴𝐺−2𝐵𝐺)𝑟𝑝

3𝐹𝑘𝑔

= 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 (59) 

Here, however, the change in the CO bulk concentration needs to be also acknowledged in the 

derivation of the enhancement factor, 𝐹. The solution for 𝐹 that applies, in this case, is provided 

in the Supplementary Information. 

The right-hand side of the non-dimensional rate represents resistance in series: 



1

𝑘𝑜
=

1

𝜂𝑐ℎ𝑎𝑟(𝐴𝐺−2𝐵𝐺)
+

1
3

𝑟𝑝
𝐹𝑘𝐿
  (60) 

where 𝑘𝑜 is the “overall” reaction coefficient. At low temperatures, when the effectiveness of 

gasification is high, the dominating term that limits the rate is (𝐴𝐺 − 2𝐵𝐺) from the reaction 

kinetics. Obviously, when the temperature is increased, the reaction accelerates, and the rate is 

limited by the mass transfer. In case of reaction with an oxygen carrier, 𝐹 is >1, therefore the 

last term, describing the external mass transfer, 
1

3

rp
FkL

, decreases. As a result, the influence from 

the mass transfer decreases. Additionally, the presence of the oxygen carrier influences ηchar, 

that is calculated using surface concentrations. This, however, happens when the reaction in 

the char particle is almost instantaneous, therefore 
1

ηchar(𝐴𝐺−2𝐵𝐺)
 still goes to 0.  

Getting back to eq. (58), the comparison of the actual rate to the maximum possible rate 

gives a measure of an “overall” effectiveness of gasification, 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙. It combines both 

intraparticle and external resistance and has a limit of ~1 when mass transport is fast. It is not 

possible to reach 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 1, unless the last term, 
(𝐴𝐺−2𝐵𝐺)𝑟𝑝

3𝐹𝑘𝑔
, goes to 0. As 𝐵𝐺 is always 

positive (see eq. 32), this happens only when there is no reaction with the char (𝐴𝐺 , 𝐵𝐺=0). 

Otherwise, the effect from the mass transport will be present, although in the kinetic regime, 

only very subtly. With temperature, both kinetic parameters, (𝐴𝐺 − 2𝐵𝐺), and mass transfer 

coefficient, 𝑘𝐿 increase, and the ratio between them defines how quickly the influence from the 

external mass transport starts to be clearly noticeable.  

Fig. 8 presents 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 for gasification in inert or active bed materials. For all three fuels 

the enhancement from the presence of oxygen carrier looks similar but shifted with the 

Fig. 8. Overall effectiveness for a comparison of the gasification rate to the maximum rate at bulk conditions. 

Calculated for the mean rates, across full char conversion. Gasification in SiO2 or the oxygen carrier. 



temperature. The only noticeable difference can be seen for the German lignite char, where at 

lower temperatures it is sensitive to the presence of CO. At higher temperatures, the 

enhancement effect increases, which can also be seen in Fig. 9, where the rate in the presence 

of oxygen carrier is divided by the rate in SiO2. In that reference, the enhanced rate is 

significantly higher, indicating the actual importance of the enhancement effect. 

 

Fig. 9. Ratios of gasification rate in oxygen carrier to the gasification rate in SiO2. Analysis performed for rates 

at char conversion, X = 0.2 (representing maximum rate). 

 

Fig. 10. Isothermal regions of possible rate enhancement. The analysis was carried out for German lignite char; 

rates were evaluated at char conversion X = 0.2 (representing maximum rate). 

 



Finally, Fig. 10 gives the isothermal regions, that map values of the enhancement factor, 𝐹, and 

the overall effectiveness, 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙, which arise when kinetic parameters of the oxygen carrier 

are varied. For SiO2, i.e. 𝑘𝑖 = 0 and 𝐹 = 1, only internal and external mass transfer cause 

deviations from overall effectiveness = 1. Then, increasing 𝑘𝑖, i.e. making the material active, 

quickly increases the observed rate of gasification. Despite the slow kinetics of the reaction of 

the oxygen carrier, the enhancement is significant even at low 𝑘𝑖, because 𝜂𝐹𝑒2𝑂3is close to 

one. When the kinetic coefficient 𝑘𝑖 is higher, the enhancement effect is more pronounced as 

𝜂𝐹𝑒2𝑂3  falls. Nevertheless, there is a limit of the actual enhancement that results from the 

presence of the active material. For a “perfect” oxygen carrier, that is able to react with CO 

instantaneously, 𝐹 increases to infinity. With that, the (𝐴𝐺 − 2𝐵𝐺)𝑟𝑝/3𝐹𝑘𝐿 term in eq. (58) 

diminishes, and the “overall” effectiveness is no longer affected by the external mass transfer. 

Despite that, the resistance in the intraparticle diffusion stays mostly unaffected, therefore 

𝜂𝑐ℎ𝑎𝑟 limits the final value of the observed rate. 

Here, we have presented an analysis of possible enhancement in the char gasification rate. 

The dependence of the rate on external mass transfer was first observed experimentally and 

later explained with the effective rate expression and the “overall” effectiveness. The main aim 

was to propose an operative approach, applicable for a quantitative evaluation of the 

“enhancement effect”. By constructing isothermal maps, that are applicable to a specific char, 

it is possible to evaluate what enhancement can be expected if the fuel was gasified in chemical 

looping conditions. This approach does not apply in situations when oxygen carrier releases 

gaseous oxygen, however, a similar approach could be used to analyse the effect in a CLOU 

setup.  

6. Conclusions 

Gasification of char in CO2 in the presence of oxygen carriers was investigated. For 

gasification governed by mass transfer, the presence of oxygen carriers increased the 

gasification rate significantly. On the contrary, when the process was governed by the kinetics, 

no significant change in the rate was observed on adding an oxygen carrier. Gasification rates 

were predicted accurately with a numerical model and a simplified analytical model. With the 

latter, a new expression for the effective rate of char gasification was proposed: 

𝑅𝐺,𝑒𝑓𝑓 =
3𝐹𝜂𝑐ℎ𝑎𝑟𝑘𝐿(𝐶𝐺 + 𝐴𝐺𝑐𝐶𝑂,2,𝑏𝑢𝑙𝑘)

3𝐹𝑘𝐿+𝐴𝐺𝜂𝑐ℎ𝑎𝑟𝑟𝑝−2𝐵𝐺𝜂𝑐ℎ𝑎𝑟𝑟𝑝
.  

Despite its simple form, the effective rate combined influences from all the important 

phenomena: gasification kinetics, oxygen carrier’s reactivity, intraparticle mass transfer in both 

char and the carrier, the external mass transfer and process conditions. The effective rate 

provides a new way for a simple, yet accurate prediction of the rate of gasifying a char with 

chemical looping. As an example, a map of the expected enhancements from the presence of 

oxygen carriers was presented and discussed. 
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