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• Introduction to Chemical-Looping Combustion (CLC) and preparation 

of oxygen carrier materials. 

 

• Kinetic studies of reduction of Fe2O3-based particles with CO in a 3kW 

fluidised bed reactor at high temperature and elevated pressure. 

 

• Analysis of Intrinsic kinetics of unsupported and supported Fe-based 

particles  

 

• Reaction model for the iron-based oxygen carriers and validation using 

a idealised and complete fluidised bed model 

 

• Conclusions. 

 

 

Presentation Overview 



Chemical-looping Combustion process (CLC) 

CLC is a promising technology for power/heat 

generation with inherently integrated carbon 

capture.  

 

The common oxygen carriers (OCs) (Fe-, Cu-, 

Ni-, Mn-based). OCs can either be used pure 

or supported on a porous, inert material. 

Supported OCs typically offer robust and 

stable performance. 

 

Successful implementation of CLC requires 

robust oxygen carriers. 

 

Pressurisation is required for gas CLC in order 

to compete with the exergetic efficiency of the 

natural gas combined cycle plants (NGCC). 

 

Intrinsic kinetics of the reduction of the oxygen 

carriers are key for fundamental study of the 

process. 

 

 

 

 

 

 

𝟑𝑭𝒆𝟐𝑶𝟑 + 𝑪𝑶 ↔ 𝟐𝑭𝒆𝟑𝑶𝟒 + 𝑪𝑶𝟐  ∆𝑯
°
𝟏𝟎𝟐𝟑𝐊 = −𝟒𝟒. 𝟑 kJ mol-1 

𝟐𝑭𝒆𝟑𝑶𝟒 +
𝟏

𝟐
𝑶𝟐 ↔ 𝟑𝑭𝒆𝟐𝑶𝟑               ∆𝑯

°
𝟏𝟎𝟐𝟑𝐊 = −𝟐𝟑𝟖. 𝟒 kJ mol-1 



Two types of particles were prepared for initial trials: 

• 100 wt.% Fe2O3 5µm powder (Sigma Aldrich) (100Fe) 

• 60 wt.% Fe2O3 5µm powder and 40 wt.% Al2O3 powder (60Fe40Al) 

 

The particles were prepared via a simple wet granulation technique from Fe2O3 powder 

and Al2O3 precursor (Al(OH)3 (Sigma Aldrich))powders. 

 

Fe2O3 and Al2O3 are cheap, widely available, non-toxic and environmentally benign. 

 

 

Wet granulation techniques 



Mixing and Sieving method (S) 

Steps: High shear mixing while wet granulation (powder + DI water) 
→ Sieving (wet paste) → granulation (wet particles) → Calcination at 
900°C for 3 hours(dry particles) 

•   Use sieving and granulation to regulate the size and shape of 
the particles. 

•   Production capacity (~50g) 
•   Require more DI water during mixing. 

 



Surface morphology (SEM analysis) 

Figure 6: SEM images for 100Fe particles; A: 100Fe(S) 
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Figure 7: SEM images of surface morphology of :  D: 100Fe(S), E: 60Fe40Al(S)  
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Kinetic studies of Fe2O3-based particles in a 3kW fluidised 

bed reactor 



Schematic diagram of a spouted (Fluidised) bed reactor 

system  

P – up to 20 bar 
T – up to 950 °C 

Bottom injection: 
Gas 
Vapour 
Solid 
 



Detail of the closed spouted(Fluidised) Bed Reactor 

Steam

Inlet tubes 

Quartz Tube

Supporting Ring
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Lining Tube

Central Bed Thermal Couple

48.3mm od x 7.13mm wt 

Incolloy Tube

504 mm Heating section 
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Flat copper o-ring
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Investigation of kinetics of  Iron oxide reduction with CO 

Sample 
Sample 

selection 

Sand bed 

selection 

T 

 

P 

 

F 

 

Reduction 

gas 

Oxidation 

gas 

100Fe* 

0.5g(300-

425µm) 

40g(500-

710µm) 

773-973K 

1.5bara 

2.5Umf 

N2+CO+CO2 

(80-85%, 1-

5%, 15% 

N2+Air(82

%, 18%) 
60Fe40Al2 

(Al(OH)3 

precursor) 

40g(420-

500µm) 

 

1.5-

5bara 

*The Fe2O3 particle was prepared by wet granulation of Fe2O3 power (5 μm, Sigma-Aldrich > 99.9wt. 

%) in a high shear mixer before sintered at 900 °C   
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Derivation of the rates of the reaction 

𝑐P = 𝑐out + 𝜏mix
𝑑𝑐out
𝑑𝑡

 

The concentration was de-convoluted 
according to: 

𝜏mix was estimated using a publish 
method by Fennell et al.* 

*Fennell, P.S., Dennis, J.S., Hayhurst, A.N., 2009. The order with respect to oxygen and the activation energy 
for the burning of an anthracitic char in O2 in a fluidised bed, as measured using a rapid analyser for CO and 
CO2. Proceedings of the Combustion Institute 32, 2051-2058. 

The de-convoluted concentration was 
taken as instantaneous concentration 
in the particulate phase, i.e., 𝑐P, 
assuming fast cross flow between the 
two phases of the fluidised bed 



Determine Rates of the reduction of Fe2O3 to Fe3O4 with CO 

60Fe40Al  100Fe 
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Pressurised Experiments 



Dependence of the observed rate of reduction on total 

pressure and concentration of CO (partial pressure) 
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Initial indications, order of reaction slightly lower than 1 



Surface Area and Porosimetry Results Summary 

Oxygen Carriers 
BET surface area 

[m2/g] 

Porosity, ε 

(5 nm -10 µm) 

60Fe40Al Fresh 29.0 0.69 

60Fe40Al Ox 600°C  28.5 0.68 

60Fe40Al Re 600°C 27.6 0.69 

60Fe40Al Ox 700°C 26.5 0.69 

60Fe40Al Re 700°C 27.8 0.70 

60Fe40Al Ox 3bara 30.2 0.69 

60Fe40Al Ox 5bara 30.9 0.70 



Analysis of intrinsic kinetics of the Fe2O3-based particles 



Example of correction for pseudo-intrinsic rate for 

60Fe40Al 
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Here, used 150 – 212 radius particles.  Effectiveness factor 
a small but important correction. 



Activation energy based on pseudo-intrinsic rate 

constants ki
'  for 100Fe and 60Fe40Al 

Different slope 
(activation energy) 
and intercept (pre-
exponential factor) 
means different 
surface reaction 
mechanism may 
involved 
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Evaluation of activation energy and pre-exponential factor 

using student t-statistics at a confidence level of 95% 

Oxygen Carriers Cycle number 

Activation 

Energy, E 

(KJ/mol) 

Ln pre-exponential 

factor, lnA(m s-1) 

60Fe40Al 

Cycle2 110±12 7.5±0.1 

Cycle3 115±11 8.2±0.1 

Cycle4 97±13.0 5.7±0.1 

Cycle5 101±14 6.3±0.1 

100Fe 

Cycle2 61±9 0.3±0.1 

Cycle3 64±8 0.9±0.1 

Cycle4 65±9 1.1±0.1 

Cycle5 63±10 0.9±0.1 



Detailed reaction model for 

the reduction of iron-based 

oxygen carrier 



Random pore model 

Time 

CO 
CO2 

O-2 Fe+2 
Fe3O4 

Fe2O3 

• The pseudo-intrinsic kinetics showed that the gas phase 
effectiveness factor is high for both particles, so no 
concentration gradient across particle 

• The random pore model treats a solid particle as assembly of 
randomly oriented cylindrical pores isolated by solid phase. 

• It assumes:  
    Pore size, number of pores, total pore length are constant. 

 

Porous Particle Initial pores 
Pores with 
intercepting 
reaction surface  



Use of random pore model for the reduction of Fe2O3-based 

oxygen carrier 

𝑘′ =
𝑘𝑠,0
′ 𝑐CO,s𝑆0(1 − 𝑋) 1 − 𝜓l n( 1 − 𝑋)

1 − 𝜀0)(𝑀𝐹𝑒2𝑂3𝑐CO,b (1 +
𝛽𝛼
𝜓
1 − 𝜓l n( 1 − 𝑋) − 1 )

 

𝜓 =
4𝜋𝐿0(1 − 𝜀0)

𝑆0
 

𝛽 =
2𝑘𝑠,0
′ (1 − 𝜀0 

𝑉𝐹𝑒2𝑂3𝑆0𝐷𝑠
 

Bhatia, S.K., Perlmutter, D.D., 1981. A random pore model for fluid-solid reactions: II. Diffusion and transport effects. AIChE 

Journal 27, 247-254. 

Structure parameter: 

Modified Biot number: 

𝐿0 =
1

𝜋
 
𝑣𝑝𝑜𝑟𝑒

𝑟𝑝𝑜𝑟𝑒2
𝑑

∞

0

𝑟𝑝𝑜𝑟𝑒 

Specific length of pore Specific surface area 

Ionic diffusivity 

Initial surface reaction 
rate constant 



Difference in surface reaction mechanism deduced 

from random pore model 
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Intrinsic surface reaction constant at different temperatures 

derived from random pore model 
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Random pore model for supported iron oxide at 

elevated pressure 
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The 𝑘𝑠,0
′  obtained using equation in previous slides was used for fitting 

the random pore model at elevated pressure.  



The reactor model used to validate the assumptions 

used in intrinsic rate derivation. 

For each element in Bubble Phase: 

For the whole particulate Phase: 

For inlet mixing: 

For free board and subsequent mixing: 

𝜏1
𝑑𝑌

𝑑𝑡
= 𝑌−1 − 𝑌0 

𝑑𝑌𝑏
𝑑𝑡
=
−(𝑈 − 𝑈𝑚𝑓)

𝜀𝑏

𝜕𝑦

𝜕𝑧
+
𝑄

𝑉𝑏
(𝑌𝑝−𝑌𝑏) 

𝑑𝑌𝑝
𝑑𝑡
=
−𝑈𝑚𝑓

𝜀𝑚𝑓(1 − 𝜀𝑏)

∆𝑌𝑝
𝐻
−

𝑄𝜀𝑏
𝜀𝑚𝑓 1 − 𝜀𝑏

 
𝑄𝜀𝑏
𝑉𝑏
(𝑌𝑝−𝑌𝑏)

∆𝑧

𝐻
+
𝑅

𝜌𝑚𝜀𝑚𝑓
 

𝜏2
𝑑𝑌𝑁+1
𝑑𝑡
= 𝑌𝑝𝑁

𝑈𝑚𝑓

𝑈
+ 𝑌𝑏𝑁

𝑈 − 𝑈𝑚𝑓

𝑈
− 𝑌𝑁+1 



An example of Input parameters for the reactor model 

Input Parameters Value 

Reactor inside diameter, Dc (m) 0.029 

Cross sectional area of the bed, Ar (m
2) 6.6 × 10-4 

Temperature of the bed, 𝑇 (K) 823 

Minimum fluidizing velocity,Umf (m s-1) 0.147 

Voidage at minimum fluidization,εmf  0.4 

No. of volume 100 

Pressure, P (Pa) 1.01 × 105 

Height of the bed at minimum fluidisation, Hmf 0.065 

Derived Parameters Value 

Fluidizing velocity,𝐔 (m s-1) 2.5*P.Umf 

Mean bubble diameter, db (m) 0.54*(P.U-P.Umf)^0.4*P.H^0.8/1.8/9.81^0.2 

Bubble rising velocity based on mean bubble 

diameter, 𝐔b (m s-1) 

P.U-P.Umf+0.71*(9.81*P.Db)^0.5 

Bubble volume (m3) P.Vb= pi*P.Db^3/6 

Height of the bed when fluidising, H (m) (H-P.Hmf)*0.3894*9.81^0.4*H^0.4/(P.U-P.Umf)^0.8-

P.Hmf 

Cross flow rate, 𝐐 (m3 s-1) pi*P.Db^2/4*P.Umf*3 

Bubble fraction, 𝜀𝑏 1-P.Hmf/P.H 



Validation of the reaction model by incorporating it into 

a complete fluidized bed model 
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By feeding the random pore model into a complete reactor model 
assuming complete mixing in particulate phase, the overall numerical 
model satisfactorily predict the outlet concentration of CO and CO2   



Conclusions 

 
• Two iron-based oxygen carriers, a supported iron oxide (60Fe40Al2) and an 

unsupported iron oxide (100Fe) were prepared by a simple wet granulation 
method. 
 

• A 3kw fluidised bed reactor was used to investigate the intrinsic kinetics of the 
reduction of those Fe-based iron oxide at high temperature and elevated 
pressure. 
 

• The pseudo-intrinsic rate constants and activation energies for the supported 
iron oxide (60Fe40Al) and unsupported iron oxide (100Fe) have been derived. 

 
• Difference in the activation energy and pre-exponential factor between 

60Fe40Al and 100Fe is observed, suggesting a different surface reaction 
mechanism may involved. 
 

• A more detailed reaction model, i.e., a random pore model, was proved to 
satisfactorily apply to both types of particles. A difference in 𝐷𝑠,0 was noted, 

which was large enough for 60Fe40Al suggest surface adsorption may be in 
control. 



Conclusions 

 
• Pressurised experiments with 60Fe40Al shows the observed reactions order of 

the reduction with CO to Fe3O4 is slightly lower than1.  
 

• Intrinsic reaction model developed for atmospheric pressure was shown to be 
suitable to predict the reaction kinetics at elevated pressure, the deviation at 5 
bara was likely to be a result of decrease in effectiveness factor at higher 
pressure. 
 

• The reaction model developed using reasonable assumptions were validated by 
plug the model into a two-phase reactor model. The model outlet concentration 
was shown to agree with that was observed. 
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Details of 4th cycle of 60Fe40Al reduction with CO in the 

presence of H2S at 823 K, 1 bar 

0
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CO2 CO

Procedure: 
Reduction Cycle:  
N2 purge 120s 
N2+CO2 120s 
N2+CO2+CO 300s 
Oxidation cycle:  
N2 purge 120s 

N2+Air 300s  



Estimation of Intrinsic rate constant and effectiveness 

factor 

From a pseudo-steady state assumption, the rate of CO entering a surface of 
spherical particles must be equal to the rate of the chemical reaction with in 
the particle, then for a first order irreversible reaction in a porous particle: 

𝐫′ = 𝐤′𝐜𝐂𝐎,𝐏 

𝟏

𝐤′
=
𝐑𝛒𝐅𝐞𝟐𝐎𝟑
𝟑𝐤𝐠,𝐂𝐎

+
𝟏

𝛈𝐜𝐨𝐤𝐢
′ 

𝛈𝐜𝐨 =
𝟑

𝛟𝟐
(𝛟 𝐜𝐨𝐭𝐡𝛟 − 𝟏) 

𝛟 =
𝐤𝐢
′𝛒𝐅𝐞𝟐𝐎𝟑
𝐃𝐞,𝐜𝐨

𝐑 

Also for a porous spherical particle, a mass balance of CO within a spherical 
shell of the particle gives: 

(𝟏) 

(𝟐) 

𝐤𝐢
′ and 𝛈𝐜𝐨 could be solved iteratively by converging the effectiveness factor in 

equation (1) and equation (2) with an initial input of 𝛈𝐜𝐨 = 1. 𝐤𝐠,𝐂𝐎 and 𝐃𝐞,𝐜𝐨 

need to be estimated first before the iteration. 



Calculating Effective diffusivity 

The effective diffusivity, 𝐃𝐞 , in equation (2) was estimated from the bulk 
diffusivity, 𝐃𝐛 (obtained from Chapman-Enskog kinetic theory)[1] and Knudsen 
diffusivity, 𝐃𝐊  

[2] with experimental data, and used 𝛕 as a fitted tortuosity 
factor, which takes in account the effect of the tortuous path within the 
particle on the effective diffusivity 

(𝟑) 

(𝟒) 

𝟏

𝐃𝐞
=
𝛆𝐅𝐞𝟐𝐎𝟑
𝛕
(
𝟏

𝐃𝐊
+
𝟏

𝐃𝐛
) 

𝐃𝐛 = 𝟎. 𝟎𝟎𝟏𝟖𝟓𝟖 ×

𝐓𝟑
𝟏
𝐌𝟏
+
𝟏
𝐌𝟐

𝟏 𝟐 

𝐏𝛔𝟏𝟐
𝟐 𝛀 𝟏,𝟏 ∗

 

𝐃𝐊 = 𝟗𝟕𝐫𝐞
𝐓

𝐌
= 𝟏𝟗𝟒

𝛆𝐅𝐞𝟐𝐎𝟑
𝐒𝐠𝛒𝐅𝐞𝟐𝐎𝟑

𝐓

𝐌
 (𝟓) 

[1] HIRSCHFELDER, J. O., CURTISS, C. F. & BIRD, R. B. 1954. Molecular theory of gases and liquids, New York. London ;, Wiley ; Chapman & Hall. 

[2] SATTERFIELD, C. N. 1980a. Heterogeneous catalysis in practice, New York ; London, McGraw-Hill. 

 



Calculating external mass transfer coefficient 

The external mass transfer coefficient, 𝐤𝐠, in equation (1) was calculated using 

the definition of Sherwood number, and Sherwood number was estimated 
using a correlation [3] . The velocity of the gas, U, was calculated using a inlet 
flow rate of 50 ml/min (293K) and height of the pan of 11mm: 

(𝟒) 𝐤𝐠 = 𝐃𝐛𝐒𝐡/𝐝𝐩 

𝐒𝐡 = 𝟎. 𝟗𝟏𝐑𝐞𝐩
𝟎.𝟒𝟗𝐒𝐜𝟎.𝟑𝟑 

[3] Perry, R.H. and Green, D.W., Perry's Chemical Engineers' Handbook seventh edition. 1997: McGraw-Hill, New York, USA. 

(𝟓) 

𝐒𝐜 = 𝛍/(𝛒𝐠𝐃𝐛),  

𝐑𝐞𝐩 = 𝛒𝐠𝐔𝐝𝐩/𝛍 (𝟔) 

(𝟕) 

Where 



Procedure for deriving intrinsic rate constant and 

activation energy 

Step 1: Calculate 𝐤𝐠. Calculate 𝐃𝐞 assuming 

𝛕=4 
 
Step 2: Calculate 𝐤𝐢

′ and 𝛈𝐜𝐨 in equation (1) 

(First loop assuming 𝛈𝐜𝐨=1) 
 
Step 3: Using the 𝐤𝐢

′ and 𝐃𝐞 Calculated earlier 
to estimate a new value of  𝛈𝐜𝐨 in equation (2) 
 
Step 4: Calculate 𝐤𝐢

′ and 𝛈𝐜𝐨 in equation (1) 

using the new value of 𝛈𝐜𝐨 
 
Step 5: Repeat step 2 to step 4 until 𝛈𝐜𝐨 
converge  
 
Step 6: Adjust value of 𝛕 (and therefore 𝐃𝐞) so 
that same 𝐤𝐢

′ is recovered for particles with 

different sizes at a single temperature. 
 
Step 7: Assume the same 𝛕 when deriving 𝐤𝐢

′  

and 𝛈𝐜𝐨 for other temperatures using step 2 to 
step 5 
 
Step 8: Derive activation energy E and pre-
exponential factor A for reaction. 
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As the reaction proceeds, some pores are shifted from approx. 70 nm to 
200 nm, improving pore interconnection – reactivity increases slightly. 



Dependence on Temperature-Activation Energy 

Activation energy and pre-exponential factor was found via TGA  results of 
~2mg samples at a fixed CO concentration of 3vol% under varying 
temperature from 500°C – 800°C. 
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The 60 wt.% Fe2O3/ 40 wt.% Al2O3 (60Fe40Al) particles were prepared via a simple wet 

granulation technique from Fe2O3 powder (5 µm Sigma Aldrich) and four different types of Al2O3 

precursor powders: 

 

1.60Fe40Al1 – Al2O3 (10 µm powder, Sigma Aldrich) 

2.60Fe40Al2 – Al(OH)3 (Sigma Aldrich) 

3.60Fe40Al3 – Al(OH)O (Sasol Pural NF, d50 = 15 µm) 

4.60Fe40Al4 – Al(OH)O (Sasol Pural SCF 55, 83% < 25 µm) 

 

Wet granulation From Fe2O3 and different Al2O3 precursors: 


