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Welcome.This is module 2,lecture number 10.  Kinetics of gassolidreduction:Iron oxide 

reduction Part 2.In the last lecture, we have discussed the concept of shrinking core model 

and derived the time evolution of fractional reaction of solid reductant for chemically 

controlled process and gas film mass transport controlled process, using shrinking core 

model.   
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In this lecture, we will derive similar correlation for gas diffusion through the ash layer 

asthe rate controlling step.We also discuss the mixed controlled situation, followed by 

numerical problems.   
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First, diffusion through the ash layer may be assumed at steady state.  This is logical 

because when a gaseous species crosses two fixed boundaries, the process comes to a 

steady state after some time from the onset of the process.  Frankly speaking, the boundary 

at the unreacted core-ash layer interface is not stationary and it is shrinking with time.  But 

it is reasonable to that the time scale of this boundary shrinking is much smaller compared 

to the time scale of diffusion of gas through the ash layer, considering large difference of 

density between solid and gas by around 1000 times.  In other words it will not be illogical 

to assume the reaction interface to be stationary during te diffusion of the gas through ash 

layer and therefore, this situation may be called  pseudo-steady state. 

So, under steady state, the mass balance statement may be given as: 

 

(1) 

Now integrating over ash layer yields: 
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(2) 

Now, integrating with respect to time: 

 

 

(3) 

The time for complete reaction may be given as: 

 

(4) 

Finally the relationship between fractional reaction and time may be given as: 

 

(5) 

Interesting, unlike in chemically controlled process and gas film mass transfer controlled 

process, it is observed that time for complete reaction is directly proportional to R2; while 

it was proportional to R in other two cases.   
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So, if experimental data in terms of fractional conversional term, 1 − 3(1 − 𝑋𝐵)
2

3 +

2(1 − 𝑋𝐵) is plotted on y axis and dimensionless time t/τ on x-axis and if it follows a 

straight line passing through origin, the reaction may be considered as ash layer diffusion 

controlled.   
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So, let us analyze the mixed control situation.As I have said when the resistance of two or 

more steps are comparable and resistance are in series, then the overall resistance could be 

obtained by adding the resistances in series and the rate of the process will be mixed 



controlled.   The electrical analogy for rate of reaction for a gas solid reaction involving 

three resistances in series is shown below: 

 

Individual resistances for gas film mass transport, ash layer diffusion, and chemical 

reaction are also shown, which could be derived from the mass balance equations for 

individual rate controlled steps as described above and in previous lecture.  Finally the rate 

expression for the mixed controlled step may be given as: 

 

 

(6) 

It could be observed that individual resistances (except gas film mass transfer resistance) 

depends on 𝑟𝑐 and subsequently those will change significantly during the progress of 

reaction.  Volume average resistance could be obtained by following integration: 

 

 

Finally it yields the rate expression in terms of average resistance during the course of 

reduction as follows: 
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Or, in terms of solid reductant, B: 

− 〈
𝑑𝑁𝐵
𝑑𝑡

〉 = 4𝜋𝑅2 × 𝑏 ×
(𝐶𝐴,𝑔 − 𝐶𝐴,𝑒)

(
1

𝑘𝑔
+

𝑅

2𝐷
+

3

𝑘𝑠
)
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Now, we will discuss two problems. Problem number 1: Let us consider the reduction of 

iron ore (magnetite, Fe3O4) of density 4.6 g/cc and size of 5 mm by hydrogen.  Unreacted 

core model is asked to apply.  Magnetite reduction by hydrogen may be safely considered 

irreversible because of very low requirement of equilibrium hydrogen at the interface.   
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Solution: 

 

The average resistance of chemical reaction. 

 

The average resistance of the ash layer 

 

 

Total average resistance due to chemical reaction and average resistance of the ash layer 

  

Bulk hydrogen concentration, 𝐶𝐻2 

 

Reaction stoichiometry: 
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Rate expression: 

 

 

Integration over time 

 

Time for complete reaction 
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(b)  It is mixed controlled and the relative resistance of chemical reaction is twice 
(16.67/8.33) to that of ash layer resistance 
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Problem 2: 

 (Refer Slide Time: 31:33) 

 

Now, we go to the problem number 2.  Here we discuss a sphere of wustite is being reduced 

by hydrogen to metallic iron at 700oC by hydrogen. We need to calculate the instantaneous 

rate of reduction at fractional reaction of 40 percent as well as the time required to attain 

the same. It is asked to solve the problem assuming ash layer diffusion as rate controlling 

step.   So chemical reaction will attend equilibrium and equilibrium gas composition is 

given. Let us conceder the reaction is controlled by H2O diffusion through the ash layer.   
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Solution: 

Reaction stoichiometry:  

 

 

 

 

 

Unlike magnetite reduction, Wustite reduction may not be considered irreversible because 

of large amount of hydrogen is needed, or H2O should be below a certain limit at the 

interface to maintain the equilibrium.  Equilibrium volume ration of H2O/H2 is given as 

0.39. 

The H2O concentration at the interface may be calculated by applying the gas law: 

 

 

 

 

The total time for conversion: 

 

 

Time required for 40% conversion 
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Reaction stoichiometry: 

 

Instantaneous rate:  

 

 

Instantaneous rate at 40% conversion: 
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So, these are the two references. 

 

 

 

In conclusion, following points may be noted: 

1.  The dimensionless correlation for fractional conversion for ash layer diffusion is: 
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Where,  

 

2.  For mixed controlled reaction, the rate may be expressed in terms of average 

resistances for film transport, ash layer diffux=sion and chemical reaction interface 

as follows: 

− 〈
𝑑𝑁𝐵
𝑑𝑡

〉 = 4𝜋𝑅2 × 𝑏 ×
(𝐶𝐴,𝑔 − 𝐶𝐴,𝑒)

(
1

𝑘𝑔
+

𝑅

2𝐷
+

3

𝑘𝑠
)
 

So, instantaneous rate of reduction at certain fractional reaction, time for complete or 

partial reduction can be estimated using these formula, which is demonstrated by these 

two problems. 
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