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• This section deals with the class of heterogenous reactions in which a gas or liquid contacts a solid, 
reacts with it and transforms it into a product which could be a solid or a fluid

• These are essentially non-catalytic systems

𝐴 𝑓𝑙𝑢𝑖𝑑 + 𝑏𝐵 𝑠𝑜𝑙𝑖𝑑 → 𝐹𝑙𝑢𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

→ 𝑆𝑜𝑙𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

→ Τ𝐹𝑙𝑢𝑖𝑑 𝑆𝑜𝑙𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

Behaviour of reacting solid particles
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Here the solid particle remains unchanged in 
size during reaction when they contain large 
amounts of impurities which remain as non-
flaking ash or if they form a firm solid product

Here the solid particle shrink in size during 
reaction when a flaking ash or product 
material is formed or when pure 𝐵 is used in 
the reaction
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Examples of fluid-solid reactions where the solid does not appreciably change in size:

• Roasting (or oxidation) of sulphide ores to yield the metal oxides

𝑍𝑛𝑆 𝑠 + 3𝑂2 𝑔 → 2𝑍𝑛𝑂 𝑠 + 2𝑆𝑂2 𝑔
4𝐹𝑒𝑆2 𝑠 + 11𝑂2 𝑔 → 2𝐹𝑒2𝑂3 𝑠 + 8𝑆𝑂2 𝑔

• Preparation of metals from the oxides by reduction 𝐹𝑒3𝑂4 𝑠 + 4𝐻2 𝑔 → 3𝐹𝑒 𝑠 + 4𝐻2𝑂 𝑔

• Nitrogenation of calcium carbide to produce cyanamide 𝐶𝑎𝐶2 𝑠 + 𝑁2 𝑔 → 𝐶𝑎𝐶𝑁2 𝑠 + 𝐶 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠

• Plating of metals

Examples of fluid-solid reactions in which the size of solid changes are:

• Carbonaceous materials having low ash content react with air

𝐶 𝑠 + 𝑂2 𝑔 → 𝐶𝑂2 𝑔
2𝐶 𝑠 + 𝑂2 𝑔 → 2𝐶𝑂 𝑔

Reaction with steam 𝐶 𝑠 + 2𝐻2𝑂 𝑔 → 𝐶𝑂2 𝑔 + 2𝐻2 𝑔

𝐶 𝑠 + 𝐻2𝑂 𝑔 → 𝐶𝑂 𝑔 + 2𝐻2 𝑔

• Manufacture of carbon disulphide 𝐶 𝑠 + 2𝑆 𝑔
750−1000℃

𝐶𝑆2 𝑔

• Manufacture of sodium cyanide from sodium amide 𝑁𝑎𝑁𝐻2 𝑙 + 𝐶 𝑠
800℃

𝑁𝑎𝐶𝑁 𝑙 + 𝐻2 𝑔

• Manufacture of sodium thiosulphate from sulphur and sodium sulphite         𝑁𝑎2𝑆𝑂3 𝑠𝑜𝑙𝑛 + 𝑆 𝑠 → 𝑁𝑎2𝑆2𝑂3 𝑠𝑜𝑙𝑛
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Models for non-catalytic fluid-solid reactions

For non-catalytic reaction of particles with surrounding fluid, we consider two simple idealized models:

– progressive conversion model and 

– shrinking core model
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Progressive Conversion Model (PCM)

• In this model, it is assumed that the reactant gas 
enters and reacts throughout the particle at all 
times most likely at different rates at different 
locations within the particle

• Solid reactant is converted continuously and 
progressively throughout the particle
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Shrinking Core Model (SCM)

• Here the reaction first occurs at the outer skin of 
the particles

• The zone of reaction then moves into the solid, 
leaving behind completely converted material and 
inert solid – this is referred to as ‘ash’

• Thus at any time there exists an unreacted core of 
material which shrinks in size during reaction

• When a partly reacted solid material is sliced through the middle, the unreacted solid material 
surrounded by a layer of ash is usually found

• In most cases, the shrinking core model approximates real particles more accurately than does the 
progressive conversion model
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Shrinking core model for spherical particles of unchanging size

According to the model, five steps were visualized to occur in succession 
during the reaction

Step 1:   Diffusion of gaseous reactant A through the film surrounding the   
particle to the surface of the solid

Step 2:   Penetration and diffusion of gaseous reactant A through the 
blanket of ash to the surface of the unreacted core

Step 3:   Reaction of gaseous A with solid at this reaction surface

Step 4:   Diffusion of gaseous products through the ash back to the exterior 
surface of the solid

Step 5:   Diffusion of gaseous products through the gas film back into the 
main body of the fluid

In some cases (such as when no gaseous products are formed) some steps 
may be missing (step 4 and 5 not present)

BM-CHE-S402-Chemical Reaction Engineering - II, UIET, CSJM University, Kanpur

Resistances of the different steps usually vary greatly from one another and the step with the highest resistance is 
considered to be rate controlling

The conversion equations for spherical particles are developed in which steps 1, 2  and 3, in turn, are considered rate 
controlling
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Diffusion through gas film controls

• The concentration profile for gaseous reactant 𝐴 is shown in 
the figure when resistance in the gas film controls 

• The concentration of the gaseous reactant at the surface of the 
catalyst is zero and hence the driving force is = 𝐶𝐴𝑔 − 𝐶𝐴𝑠 = 𝐶𝐴𝑔
and is constant at all times during reaction

• From the stoichiometry (𝐴 + 𝑏𝐵 → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠), 𝑑𝑁𝐵 = 𝑏𝑑𝑁𝐴

−
1

𝑆𝑒𝑥

𝑑𝑁𝐵
𝑑𝑡

= −
1

4𝜋𝑅2
𝑑𝑁𝐵
𝑑𝑡

= −
𝑏

4𝜋𝑅2
𝑑𝑁𝐴
𝑑𝑡

= 𝑏𝑘𝑔 𝐶𝐴𝑔 − 𝐶𝐴𝑠 = 𝑏𝑘𝑔𝐶𝐴𝑔 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

where 𝑆𝑒𝑥 = external surface area

If 𝜌𝐵 = molar density of 𝐵 in the solid and 𝑉 = volume of particle
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Moles of 𝐵 present in the particle 𝑁𝐵= 𝜌𝐵𝑉

The decrease in volume or radius of unreacted core accompanying the disappearance of 𝑑𝑁𝐵 moles of solid 
reactant is given by,

− 𝑑𝑁𝐵= −𝑏𝑑𝑁𝐴 = −𝜌𝐵𝑑𝑉 = −𝜌𝐵𝑑
4

3
𝜋𝑟𝑐

3 = 4𝜋 𝜌𝐵 𝑟𝑐
2𝑑𝑟𝑐
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• Rate of reaction in terms of the radius of the shrinking core is,

−
1

4𝜋𝑅2
𝑑𝑁𝐵
𝑑𝑡

= −
4𝜋 𝜌𝐵 𝑟𝑐

2

4𝜋𝑅2
𝑑𝑟𝑐
𝑑𝑡

= 𝑏𝑘𝑔𝐶𝐴𝑔

−𝜌𝐵
𝑅2

න
𝑅

𝑟𝑐

𝑟𝑐
2𝑑𝑟𝑐 = 𝑏𝑘𝑔𝐶𝐴𝑔න

0

𝑡

𝑑𝑡

−𝜌𝐵
3𝑅2

𝑟𝑐
3 − 𝑅3 = 𝑏𝑘𝑔𝐶𝐴𝑔𝑡

𝜌𝐵
3𝑅2

𝑅3 − 𝑟𝑐
3 = 𝑏𝑘𝑔𝐶𝐴𝑔𝑡

𝜌𝐵𝑅
3

3𝑅2
1 −

𝑟𝑐
3

𝑅3
= 𝑏𝑘𝑔𝐶𝐴𝑔𝑡

𝑡 =
𝜌𝐵𝑅

3𝑏𝑘𝑔𝐶𝐴𝑔
1 −

𝑟𝑐
𝑅

3

The time for complete conversion of a particle = 𝜏 and after complete conversion, 𝑟𝑐 = 0

𝜏 =
𝜌𝐵𝑅

3𝑏𝑘𝑔𝐶𝐴𝑔
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• The unreacted core shrinks with time according to , 

𝑡 =
𝜌𝐵𝑅

3𝑏𝑘𝑔𝐶𝐴𝑔
1 −

𝑟𝑐
𝑅

3

• The time for complete conversion of a particle is given by, 

𝜏 =
𝜌𝐵𝑅

3𝑏𝑘𝑔𝐶𝐴𝑔

• The radius of the unreacted core in terms of fractional time for complete conversion is, 

𝑡

𝜏
= 1 −

𝑟𝑐
𝑅

3

• If 𝑋𝐵 is the conversion,

1 − 𝑋𝐵 =
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑐𝑜𝑟𝑒

𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
=

4
3
𝜋𝑟𝑐

3

4
3𝜋𝑅

3
=

𝑟𝑐
𝑅

3

𝑡

𝜏
= 1 −

𝑟𝑐
𝑅

3

= 𝑋𝐵

This gives the relationship between time, radius and conversion
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Diffusion through ash layer controls

• The concentration profile for gaseous reactant 𝐴 is 
shown in the figure when diffusion through the  ash 
layer controls 

• If we consider a partially reacted particle, both  
reactant A and the boundary of the unreacted core 
moves inwards towards the centre

• For gas –solid systems the shrinkage of the unreacted 
core is slower than the flow rate of A towards the 
unreacted core by a factor of 1000 which is roughly 
the ratio of the density of solid to gas

• Hence it is reasonable to assume that in considering 
the concentration gradient of A in the ash layer at 
any time, that the unreacted core is stationary 
(steady state conditions may be used)
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Rate of reaction of A at any instant is given by its rate of diffusion to the reaction surface

−
𝑑𝑁𝐴

𝑑𝑡
= 4𝜋𝑟2𝑄𝐴 = 4𝜋𝑅2𝑄𝐴.𝑠 = 4𝜋𝑟𝑐

2𝑄𝐴.𝑐 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
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The flux 𝑄𝐴 is written as per Fick’s law for equimolar counter diffusion as

𝑄𝐴 = 𝐷𝑒
𝑑𝐶𝐴

𝑑𝑟

−
𝑑𝑁𝐴

𝑑𝑡
= 4𝜋𝑟2 𝐷𝑒

𝑑𝐶𝐴

𝑑𝑟
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

−
𝑑𝑁𝐴
𝑑𝑡

න
𝑅

𝑟𝑐 𝑑𝑟

𝑟2
= 4𝜋𝐷𝑒න

𝐶𝐴𝑠

0

𝑑𝐶𝐴

−
𝑑𝑁𝐴

𝑑𝑡

1

𝑟𝑐
−

1

𝑅
= 4𝜋𝐷𝑒 𝐶𝐴𝑠= 4𝜋𝐷𝑒 𝐶𝐴𝑔

The above is the condition of the reacting particle at any time (pseudo quasi steady state)

Now, if the size of the unreacted core changes with time, then we see that the ash layer becomes thicker lowering 

the rate of diffusion, though 
𝑑𝑁𝐴

𝑑𝑡
is constant for a given size of the unreacted core

As we have seen before,

− 𝑑𝑁𝐵= −𝑏𝑑𝑁𝐴 = −𝜌𝐵𝑑𝑉 = −𝜌𝐵𝑑
4

3
𝜋𝑟𝑐

3 = −4𝜋𝜌𝐵𝑟𝑐
2𝑑𝑟𝑐

Replacing the value of in the flux equation we get, 

−
4𝜋𝜌𝐵𝑟𝑐2

𝑏

1

𝑟𝑐
−

1

𝑅
𝑑𝑟𝑐 = 4𝜋𝐷𝑒 𝐶𝐴𝑔 𝑑𝑡



− 𝜌𝐵න
𝑅

𝑟𝑐

𝑟𝑐 −
𝑟𝑐
2

𝑅
𝑑𝑟𝑐 = 𝑏𝐷𝑒𝐶𝐴𝑔න

0

𝑡

𝑑𝑡

− 𝜌𝐵
𝑟𝑐
2

2
−

𝑅2

2
−

𝑟𝑐
3

3𝑅
−

𝑅3

3𝑅
= 𝑏𝐷𝑒𝐶𝐴𝑔𝑡

𝜌𝐵𝑅
2 1

2
−

1

2

𝑟𝑐

𝑅

2
−

1

3
+

1

3

𝑟𝑐

𝑅

3
= 𝑏𝐷𝑒𝐶𝐴𝑔𝑡

𝑡 =
𝜌𝐵𝑅

2

6𝑏𝐷𝑒𝐶𝐴𝑔
1 − 3

𝑟𝑐
𝑅

2

+ 2
𝑟𝑐
𝑅

3

For complete conversion of a particle, 𝑡 = 𝜏 and 𝑟𝑐 = 0

𝜏 =
𝜌𝐵𝑅

2

6𝑏𝐷𝑒𝐶𝐴𝑔

Progression of reaction in terms of time for complete conversion is given by,

𝑡

𝜏
= 1 − 3

𝑟𝑐
𝑅

2

+ 2
𝑟𝑐
𝑅

3

It was seen that,   
𝑟𝑐

𝑅

3
= 1 − 𝑋𝐵 and hence,

𝑡

𝜏
= 1 − 3 1 − 𝑋𝐵

ൗ2 3 + 2 1 − 𝑋𝐵
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• The figure shows the concentration gradient within a particle 
when chemical reaction controls

• As the reaction is unaffected by the presence of any ash layer, 
the rate is proportional to the available surface of unreacted 
core

• Rate of reaction based on unit surface of unreacted core, 𝑟𝑐 is,

−
1

4𝜋𝑟𝑐
2

𝑑𝑁𝐵
𝑑𝑡

= −
𝑏

4𝜋𝑟𝑐
2

𝑑𝑁𝐴
𝑑𝑡

= 𝑏𝑘𝐶𝐴𝑔

where 𝑘 is the first order reaction rate constant

Now, as, − 𝑑𝑁𝐵= −𝜌𝐵𝑑𝑉 = −4𝜋𝜌𝐵𝑟𝑐
2𝑑𝑟𝑐

−
4𝜋 𝜌𝐵 𝑟𝑐

2

4𝜋𝑟𝑐
2

𝑑𝑟𝑐
𝑑𝑡

= −𝜌𝐵
𝑑𝑟𝑐
𝑑𝑡

= 𝑏𝑘𝐶𝐴𝑔

−𝜌𝐵න
𝑅

𝑟𝑐

𝑑𝑟𝑐 = 𝑏𝑘𝐶𝐴𝑔න
0

𝑡

𝑑𝑡

𝑡 =
𝜌𝐵 𝑅 − 𝑟𝑐
𝑏𝑘𝐶𝐴𝑔
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Chemical reaction controls
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• The unreacted core shrinks with time according to , 

𝑡 =
𝜌𝐵 𝑅 − 𝑟𝑐
𝑏𝑘𝐶𝐴𝑔

=
𝜌𝐵𝑅 1 −

𝑟𝑐
𝑅

𝑏𝑘𝐶𝐴𝑔

• The time for complete conversion of a particle, 𝜏 is given by, 

𝜏 =
𝜌𝐵𝑅

𝑏𝑘𝐶𝐴𝑔

• The decrease in radius or increase in conversion of the particle in terms of 𝜏 is given by, 

𝑡

𝜏
= 1 −

𝑟𝑐
𝑅

• If 𝑋𝐵 is the conversion,

1 − 𝑋𝐵 =
𝑟𝑐
𝑅

3

𝑡

𝜏
= 1 − 1 − 𝑋𝐵

ൗ1 3
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