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Topic 6: Heterogeneous reactions

> Gas-solid catalytic reactions
» Gas-solid noncatalytic reactions
> Gas-liquid reactions



Heterogeneous catalysis




Heterogeneous catalysis
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External transport
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Figure 3.2.a-1 Mass transfer between a fluid and a bed of particles.
Curve 1: Gamson et al. (3], Wilke and Hougen [4). Curve 2: Taecker
and Heugen [5). Curve 3: McCune and Wilhelm [6). Curve 4. Ishino
and Otake (7). Curve 5: Bar Ilan and Resnick [8). Curve 6. De Acetis
and Thodos [9). Curve 7 : Bradshaw and Bennett [10]. Curve 8 : Hougen
[11]; Yoshida, Ramaswani, and Hougen {12] (spheres; ¢ = 0.37).
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Figure 3.2.b-1 Heat transfer between a fluid and a bed of particles.
Curve 1: Gamson et al., Wilke and Hougen [3, 4). Curve 2: Buu-
meister and Bennett (a) for dfd, > 20, (b) mean correlation [13].
Curve 3: Glaser and Thodos [14). Curve 4: de Acetis and Thodos
[9). Curve 5: Sen Gupta and Thodos [15). Curve 6: Handley and
Hegys [16] (e = 0.37).



Bulk/Molecular diffusion
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Characterization of catalyst pellet
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Figure 3.4-1 Pore-size distribution in catalyst pellets. (a) Pellet 2.
(b) Pellet 1. (From Cunningham and Geankoplis [28].)



Transport in pore
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Transport in pellet
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Reaction and diffusion A—B
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Concentration profiles
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Figure 3.6.a-1 Distribution and average value of reactant
concentration within a catalyst pore as a function of the
parameter ¢. (Adapted from Levenspiel [15].)



Effectiveness factor
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Figure 8.11 Effectiveness factor (n) as a function of Thiele
modulus (&) for an 1sothermal paricle; three regions mdicated:




Ettect of geometry

08

06

D4

g

0.2

0.1 L4 11 { | 1

0.2 04 06081 2 4 6 BI1C 20 30

¢ (slab) or A

Figure 3.6.a-2 Effectiveness factors for (1) slab, (2)
cylinder, and (3) sphere( from Aris [78].)
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Figure 3.6.a-3 Effectiveness factors for slab, cylinder and sphere as functions of the

Thiele modulus ¢. The dots represent calculations by Amundson and Luss (1967)
and Gunn (1967). (From Aris [T4].)




Nonlinear kinetics
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Figure 3.6.b-1 Generalized plot of effectiveness factor for simple order
reactions.




Falsification of the kinetics
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Figure 4.7, The Effect of Diffusion Transport on

a Zeroth_order Reaction. Pressure Dependence in the
Cracking of Cumene on Silica Alumina. [After

Weisz and Prater (1954)].
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Falsification of the kinetics
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Figure 4.8. Experimental Demonstration of the Effect of Diffu-
sion on the Measured Activation Energy of the Cracking of Cumene

on Si02—A1203 Catalyst. [After Weisz and Prater (1954)].
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Multiple reactions
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FIGURE 11 Dependence of the yield of ;bu,tad_iene on iron oxide catalyst
particle size at 620°C. (From Voge and Morgan, 1972.)
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Nonisothermal pellet
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Figure 3.7.a-1 Effectiveness factor with first-order
reaction in a spherical nonisothermal catalyst pellet
( from Weisz and Hicks [112]).
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Nonisothermal pellet
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External and internal energy transfer limitations
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Figure 4.12, Measured Internal and External Temperature Pro-

files During the Hydrogenation of Benzene on Ni as a Function
of Feed Composition for Two Pellets of Different Conductivi-

ties. [after Kehoe and Butt (1972)].



Multiple steady states and hystersis
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FiGURE 14 Dependence of catalyst wire ‘surface temperatures on gas tempera-;

tures and butane concentrations. (From Cardoso and Luss, 1969.)




Gas-solid noncatalytic reactions
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Figure 9-1 Examples of fluid-solid and fuid-liquid reactions of approximately spherical solid or liguid particles.
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Gas-solid noncatalytic reactions

Figure 4.1-2 General model (from Wen
[2).

Cso— -
--—&
— 1,
i
1
'
|
1
|
I
\11
-f-nuiu fitm
/

Figure 4.1-3 Truly homogeneous model. Con-
centration profiles ( from Wen [2]).



B

Gas-solid noncatalytic reactions

Solid reactant

Figure 4.1-2 General model (from Wen
[2))-
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Figure 4.1-1 Heterogeneous shrinking core model with
sharp interface. Concentration profiles of gas and solid
reactants (from Wen [2)).



Shrinking particle model
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Shrinking unreacted core model
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Burning ot coke from alumina-silica catalyst
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Figure 1

Average observed burning rates of con-
ventional silica alumina cracking cata-
lyst. Initial carbon content 3.4 wt-%. Beads
(dashed line), and ground-up catalyst (full
curve). From Weisz and Goodwin (1963).



Burning ot coke from alumina-silica catalyst

Low temperature

Figure 2

Appearance after partial burnoff (a) and coke concentration versus radius in
beads for successive stages of burnoff (b), for three temperature levels. From

Weisz and Goodwin (1963).
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Burning of coke
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Time required for burning of coke
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(Gas-solid reaction: General Model — f = 1
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(Gas-solid reaction: General Model — f = 70
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General model. Concentration profiles for ¢” = 70. From Wen (1968).




Gas-liquid reactions

> gas purification processes

o CO2 removal from synthesis gas by aqueous
solution of hot potassium carbonate,
ethanolamines

o Removal of H2S by ethanolamines or sodium
hydroxide

> production processes
o Air oxidation of aldehydes to acids
o Oxidation of cyclohexane to adipic acid
o chlorination of benzene
2 Nitric acid, sulphuric acid
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Two-film model
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Slow reaction
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Moderate reaction
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Fast reaction
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Fast reaction
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Figure 6.3.b-1 Enhancement factor diagram for C,, = 0.



Very Fast reaction
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Instantaneous reaction
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