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1 Hetergeneous Catalytic Kinetics

Catalyst surfaces contain active sites where species can form chemical bonds with reacting
and surface species. This can be sequential or concerted:

0y + 2% — 20*
OR
O2 4+ — O3
05 — 207
Some reactions employ a combination of sites (though this is not necessary):

CO+* — CO*
CO* _"_ [ N .CO*

Start out with the fact that there are a finite number of active sites on any catalyst!

1.1 Catalytic Kinetics: An Example

Consider the reaction scheme

Hy + 2" = 2H*
CoHy + " = CoHj
CoHj + H* — CoHZ +*
CoHi + H* = CoHg 4 27

noting that all equations add together to give the overall reaction, cancelling out all ad-

sorbed species on both sides. All reactions are elementary (no 3 or % order reactions).



Paths to solution:

1. Write down sequence of elementary steps that lead from reactants to products (in-
cluding empty adsorption sites and adsorbed species)

2. Determine (assume) a rate-controlling step. We’ll assume the third step is rate-
controlling, meaning
rate = k3[02H4] [H*]

3. Eliminate adsorbed species via equilibrium relations

L = V22
_ [CHP - :
2= fymgp 7 () = Gl
_ [CoHg)[P? A _ [CoHe][P
K= e = T

4. Substitute for Cs = > [X*] (concentration of surface sites)
5. Simplify, if possible, and analyze the results!!!

rate = k3[CoH}|[H*] = k3[C2H4] [*]K}/Q[HQ]U?[*]
Cs = ["] + [CoHy*] + [H*] + [CoH5"]
[CoHe][*]?

o “ 1/2 ) 1/2*
=[] + K2[CoHy][¥] + K" " [Ha] /<[] + K4K11/2[H2]1/2[*]

C,H
= [ [ 1+ KoCoHy] + K2 [H)V2 + %
K K" [Hy]'/2

* CS

| = 1
/2 [C2He]
1+ Kp[CoHy) + K" [Ha]Y/2 + m

therefore

ks Ko K2 C2[CoHy  [Hy) /2

1/2 CoH
1+ Ko[CoHy] + Kl/ [Ho]'/2 + #{HGL]W
1

rate =

1.2 Questions to Ask

e What are the ranges of rate dependencies on the concentrations of ethylene and on
hydrogen that could be measured: [Hg]"[CoH4]™?

e What do these depend on?



1.3 Other Mechanisms

Different rate controlling steps; any of
Hy + 2* — 2H*
CoHy +* — CQHZ
CoHj + H* — CoHE +*
CQH:':H-H* — CgHﬁ + 2

Two different types of site:
Hs + 2% = 2H*®
CoHy +* = CQHZ
CoHj + H* — CoHE + ¢
CoHE +H®* = CoHg +* +°

037*057.]{73KQK11/2 [CQH4] [H2]1/2

1

rate =

Other forms of adsorption steps that may be included:
CoHy + 2% = *CQHZ
H2 +*= H;

Eley-Rideal mechanism?

CoHy + 2* = *CoHj (or CoHy +* = CoHj ; CoHj +* = *CoHj

Hy + *CoHj — CoHf + H* (rate-controlling)

CoHf + H* — CaHg + 2* (note: irreversible; an assumption)

ko K1 C2[CoHy)[H
rate = ko[*CoHy][Hy] ~ = 1 :— ;([1 [éﬂzﬂ] :

Several approaches; not always easily solved!

1.4 Considerations
General form of rate law for Langmuir—Hinshelwood kinetics:
kres O3 T1; G T [Reactant ;™
[1+ Y, K;[Reactant]# 5 (different sites?)

rate =

(1)

How do we distinguish between the myriad of options?

!This mechanism has never been confirmed to exist in any real reaction. An Eley-Rideal mechanism is
experimentally equivalent to a Langmuir—-Hinshelwood mechanism in which the adsorption of one component
is the rate-limiting step.



From kinetics? If you only measure r = k[Hg|"[C2H4]™, what are the ranges of
exponents you can see?

e Measurements of adsorption equilibria and heats of adsorption?

What does Cf' mean?

How will the apparent rate coefficient depend on temperature? An “effective activa-
tion energy”!!!

2 Determination of Reaction Order

What types of experiments can you do?
e Constant T: vary one flow and leave others constant
e Constant T and Qiota1: vary one flow, adjust inerts
e Constant T and C;: vary Qiota1 and adjust all flows.
What can you measure?
e T (temperature)
e Ciin and Cjout
e i and Qiotal-
A reaction that is order n in species A reacts according to the rate law
ra = —kaCl} (2)

when A is a reactant. The type of reactor determines the actual time behavior of the
system. In a batch reactor, where C'4 is a function of time ¢, the mole balance on species
A (assuming constant density and volume) yields

dCy

— _kaACT
i ACH (3)

In a plug flow reactor (PFR), each “plug” of fluid travels along the reactor and does not
mix appreciably with the fluid from other plugs. The time variable in a PFR is therefore
equivalent to the distance along the plug flow reactor (z) times the mean fluid velocity. At
the exit of the PFR, the residence time t is t = V/F, where V is the volume of the reactor
and F' is the flow rate.



Integrating these expressions, we can obtain an expression for C'4 as a function of ¢:

¢ . n=T L n—19 1
0

kaC™
Ca,o VA 1 C _

In a continuous stirred tank reactor (CSTR), the dynamics are completely different.
A mole balance on species A in a constant volume, constant density CSTR yields
dCy

—= = —ksC}
i ACy +

B

3
VCA’O —=Cy (5)

Vv

If we make the assumption that the reactor runs at steady-state, we can simplify this
expression to

F
%4

F J—
CAvo_icAjK:T:M (6)

kaClp =
ACA % F kACT

where 7 = V/F is the mean residence time of the reactor.

2.1 Examples

For these examples, it is useful to define the dimensionless number M4, = k ,47'6‘1261 for
ease of plotting.

2.1.1 Negative First Order in A

PFR

02 _02
g A0 A Ch — \/2katCy2 +1 = /T+ Mag (7)
2ka Cap ’ ’
CSTR

 CagCa—C2  Ca 1 \/—_2 1
e T VIR L—4katCi3| = 5 [1+ 1—4MA,_1} (8)

2.1.2 Zero Order in A

PF Cao—Cy Cy kat

ST TG T a, M ¥
CSTR Cuo — Ca Cu kot

Tk TG aae Mo (10)



2.1.3 First Order in A

PFR ) o c
A A “kat _ _—M,
t:——lo —_ = —— =€ A:e 4,1 11
ka 8 <CA,0> Cap (11)
CSTR C C 1 C 1 C 1 1
_A0—ta 1 bao L A (12)

= — = =
kaCy ka Cy ka CA70 1+ kgt 1+ MAJ

2.1.4 Second Order in A

PFR C C C 1 1
‘4,0 — Ca A
t — ) : — = ].3
ka CA,O 1+ k‘ATCAp 14+ MA72 ( )
CSTR
Cao — Ca Ca\', Ca
= ———— = katC o ——1=0=
kaC3 ATAD <CA,0 * Ca,0
Cy _\/1+4kATCA7Q—1_\/1+4MA72—1 (14)
Cao 2ka7Cap N 2My 5
2.1.5 Third Order in A
PFR 1 1 C 1 1
t= —— ;= 5 = = (15)
QkACA@ QkACA 'A,0 1 _ 2k’Ath70 V1—=2My3
CSTR
Cap—Cy 9 <CA >3 Ca <CA >3 Ca
= A0 A karC)) (22 ) + A —1=Mus (=2 ) + =22 —1=0 (16
kaC} (ka7Cilo) Ca,0 Ca,0 A8 Ca,0 Ca,0 (16)

The solution to Equation (16) cannot be deduced immediately without knowing the values
of ka, 7, and Cy o due to the cubic nature of the equation. One can either solve iteratively,



or use the general solutions:?

;

1 (¢ 2-2TMZ 541/(2—2TMa 3)2—4 | 3[2-2TM3 ;—/(2—27M 4 3)2—4
3Ma,3 + 2 + 2
Ca
Cun € 1 14iv/3 3] 272TM7 3 +/(2-2TMa3)2—4  |_;\/3 3] 2=2TM} 53—/ (2-27M 4 3)?—4
A0 3Ma 3 + 6Ma 3 2 + 6Ma 3 2
S 1—iy/3 3] 2—2TMJ 3+1/(2—27TM 4 3)%—4 " 14in/3 3] 2=2TMJ 3—+/(2—27TM4 3)?—4
3Myz " 6Mas 2 6Ma 3 2

(17)

Two of these three solutions represent non-physical states (either negative conversion or
complex conversions) and should be discarded.

21 do not vouch for the accuracy of these expressions.



