10. Catalysis &
Catalytic Reaction

o Basic Define

- Catalyst, catalytic mechanism, rate limit step.
o Catalytic Mechanism

- Describe the steps

- Derive arate law and a mechanism and rate
limiting step consistent with the experimental data

o Use Regression to discriminate between reaction
rate laws and mechanisms



2. Steps In a Catalytic Reaction X

o Step 4 : Surface Reaction 1
o Rate of adsorption of species A onto a solid surface

A+S— A-S
Fap = kA

Pcva o CCO.SJ
KA

o Single site

- Only the site on which the reactant is adsorbed is
Involved in the reaction
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2. Steps In a Catalytic Reaction XI

o Dual site

- The adsorbed reactant interacts with another site
(either occupied or unoccupied)

( aH. ()II

7( /L 7( 7\_ rs=ks£CA.sz—CB'SCVj

A-S+S<>B-S5+S

co o cO,

Pt Pt
C..C
I's :kSKCA-SCB-S_ = DS)
A-S+B- S C-S+D-S

May/26 2011 Spring 3




2. Steps In a Catalytic Reaction Xl|I

o Dual site 2

CO 0. CO,

=E

"pt Fe Pt Fe Rt {EeiPt ke

A-S+B- S C-S+D-S

C..C,
I's :kS(CA-SCB-S'_ CIS< Dsj
S

= angmuir-Hinshelwood Mechanism
- Single or dual site mechanism reaction
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2. Steps In a Catalytic Reaction XII1

o Eley-Rideal

- Reaction between an adsorbed molecule and a
molecule in the gas phase

B B 7
j\/ &/ L A—B
. o T 7

A-S+B(g)<«>C-S

C..
Is = ks (CA-SPB _%J
S
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2. Steps In a Catalytic Reaction X1V

o Summary
a . kP
A+SA-S —r, = A (7]
A 1+ K,P, +K,P,
Dual site
b - kP,
A-S+S<>B-S+S —Iy =
A A+ KL P + K P,) i
C , , . kP, P, 7]
A-S+B-S«<C-S+D-S —rI,= A B
A A+ K P, + K P, + K.P.)?
Eley-Rideal
. kP, P
d A.s+B(g)<>C-S -, o il

T 14K, P, + K P,
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2. Steps In a Catalytic Reaction XV

o Plot 1
_ Py kPy g
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o 1




2. Steps In a Catalytic Reaction XVI

o Plot 2
Py - Pa g
(1+E~EPED)2
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AT (14K Py +KpPp Y

—Tan




2. Steps In a Catalytic Reaction XVII

o Plot 3

kP Pp

—ry =

—Tan

—fan

(14K 4Py +KpPp +KcPe Y

Fix Pa . Pg

Initial Rate —r a4 = rap

Fix PE, PC

0=

—Ta0
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kP 5 nPro

Initial Rate

(1+E 4 Pup +EpPgg +KCPCD)2
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2. Steps In a Catalytic Reaction XI1V

o Plot 4

—Ta0

kP

Py

T 14K, P, +En~Po

Fix Fag

—Tan

g = ¥PuoPrg
1+E s Fug
—fan
Fix Plﬂ'ﬂ
Feo
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FanFan
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2. Steps In a Catalytic Reaction XIX

o Desorption
C-SoC+S

P.C,
I'oc = kD(CC-S - Iz j
DC

- Desorption rate constant for Cis just reverse of the
adsorption step, r'pc = -I'ype

- Desorption equilibrium constant for C is just
reciprocal of the adsorption equilibrium constant

1
K.
Ioc = kD (Cc:-s - KR C. )

KDC —
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2. Steps In a Catalytic Reaction XX

o Rate-Limiting Step
- At steady state
=T =1 =1p
- One particular step in the series is found to be rate-
limiting or rate-controlling

= Studied by Langmuir-Hinshelwood approach
e adsorption-limited reaction

e surface-limited reaction

e desorption-limited reaction
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2. Steps In a Catalytic Reaction XXI

o Rate-Limiting Step 2
- Example of adsorption-limited reaction
3H,+N, > 2NH,

H,+25 —>2H .S Rapid

N, +S< N, -S N
Rate — limiting
N, -S+S <> 2N-S
N-S+H-S<>HN-S+S
NH-S+H-S<>H,N-S+S _
> Rapid

H,N-S+H-S<> NH,S+S
NH.S <> NH, +S




3. Rate Law, Mechanism, and RLS |

o Modeling Reaction
- Decomposition of cumene to benzene and propylene

C,H.CH(CH ,), > C.,H, +C.,H,

TABLE 10-3.  STEPS IN A LANGMUIR-HINSHELWOOD KINETIC MECHANISM

(@

N
hShE= @

A

ks
C'S == B:S+P

S

kp
B-S Aﬁ B+ S

-D

Adsorption of cumene on the surface

Surface reaction to form adsorbed
benzene and propylene in the
gas phase

Desorption of benzene from surface
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3. Rate Law, Mechanism, and RLS |1

o Modeling Reaction 2
- Treat each step as an elementary reaction

- The species concentrations in the gas phase are
replaced by their respective partial pressures

C. > P
- Adsorption of cumene

F'ap = kA PC Cu — k—ACC-S

Adsorption: r,, = kA[PcCV _C|:<c:sj

C
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3. Rate Law, Mechanism, and RLS |11

o Modeling Reaction 3

- Surface reaction
Is = kSCC-S — k—s PP CB-S

Surfacereaction: r, =Kkg (Cc.s _5 CB-S]

Ks

- Desorption
* Propylene is not adsorbed on the surface
Cps =0 b =KpCgs —k pFC,

Desorption: r, = kD(CB-S KRG, ]
KDB




3. Rate Law, Mechanism, and RLS IV

o Modeling Reaction 4
- Desorption 2

Desorption: ry =k, (CB_S — KPR C, )

- No accumulation of reacting species on the surface

—Ic =Ty =1 =1p
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3. Rate Law, Mechanism, and RLS V

o Modeling Reaction 5
- Adsorption is RLS?

. C-
—Ic =Tap :kA(PCCv — Kcsj

C

e surface reaction rate is
C..P
. =k.| C.o ——22F

S S( C-S KS j

e surface specific reaction rate is large by comparison

rizo
ke
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3. Rate Law, Mechanism, and RLS VI

o Modeling Reaction 5
- Adsorption is RLS? 2
* solving for C ¢ CaP
KS

Ib = kD (CB-S - KghRsC, )

e desorption rate constant is large by comparison

Cc-s —

* to obtain Cg ¢

rDN

*solving for Cp,s C_,. =K P,C, Ko

* solving for Cq P, P,

C

\'

Cc-s =Kg

S
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3. Rate Law, Mechanism, and RLS VII

o Modeling Reaction 6
- Adsorption is RLS? 3
* replacing C g

F'ap = kA(PC - KBPB PP ij — kA(PC - PB PP ij

KsKe Kp
e et KK _
K i
*total site C =C,+C_..+Cg,
* substituting C
t

C =
"1+ P,P K, /K. + KGP,
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3. Rate Law, Mechanism, and RLS VIII

o Modeling Reaction 7
- Adsorption is RLS? 4
 reaction rate = rate of adsorption

_rc': =Tap = kA(PCCv — CCOSJ

Ke
CesP PP
Ces = T<SP:KB BKP
S S

C

"T14P PR K, /K, +K P,

C, Ces = KghsC, [7]

C

. substituting C. k. (P. —P, P, /K,)

—F~ =T n =
© P 14K PP, /K + K P,




3. Rate Law, Mechanism, and RLS IX

o Modeling Reaction 8
- Surface Reaction is RLS?

e reaction rate = rate of surface reaction
k

kC, K:(P. =P, P, /K, )
1+ P, Kg + K P

- Desorption is RLS?

 reaction rate = rate of desorption
k

_ koC KsK (P =PyP, /K,
P, +P. KK, +K.P, P,
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