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Catalyst
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Reaction Mechanism is a set of elementary reaction steps that explains
how the reactants are converted into the products.

Besides the reactants and products, the reaction mechanism includes
formation and consumption of active intermediates

Typical characteristics of an active intermediate:
- Highly reactive
- Very short lifetime (e.g. ~10-9 s)
- Difficult to measure, very low concentrations

Examples:
- activated complex
- transition state
- free radicals
- enzyme-substrate complex
- ions

...



Catalysts
• Change (increase) the reaction rate 

– Reduce activation energy
– Promote a new mechanism for the reaction

• Do not affect the reaction equilibrium
• Not consumed
• Can be selective for a given product 
• Can be homogeneous or heterogeneous
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Adsorption Isotherms
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Adsorption Isotherms
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Adsorption Isotherms
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LHHW kinetic model
for heterogeneous catalytic reactions

LHHW = Langmuir-Hinshelwood-
Hougen-Watson

12



LHHW mechanism / kinetic model
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Hypotheses:

(1) in the surface reaction step, all reactants are
adsorbed and all products formed are adsorbed
on the catalytic sites

(2) PSSH applies for the reaction intermediates

(3) A rate-limiting step is assumed (i.e., one of the
reaction steps is rate-limiting)



LHHW mechanism/kinetic model
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LHHW mechanism/kinetic model
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LHHW mechanism/kinetic model
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LHHW mechanism/kinetic model









−=








−=+←

→









−=








−=+←

→









−=








−=+←

→+









−=








−=←

→+

===−+←
→

vD
D

DS
D

vD
DS

vC
C

CS
C

vC
CS

sr

DSCS
vASsr

DSCS
vAS

A

AS
vAA

AS
vA

DCADCA

Cp
K
C

k
K

Cp
CkRSDDS

Cp
K
C

k
K

Cp
CkRSCCS

K
CC

CCk
K
CC

CCkRDSCSSAS

K
C

Cpk
K

C
CpkRASSA

pppfrrrDCA

                            )4(

                              )3(

           )2(

                                          )1(

steps)y (elementar   Mechanism 

),,()(    .........       ...reaction   global

4
44

4
3

33

3
2

22

2
1

11

1

4

3

1

Rr
Rr
Rr

D

C

A

+=
+=
−=

(PSSH)   0
(PSSH)   0
(PSSH)   0
(PSSH)   0

4321

42

32

21

=++−−=
=−+=
=−+=
=−+=

RRRRr
RRr
RRr
RRr

S

DS

CS

AS

4321 RRRR ===

DSCSASvt CCCCC +++=
balance   site





















==







=



































=







 −=

=







−=








−==

=→→→→→







−=+←

→

=→→→→→







−=+←

→

=→→







−=+←

→+

=→→→→→







−=←

→+

+←
→

reaction
 global  theof

constant 
 mequilibriu

               1 

                

  

               

                 

step
limiting

rate
  ,

                           

                ...reaction   global

2

2
2

4

4

3

3

22

2

1

1

K
Kpp

p

CC
CC

Cp
C

Cp
C

Cp
C

KK
KK

K
pp

pCKkR

KK
ppKK

pCKk
K

CpKCpK
CCpKkRR

CpKCCp
K
C

kRSDDS

CpKCCp
K
C

kRSCCS

RR
K

CC
CCkRDSCSSAS

CpKC
K
C

CpkRASSA

DCA

eqDC

A

eqvAS

DSCS

eqvA

AS

eqvD

DS

eqvC

CS

srA

DC

DC
AvAsrglobal

srA

DCDC
AvAsr

sr

vDDvCC
vvAAsrglobal

vDDDSvD
D

DS
D

vCCCSvC
C

CS
C

global
sr

DSCS
vASsr

vAAAS
A

AS
vAA



 

        
pKp KpK

K
pp

pCKk
RR

  pKp KpK  CC
 CpKCp KCpK CC CCCC

K
pp

pCKkR

CpKCCp
K
C

kRSDDS

CpKCCp
K
C

kRSCCS

RR
K

CC
CCkRDSCSSAS

CpKC
K
C

CpkRASSA

DCA

DDCCAA

DC
AtAsr

global

DDCCAAvt

vDDvCCvAAvDSCSASvt

DC
AvAsrglobal

vDDDSvD
D

DS
D

vCCCSvC
C

CS
C

global
sr

DSCS
vASsr

vAAAS
A

AS
vAA

2

2

2

2

4

4

3

3

22

2

1

1

)1(

 

)1(

 

               

                 

step
limiting

rate
  ,

                           

                ...reaction   global

+++







 −

==

+++=
+++=+++=







 −=

=→→→→→







−=+←

→

=→→→→→







−=+←

→

=→→







−=+←

→+

=→→→→→







−=←

→+

+←
→



DDCCDC
A

DC
AtA

global

DDCCDC
sr

DC
vDSCSASvt

DC
AvAvDC

srA

DC
vAAglobal

vDDDSvD
D

DS
D

vCCCSvC
C

CS
C

vDC
sr

DC

srv

DSCS
AS

sr

DSCS
vASsr

global
A

AS
vAA

pKpKpp
K

K
K
pp

pCk
RR

pKpKpp
K

KK
CCCCCC

K
pp

pCkCpp
KK
KK

CpkRR

CpKCCp
K
C

kRSDDS

CpKCCp
K
C

kRSCCS

Cpp
K

KK
KC
CC

C
K

CC
CCkRDSCSSAS

RR
K
C

CpkRASSA

DCA

+++







 −

==









+++=+++=







 −=








−==

=→→→







−=+←

→

=→→→







−=+←

→

==→







−=+←

→+

=→→→→→







−=←

→+

+←
→

1

1

           

               

                 

          ,

 
step

limiting
rate

                  

                ...reaction   global

1

1

4

4

3

3

2

2

11

1











+++







 −

==









+++=+++=







 −=








−==

=→→→→







−=+←

→

=→→→→







−=+←

→

==→→







−=+←

→+

=→→→







−=←

→+

+←
→

DD
D

A
CAAD

DC
AtC

global

DD
D

A

D

Asr
AAvDSCSASvt

DC
A

D
vCvCv

D

A

DC

Asr
Cglobal

vDDDSvD
D

DS
D

globalvC
C

CS
C

v
DD

AAsr

DS

vASsr
CS

sr

DSCS
vASsr

vAAAS
A

AS
vAA

pK
p
pKKpKp

K
pp

pKCk
RR

pK
p
p

K
KK

pKCCCCCC

K
pp

p
p
KCkCpC

p
p

KK
KK

kRR

CpKCCp
K
C

kRSDDS

RRCp
K
C

kRSCCS

C
pK

pKK
C

CCK
C

K
CC

CCkRDSCSSAS

CpKC
K
C

CpkRASSA

DCA

1

1

           

               

 
step

limiting
rate

               

          ,

                    

                ...reaction   global

3

3

4

4

33

3

2

2

1

1











++++







 −

==









+++=+++=







 −=








−==

=→→→→







−=+←

→

=→→→→







−=+←

→

==→→







−=+←

→+

=→→→







−=←

→+

+←
→

C

A
DCCAAC

DC
AtD

global

C

A

C

Asr
CCAAvDSCSASvt

DC
A

C
vDvDv

C

A

DC

Asr
Dglobal

globalvD
D

DS
D

vCCCSvC
C

CS
C

v
CC

AAsr

CS

vASsr
DS

sr

DSCS
vASsr

vAAAS
A

AS
vAA

p
pKKpKpKp

K
pp

pKCk
RR

p
p

K
KK

pKpKCCCCCC

K
pp

p
p
KCkCpC

p
p

KK
KK

kRR

RRCp
K
C

kRSDDS

CpKCCp
K
C

kRSCCS

C
pK

pKK
C

CCK
C

K
CC

CCkRDSCSSAS

CpKC
K
C

CpkRASSA

DCA

1

1

           

step
limiting

rate
              

                 

          ,

                    

                ...reaction   global

4

4

44

4

3

3

2

2

1

1











++++







 −

==

C

A
DCCAAC

DC
AtD

global

p
pKKpKpKp

K
pp

pKCk
RR

1
4









+++







 −

==

DD
D

A
CAAD

DC
AtC

global

pK
p
pKKpKp

K
pp

pKCk
RR

1
3

DDCCDC
A

DC
AtA

global

pKpKpp
K

K
K
pp

pCk
RR

+++







 −

==
1

1

 

        
pKp KpK

K
pp

pCKk
RR

DDCCAA

DC
AtAsr

global 2

2

2 )1(

 

+++







 −

==

             

               

   

              

  LHHW       mechanism

       

reaction  global

4

3

2

1

SDDS

SCCS

DSCSSAS

ASSA

DCA

+←
→

+←
→

+←
→+

←
→+

+←
→

Results for LHHW
(depending on the
rate-limiting step 
Chosen)



LHHW mechanism / kinetic model
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LHHW mechanism / kinetic model
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LHHW kinetic model

26Froment & Bischoff, Chemical Reactor Analysis and Design, 2nd ed., Wiley, 1990
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Froment & Bischoff, Chemical Reactor Analysis and Design, 2nd ed., Wiley, 1990



LHHW kinetic model
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Froment & Bischoff, Chemical Reactor Analysis and Design, 2nd ed., Wiley, 1990



LHHW kinetic model

29

Froment & Bischoff, Chemical Reactor Analysis and Design, 2nd ed., Wiley, 1990



LHHW mechanism / kinetic model
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ASSIGNMENT: 
- choose one of these reactions;
- write the steps of the LHHW mechanism;
- choose one of the steps as rate-limiting;
- derive the corresponding rate equation;
- obtain the rate equation from the 

tables (kinetic factor,  driving-force 
group, adsorption group) and 
compare with the per-you-derived 
rate equation
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Eley-Rideal mechanism
Similar to LHHW, except  that in the surface reaction step, not all 
reactants (or not all the products) are adsorbed 
(i.e., hypothesis (1) of LHHW is not adopted). 
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Design Equations for Ideal Reactors
(mole balance for component A – limiting reagent)

one reaction & isothermal reactor
• Batch  reactor

• CSTR

• PFR

• PBR
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Use of LHHW kinetic model in reactor design 
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Analysis of the rate equation
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Linear regression 
(using the linearized-transformed equation)

Nonlinear regression 
(using the original rate equation)



LHHW mechanism / kinetic model

Recommended Exercises 
(Fogler Chapter 10)

P-10-5 (3ª. Ed.) = P-10-6 (4ª. Ed.)
P-10-8 (3ª. Ed.) = P-10-9 (4ª. Ed.) 

P-10-9 (3ª. Ed.) = P-10-10 (4ª. Ed.) 
P-10-10 (3ª. Ed.) = P-10-11 (4ª. Ed.) 
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Try the two methods and compare
• Linear regression using the linerized equation and 

transformed variables

• Nonlinear regression using the original equation 
and the original variables

Which of the two methods above is the easiest one?
Which of the two methods above is the best one? 
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• Model:

• Experimental data:

• General criterion:
max likelihood function

Parameter Estimation

( ) ,y f x= β

( )∏
=

=
n

i
ii xypxyL

1

,),(max ββ
β

),( tsmeasuremenn ii xy
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Least Squares Criterion
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Assumptions:
(1) Errors on variable x are zero 

(i.e., x are “perfect” measurements, with no error)
(2)  Errors on the variable y is 

distributed according to 
a normal (Gaussian) 
distribution with 
mean=zero and 

(3) variance  σ2 = constant

y

x
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Least Squares Criterion
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Assumptions:
(1) Errors on variable x are zero 

(i.e., x are “perfect” measurements, with no error)
(2)  Errors on the variable y is 

distributed according to 
a normal (Gaussian) 
distribution with 
mean=zero and 

(3) variance  σ2 = constant
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y

x

Other Criteria
(a) Error(x) = 0 and 

Error(y) = N(mean=0, σ2 not constant)
WEIGHTED LEAST SQUARES
(with weights proportional to 
the inverse of the variance)
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Least Squares Criterion

( ) ( )
p y x

y y
i i

i i, exp


β
πσ σ

=
− −











1
2 22

2

2

Assumptions:
(1) Errors on variable x are zero 

(i.e., x are “perfect” measurements, with no error)
(2)  Errors on the variable y is 

distributed according to 
a normal (Gaussian) 
distribution with 
mean=zero and 

(3) variance  σ2 = constant
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Linearization of the equation by variable transformation

y ax xb c= 1 2    ln( ) ln( ) ( )ln( ) ( )ln( )y a b x c x
Y X X

= + +
β β β0 1 1 2 2

1 2 
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Y X
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β β0 1
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1
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Linearization of the equation by variable transformation
Disadvantages
(1) If the values of x1 are in a narrow range (less than one order of

magnitude), ln(x1) will be in an even narrower range. Because all
elements of 1st column of matrix X are equal to 1, the matrix XTX 
becomes quase-singular. 

(2) Variable transformation may change the error structure (i.e., error
on the transformed variable is not normally distributed), thus
introducing bias in the parameter estimates.

(3) In some transformations, y  enters in the transformed
“independent”  variables (thus adding errors to the tranformed X)

Advantages
(a) Convert the original problem (nonlinear regression) into an easier

problem (linear regression)
(b) Useful for obtaining the initial guesses of the parameters to be

used in the nonlinear regression. 50
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error distribution
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Variables transformation
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Variable transformation changes the error distribution

16
Y=20±4                        20 

24

ln(16) =2.773
ln(Y)=2.996 ± ?           ln(20) =2.996

ln(24) =3.178

1/16 = 0.0625
1/Y = 0.05 ± ?              1/20 = 0.0500

1/24 = 0.0417

0.223

0.182

0.0125

0.0083

4

4
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