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6.13 Kinetics of Catalytic Rxn
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1. Catalyst, catalysis & catalytic rxn
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CATALYSIS

THE ROOTS

Payen & Persoz (1833) f"
Isolate Farment &

{Enzyms)

Dobereiner {1820°s)
EtOH —» HAc

Doberainer (1 808)
Starch —» E1OH

Kirchoff (1811)

Starch E.. Sugar

i

Thenard
Porcelain

".. | 2NH]F3 Pt, etc.

Parmentier (1781}

H+

Starch —* Sugar

Schematic representation of some of the studies that serve

\ "2, Mitscherlich (1935)
< H
) ‘E 2 EOH = EIOET + H,0

"<-L
o,

2w Dulong & Thenard (1924)

“%2, DR H, + Air 24
%** N %‘% 2
(1813) 1@ ‘t‘% " Dobereiner (1823)
2 J MoOH + Air
—— % E1OET + H20 E1OH + EtOH

“%% Ry, HerAr

Pt Catalyst
H. Davy (~1800)
CH, + Air (P1)

H. Davy (~1800)
CH, + Air (P1)

as a background for the formulation of the concept of catalysis




This 1s a new power to produce chemical activity ...
When I call it a new power, | do not mean to imply that it Is
a capacity independent of the electrochemical properties of
the substance. On the contrary, | am unable to suppose that
this 1s anything other than a kind of special manifestation of
these, but as long as we are unable to discover their mutual
relationship, it will simplify our researches to regard it as a
separate power for the time being. It will also make it easier
for us to refer to it If it possesses a name of its own. | shall
therefore call it the catalytic power of the substances, and
the decomposition by means of this power catalysis...
Catalytic power actually means that substances are able to
awaken affinities which are asleep at this temperature by
their mere presence and not by their own affinity.




» 1888-1905 & W. Ostwald XH#Eth (R MN)BHT T — &R
IR, KRB T E#S. W. Ostwald
(1895): Any substance that alters the velocity of a
chemical reaction without modification of the
energy factors of the reaction.

¢ 1902: A catalyst is any substance that alters the
velocity of a chemical reaction without appearing
In the end product of the reaction.

« 1902: A substance that changes the velocity of a
rxn without itself being changed by the process.



International Union of Pure and Applied
Chemistry (IUPAC:1981)’s definition:

« A catalystis a substance that
Increases the rate of reaction without
modifying the overall standard Gibbs

energy change in the reaction,

« the process is called catalysis,

« and areaction in which a catalyst is
Involved Is known as a catalyzed
reaction.
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2. Mechanism of catalysis (##4b7E4k)

i
g
1
CO+ EOz

ki) L7

¥
— e B
Y (G

'\C/
Yoo Pd
(IR CO 2175 0) (x5 CO2)




AC+B —= P

BLLINTEYS

Ecat — El T E2 - E—l

kl



(A--B)*

E /(A b
A (A---C---B)
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AC+B

A+B+C

P +C
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2H,0, = 2H,0+ O, E =75 kJ mol!

MKl HO,+1 = 10"+ H,0
H,O,+ 10" » H,0+ 0, E=59kJmol*

3H, + N, = 2NH,

N2+2>!< » 2 N=*

H, + 2% » 2 Hx

N*x+H=*%x—> NH %+ %

NH * + H* = NH, * + *
NH, * + H * = NH;* + =
NH,* — NH;+ *

(#% 35 B M)
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Figure 15, Energy profile of the progress of ammonia synthesis
on Fe (energies are in kJmol !; reproduced from Ref. 94).
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R )i E/kJ mol
FRMCRE  ARIR
2HI=H, + |, 184.1 104.6
2H,O0 - 2H, + 0O, 244.8 136.0
2N,O = 2N, + O, 245 134.0
3H,+N, = 2NH, 334.7 167.4
2NH, = 3H,+N, 335 159-176
148.5
FRREE, J. Catal. 224 (2004) | 90.3
384; Appl. Catal. A. 301 (2006) 79.6
202; Appl. Catal. B 48 (2004) 56.1
237 & 52 (2004) 287 47 2
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3. Basic Concepts in Catalysis
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Selectivity of catalysis:
ML [ N7 [a] 45
K% (250°C)

/ \O-/CHz 1.6 x 108 (AQ)
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Methyl terbutyl [Hydrocarbons
f ether

(MTBE) | cetaldehyde|
wtene Zeolites
lon Exchange

Resin
+CO - -
CH30H Bhor | rlilécetlc acid

HI co-catalyst

NaOCH
Y Ag/A03 +Carboxylic Acids

or Acid
+CO FeMoO.4 catalyst

Methyl formate Esters
Formaldehyde]
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o [ % Hﬁﬁz (Vm) %
Areal rate (mol/m .5s)




e Turn over number

[ ¥ (L) £ ]:

e Turn over frequency

[ E PN . 1 dn

Vi = — (molec./s)

— Nps dt

Nuyo: HERMATRALSERT (SFHER) B2 E

V. R TR, RDFRELAYERLL, A
B—~REYBRIE T, ZESETeSE AN BN FE DL L
HAEGHRK (BRTHZTTFeHXE)



5. Kinetics of homogeneous catalysis

JCREN (BEEL - RNY (RO RNY
Z—) BT 5 450 B R AT RO SE PR A0y [HY
OH-. B THEANEHR. BEeY (BESY) TLE

BET URT) , F5] ﬁ’ﬁi (BehL) HF#mTe

25, IFERURAE (EURES #TRMN, B
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B I N ) — AL [ — R 3h S b ) .

(1) S +C 1, X+Y
K1
k2

(2) X + W P + Z




Arrhenius intermediate (P 4L 2E)

BI: k, <<k

-k ===

un SR AR A S 1)
B E 43 5 N [S] N Cly s
TRk BH ;
(1). = [S]o >> [CloHT
I =K, [X][W]
= KK [S]H[Clo[WI(K[S]o+[Y])
(2). 4 [S], << [CloM

r = K[ X][W]
= KK [S]o[Clo[WI(K[C]o T [Y])



van't Hoff intermediate (FaZS403E)

BE: k, >>k,

A

WER P AEEAL T 4]
ABUSE 7 7 M [S]o A [Cly
H MW AHBEAT W ALY,
IRGEE
I = K[ X] = kqk; [S]o[Clo/A
Horpr
A = {k([Clo T [Slp) + k4 + K3}




(1) Acid-Base Catalysis (BR s pE4L)
H,SO,

C,H, + H,0 . C,H.OH
CH,— CH, +H,0 7229 C_H,(OH),
No/

CHs CH- CH, + 2H,0 N39H ¢ 1 (OH), + HCI
‘o’ ¢
CH,OH + CH,COOH - CH,COOCH, + H,0
Mechanism of catalytic esterification:
CH,OH + H* - CH,OH, *
CH,OH,* + CH,COOH - CH,COOCH, + H,O + H*



A: FFHREBRBMEILE N: S - P

A LRI S: substrate (&4%)

B ABAY, S+H" &——= SH*" —— P+ H"

wmAEIL S+ OH 2 > SOH-—— P+ OH-

r.- =k, [SI[OH’]

(o =T +0 .+

=(ky +k . [H]+k_,, [OH ][S]




K'=ko+k .[H]+k_ [OH]

—ky+k  [H]+k_, K, /[[H]

K, . the lonic product of water

W *

B P B AR AL R R H) ik R 5 pH A XK.

* PRI T 1S e i /2 (7% #X) #9 Bronsted X
F (1923) : k,=GK,“ k, = G,K,*




Wijs (1893) @il & 2
PR TR H) 7K A8 Y. T B

|
\/ PR, AT
' IKFEFIRERK,:
: K, = [H*] [OH] = %%
I [ J
|
*, I

Ink t

= Ky, [H] =koy. [OH]
B, eI (k) |/
B/ME Kipim:
: * kH+ [H+]min — kOH- [OH]
pH — kOH-KW/[HJr]min

Kw= kH+[H+]r$1im/kOH-




B: ;L BRIEAL

S+HA == SH*+A" —— P+HA
ISR

S+B

S+ HB* P+B

r=(k +k, [H]+k,, [OH]+k [HAI+ks[B])[S]

* Protolytic catalysis; Prototropic catalysis

** EARBARLH] GRITASTFHEALA])

KR E AR, BT in. BRER 4R,
FTip . BRBEER . A M- RALZRALAT A
— 3k 5 TS F 39 7T AR A BARBRAEAL T




(2). Coordination catalyst (£&& (EiAL) #E4L)

Je N 38 I A AR R A AR O T R AT B 1T A5
PvEAL OBRIESEYD , JHAERCAL BN 31T
N, LRSIt . e e 2 ol i
SlEMECEY) (KEY)) .

Ziegler-Natta catalyst (1957)
c.H, LTCAICHS); (cH, -CHCH.- CH,)-.

PUri: mEtE. EakFErt. RNV SRR
Bl PP MAZ TS



Mechanism:

| / | 7 |
—M=Y + X ==—M=Y =— —M—X—Y
a /| |
X
PACI, - CuCl
C,H, + 1/20, 2_ 272, CH,CHO

DdCl, + 2CIF  —, [PdCI,]?

PdCl,]? +C,H, —— [C,H,PdCL,] + CI
C,H,PdCl;]" +H,0 — [PdCI,(H,0)C,H,]+CI
PACI,(H,0)C,H,J+H,0 —s [PACI,(OH)C,H,]-+H,0*
PdCL,(OH)C,H,] . Cl-Pd-CH2-CH,-OH + CI
Cl-Pd-CH2-CH,-OH ——, HCI + Pd + CH,CHO
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6.14 Kinetics of enzyme catalysis

1. Characteristics of enzyme catalysis

(1) High activity: B39 B AN TEAL RS P
nf LR — R sm b 1) 5 105~108 £

H,0, . H,0 +1/20, E =75kJ mol
Fe2*

H,0, »H,0 +1/2 0, E =45kJmolt

H,0, 2T 4 0+1/20, E=7~8kJmolt

(2) Specific selectivity: & &, —FhEg 2 A —NCER) M

(3) Enabling reactions under mild conditions

(4) Often involving very complicated rxn mechanism



2. Rate equation of enzyme catalytic rxn

Experimental observation:

E o
S - P

S : substrate r
E . enzyme

e [S] /M, 1 o< [S], n=1
o [S] BEAKT, r=constant n=0



Mechaelis-Menten Mechanism (1913)

K k
S+E<k1’ES 2 LE+P
t=0 [E]o b
t=t  [El,-[ES]  [ES]

EEEAL RN F: k, >> Kk [S]>>[E],
(#H: [E], = 108-1010 mol/l; [S] > 10 mol/l)

L ksIET- K [EST- K [EST = 0
=S - EE ey [E] = [El - [ES]
[S] = [S], - [ES] ~ [Sl



k_, + Kk, + k,[S]

klk2 [S] [E]O
k., +Kk, +K[S]

Mechaelis constant

_ K[ELo[S]

I



_ N K[E][S]
Mechaelis-Menten equation K., +[S]

1st order rxn

Zero order

Arlr,=112 8, Ky=[S];
LB ORI R — 20 R IR .

Z\

v A = X N IR

\
-



PRI SRK,, AT,

1/[S]



3. Factors affecting enzyme catalysis
(1) W HIpHE ¢

PH

5 X R i 1.5
[IRARE S 2.2

TR i R 4.5

o -FIEHEEEE o -SRI AR 5.4



(2) Temperature

A

I

T=20~35°C




(3) #IE7 (activator)
HETE = BSR40 ot (OR358 70 2 e L8 1 Bl g H
G 5rF, W: Cl, Mg2*, Mn2+, Co?*, -t 2
g, A HEH IS

(4) P07 (in

nibitor)

SRAECY A G B B H A i, HEEERE 1 L
R B8 Th TEE A AR AR A T -5 EOHE 1 R B 2
HIR BRI

22 4. K. Laidler, Chemical Kinetics, 3rd

Ed.

, 1987




4. Adsorption isotherms at ideal surface

(1) Langmuir isotherm/equation (1916)

Basic assumptions:

(a) Surafce adsorption is limited by forming
a monolayer at the surface

(b) The surface of solid is uniform

(c) Adsorbed molecules have no interaction
with their neighbors on the surface.



Langmuir &2 A0 &

AR ARG B 7T A

Ro-T 5 BB S BL 5 AN A8 Rt 42 14 %)
B Z AR A2 o T EIKE
&R T A R R

PR LER;

G+S - -

O:

SG T

T BRSSP T B FR R

%éﬁ

& / surface

coverage




At equilibrium r, =T,

kap(l_e) — de

Langmuir equation of adsorption:

e a=kky (RM-PHFE) Question:

What is the

ap
0 molecular

:1+ap

implication of
@ for areal

adsorption
surface ?




Remark-1:
e At low pressure, ap<<<<1, 6 = ap, ' e<p
* At high pressure, ap>>1,0=1, I'=T" _
I" . : Monolayer adsorption capamty
JE Ry J2

(7E [& 44

ARG N 8 PR B )




Remark-2: Another version of Langmuir eq.

Pip/ T (B p/VYXTpAERLATKR T (Ve 1 a.




a=k_ Ik, =f(T)

Remark-3:

dolna, AH,

( oT )p_RTZ

—AHa/RT IRT
YR —3a,e"™

a=a,e
AH, : ¥ /=& M # /adsorption heat at constant

pressure

In general : AH <O
TT , al, '



I 52 R A
i1 — B
%R

A

p

Remark-4: Applicable
_ for both physical and
T chemical adsorptions.

HQuestion: Langmuir eq. B #fLL B4R FH?27?




(2) Langmuir equ. for dissociative adsorption

A, + 2S = 2AS




(3) Langmuir equ. for competitive adsorption

A+S=AS a,, 9,
B+S=BS ag, 0g

9 _ aApA
P —
1+aApA +aB pB




(4) Chemisorption on Real Surfaces

CO/Ni(111) CO/Pd(111)

025 05 0s 10
) 0/8 max

|corPtim) 0 Co/Pd(111)
0 O.E2]5 05 0 0.825 05

Relative and absolute sticking probabilities for car-

Figure 16.
120, 133,

bon monoxide as a function of surface coverage [39,
134].

L BE W BE DEGH --\,3) !\f,l.k} e
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S |l: _,L l } I _,1._.i\ \ .‘L- i __,—"

£laksy

Figure 24. Geometric arrangement of CO molecules on a
Ni(110) surface at low coverage (right) and high coverage (left).
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temperature [K]

Figure 34. Thermal desorption spectra of (a) clean and (b) po-
tassium covered (® = 0.015) Pt(I111). Various CO coverages are
plotted indicating the population of sites close to the alkali at low
CO coverage. On the unmodified Pt(111) surface at higher cover-
ages similar sites are observed [265].




(a) Freundlich equation of chemisorption

or

[ = kplln

Inl“:lnk+£|n P
1

Ky nONEEH B Ja kAR LU EL R BB

(Fe) FRAYIS R .
(@) (M50 R HJERE S+ B

)

AR

H

DB AH. =AH, —-AlIn&




(b) Temkin equation of chemisorption

['=Aln(a.p) _Eln(aop)

94

\‘#r

AR A
(a) (BB 7DD 2R R R0 I bt

(b) BEARERAIEN: AH=AH)- o 0

Question: can you make the equation based
on the above assumptions?




(6) BET (Brunauer-Emmett-Teller) equation
(1938) % =YKk M it
Basic assumptions:

(a) A7 B AR SR T AT
DA B R

(b) B ARE RSN, %
T L1 43 2 I A
HAEJE

(©) H_RE AU LRS- TR #AHER, H

T RS AARIERR, BE58—BE4HF
PRI B 28 AN [

O 00
o0 000 ©
[ ] O




S, RExZ@a%&, S,,S,, ..., S, ... REERK
ﬁu ﬂ%ﬁ%%%ﬁ@@ﬁoﬁW$%ﬁ:

Conws, i+ = Vi, i1

Qi BT
JBE AR OB




HF: (1) E,=E,=...= E, = E, (&d4k#yEALH#)
(2) by/a,=bsla;=...=bi/a,=9g




R A 69 & E AR

ﬂ%%ﬁﬁg%ﬁ‘V=WZﬁi
1=0

Vo: AR ST EEE
3 A5y AR R F)
P s v VvV
B R 894K AR

V,,: B EE T R DT B AT BT
B8 AR AR,







RIE BET 1BiXK, W EHRZIRE,
L pop, (RARHARAE) B, V > o
FRAH: x=18, B

(%)eEL/RT _1

_ P

X

cp
(P, — P)[L+(c —1)p/p, ]




CpP

(P, — P)L+(c-Dp/p, ]

V. adsorption amount to form a full
monolayer [ 2k

C . constant dependent on adsorption
heat

P, : vapor pressure of adsorbate In
equilibrium with its liquid at the
adsorption temperature /HMZERE
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V. (p—P)| 1+(c-D(p/p,)—c(p/p)™
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O 1Y p/p,= 0.05 ~0.35
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p/V(pg-p) ¥ p/py TEE

AF—

2 (R AR 0 RV, 5 c

@ BET H 13

C WY e
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Kelvin equation:

- =2\, cosd

RT
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IUPAC X} 2 FLA RHE
RILK/PRIE X :

e 1fL /micropore:

<2.0nm

1fL / mesopore:
2.0nm ~50 nm

e K¥L/macropore:

> 50 Nnm
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(2) W Pftvi R IR SR s 25 LT iy R - P 5 dRL 2 2
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e 7K 3
o I B 12 K IR IT 4G
o bt B 342/ T 4G

N
=t

|«

o Py = Py

* ABEAKRERAE (774K /-196°C) T, No

& 4 38 IR B 08 B TR A RHEY FUIR S A, SR ALY
w29 0.0105 N/m; Z&x29: 0.805
g/lcm® ; BEIRAWAR>Y: 103 cm3/g.
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« Z2MLZE4S: S.J. Gregg & K.S. Sing, “Asdorption
Surface Area and Porosity”, Academic Press,
1982.
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/. Rate equation of surface catalysis
(1) TR P BRI AL N

© H— TR
A—— C

Mechanism:
A + * 4_—> A* _r> C?'C_> C + *

Assuming b,>>b N b, p,
(=4 CH 55 14 b, p,




when P— 0

(R

First-order rxn

Zeroth-order rxn

A N ) BT AT

Pa
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BRL 79 12K

= A RERM, BF b>>1,

r

Pt/y H,(9) + 15(9) 148
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@ P [ NP 2R T = N
A+B—C
(a) L- H (Langmuir-Hinsheluood) Mechanism

PR T2 T PP R B e . 2 TR ) S B rds

A+ B+ 2 —= A* + B* i » Ck = C+*
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If pg IS kept constant:
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(b) Eley-Rideal Mechanism

SR I N 55 P AT 2R TR R B PR 43 AR 4B T e

A+7* 3 > A*+ B kr » C*r——= C+*

Pa



(2) By by B R ki 4 BR &G B RL

A (9) - C(9)

U
” A < . C N C + *
KR "

A+*

r=Kk,p,(1-6,-6.)
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‘A rate equation

C*t— C+*

#3710 R Bfs T3

P,-P./K

P,-P./K

P,-P./K

1+ (1+1/K,) Pg/K,

1+ K,P, + Pg/K,

1+ (1 + K,) Ky Py

1
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ate — (kinetic factor)(driving force)

(adsorption term)”

Kinetic factor — Ha20 & RESEERRTEH, WEHEARIREMN
MRz JfF -~ 1 5 4
Driving force — AR B RN EB|EH S =PRI ELSE S T1. B
PR NI S C P EIRE RN E . A2 BEL7m
K2, KRBT Z NI
Adsorption term — R H TR & B2 R IR R D,
B — T RE I BRI M FE AN [R] 2R T IR BT 0 A N 2R T
Eo VAL L B i TP
% WRR LR, BLEE AN F R . HEEZAT
FHI RS W RFE LR A #0H, —#n=0, 1, 2,
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