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Kinetics = equation for R=1(C,, Cg,Cq, ..., T)

Elementary reaction
direct transformation of reagents into products (no intermediates)
follows power-law type kinetics (“law of mass action™)
reaction order for each reagent = | stoichiometric coeff. |

I I r
A+DbB A B _ C _qR=k(C,)P(C.)

Non-elementary reaction
conversion of reagents into products is not “direct”
there are intermediates (... there iIs a reaction mechanism)
rate equation is empirical (determined from experiments)

aA+bB—>cC  R=k(C,)(C.)
a =order de A (not necessarily =a)
S =order de B (not necessarily =b)

_ k(C)'(C)"
1+ k,C, +Kk,C;
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Nonelementary reactions - Examples =3

CH,CHO—>CH,+CO  R=(-r,)=k(C, )"

A

2+ 12— Zt!l MR=(-T,)=(-rgz) = e — K:C,Cy
wEC 2k, +kyCo

r leACB]./Z

H, +Br, —» 2HBr R=(=r)=(-r)=-"S =

% Hé_z; S ] 72 ky+(CICy)
. r r

N, +3H, >2NH, ®=-A="8__c _KC

<~ 5 Tl 23 a2 e

athighP (-r,) =k,C
(CHB)ZNZ_)C2H6+N2 g ( A)_ 1 ;\
— =2 atlowP  (-r,)=k,C;
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Reaction Mechanism JUSTS

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. ~1072s)
- Difficult to measure, very low concentrations

Examples:
- activated complex
- transition state
- free radicals
- enzyme-substrate complex
- 1ons



Pseudo-Steady-State Hypothesis (PSSH)

Active intermediate has high reactivity/short lifetime/very low concentration

PSSH Pseudo-Steady-State Hypothesis
QSSH Quasi-Steady-State Hypothesis
HEPE: Hipotese de Estado Pseudo-Estacionario

PSSH: the net rate of formation of an active intermediate Is zero.

Consequences:

(1) Foreach active intermediate, we have an equation : Fintermediate = O

(2) We can solve this system of equations to obtain the concentrations of the
Intermediates as a function of the non-intermediate species (reactants and
prOdUCtS) rintermediate,i =0 = Cintermediate,i — 1:(Creactants and Cproducts)

(3) We can then substitute the concentrations of the intermediate and
eliminate them from the final expression for the rate equation of the
reaction (the final rate equation for the overall reaction must be a
function of the concentrations of reactants and products, but not

Intermediates)
iRgIobaI: 1:(Creactantsu 1 Cproducts’ butN I mediates) 6



Nonelementary reactions — An example JUSTH

Gas-phase decomposition of azomethane. The observed kinetics is:

athigh P (-r,) =kC,
atlowP (-r,)=kC:

(CH,;),N, > C,H, +N

2
— =~
B C

A

Let us postulate the following mechanism (series of elementary steps):
(stepl) A+ A—S S AL A*

(step2) A*+A—25>A+A

(step 3) A*—% 5B+ C

(stepl<e>2)  A+AT T A+A*

(step 3) A*— 3B+ C



Gas-phase decomposition of azomethane A— B+ C

(stepl) A+A—>A+A* R, =k,C2
(step2) A*+A—25A+A R, =k,C,C,.
(step 3) A*—% 3B+C R, = k,C

3
r, = ZVA,J.RJ. =-2R,+R, -R, +2R, +0R, =—R, +R, = —k,C% +k,C,C,.

=1

3

Fe =D Va iR =+R, =R, =Ry = +k,C; —k,C,C o —k;C
j=1
3

rs =Y Vg ;R; =+0R, +OR, +R; =R; =k,C .

=1

3
re =Y ve ;R =+0R, +0R, + R, =R, =k,C,.

=1



Gas-phase decomposition of azomethane A— B+ C

(stepl) A+A—>A+A*
(step2) A*+A—25A+A
(step 3) A*—% 5B+ C

—Rl +R2

ry —ZVAJR =—2R, +R~R, + 2R, +OR,

=1

Rl — klci
R2 — k]_CACA*
R, = k,C,.
-R, +R, =—k,C? +k,C,C,.
N

ﬁ A* is an intermediate [

ZVA* R, =+R, - R, + R, =

J

PSSH

+k,C2 —k,C,C,. —k,C =0

i)y

= ZVB,J.RJ. =+0R, +OR, +R, =R, =k,C,.

=1

re =Y ve ;R =+0R, +0R, + R, =R, =k,C,.

=

(

A

kC,

~N

K, +k,C,




Gas-phase decomposition of azomethane A— B+ C

(stepl) A+A—LSA+A* R, =k,C:
(step2) A*+A—5A+A R, =k,C,C.,.
(step 3) A*— 5B+C R, =Kk,C .
3
rn=>>v, R =—2R +R, —-R, +2R, +0R, =-R, + R, =—k,C% +k,C,
A ; AN 1 1 2 (2 3 1 2 1 : 2

PSSH

3 ——
Fe =D Vae Ry =+R, — R, +R; =}+k,C} —k,C,Cp —k,Cp=0

j=1
J

.
3
fo = D vo, Ry =+0R, +0R, + R, =R, =k,Cp )
= 1) $g\\\\\~ 4 )

kC,

3 Cp =
rC:ZvC,jRj:+OR1+OR2+R3:R3:k — Ky +K,C
=1

. J
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Gas-phase decomposition of azomethane A— B+ C

(stepl) A+A—SLSALA* R, =k,C2
(step2) A*+A—2>A+A R, =k,C,C,.
(step 3) A*—% 5B+ C R, =k,C,.

— k,C:
r. =+kC: -k,C,C,. —k,C,.=0 :{CA* = 1A }

 k, +k,C,
—k.k,C?
r, =—kC?2 +k2CA =1 +3k1 CA
3 2-A

ko, - 2 f ,kC2
8 = K3 B —
Ks +k,C (—FA)=—|—I’B=—I—I’C:k 3:((/;
3 T Kb

2
rC = k3 rC = k3k1CA \ _J
kK, +k,C,
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UMIVERSIDADE DE SAC PAULD

Gas-phase decomposition of azomethane A—> B +C

(stepl) A+A—SSA+A* | - —
k _ _ _ k3k1(:A

(step2) A*+A— A+ A [T = A =4 = T

(step 3) A*—% 5B+ C - <

—

high P = high C, = k,C, >> k, =

2 2
= (-r,) = KkiC _ka Kaky C, = 1storder
* %kc k, ) "

lowP=lowC, = k,C, <<k, =
k:k,Ca  _ K:k,Co

3+)§/z“éA ) K

T RT ,

= (-r,) = L: k,C2 = 2nd order}




Kinetics of Nonelementary Reactions

MECHANISM = RATE LAW
but
Rate Law % Mechanism

rate law may help to propose a mechanism or to discard a mechanism
(but it is not enough to confirm a given mechanism)

if the rate law derived fromthe mechanismis able to explain the experimental data,
thisisan evidence (nota confirmation) that the mechanismistrue

PSSH, QSSH for all active intermediates
Rintermediate,i =0= Cintermediate,i = 1:i(CreactantS1 Cproducts)

Other possible hypotheses:
- rate-limiting step

- steps at quasi-equilibrium H



Kinetics of Nonelementary Reactions
(Fogler, Chapter 7)

Recommended exercises:
P-7.4
P-7.5
P-7.3
P-7.7
P-7.8 (** COVID)
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P-7.5 (Fogler) Oxidation of NO. The observed Kinetics is: S
2NO+0, »2NO, (-r,)=kC2.,C,, ki when TT

anomalous behavior(??)

Let us postulate the following mechanism (series of elementary steps):

(stepl) NO+0O,—2>NO,
— (step 2) NO, —2—»NO+0O,
(step3) NO+NO,——>2NO,

—

Verify whether the above proposed mechanism can
explain the experimental observations.
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P-7.5 (Fogler) Oxidation of NO. The observed Kinetics is: S
2NO+0, »2NO, (-r,)=kC2.C,, ki when TT

anomalous behavior (??)

Let us postulate the following mechanism (series of elementary steps):

e

(stepl) NO+0O,—4->NO, R, =k,CroCo:s
— (step 2) NO, —2>NO+0, R, =K,C s
(step3) NO+NO,—<—>2NO, R, =K;C\cCros

PSSH
oz =+R, —R, —R; = Jrk1C|\|oCoz - kZCNOS - kSCNOCNO3 =0
o =R +R, —R; = _klcNOCOZ T kZCNO3 - kBCNOCNO3

o, =R +R, = _k1CNoCoz T k2CN03

Moz = +2R; = +2k3CNOCN03



P-7.5 (Fogler) Oxidation of NO. The observed Kinetics is: S
2NO+0, »2NO, (-r,)=kC2.C,, ki when TT

anomalous behavior (??)

Let us postulate the following mechanism (series of elementary steps):

e

(stepl) NO+0O,—4->NO, R, =k,CroCo:s
— (step 2) NO, —2>NO+0, R, =K,C s
(step3) NO+NO,—<—>2NO, R, =K;C\cCros

PSSH
——
'vos =+R; =R, =Ry :L_leNOCOZ —K;Cos —K3CpnoChos =0
o =—Ri + R, =Ry ==K C\xCp, +K,Cpyo3 - (BCNO(%NO?)
I

02 =R +R, = —K,C0Cos + K,C 03 . Solve this PSSH
equation for Cyo; and
j— — éf_ [ [
rNO , _|_2 R3 _|_2 k3C NO C NO3 substitute the result in

the other equations to
eliminate Cyos




Oxidation of NO. The observed kinetics Is: E}‘
2NO+0, -»2NO, (-r,)=kC2.,C,, ki when TT

anomalous behaV|or(’)’>)

mechanism
(stepl) NO+0O,—2>NO, ,
(step 2) NO,—25>NO+0, R = "o _ Toz _ Mnoz _ KskiC o Cos
3 2
-2 -1 +2 kK, +k,C
(step3) NO+ NO, ——2NO, 2 T R3¥NO

_ K:K\CrnoCos i kp>>ksCrol| o g3 — k.k,C:5Co,
Kz +K3Cho K,

(_ E3 o E1j TN
k30 exp k10 exp prau . T
=Kk _ RT RT k3°k1° exp( e Ez)j
app kz B Ez ‘ kzo

RT
E.o=E;+E,—E, = if [E;+E, <E,JthenE,, <0=if TT then k,, {

K,, EXP
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Understanding the meaning of
the PSSH
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Pseudo-Steady-State Hypothesis (PSSH)
X=CA/Csq, Y=Cg/Cpr,, W=C/C,,

DDDDDDDDDDDDDDDDDDDDDD

' '

ASEB SC

% — _klx

d

it = klx — kz}’

dw

ar 2y

k, = 0,1k,

1 ; o
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Pseudo-Steady-State Hypothesis (PSSH) QUSTS

R R

ASB SC K,>> K. Ki/ky—0
dx
x = exp(—k,t) P —Fkyx
y= %exp(—klt) 0 =lyx — kyy
2
dw
w = 1—exp(—k,t) P kay
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