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Gas phase decomposition of azomethane

Consider the gas-phase decomposition of azomethane, AZO, to give ethane and nitrogen

(CH?))ZNZ CZHé + NZ
Experimental observations show that the rate of formation of ethane is first order with respect to
AZO0 at pressures greater than 1 atm (relatively high concentrations)
Ten, X Cazo

and second order at pressures below 50 mmHg (low concentrations):

2
Ten, CAZO

We could combine these two observations to postulate a rate law of the form

S k1Chzo
Gl 14+ kyCuyzo

find a mechanism that is consistent with the experimental observations

@ solution

Step 1: Propose an active intermediate.

We will choose as an active intermediate an azomethane molecule that has been excited through
molecular collisions, to form AZO -, that is, [(CH; ),N,] - .

Step 2: Propose a mechanism

kl
Reaction 1: (CH,),N, + (CH,),N, — (CH;),N, + [(CH;),N,] -
kZ
Reaction 2: [(CH;),N,] - + (CH,),N, — (CH;),N, + (CH,),N,




k
Reaction 3: [(CH,),N,] - — C,H, + N,
Step 3: Write rate laws
Reaction 1: 7y = k,C?4
Reaction 2: 7y = —kyClzo. Crzo
Reaction 3: 15 = —k3C 0.
Step 4: Write rate of formation of product.
Ten, = F3Caz0.
Step 5: Write net rate of formation of the active intermediate and use the PSSH
Tazo. =T1+To+ T3
Tazo. = k1030 — kaClzo. Crzo — k3Chz0. = 0
Solving for C,,, .

kO,
koChzo + k3

Step 6: Eliminate the concentration of the active intermediate species in the rate laws by solving
the simultaneous equations developed in Steps 4 and 5.

CAZO :

o kkaCy
Calte k2 CAZO + k3

Step 7: Compare with experimental data.
At low AZO concentrations, kyCl 0 << ks
for which case we obtain the following second-order rate law:

_ 2
Ten, = k1 Cizo

At high concentrations k5 C, > kg
in which case the rate expression follows first-order kinetics

Ten, = kCyz0

Nitric oxide combustion

Find the reaction rate law of the following reaction
2NO 4 0, — 2NO,

Experimental result: At low NO concentration, the reaction rate decreases with increasing tempera-
ture.

@ solution

Step 1: Propose an active intermediate.
We will choose as an active intermediate NO, - .
Step 2: Propose a mechanism
ky
Reaction 1: NO + O, — NO; -
k,
Reaction 2: NO; - —— NO + 0O,




k
Reaction 3: NO, - + NO —— 2NO,

Step 3: Write rate laws
React%on L7 o, = K1 kCNCO'COZ
React%on 2: Ty Nno,. = —02 NO. -
Reaction 3: T3 N0, = K3 no, - Ono
Step 4: Write rate of formation of product.
Tno, = F3Co,. Cho
Step 5: Write net rate of formation of the active intermediate and use the PSSH
TNo,- = T1— T2 —r3/2
k
No,- = klcNoCoz - k2CNO3~ - 730N03-CN0 =0
Solving for C, .

k1CnoCo,
ks + % Cho

Step 6: Eliminate the concentration of the active intermediate species in the rate laws by solving
the simultaneous equations developed in Steps 4 and 5.

At low NO concentrations, ko > %C’NO

CNO3 -

k
CNO3 .= k_ICNo C’oz
2

kikg o
TNo, = I CNOCOZ
2
Step 7: Compare with experimental data.
Experimental result: At low NO concentration, the reaction rate decreases with increasing

temperature.

AA E,—(F E

For reaction rate to decrease with temperature, £, > E, + E;

Decomposition of cumene to form benzene and propylene

Develop rate laws for catalytic decomposition of cumene to form benzene and propylene.

CHsCH(CH,), — C4H, + C,H,

@ solution

Reaction: Cumene (C) — Benzene (B) + Propylene (P)
Steps:



CH(CHj),
CsHe
CBHE

D~ o~ ol ~

Adsorption of Surface Desorption of
cumene reaction benzene

CH(CHj3)»

Figure 1: Sequence of steps in a reaction-limited catalytic reaction.

Adsorption:

C+S+——=¢C-S
k

—A

Surface reaction:

C-S?B-S—}—P

—S

Desorption:
kp
B-S+=——B+S
—D
Reaction rates:
Adsorption:

C-.
Tap = kaPcCy—Fk_AC¢ s; Tap = ka (PCCV_ KC-AS)

Surface reaction:

PpCy.
rs = ksCc.s —k_gPpCy.s—; rs = kg (Cos - ﬂ)

Desorption:

PpC

Kpg ;= 1p =kp(Cs.s — KgPpCy)

 Kpg

For steady state operations the reaction rates of these three steps are equal.

—TG=Tap =Tg=Tp
Case 1: Adsorption of Cumene Rate-Limiting

C
—re =Tap =ky (PC’CV_ é:’)




Because we cannot measure either C,or C.. 5, we must replace these variables in the rate law
with measurable quantities in order for the equation to be meaningful.

For adsorption-limited reactions, the surface-specific reaction rate kg, and desorption-specific
reaction rate k, are large by comparison, and we can set

r r
5 ~0; and -2 ~ 0

kg k
Therefore,
C. .P
Ce.s BKSS -
And,
CB~S = KpP BCV
Combining,
PrpP
C..=Kgz—ELcC
C-S B KS Vv
and

Ky PpPoC

The concentration of vacant sites, C'y, can now be eliminated by utilizing the site balance to
give the total concentration of sites, C, which is assumed constant.

Ct = CV+CC-S +CB-S

KpPpPpCy

Ct - Cv+ KS

+ Kz PpCYy,
Solving for C'y, we have

Cy

- KBPPPB
14 Zegels 4 K Py

Cy

and the rate equation

Cikia (Po — 75,")

K PpPp
1+ —EeE 4 KpPg

re
At t=0minwe have P = Pg o, Pp =0 (no product) and Py = 0 (no product)

~10o =Tap = CitkaPco = kPco

Plot initial rate —r¢  vs. Pg  is linear.
Case 2: Surface Reaction Rate-Limiting

PpC,
—ro =75 = kg (Cc-s - PK—;S)




* kg :small
e ky:largeorrp/ky ~0
e kp:largeorrp/kp ~ 0

From Adsorption reaction

From Desorption reaction

From site balance

Cy = G
V7 14+ KgzPg+ Ko P,
Therefore,
PgP
L ksKoCy (Po— %)
ST 14+ KgzPg+ Ko P,
Att=0

, kP o

—Tco=Ts = HK—CJD@; k=ksKoC,

At low partial pressure of C we have 1 > Ko P¢

/ —_—
—Tco = kP C,0

Initial rate increases linearly with the partial pressure of C
At high initial partial pressure of C we have K P o > 1

—reo = k/ko
Initial rate is constant.
Case 3: Desorption of Benzene the Rate-Limiting

—re =71p =kp (Cs.s — KpPpCy)
« kp:small
e ky:largeorr p/ky ~ 0

« kg:largeorrg/kg ~ 0

From adsorption reaction

From surface reaction

From site balance




_ Ct
1+ KoKs72 + KoPe

Cy

Therefore reaction rate;:

p._ Pelp
—rg=rp =k K-KsC ¢ Kp

Att=0;—rg o = kpC, = constant
Initial rate is constant.

Rate law for catalytic reaction

Find the reaction rate law of the reaction

1
S0, + 2 0, — SO,

@ solution

Reaction: )
SO, + 2 0, — SO,

Mechanism:
Oxygen adsorption (V is vacant site):

kl
0, +2V==20-V

—1

Surface reaction:

k,
O-V+502k#503 +V

—2
Reaction rates:
Reaction 1:

_ 2 2
ry = k1POQCV_ k_1C5.y
Reaction 2:
T = k200~vPsoz - k—2P503CV
Assume reaction 2 is slow (rate limiting step)
Therefore, r, /ky ~ 0
"'COQ-V = K1POZCX2/
Rate for reaction 2 then becomes:

)1/2

Ty = ky (K1Po2 CVPSOQ - k—zpsog Cy




Site balance:
Ct — Cv+ CS,O - Cv+ Kll/zpé/QQCV

— Ct
1 (K P, )Y

Cv

Substituting in equation for r,

_k (K, Po,)"”

1+ (K1P02)1/2 I (K1P02)1/2

Pso,C; k_sPso, C

Ty

_ kyCiPso, (K1P02>1/2

1+ (K, Py,

—k_,CPgo,
>1/2

Ty

att=0

_ kCiPso, (KiPo,)"”

a0 = L+ <K1P02>1/2

Compare with the experimental data

» Differential reactor

* Measureable data

* Keep Py, constant, change K,
* Keep P, constant, change Py,

Surface reaction limiting reaction

The reaction A+ B =—= C + D is carried out over a solid catalyst, the reaction mechanism is believed
to be

A+S+—A-S
B+S+——=B8B-5S
A-S+B-S+—C-SD-S
C-S=—=C+S
D-S=——=D+S

Assuming step 3 is the slowest step, derive the rate law for the reaction.

@ solution

Reaction:
A+B—=C+D

Mechanism:




Adsorption:

A—{-Sk:A-S

—1

B+S+—B-S
k

Surface reaction:
k3
A-S—I—B'Sk:c-s—i—D'S

—3

Desorption:
k,
C-S+=—C+S
k.,
ks
D-S=—D+S
ks
Reaction rates:
=k PyCy—k_1Cyg
Ty = ko PgCy—k_5Cpg
r3 = k3Cy.sCp- S —k_3Cc.sCp.gs
ry = kCog —k_4PcCy
r5s = ksCp.g — k_sPpCy
and
k
K, =L
1 k.
k
K,=-—"2
2 ]{/’72
k
K, =2
3 k_g
k4
K, =—
4 k74
k
K, =
5 ]f_5

Assume surface reaction is rate limiting

Ty = k3Cy.sCps —k_3Cc.sCh.s

We need to eliminate C' 4. ¢, Cp.q, Cr.g, and Cp.

Cyps =K, P,Cy
Cp.s = Ky PpCy,
Co.s = K3 POy
Cp.g = K4PpCy




and
r = kgKlKQPAPBC‘Q/_ k_3K4K5P0PDC‘2/

Write site balance to calculate C'y:

C,=Cy+CustCps+Cos+Cpygs

Cy= G
V7 1+K,P,+K,Py+ K,P,+ K,Pp,
Substituting
r=r, — kBKlKZPAPBCtQ T k—SKZlKSPCPDCE
=y =

(1‘f‘K1PA"‘KzPB‘i‘K?,Pc+K4PD)2
Initial rates in differential reactor
att=OPC,PD = 0
— ks K1K,P,PpC,
714+ K,P,+ K,Py
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