Rate equations for fluid-solid
reactions (kinetic models)

Book: Elements of Chemical Reaction Engineering, H.S. Fogler, 4t Edition (Chapter 10)



Developing the rate law for a catalytic reaction

The catalytic reaction to be studied is decomposition of cumene to form benzene and propylene
CeHsCH(CH3), = C3He(g) + CoHo

C = cumene P = propylene B =benzene

Steps in the Langmuir-Hinshelwood mechanism

C+S = C.S Adsorption of cumene

k
C.S fs B.S+P Surface reaction
-S
k
B.S k\——‘D B+S Desorption of benzene
-D

Rate laws are written considering each step to be reversible and elementary



Adsorption (C+S=C.5)
Ty = kapcCy — k_4Ccs

Ccs

Ty = Ky lpCCv ko

Surface Reaction (C.S=B.S+ P)
rs = ksCcs —k_sppCps

. ppCps
rs = kg [CC.S — Ks ]

Desorption (B.S =B+ S)
p = kpCps — k_pppCy

PB Cv]
Kpp

p = kp lCB.S —

mp = kplCps — KpppCyl

ka

where K.= ”
—-A

Unit of r, is mol/gcat.s, C. s and C,, is mol/gcat, K. is 1/Pa, p. in Pa,

k, and k_, are (1/Pa.s) and (1/s), respectively

k
where  Ko= k—S
-S

Unit of 5 is mol/gcat.s, Cr s and Cp g is mol/gcat, pp in Pa, kg is 1/s,
K is Pa

k
where  Kpg= k—D
-D

Unit of 75 is mol/gcat.s, Cz s and C,is mol/gcat, pg in Pa, kp and k_p
are 1/s and (1/Pa.s) respectively, Kpg is Pa

Since desorption of B is the reverse of adsorption of B lKDB = Ki]
B



We now assume several cases where each step to be rate limiting and establish the rate law for those
cases

At steady state, 1y =1g =1p = —7

(a) Adsorption is rate limiting

Here, the adsorption step is considered to be the slowest step while the others (reaction and
desorption) are fast and reaches equilibrium. Thus, adsorption step controls the rate of the reaction

CCS
Ty = kg [PCC Kc

As neither C. s nor C, can be measured, they are replaced by measurable quantities in the rate law.
The other non -rate Ilmltlng steps are used for this purpose

For such adsorption limited reactions, k, is small and ks and kp (for the surface reaction and
desorption steps) is large

q r r . r q
Hence, the ratios of = and -2 are very small (~ 0) while k—A is large
A

ks kp



As B~ 0 [CC.S _ pPCB.S] ~ 0

ks Ks
Ac.. = ppCp.s
C.S Ky
and as ;—D ~ 0, [Cps — KpppCy] = 0
D
Cp.s= KpppCy
Replacing the value of Cy 5 in the expression for Cq 5, we get |Crs= KBpI’;pPC”
S
Now, 14 =k, [pCCv — CKLCS]
Putti ' i i i — __KppePpPCy
utting in the value of C. s in this equation we have, 7y = k4 |p-C,, o
ch S
KppBDP
o, 14=kyC [ — £ ]
A ALy |Pc KcKs

This can be simplified to,

KcK
where K =-“35
Kp

ra = koG, [Pc - pBpr]

K = reaction equilibrium constant as determined from thermodynamics
RTInK = —AG°



For the reaction, C = B + P, K = (poP)

Since Cgs = KgpgC, and C.s = K:p-C, at equilibrium, we can write

CB.s
(ﬂ) (Ccs) Ks Kp ks Ccs
chv
KsK¢
. K —
Kp

:
:
:
|
i (KBCv>(pP) (Cps)(pp) K¢ _ KsK¢ rs _ Cp.spp
! K = As 0, KS ==
:
:
:
:

Carrying out a site balance gives us, C; = C, + Cgs + Cc ¢

or, C;=C,+ KzppC, +KBp£pPC”
S

o, €= Cy |1+ Kppp + ~222%7|
Ct

1+KBpB+—KBZ§pP
Replacing the value of C,, in the rate of adsorption equation we get,

e pe 2]

LG e 1
S

o, C,=

TA —




bBDp
kACt[PC S

K
+ XpPBPP
Kgs

Rate when adsorption is limiting is, 74 =

1+Kgpp

The initial rate (t = 0), ) can be written as, =1 = 15 = k CePco = kpco

_ .0 _
—Tco =14 = KkPco

If adsorption of cumene is rate limiting, then the initial rate will be linear with the partial pressure
of cumene as shown below

=Ico

Pco

If this is the mechanism the reaction is following, then the experimental data should be consistent
with the above equation



(b) Surface reaction is rate limiting

In this case, the surface reaction is the slowest step while the others (adsorption and desorption)
are fast and reaches equilibrium

rs = ks [CC.S — pPCB'S]

Ks
. . ra D
As adsorption and desorption steps are fast, e 0 and o 0
A D
Ccs= KcpcCy | and Cp.s= KpppCy
o : : _ KpppppCly
Substituting these values in the rate expression we have, s = ks |KcpcCpy — <
S
_ P KBpoP]
or, s = ksKCcv _pC —KCKS
I KsK
or, s = ksKCcv Pc — poP] (aS K = S C)
I K Kp




Carrying out a site balance gives us, C; = C, + Cgs + Cc s

of,

of,

ofr,

C: = Cy, + KgppCy, + Kcpc Gy
C: = Cy[1 + Kgpp + Kcpcl

v

1+Kppp+KcpPc

Ct

Replacing the value of C,, in the rate of surface reaction equation we get,

If ksK-C; = k, the initial rate,

At low Pco, 1> KCpCO and

At high pco, 1 K Kcpco and

B ksKcCe [Pc - poP]

K

e =

1+ Kgppg + Kcpc

can be written as,

_ .0
—Tco = Ts

k peo

1+ Kepeo

_ .0 _
—Tco = Ts = K Do

0 k

—Tco=Ts =

K¢

= Ico

Pco



(c) Desorption of benzene is rate limiting (controlling)

In this case, the desorption step is the slowest step while the others (adsorption and reaction) are
fast and reaches equilibrium

rp = kplCps — KpppCyl

- - r r
As adsorption and reaction steps are fast, k—A ~ 0 and k—S ~ 0
A S
_ _ KsCcs _ KsKcpcCy
Ccs= KcpcCy and Cps= =
bp pp
_ : : _ KsKcpcCy
Substituting these values in the rate expression we have, 1= kj — . KgpgC,
P
o, 1p=kpK:KsC -pC—KBpB]
I KsK
or, D = kDKCKSC‘U E_p_B] (aS K = S C)
pp K Kp




Carrying out a site balance givesus, C; =C, + Cgs + Cr g

or, C,=C,+25Pc 4 g 4 .C,

bp

or,  Cp=Cy|1+ 5 4 Kop|

bp

Ct
or, C, = KK epe
1+T +KcDc

Replacing the value of C,, in the rate of desorption equation we get,

Pc_PB
kpKcK C[—————]
DKcKsCt|p o~k

KsKcpc
1+——LC 4k
Pp cPc

TD - or

__kDKCKSCJPC'-B%gﬂ]

rD =
pp+KsKcpc+KcpcPp

- Ico

If kpK-KsC, = k, the initial rate, 75 can be written as,

=0 = k Pco
«0 b KsKcpeo

_ .0 _
—Tco =15 = kpC;

Pco



Actual experimental observations for cumene to benzene conversion

* The figure shows the actual experimental data for initial rate (—1¢)

as a function of initial partial pressure of cumene (pcg)

* The plot show that the reaction is neither limited by adsorption or
desorption but by the surface reaction and the rate law is given by

k[Pc_

73

T's

1+ Kgpg + Kcpe

* |In some cases, the reactant is diluted by an inert (I). If the inert

[+5=1S5

Site balance gives, C; = C, + Cg s + Crs +Ci g

Since adsorption of the inert is at equilibrium, C; s = K;p;C,

And the rate law now becomes, | T

S

13:3%
_ k[pc_ BK P]
1+Kppp+Kcpoc+K D1

- Ico

Pco

is an adsorbing one, then it does not participate in the reaction but only covers vacant sites

ﬁe rate law has specific reaction rate constant, \
k and adsorption constants K, Kg, K; etc

The reaction rate constant, k follow Arrhenius
equation and increases exponentially with
temperature

The adsorption process is exothermic and the
@sorption constants, K; decrease with temperatuy




Eley-Rideal mechanism

The reaction, A + B(g) = C follows the Eley-Rideal mechanism
The steps for the reaction is given by:

A+S=AS Adsorption
AS+B=C.S Surface reaction

C.S=C+S$§ Desorption

If the surface reaction is considered to be the rate limiting (controlling) step

1y = ksCpspp — k_sCcs

C c.s]

and the reaction rate law is given by, |r,= k [CA_SpB Y
S

As adsorption and desorption steps are fast, ;—A ~ 0 and I:—D ~ 0 and they reach equilibrium
A D

Cas= KapaCy and Ces= KepeCy

N : : KcpcC
Substituting these values in the rate expression we have, rs = kg lKApACva — —CIIZC ”]
S



KcpcCy
Now, 75 = kg [KAPACva — %]

K
or, rs = ksK,C, [PAPB — KZZZ]

Carrying out a site balance gives us, C; = C, + C45 + Cr s

o, C¢=0Cy+ KgpaCy+ KcpcCy = Cyl1 + Kapa + Kcpc]

Ce
or C, =
’ V' 1+Kapa+Kcpc

Kcp
kSKACJPAPB_Kng]

Replacing the value of C,, in the rate of surface reaction equation we get, 1r¢=

1+Kapat+Kcpc
PC
ksKaCt|pAaPB—% KsK
or, |rs= | i (as K== A)
1+Kapa+KcPc Kc
. el . at constant ps
If ksK,C, = k,theinitial rate, 70 can be written as, .. kDo
K
0 kP aoPro 0 4
— A0 — I's — S
1+ Kqpao
_ .0 _
Atlow pag, 1 > Kypgoand  —149 =15 = kpaoPBro
o _ kpBo Pao

At high pao, 1 K Kypgo and —1y49 =715 = K
A




