ChemE 2200 — Chemical Kinetics Lecture 7

Today:
The steady-state approximation, cont’d. ky K,
Analysis of seriesreactions A & B — C
The pre-equilibrium approximation. B
“Why is “‘pre-equilibrium’a misnomer?”’

Recap: If B is a reactive intermediate,
perhaps apply the steady-state approximation to B:
d[B] _
dt

Identify a reactive intermediate, or

identify a slow reaction.

Reading for Kinetics Lecture 8:
McQuarrie & Simon, Chp 29.6.



Homework 10 (assigned Wednesday, March 26)

Exercises 7 and 8 apply the
pre-equilibrium approximation,
the subject of today’s lecture.

Exercises 7 and 8 will not are
Not eligible for Quiz 10.



2"d Prelim

Tuesday, April 15, 7:30 — 9:30 p.m.

245 and 128 Olin Hall

Covers -
Classical Thermodynamics

Covers —
Thermodynamics Lectures 1 through 12.
Homework Assignments 5 through 8.
Calculation Sessions 5 through 8.

You may use a hand-written, double-sided reference sheet
and your annotated “Equations of Thermodynamics” lecture handout.

Bring a ruler or straightedge.



Differential Rate Equations
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Differential Rate Equations, cont’d

SR
AZB->C
k1

d[A

L_t] = —Iy[A] + k_y[B]

d[B

% = J[A] = k_4[B] — ky[B]
d[C] _

a = albl

Complexity of Differential Rate Equations
Increases Linearly.



Integrated Rate Equations
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Integrated Rate Equations, cont’d

_ J1 02— k2) LN fe1 (k2 — 2a) ot
[a] = 1Al {?&2(7&2 7»3) 23 (02— %3) }

k1 ki
[B]:[A]O _(7&2—%3)8 o (7&2—%3)8 }

[ kik2 kika o kika o
Cl=1]A + — 3
[] [ ]0 | A3 M(M‘M)e : )«3(7@—7&3)8 }

such that

1T 1/2
o kithk_1thka+ {(k1 thoytka) —4k1k2}

Ao =

1/2
A3 = k1+k—1+k2—{(k1+k—1+k2)2—4k1k2}

b2 | =
[

Complexity of Integrated Rate Equations
Increases Geometrically.




The Steady State Approximation

kl k
AZB->C
kg
Write the rate equations. % = —k[A] + k4 (1)
d[B
€ _[AT — kBT — Kol
d[C]
——= = k,[B
it o[ B]
Need to express [B] in terms of [A]. Apply the Steady-State Approximation to
d[B
S _ o [T — kBT — Kol
Solve for [B]: FB] _ _klAL (4) Substitute for [B]
k_1+k2

Substitute eqgn (4) into egn (1) and integrate.

dAl_ yrar + kg AL mhake

4 = [ Integrate 15t order
dt kK1 +ks ky rate equation
—kqk
[A] = [Alo exp[#t} (5)

1+ Ky




The Steady State Approximation, cont’d

From the previous slide:

K{[A Substitute for [A
_1+k2
K —k.k
A]l = [A]p exp| —2-t (5)
[A] = [Alo p{k_ﬁkz}
Substitute egn (5) into egn (4) to yield an integrated rate equation for [B].
K —kqk
[B] = (Lo p{k_ﬁkz } (6)

Substitute for [B] dm?k’z[B] - [A] KK exp{ﬂt} Separate ‘n’ integrate

dt

Substitute eqgn (6) into egn (3) and integrate.

k—l + k2 k—l + k2

with [C], = 0.

[C] = [A]o[l—exp{k‘klk;ztD (7

_1+



The Steady State Approximation — Summary

kl k2
AZB->C
k.1

[A] = [Al, exp({k‘klkﬁt} (5)

1 TKy

Looks like A— C

k — kqk with rate constant =
[B] = [Alg,— —ex {—1 ‘ t} (6)
k—l + k2 k—l + k2 k1k2

k—l + k2

[C] = [A]o[l—ex{_klkzt} (7)

k—l + k2




The Steady State Approximation — Check

Is [B]/[A] small?

Requirement for the Steady-State Approximation:

Kq+ky >> Kk

7 X

oC rate B oC rate B
IS consumed IS created

Is [B] at steady state?

aBl _ 4, « 17 Yes, if <1
dt /
2 J—
d[B] _ _[A]O kl k2 3 eXp|: k1k2 t] = 0?
dt (kg +kp) kg +ks




When is the Steady-State Approximation applicable to

Inductive: k, =2

k—l — 1
k, = 1000
rate constant = ﬂ ~
Rag +ky

rate constant ~ kq

Tank analogy - amount in tank oc concentration

[Blo=0,[C],=0

If a reaction is reversible,
tanks are at the same level.

slow
Casel. kj+k, » k

small large small slow

fast ]
A 2 B - C Deductive

reaction coordinate

kl k2
AZB->C?
Kq

Ea,—2 » Ea,2
=k,=0

= B — Cis irreversible.

Level in B tank is always low,
owing to large drain to tank C.

If this pipe is absent, A <> B only.

If k, =0, [A] and [B] reach

‘ equilibrium with [B] > [A].
C



kl k2
When is the Steady-State Approximation applicableto A 2 B — C?

slow slow K
Case2. kj+k, » kg AZ2B->C
large small small fast
Inductive: k; =1
k_ , =1000

rate constant = ke

k—l —I—‘Kx
rate constant ~ K.,k i

eq,1"™2 1000 2

C
reaction coordinate
- — Fluid level in tank B

fluid level in tank A,
but [B] « [A].

—= E nearly the same as

C

[B]

A1 Is small because of thermodynamics



When is the Steady-State Approximation applicable to

Inductive: k, =1

k_, = 1000
k, = 1000
klkZ

AZB-—>C?

slow fast K
Case3. ky+k, »ky, A 2B —>C
large large small fast

Ea,—l B Ea,2

kiky

energy

rate constant =

1
rate constant ~ Ek1

k—l + k2 -

K, + K,

reaction coordinate

Low fluid level in tank B:
——— fluid drains slowly from tank A,
° then drains rapidly to tank C.




kl k2
When is the Steady-State Approximation applicableto A 2 B — C?

fast  slow K
Case4. k_g+k, XXk, AZ2B->C
large small large fast
Steady-State A imati Reversible reaction
Canoticabre i that precedes the RLS

not applicable. —N__

IS In equilibrium.

energy

Apply the
Pre-Equilibrium
Approximation

reaction coordinate

fluid levels in tanks A and B
— rapidly reach same level.

I '] L
> | E is not small.




The Pre-equilibrium Approximation

A>B->C withk +k,»k, Assume k, = 2000
! k_, = 1000
Write the rate equation for [B]. k,=1
d[B]
——= =k — k4[B] — k,[B _
dt lB] = kolBl substitute

Express [A] in terms of [B]. ~0 for t < 1/k,
0

0
(AL, + 1B + 17, - 11 + 8] + [

[A] = [[Al, - [B]

2)

Substitute eqn (2) into egn (1).

% = ky([Alp - [B]) - k4[B] — ko[B]

= kl[A]O — (kl + k—l +kg)[B] kl + k—l + k2 ~ kl + k—l
kg

~ k[Aly — (kg +K_)[B] looks like A 2 B
k 1



The Pre-equilibrium Approximation, cont’d

Ky

€8~ Wt - ¢
j[B] d[B]
o Ki[Alp — (kg +k)
_ : _jk_l |n(k1[A]0 - (k1 + k—l)[B])

In Ke[Alg — (kg +k_4)

ki +k_4)[B] lookslike A 2 B
K
t
= | dt © separate ‘n’ integrate

B] '[o P ’
[B] _ 4t
o =t
B] = — (kg + k)t

ki[Alo
Ke[Alog — (kg +k_1)

[B] = k[A]pe atk-)t

k (K k)t 1
Bl = —1 [Alpl1-e ekt | o =
8] = | AL | e
Use a mass balance to obtain an expression for [A].
[A] = [Al, — [B] (2)
k —(ky+k_p)t
= [Aly - — 2 [Alpl1-etat*a
(Al ~ AL )

1 —(Ky+k_)t 1

Al = Al k_y + ke etk t<—

[ ] k1+k_1[ ]O( -1 1 ) k2




The Pre-equilibrium Approximation, cont’d

Calculate the relative concentrations of A and B.

Ky (kg +k_)t
Ao (1 e Crks
[A] 1 [NO k —(kg+kq)t
_1+k1e
0
k.= )t
_ K klMt assume (k;+k t» 1
k 1+kle_ 0

Q
|
~
8
H
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1
« —

A and B approach equilibrium with a time constant (characteristic time) = t = Tk ”
117K 2




The Pre-equilibrium Approximation, cont’d

The pre-equilibrium approximation for rxn 1
For t » kl:A = k—l[B]/ P a PP
k1+k—1
d[B] _ ‘o1
o = W] - K] - Ko[B] = —ko[B]
d-_(t:- = ky[B] = koKeqq[Al (3) need [A] in terms of [C]

0 0 .
mass balance — mol balance [A], + LBTO + UZT = [A]l + [B] + [C] [B] =K., [A]
Aly = [A] + Keq,l:A] + p =

Al — [C substitute
] = B T —7)
1+ Keq,l
koK
Substitute eqn (4) into eqn (3).  ALC1 _ *2%eal ([Al, - [C])
dt 1+ Keq,l
K Did not assume [C] =0,
[C] = [A]O|:1_exp(_ 2 eql tﬂ so result not restricted
1+ Keqs to t < 1/k,

11+ Keqi
k2 Keq,l

C is formed with a time constant (characteristic time) = t =



The Pre-equilibrium Approximation

k, =8
ST k,=4
AZ2BoC with k+ky»k K, =
. I KoKogq )|
o |1—exp| — 24
R 1+ Keq,l
-
S
Al [B],[C] &
S
e
o

1 time

ki +K_4

note: e =0.05



energy

Criterion for the Pre-equilibrium Approximation
kq k

2
A B — C with k+kq » ks
K.y
rate forA<> B » rate forB > C
B A
S
=
B
C

reaction coordinate reaction coordinate
kl + k_1 » k2 kl + k_1 » k2

large large small large small small



Criterion for the Pre-equilibrium Approximation
kq k

energy

2
A B — C with k+kq » ks
K.y
rate for A<> B » rate for B > C
B
S
C
reaction coordinate reaction coordinate
kl + k_1 » k2 kl + k_1 » k2
small large small large very small

small



Ky ko
A Z B Z C
K

Criterion for the Pre-equilibrium Approximation?

rate forA<«< B » rateforB < C
Ky + K » ky +k,

at least one N both of
of these these




Ky ko
A Z B Z C
K

Criterion for the Steady-State Approximation?

rate B 1s consumed » rate B is created
Ky +ky » kg +k,

at least one N both of
of these these




