ChemE 2200 - Physical Chemistry Il for Engineers - Spring 2025
Solution to Homework Assignment 14

1.(A) Adding the four elementary reactions and canceling substances that appear on both sides of the chemical equation
yields the overall reaction:

CH,OH + CO — CH,COOH

CH4COOH CHl K > Rhl(CO)(CH,CO) Cco

RhI,(CO),

(B)

CH,0H CH,COI Rh15(CO),(CH,CO)

Check: The cycle agrees with the overall reaction: CH;OH and CO enter and only CH;COOH leaves. All other sub-
stances are inside a loop. There are four nodes (points where arrows converge and diverge), consistent with four reac-
tions.

2. Reaction 4 is rate limiting, so the rate of any subsequent step is equal to the rate of reaction 4.

d
[;2] = kg[H307] = k4[H,0][H,C(O7),] M

Or, stated another way, the intermediate HzO is in steady state because reaction (6) is much faster than reaction (4).
H;0 " is produced slowly in reaction (4) and then consumed rapidly in reaction (6). This will keep [H307~] small and
constant. Apply the steady-state approximation to H;O".

d[H,07]
dt
k4[H 20][H zc(of)z] = ke [H 307]

= 0 = k4[H,0][H,C(07),] — ke[H;07]

This is the same relation assumed in egn (1).

We need an expression for [H,C(O),]. Reactions 1, 2, and 3 are in equilibrium. Write the equilibrium constants for
each.
ki _  _ [HC(0H),]
=

k. [H,CO][H 0]
ke _ . _ [H2C(OH)O"][H,0]

- 2 _
k- [H2C(OH),][OH"]
ks K. — [H,C(07),][H,0]

ks °  [H,C(OH)O ][OH ]

Calculate the product of the equilibrium constants.

KKK = [H,C(OH),] [H,C(OH)O"][H,O] [H,C(O"),][H,0]
17273 7 [H,CO][H,0] [H,C(OH),][OH] [H,C(OH)O ][OH"]
_ [H2C(07),1[H,0]
[H,CO][OH]?
[H,C(07),][H,0] = K;K,K3[H,COJ[OH]? 2




Substitute eqn (2) into egn (1).

dH,]

e kyK1K,K3[H,COJ[OH ]

From the elementary mechanism we write a rate equation for [P].

diP] _
gt~ (AIP] @

To integrate, we must express [A] as a function of [P] or as a function of t. Write a mass balance on the reactor.

(mass of A), + (mass of P), = (mass of A), + (mass of P),

Divide by the reactor volume and the molecular weights to convert the equation to molar concentrations.
[Aly + [Plo = [A] + [P]

[Al = [Al + [Plo - [P] )
Substitute egn (2) into egn (1),
B kado + 1P, - POIPY

and then separate ‘n’ integrate.

dP] = k| dt
[PI]O ([Alo +[P1, - [PDIP] !

Use the Method of Partial Fractions to solve the integral on the left. Some algebra yields -

[P]
e | 1 -
[Aly +[PIo [ [P] [Alo +[P]o —[P]

Plo

(In(P] — ATy + [Pl ~[PD)[7] = k(AT +[Plo)t

N In[[A]o +[Plo—[P]) — k(AT +[PIo)t

[Plo [Alo

[P1[Alo AL TPl
[[P]o([A]o +[P]O_[p])j ([Al, +1Plo)
[PIAy — ek(AL+Plo)t

[P1o (AL, +[P1o —[P1)
Solve for [P].
[PIAL, = [Plo([Alo +[Plo —[P])e* Al TPl
[PITAL, = [Plo (AT, +[P], Je< APt _[p][p], e*(Al+{PIo)
[PI({AT, +[Ploe 72 ) = [p], (AT, + [P, Je Ak TPl

([A], +[P1o )ek([A]o+[P]o)t

[P1 = [P, [Al, +[P], e Al TP

This is a valid expression, but the time dependence of [P] is easier to see after additional manipulation.
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[1+[P]0]ek([A]o+[P]o>t ekl [Plo o kgato i)
[Aly . (Al

14 [Plo o KA +HPL) 1+ [Plo o KA +HPT)
[Al, [Alo

[P] = [P

kALl _1 1, [Plo (k(al«io)

[Alo
14 Plo kAt tpio
[Alo

[PI = [P

p
R, 1+ [P, o kAT +HPT )t
g0 1 N [Alo

[P]1 = [Py
1+ [Plo cKTALHPINE 4, [Plo o KIAT +HPT)t

[Alo [Alo

KA Pt _q k(AL +PI)t _q

[P] = [P]o +[Plo = [Plo +[Alo
1+ [PTo KA +HPL) [Alo + eKIATHPT)

[Alo [Plo

[P] is now expressed as a sum of the initial concentration and the concentration growth. [P] grows exponentially at first,
but soon the exponential in the denominator dominates the sum, and the growth asymptotically approaches [P], + [A],.

4. Atequilibrium,

kads[AZ][M]2 kdes[M'A]2

@ = K, = —[M'A]Z @

Kees 2 [A]IMP

Start with the definition of the fraction of sites occupied by A, 6,, and derive an expression for the concentration of sites
occupied by A, [M-A].

[M-A]
0p = — M
[M]+[M-A]
04 (IM] + [M-A]) = [M-A]

0a[M] = [M-A]1-6,)

0aM] = [M-A] 2)
Use eqn (2) to substitute for [M-A] in the equilibrium expression, egn (1),
2
04 [M]
_ IMAP _1-6, ) 6
A = = =
* O IANIME [ADIME [AL(-0,)°
Solve for the fraction of occupied sites, 0,,
Ka, [A210-04)* = 0%
KRZ[A,12(1-0,) = 04
KEEIALI™ = 0, fL+ KAZIA, 1)
KaelA,1"
9/_\ = 2

1+ KE[A, ]
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Convert [A,] to the partial pressure of A,. Note that [A,] =n AZN =P AZ/RT.

/ PAl/z
12 172 12 _ Ay 12 102
- KAZ [A.] _ KA2 RT _ KAz PAz
AT 12 72 72 12 125112
1+ K/:I&z [AZ]l 1+ Kl/2 P'iz (RT)l + K']AZ P'iZ
Az RT

5. The rate of the reaction equals the net rate of the surface reaction, the rate-limiting step.

d[nP]  d[S-nP] _
a dt

—ks[S-nP] + k_4[S-iP] (0]

The adsorption/desorption of both nP and iP are in equilibrium. Assume Langmuir isotherms for both nP and iP.

KnP[nP]
1+ Kp[nP] + KipliP]

[S-nP] = 0,[S]y = [Slo 2

KipliP]
1+ Kp[nP] + KipliP]

[S-IP] = 6;p[S]o = [Slo ©)

Use equations (2) and (3) to substitute for [S-nP] and [S-iP] in equation (1).
d[nP]

o = —k,[S-nP] + k_([S-iP] @
— _ks KnP[nP] : [S]O + k—s KIP[IP] i [S]o
1 + Kp[nP] + Kp[iP] 1 + Kp[nP] + Kp[iP]
dinP] _  kiKppe[nP] — k Kip[iP] [s]
dt 1+ Kp[nP] + Kp[iP] °

(B) With the new rate-limiting step, the rate equation is thus

d[dntP] = —k[S-nP][S] + k_¢[S-iP][S] (4)
Because nP and iP are described by Langmuir isotherms, we can write the following equation for the concentration of
empty sites.
1
[S] = eempty [Sly = [Slo ®)

1+ Kyp[nP] + KipliP]

The expression for [S] is valid because [(S-nP-S)*] ~ 0. Substitute equations (2), (3), and (5) into equation (4).

A~ i [s0PIES] + K S-PIIS] ()
K, p[NP] ) Kip[iP] 2
= —k nP Kk iP
v KoploP] + KolPIP 0 T T KptoP] + KPP
d[nP] - _ |(sKnP[nP] — I(—sKiP[iP] [S]Z
dt (@ + KplP] + KpliP?

(C) Experiment 1. First we simplify the expression for d[nP]/dt for [iP] = 0 and K,p[nP] « 1.
Start with the expression from mechanism 1, part (A).

d[np] — _ksKnP[nP] B k—sKiP[iP] [S]
dt 1+ Kp[nP] + Kp[iP] = °

(d[nP]j
a ),

Q

—ksKpp[NP][S]p o [nP]
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Apply the same conditions to the expression from mechanism 2, part (B).
dinP] _ ksKplnP] = k_oKp[iP]

dt L+ KeplnP] + Kp[iPI)?

(d[nP]j
a ),

Both mechanisms predict the same dependence on [nP]. The data show that indeed the rate is proportional to [nP] to the
first power, so there is some reassurance that one mechanism may be correct.

[S15

~kK o [NP[S]3 oc [nP]

Experiment 2. Both [nP] and [iP] are constant for each run. Again start with the rate equations and calculate the depend-
ence on [S]o.

Mechanism 1: (Mj « [S],
dat ),

Mechanism 2: (Mj o« [S]3
at ),

The data agree with mechanism 1, not mechanism 2.

Surface-catalyzed reactions generally involve the three steps of the Langmuir-Hinshelwood mechanism: adsorption of
reactants, reaction on the surface, and desorption of the products. The form of the approximate rate equation offers some
clues. The denominator could contain contributions from adsorbed A, B, and C as well as empty sites; the denominator
could be the sum of four terms: 1 + K,[A] + K;[B] + K.[C]. In this case the denominator is approximately K[B]
which implies B is much more strongly adsorbed than A and C. And because Kg[B] » 1, it implies that B saturates the
surface; there are relatively few empty sites. That [B] is squared is another clue - the surface reaction likely involves two
surface sites.

Try this mechanism.

kads,A
Agsy + M 2 M-A inequilibrium
kdes,A
ks
M-A + M - M-B + M-C rate-limiting step
kdes,B
M-B & M + B, inequilibrium
kads,B
kdes,C
M-C 2 M + Cpy inequilibrium

kads, C

Derive the rate equation; set the overall rate equal to the rate of the rate-limiting step.

_dIAl

g = SIMIIM-A] @

Use the equilibrium of the first step to provide an expression for [M-A]; assume a Langmuir Isotherm.

KalAl

[M-A] = 0,[M], = 1+ KA[Al+Kg[Bl+Kc[C]

[Mlo (2)
and use the assumption that B is strongly adsorbed; K;[B] » K,[A], K[C], and 1.

AT ~ KalAl
[M-A] ~ K, [B] [MIo @)

Express the concentration of empty sites in terms of the fractional coverage of empty sites. Again assume a Langmuir
Isotherm.
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1

[M] = 6empty[M]O = 1+ K A[A]+ Kg[B] + K[C] [M]O 4

and use the assumption that B is strongly adsorbed; Kg[B] » K,[A], K.[C], and 1.

1
[M] = m[M]o ®)

Substitute egns (3) and (5) into the rate equation, egn (1).

CdIAL AT~k L KalAl 0 ksKAIMIG [A]
qr — KIMIMAAT = e Ml 2 M, <2 8
_AAL W TAL G nthat k= —kSKA[M]S
dt [B Kg

The mechanism is consistent with the observed rate equation.

The observed rate equation provides clues. The denominator could have the form 1 + K, [O,] + Kgq [SO,] + Kgq [SO;]
(and perhaps a term from M-O), but instead the denominator is just [SO,]. This indicates that the surface is mostly
covered with adsorbed SO,. Stated mathematically,

[M-SO,] » [M], [M-O,], [M-S0O,], and [M-O].
Another clue: the exponent on [M], is 1, which suggests only one surface site in the rate-limiting step. Because [O,] is
in the numerator, O, is likely in the rate-limiting step. Assume the adsorption of O, is the rate-limiting step.

kads, 0y

M+ 0O, —> MO, rate — limiting step

Write a Langmuir-Hinshelwood mechanism; all reactions involve adsorbates bonded to the surface. Write a reaction for
the reversible adsorption of reactant SO,.
kads,SOz

M + SOZ (_—> M‘SOZ, l(so2 = k
Kges 50, des, SO,

kads, SO,

Write surface reactions. Begin with the dissociation of adsorbed O,.
ksl
M-O, + M - M-O + M-O
React an adsorbed O with adsorbed SO,. Because [M-SO,] is small, assume the SO, desorbs immediately.
ksZ
M-O + M-SO, — 2M + SO,

Use the rate-limiting step to write a rate equation.

d[sO d[Oo
= TR (1) % ®
Write an expression for [M] in terms of [M],..

[M]
[M]+[M-0,]+[M-0]+[M-SO,]+[M-S0,]

[M] = eempty[M]O = [M]O

L [M] _ 1
[M] = [M_SOZ][M]O = KSOZ[SOZ][M]O )

Substitute egn (2) into egn (1) to obtain the observed rate equation.
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d[SO,]
dt

Zkads, 0, [O 2]
KSO2 [802]

= Zkads,o2 [M][OZ] = [M]O

In summary, a mechanism of elementary steps and assumptions is

Kads 50,
M + SO, & M-S0, in equilibrium
kdes‘SOZ
kads,oz
M+ 0, —> MO, rate — limiting step
ks
M-O, + M - M-O + M-O fast
kS
M-O + M-S0, — 2M + SO, fast

Also acceptable are the following two surface reactions.

kS

M-0, + M-SO, — M-O + M-SO, fast
ksZ

M-O + M-SO, - M + M-S0, fast

Or, the SO, could desorb immediately.

The most common errors were to propose a gas-phase reactant striking an adsorbed reactant. Examples of invalid
reactions are

M-O, + SO, - M-O + SO,
and

M-SO, + O, —» M-O + SO,
This is an Eley-Rideal mechanism. It is highly improbable.

8. The observed rate equation provides clues. The exponent on [M], is 2, which suggests two surface sites in the rate-limit-
ing step. Subsequently, there should be a squared term in the denominator, the result of multiplying the 6’s (fractional
coverages) of the two adsorbed species involved in the rate-limiting surface reaction. And the squared term could be a
polynomial of the form 1 + K.,[CO] + KHZO[HZO] + KCOZ[COZ] + KHZ[HZ] and perhaps terms from M-OH and M-H.

Instead the denominator has just two terms: a product of [CO] and [H,]¥/?; not a sum. What reactions contribute terms to
the denominator? In heterogeneous catalysis, the reaction rate is slowed by any species that monopolizes the surface
sites; that species will have a term in the denominator. But we encountered terms in the denominator prior to heteroge-
neous catalysis: an intermediate in a pre-equilibrium reaction has a term in the denominator.

Chemical insight can guide our first guess. Which denominator term - CO or H, - do we expect to adsorb strongly and
which denominator term do we expect is in pre-equilibrium? Typically, CO adsorbs more strongly than H,. The Y%
power on the [H,] term suggests a dissociative equilibrium: H, desorbs immediately after formed from M-H + M-H.

So if the surface reaction involves two surface sites, why is the [CO] term not squared? It is likely that there was a [CO]
term in the numerator (from [M-COQ]) that reduced the [CO]? in the denominator to [CO].

Start with these guesses. Assume the surface is mostly covered with adsorbed CO. Stated mathematically,
[M-CO] » [M], [M-H,0], [M-CO,], [M-H,], [M-OH], and [M-H].
Write a Langmuir-Hinshelwood mechanism. Start with reversible adsorption of the reactants.

©Copyright Cornell University 2025. All rights reserved. Reproduction or retransmission of this document, in whole or in part, in any
manner, without the written consent of T.M. Duncan, is a violation of copyright law.
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kads,CO
M+ CO &2 M-CO in equilibrium

kdes, co

kads,HzO
M+ H,0 & M-OH, in equilibrium

kdes, H20

Write surface reactions. To move the oxygen atom from H,O to CO, we must break the two O-H bonds in two steps.

kS
M-OH, + M — M-OH + M-H

3
M-OH + M-CO —» M-CO, + M-H

Assume reversible adsorption of the products. Assume that H, desorbs immediately after formed on the surface.
kdes.Hz

M-H+ MH 2 2M + H, in equilibrium

kads.Hz
kdes.COz
M-CO, & M + CO, in equilibrium

kads,coz
Because CO dominates the surface, it is probable that the second surface reaction is the rate-limiting step. If the first sur-
face reaction were rate-limiting, then subsequent reactions should be fast; adsorbed CO would react quickly and there-
fore there would be little CO on the surface, which is contrary to our assumption. Use the second surface reaction to
write a rate equation.

% = kg, [M-OH][M-CO] @

Assume the preceding surface reaction is reversible and in equilibrium.

ka[M-OH,][M] = kg;[M-OH][M-H]
kg [M-OH,][M]

[M_OH] ) ks—l [M'H]

)

Substitute eqn (2) into the rate equation.
d[CcO,] _ k,[M-OH][M-CO] = kszﬁ[M'OHZ][M][M_CO]

dt ke, [M-H] 3)

We need expressions for [M-OH,], [M], [M-CQ], and [M-H]. Assume Langmuir Isotherms for the equilibrium adsorp-
tion/desorption of H,O and CO.

[M-CO]

[M-COJ = Oco[M, = [M]+[M-OH , ] + [M-OH] + [M-CO] + [M-CO, ] + [M-H]

[Mlo

Because we assumed CO atoms monopolize the surface sites,
[M] + [M-OH,] + [M-OH] + [M-CO] + [M-CO,] + [M-H] ~ [M-CO]
the expression for [M-CQ] simplifies to

_ [M-CO]
"~ [M-CO]

[M-CO] M], = [Mlo (4)
Use the same approximation for [M-OH,] and [M]

©Copyright Cornell University 2025. All rights reserved. Reproduction or retransmission of this document, in whole or in part, in any
manner, without the written consent of T.M. Duncan, is a violation of copyright law.



OH,] = o [MOH, ]+ KiolH20]
[M-OH,] = 64,0[M], =~ [M-CO] Ml = Ko [CO] (M]o ()
B _[M] B 1
[M] - 6empty[M]O ~ [M CO] [M]O - KCO[CO] [M]O (6)

For [M-H], assume the dissociative adsorption of H, is in equilibrium.
kads,Hz[M]z[HZ]

KH2[H,12[M] (7)

kdes,H2 [M'H]2

[M-H]

Substitute eqns (4), (5), (6), and (7), into eqgn (3).
d[CO,] _ |~ ku [M-OH,][M][M-CO]

a2k, [M-H] @)
Kn,0[H20]
~ k ksl W[M]O[M][M]O
= Kqo ks_l Kj}h/f [Hz]l/Z[M]

kg  Ku,olH20IMIS
Ker Ko KEZ[COIH, I

= ksZ

This agrees with the observed rate equation.

The observed rate equation provides clues. Consider the denominator. The b[N,O] term suggests the surface has sub-
stantial M-ONN species. The c[O,]V2 term is the signature of O, adsorbing dissociatively. Or in this case, M-O and M-
O react to form O, gas and two M sites. Dissociative adsorption / associative desorption of O, is corroborated by the
lack of a [O,] term in the denominator. The denominator also lacks a [N,] term, which suggests N, is not a substantial
absorbed species. The denominator suggests the surface is mostly vacant metal sites, M-ONN species, and M-O species.
Stated mathematically,

[M], [M-O], [M-ONN] » [M-N,], and [M-O,]

Because the exponent on the [M], term is 1 and the exponent on the denominator polynomial is also 1, the rate-limiting
step likely involves a single M site. In general, it is likely that the rate-limiting step is a surface reaction.

Assume a Langmuir-Hinshelwood mechanism; all reactions involve adsorbates bonded to the metal surface. The first
step is the reversible adsorption of reactant N,O.

Kot 20 kads N,O
M+ N,O 2 MONN, Ky, = o
kdes, N20 kdes, NZO

We have at least two options for the next step. A reaction involving two M sites,

k.
M-ONN + M — M-O + M-N,

or a reaction involving one M site,

k
M-ONN — M-O + N,

Again the rate equation indicates the correct choice. A reaction involving two M sites (which is also the rate-limiting
step) will produce a rate equation with a squared polynomial in the denominator and a [M]S term in the numerator. Our
best bet is the reaction involving one M site.

The subsequent steps react two M-O sites to produce O,. Again we have two choices: O, adsorbs to the surface
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k
M-O + M-O - M-0, + M

kdes‘oz kads (0]
M'02 (_—) M + 02, KOZ = ——2
Kads, 0, kdes, 0,
or O, desorbs immediately.
kdes‘oz kads (0]
M-O + M-O 2 2M + O, Ko, = —+
Kads, 0, kdes, 0,

The c[O,]*? in the denominator of the rate equation suggests O, desorbs immediately. We thus begin with the following

mechanism.
Kot 20 kads N,O
M + Nzo ;) M'ONN, KNZO = 2
kdes, NpO kdes, NZO
ki
M-ONN —» M-O + N,

02 Kads, 0

M'O + M'O (_—> 2M + OZ }<O2 = —2
kads,Oz kdes, 02

Assume the surface reaction of M-ONN is the rate-limiting step.

% = —k,[M-ONN] @)

We need an expression for [M-ONN]. Start with the definition of fraction coverage, with the approximation that the
surface is mostly empty sites, M-O-N-N species, and M-O species.
[M-ONN]

[M-ONN] = Oy [M]p = [M]+[M-ONN] +[M-O]

[MIo (2)

Assume a Langmuir isotherm for the equilibrium adsorption/desorption of N,O.
[M-ONN] = Ky o[N,O][M] Q)

Assume the associative desorption of O, is in equilibrium.

kdes,o2 [M'O]2 = kads,o2 [M]Z[OZ]

[M-O]

Kg2[0,1"%[M] (4)

Substitute egns (3) and (4) into eqn (2).
Kn,0[N,0][M]

[M-ONN] = [M],
[M1+ Ko [N,OlIM]+Kg7 [0, 1*[M]
Kn.o[N,O]
[M-ONN] = et [M], 5)
1+Kp,0[N20]+ Ko, [0,]
Substitute eqgn (5) into egn (1).
d[N,0] ki Kn,0[N,0]
= 12 7> (Mo
dt 1+ Kp,0[N20]+ Ko, [0,]

The constants are a = leNzo b= Kn,0 s and c = Ké’f :

©Copyright Cornell University 2025. All rights reserved. Reproduction or retransmission of this document, in whole or in part, in any
manner, without the written consent of T.M. Duncan, is a violation of copyright law.
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In summary, the mechanism is

kads‘NZO
M + N,O & M-ONN inequilibrium
kdes‘NZO

k
M-ONN — M-O + N, RLS

kdes‘Oz
M-O + M-O 2 2M + O, inequilibrium

kads‘OZ

A common error is to use two reactions to convert M-O into O,, and assume M-O is short-lived, such that [M-O] « [M-
0,], as shown below. This does not yield a [0,]? term in the rate equation denominator.

k
M-O + M-O »> M-O, + M fast

kdes‘Og
M-O, & M + O, inequilibrium

kads‘ (o)}

Also invalid is a two-step process with the second step irreversible, as shown below. This, too, does not yield a [O,]*?
term in the rate equation denominator.

kS
M-O + M-O 2 M-0, + M in equilibrium
k

-S

kdes
M-O, - M + O, fast

However, it is valid to convert M-O into O, in two steps and assume both steps are reversible and in equilibrium.

ks
M-O + M-O 2 M-0, + M inequilibrium
ks

kdes‘oz
M-O, 2 M+ 0, in equilibrium

kads‘Og

And as usual, a few proposed Eley-Rideal mechanisms, in which one reactant is not absorbed, such as

k
and
k
N,O + M - M-O + N,

Although Eley-Rideal reactions are possible, they are improbable, similar to ternary gas-phase reactions.

The observed rate equation provides clues. The denominator should be a polynomial of the form 1 + KHZ[HZ] +
Ke,m,[CHA] + Ke yy [CoHel, and perhaps terms owing to Cu-H and other surface species. But instead the denominator is
only 1 + K[C,H,]. This indicates that H, and C,H are weakly absorbed on the Cu surface. The surface is chiefly free
Cu sites and Cu-C,H,. There are relatively few sites occupied by H, or C,H,.

The second clue from the rate equation is that the denominator is squared, which suggests the rate-limiting step involves
two surface sites.

Assume the mechanism involves the standard elementary steps for surface-catalyzed reactions:
« reversible adsorption of all reactants and products.
* areaction between two adsorbed species (Langmuir-Hinshelwood mechanism).

« the surface reaction is the rate-limiting step.
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Adsorption/desorption steps:

kadS‘Hz
CU + H2 (_—> CU'H2
kdeS‘Hz
kads‘C2H4
kdES,C2H4
Surface reactions:
ky
Cu-H, + Cu 2 Cu-H + Cu-H in equilibrium
kg
ks
Cu-H + Cu-C,H, — Cu + Cu-C,H; rate-limiting step
ks
Cu-H + Cu-C,Hs; — 2Cu + C,Hq rapid

Set the overall rate equal to the rate of the rate-limiting step.

d[C,H5]

s k,[Cu-H][Cu-C,H,] @

We need expressions for [Cu-H] and [Cu-C,H,]. Apply pre-equilibrium to the dissociation of H, on the Cu surface (rxn 1).

k ,[Cu-H]? = k,[Cu-H,][Cu]

[Cu-H]

12
k
(k_lJ [CU_H2]1/2 [Cu]l/Z — K]:_UZ [Cu_Hz]l/Z [Cu]l/Z (2)
-1

Assume the adsorption/desorption of H, is in equilibrium.
(OuH,1 = oy, foul, = elicul, ©
We decided that the surface is chiefly unoccupied Cu sites and Cu sites occupied by C,H,. Stated mathematically,
[Cu], [Cu-C,H,] » [Cu-H,], [Cu-H], [Cu-CH,CHjg], and [Cu-CH3CHg].
Apply this approximation to the mass balance on surface sites.
[Cu], = [Cu] + [Cu-H,] + [Cu-H] + [Cu-C,H,] + [Cu-C,H5s]
[Culp = [Cu] + [Cu-CyH,] 4)

Substitute egn (4) into egn (3) and convert to equilibrium constants.

[Cu-Hz][Cu]O ~ [Cu-H,] [Cul, = Kp,[H:]

[Cu-H,] = =
[Culo [Cu] + [Cu-C,H,] 1+ K, [CoH,]

[Culo ©)

Use adsorption/desorption equilibrium to write expressions for [Cu] and [Cu-C,H,] as well.

1
Cul =6 Cul], = Cu 6
[Cu] empty [CUlo 1+KC2H4[C2H4][ lo (6)
KCZHA[C2H4]
1+ Ke,n, [CoH4]

[Cu-C,H,] = B¢,y [Cu]p =

[Culo (")

Substitute egns (5) and (6) into egn (2).
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K [H] 1/2 1 1/2
[CuH] = KiZ[Cu-H, I [Cu]” = K{” t e [Cul, [Cul,
1+ Ke,u, [CoHyl 1+ Ke,n, [CoH4l
KiZKE2H, I [Cul,

[Cu-H] =
1+ Ke,u, [CoH,]

®)

Substitute egns (7) and (8) into the rate equation, egn (1).

K2k 1211, 1210y K C.H
d[CyHe] _ k,[CU-H][CU-C,H, ] = k, 1 K [H I [Culy c,m, [CaH4l [Cul,
dt 1+ K, [CoHyl (1 + Ky, [CoHyl
d[CoHel _ | azpuz,  [HaI"*[CoH ][CulE
gt 2t B Rem,

(L + Kep, [CoH,D?
The constants k and K in the observed rate equation are as follows.

k

1/2 0 112
koK1 Kig Keym,
K = KC2H4

Finally, the same rate equation can be obtained by assuming the H, adsorbs dissociatively. That is, rather than the two
following steps,

kads,Hz

kdes,Hz

ky
Cu-H, + Cu 2 Cu-H + Cu-H in equilibrium
kl

the reaction is a single step as follows:

ke

2Cu + H, & Cu-H + Cu-H in equilibrium
ko

Is this a ternary collision, and therefore improbable? No, because the 2 Cu surface sites are not separate entities. A H,
molecule collides with a surface with two adjacent, empty Cu sites.
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