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Chapter 31

31-46. The enthalpy of adsorption for H, adsorbed on a surface of copper is —54.4 kI-mol~. The
activation energy for going from the physisorbed state to the chemisorbed state is 31.3 kJ- mol™, and
the curve crossing between these two potentials occurs at V(z) = 21 kJ-mol !, Draw a schematic
representation similar to that in Figure 31.20 for the case of H, interacting with copper.
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31-47. In Section 274, we showed that the collision frequency per unit area is (Equation 27.48)

_ plu)
Zeon = 4 (1)

Use Equation 1 and the ideal-gas law to show that J,, the number of molecules striking a surface
of unit area {1 m*) in one second, is

PN

A

J, = —"—"5A
¥ @ MR

where M is the molar mass of the molecule, P is the pressure of the gas, and T is the temperature.
How many nitrogen molecules will strike a 1.00-cm? surface in 1.00 s at 298.1 K and a gas pressure
of 1.05 x 107% Pay

The average speed is given by

8RT\'*
() = (W) (27.42)
Using the ideal gas law, we find that p = N, /V = PN,/RT,so
L P _p (SRT Y2 N,P (8RT\'* N, P
M= Ta\aMm ) Tarr\7mM ) T @emrn? = 'x

Under the conditicns given,
NP
YT Qe MR
_ (6.022 x 10 mol™)(1.05 x 107° Pa)
 [27(0.02802 kg - mol~1)(8.315 - K~ -mol™'}(298.15 K)}'2
_6.323 x 10" kg-m~!.s7
N 20.89kg - m-s™"

=3.03x10%s . m™? =3.03 x 102 cm2-g~!

s0 3.03 x 10" molecules will collide with the 1.00-cm? surface in one second.
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31-48. One langmuir corresponds to an exposure of a surface to a gas at a pressure of 1.00 x 107° torr
for 1 second at 298.15 K. Define one langmuir in units of pascals instead of torr. How many
nitrogen molecules will strike a surface of area 1.00 cm” when exposed to 1.00 langmuir? (See
Problem 31-47.)

1.01325 x 10° Pa
760 torr

1.00 x 1078 torr( ) =133 x 107" Pa

A langmuir thus corresponds to an exposure of a surface to a gas at a pressure of 1.33 x 10~ Pa
for one second at 298.15 K. Using these conditions, we can substitute into our-expression for J,,
from the previous problem:
s N, P
N2 MRV
(6.022 x 107 mol™1)(1.33 x 107 Pa)
~ [27(0.02802 kg mol )(8.315 J-K~"-mol ) (298.15 K)]'/>
8.029 x 10® kg-m™"-s72
~ 2089kg-m-s
=383 x10% s m? =3.83 x 10" em™* 57!

A total of 3.83 x 10 nitrogen molecules will strike the 1.00-cm® surface in one
second.

31-49. Tf the density of surface sites is 2.40 x 10" cm™ and every molecule that strikes the surface
adsorbs to one of these sites, determine the fraction of a monolayer created by the exposure of a
1.00-cm? surface to 1.00 x 10~* langmuir of N(g) at 298.15 K.

In the previous problem, we found that the exposure of a 1.00-cm?® surface to one langmuir
resulted in 3.83 x 10" molecules colliding with the surface. Then exposure of the same surface
to 1.00 x 10~ L would resuit in 3.83 x 10'° collisions. Assuming that all these molecules are
adsorbed,

3.83 x 10%

a0 x 107~ O010%

of the surface will be covered. This is the fraction of monolayer creaied.

31-50. For conducting surface experiments it is important to maintain a clean surface. Suppose that a
1.50-cm? surface is placed inside a high-vacuum chamber at 298.15 K and the pressure inside the
chamber is 1.00 x 1072 torr. If the density of the surface sites is 1.30 x 10'° cm ? and we assume
that the only gas in the chamber is H,O and that each of the H,C molecules that strike the surface
adsorb to one surface site, how long will it be until 1.00% of the surface sites are occupied by
water?

The pressure inside the chamber in Pa is

1.01325 x 10° Pa
760 torr

1x 1077 torr( ) =133 x 10" Pa
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The rate of collision per unit of surface area is given by J,, from Problem 31-47 is

NP
N (Qa MRT)Y?

_ (6.022 x 10% mol")(1.33 x 107'° Pa)
 [27(0.01801 kg-mol )(8.315 J- K" mol~1}(298.15 K)]2
_ 8.029 x 10" kg-m ™' .57?
B 16.79kg-m-s
=479 x 10% 7' m? =479 x 10f cm™2.5!

Now if 1.00% of the surface sites are occupied, the density of occupied surface sites will be
1.30 x 10" cm™. Then

(4.79 x 10 em™2-5""¢ = 1.30 x 10" em™?
r=271%10s

31-51. Use the results of Example 31-12 to determine the rate of desorption of CO from patladium at
300 K and 500 K.

Because k; = 1/7,at 300K k; =3.8 x 107 s and at 500 K k, = 5.6 x 107 5.

31-52. The following data were obtained for the adsorption of N (g) to a piece of solid graphite at
197 K. The tabulated volumes are the volumes that the adsorbed gas would occupy at 0.00°C and
one bar

P /bar |3.54 10.13 1692 26.04 29.94

V/10“m® | 328 456 497 527 536

Determine the values of V_ and b using the Langmuir adsorption isotherm. The total mass of the
carbon solid is 1325 g. Determine the fraction of the carbon atoms that are accessible as binding
sites if you assume that each surface atom can adsorb one N, molecule.

Use the equation from Example 31-10 to fit the above data:
1 1 1

2 TY T

30 y=17.260+0.468%9x
= 26
—
. 22
18 | | | |
0 10 20 30

100 bar/ P
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Comparing the line of best fit to the equation above, we see that

1
7= 17.260 m™3

m

and
V. =579 %107 m®
Likewise,
b 46.89b -
BV = 46. ar-m
and
h= ——— =0.3
46,89V 0.368 ba

At 0.00° C and one bar, one mole of gas occupies about 22.4 x 10 m®. The number of moles of
gasin V_ is then '

559 x 107% m®
22.4 x 1073 m? mol

= 2.58 mol

If each surface atom adsorbs ong N, molecule, then 2.58 mol of carbon atoms on the surface are
accessible to N, (g). The total number of moles of carbon is 1325 g/12.01 g-mol™! = 110 mol, and
so the fraction of carbon atoms accessible is 0.023, or 2.3%.

31-53. The first-order surface reaction

A(g) = A(ads) = B(g)

has a rate of 1.8 x 10™* mol-dm™-s7". The surface has a dimension of 1.00 cm by 3.50 cm.

Calculate the rate of reaction if the dimensions of the two sides of the surface were each doubled.
[Assume that A(g) is in excess.]

Because A(g) is in excess, the second step is the rate-determining step and
v=kba,

If the dimensions of each side of the surface are doubled, the surface area will increase by a factor
of 4. The quantity o, will therefore increase by a factor of 4, and the the reaction rate on the larger
reaction surface will be v = 7.2 x 107" mol-dm~2.57".

31-54. Consider the reaction scheme
Alg) +S =5 A-S =% p(g)
for which the rate law is
v=kH0,

where 0, is the fraction of surface sites occupied by A molecules. Use the Langmuir adsorption
isotherm (Equation 31.35) to obtain an expression for the reaction rate in terms of K_and [A]
Under what conditions will the reaction be first order in the concentration of A?
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Begin with the Langmuir adsorption isotherm (Equation 31.35) and solve for 6, :

I - 1
6, K [A]
K,[A]
g, = ——t—
K {Al+1
Substituting this result into the given rate law gives
K k,[A]
V=t
K [A]l+1

The reaction wil be first order in [A] if K _[A] « 1, in which case the expressicn above reduces to
v=kK [A]

31-55. Consider a surface-catalyzed bimolecular reaction between molecules A and B that has a rate
law of the form '

v==k2~9,.0

3IVAVB

where 8, is the fraction of surface sites occupied by reactant A and &, is the fraction of surface sites
occupied by reactant B. A mechanism consistent with this reaction is as follows:

[ _
A{g) + S(s) 2 A-5(s}) (fast equilibrium) (1}
k.‘\
&
B(g) + S(s) == B-S(s) (fast equilibrium) @

£y

A-S(s) + B-S(s) = products

Take K, and K to be the equilibrium constants for Equations 1 and 2, respectively. Derive
expressions for #, and 8 in terms of [A], [B], X, and K. Use your results to show that the rate
law can be written as '
Y — kK, K [A][B]
1+ K,[A]+ KB[B])2

At any given time, the fraction of available surface sites is 1 — 6, — 6.

From Equation 1, we have the equations (analogous to Equations 31.33 and 31.34)
”:1\ = kﬁ‘@ K

vt =kMAJ(1—6, 6

)0,

0
Likewise, for reactant B,
B _
vs = k36,0,
B
a

vy =k [BI1-6, - )0

0
At equilibrium,

k6, = kAANL -0, — 06y

S/ — K, [A] (3)
1-6, -6,
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and

k360, =k [BI(1 0, —8)

T-0 —a ;;m 6= Kyl B] “)
We can solve Equations 3 and 4 simultaneously to obtain
o KA
A 1+ K, [Al+ K4[B]
K;|B]

8, =
I+ K,[A]+ K,1B]
Substituting these expressions for 6, and 6, into the rate law gives

v = kBKAKB[A][B]
(1+ K,[A]+ K,[B])*

31-56. Reconsider the surface-catalyzed bimolecular reaction in Problem 31-55. If A(g) and B(g)
do not compete for surface sites, but instead each molecule uniquely binds to a different type of
surface site, show that the rate law is given by

kK, K,[AJIB]
V=
(1+ K, [AD( + K [B])

If A and B do not compete for surface sites, the fraction of surface sites available for Ais 1 — 8,
and the fraction available for B is 1 - ;. Then, at cquilibrium,

KA[AI(L — 8,) = k56,
kZ[BI(1 —6,) = kj6,

Solving for 8, and 8, gives

__K,[A]
AT 1+ K,[A]
_ KB
"1+ K,[B]

" and substituting these expressions into the rate law gives

B _ KK,K[AIB]
=508 = TEK 1A+ K, [BD

31-57. In this problem we derive Equation 31.45, the rate law for the oxidation reaction 2 CO(g) +

0,(g) — 2C0,(g) assuming that the reaction occurs by the Langmuir-Hinshelwood mechanism.

The overall rate law for this mechanism is
v =K, 8(:0901
Show that

b (Ko, [0,D'*
% 1+ (Ko [0, + K [CO)
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and
0 — K, [CO]
co 1/2
1+ (Kol[oz}) + K., [CO]

Use these expressions and the relationship b = K /&, T to obtain the rate law given by Equa—l
tion 31.45. (Assume ideal-gas behavior.)

For CO, as in Problem 31-53,
PCON ~ O — 6, ) = k%8,
Because the second reaction of the mechanism produces 2 O atoins,
k210,01 = 8 — 8, )07 = k62 0
or
K20, — By — 6, ) = .62

Taking the square root of both sides of this equation gives
o 12 o3 172
(k210,1) " (1 = 6 = 8,) = (K") " 6,
We can substituie K, and X o, for the adsorption and desorption constants in the above expression
and find

g

(S p—
0~ "2 1= 0 =,
and
KoICOl = _ o
0 1~ 60 — 6
Solving these two equations simultaneously gives
1/2
(5103
6’01 = 172
1+ (Ko [0,1) + Kol COT
_ K.,[CO]

o = 17

1+ (,,[0,]) "4 K [CO]

Substituiing these results into the overall rate law, we find that

o ky K o[ COIK ' [0,1
P (1 + KPI0,1Y + K [COD?

Assuming ideal behavior, [0,] = P, /&, T and [CO] = FPoo/ky T, and from the text beg =
K o/ kT and bc,2 =K, /KT, Substiztuting these expressions into the rate law above gives

172 5172
k3b02 Po, beoPrg

v =
(14837 Py + beo o)’

(31.45)
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31-58. In this problem we derive Equation 31.46, the rate law for the oxidation reaction 2 CO(g) +
0,(g) — 2CO,(g) assuming that the reaction occurs by the Eley-Rideal mechanism. The overail
rate law for this mechanism is

v = k0, [COl

Assuming that both CO(g) and O,(g) compete for adsorption sites, show that

kK M0,12(CO]
v= 2o 2§ K
1+ Ko "[0,]2 + K ,[CO]

Use the relationship between K and b and the ideal-gas law to show that this equation is equivalent
to Equation 31.46.

The step of the mechanism for the absorption of O, is the same as that discussed in the previous
problem for O,, so 8, is
2

(Kol[oz])”2
1+ (KOZ [02])”2 + K, [CO]

Substituting into the overall rate law,

k, K '10,1'°1CO]
L+ Ko 10,17 + K, [CO]

v =k, [CO| =

Assuming ideal behavior, [0,] = P, /k,T and [CO] = P,,/k,T, and from the text boo=
Koo/ kT and .bo2 = Ko2 J&T. Substftuting these expressions intc the above rate law gives

172 512

kaofz Pog beoPro
T I R P R 1y

+bo, Fo,” + Do P

(31.46)

v =k,

31-5%9. The hydrogenation of ethene on copper obeys the rate law

e K[EH,172[C,H,]
(1 + KI[CH,)?

where k and K are constants. Mechanistic studies show that the reaction occurs by the Langmuir-
Hinshelwood mechanism. How are k& and K related to the rate constants for the individual steps
of the reaction mechanism? What can you conclude about the relative adsorption of H,{g)} and
C,H,(g) to the copper surface from the form of the observed rate law?

The rate law for the Langmuir-Hinshelwood mechanism is (Problem 31-57)

o k3 KC1H4 [C2H4]Kl}l£2 [HZ] 12
M (4 KT + Ky [CH,DY

The K 1}[12 [H,]"* term does not appear in the denominator of the rate law provided in the problem,
sol+ K. H, [C.H,I>» K;ii 2[H2]” 2. This means that C,H, must adsorb much more extensively than
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H,. Comparing the given rate law and the above expression for v, we find that k = k, K*K oy and
2 2004 .

E=K.y.

31-66. The iron-catalyzed exchange reaction

NH,(g) + D,(g) — NH,D(g) + HD{g)
obeys the rate law
, _ MD,I"[NH, ]
(1 + K[NH,])*

Is this rate law consistent with either the Eley-Rideal or Langmuir-Hinshelwood mechanisms? How
are k and K related to the rate constants of the individual steps of the mechanism you chose? What
does the rate law tell you about the relative adsorption of D,(g) and NH,(g) to the iron surface?

This rate law is consistent with the Langmuir-Hinshelwood mechanism (Problem 31-57). The total
rate law for the mechanism would be

- Ky K g, [NHL1 KD, 112
(1 + Kp'ID,17% + Ky, [NH,])®

If Kéﬁ Z[Dz]” g1+ KN'H3 [NH,], this reduces to the rate law given in the problem, in which case

K= KNH3 and k =k, KN]H3 K,ljg ?. The above inequality tells us that NH, adsorbs to the surface much
more extensively than D,.

31-61. Consider the surface-catalyzed exchange reaction

H,(g) + D,(g) — 2HD(g)

Experimental studies show that this reaction occurs by the Langmuir-Hinshelwood mechanism by
which both H,(g) and I3,(g) first dissociatively chemisorb to the surface. The rate-determining step
is the reaction between the adsorbed H and D atoms. Derive an expression for the rate law for this
reaction in terms of the gas-phase pressures of H,(g) and D,(g). (Assume ideal-gas behavior.)

Becausec beth reactions produce two atoms, we can write (as in Problem 31-57)
5)
ka*D)(1 = 8y — 6, ) = k65

Taking the square root of both sides gives

1/2

(" [Dz])]/2 (1-6, —6,)=(&") "6,

2

or
o
KYD. = D,
Dg[ 2] 1_91-1 ﬁQD

2 2

with an equivalent expression in K, . Solving for 8, and 8, gives
P4 2 2

1/2
. K3, 1"
D, 1+K];£2[02]1/2+Kg{2[}12]1/2
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1/2 1/2
8. = KHZ [H,]
H, 1+ KE)ZZ[OZ]I/Z_‘_ KéiZ[Hz]I/Q
Finally,
v=k0, 6 kKo, K I, VILT? by by By Py

TR K0, 4 KPILT (b R + bl R

31-62. LEED spectroscopy records the intensities and locations of electrons that are diffracted from a
surface. For an electron to diffract, its de Broglie wavelength must be less than twice the distance
between the atomic planes in the solid (see Section 31-9). Show that the de Broglie wavelength of
an electron accelerated through a potential difference of ¢ volts is given by '

1.504 x 106‘\/)”2

A/pm = ( p

The de Broglie equation is A = 2/ p (Equation 1.12). Because E = p?/2m, and the energy of an
electron accelerated through a potential difference of ¢ volts is egh,

N B\
T 2mE)'? T \2meg

(6.626 x 107 J-5)? 12
- [2(9.1—09 % 107 kg)(1.602 x 10 C)qb}
‘e (1.504 x 10718 V-m?)”2
[
5/pm = [(1.504 x 1073 V.m*)(10" pmvm1}2i|1/2 _ (1.504 x 10° V}”Z
¢ &

31-63. The distance between the 100 planes of a nickel substrate, whose surface is a 100 plane, is
351.8 pm. Calculate the minimum accelerating potential so that electrons can diffract from the
crystal. Calculate the kinetic energy of these electrons. (Hint: See Problem 31-62.)

From Probiem 31-62, we know that the de Broglic wavelength must be less than twice the distance -

between the atomic planes, Therefore, the minimum accelerating potential so that electrons can
diffract from the crystal is

. 1.504 % 106 v\ '?
20351 8) = |~ F
¢min
1.504 % 10°V
= ;2 —304V
tmin (703.6)

and the kinetic energy of the diffracted electrons is

E = e =4.87 x 107 J = 293 kI-mol ™’

31-64. The distance between the 111 surface of silver and the second layer of atoms is 235 pm, the
same as in the bulk. If electrons with a kinetic energy of 8.77 eV strike the surface, will an electron
diffraction pattern be observed? (Hint: See Problem 31-62.)
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