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Preface

This manual of solutions to the problems in “Kinetics of Catalytic Reactions” has
been prepared to assist those who use this book in a teaching function. IHowever, these
solutions should also benefit those outside the classroom who want to apply the
principles and concepts that are discussed in the book. By studying and observing the
approaches used in solving these problems, it is very likely that similar applications can
be envisioned in different kinetic problems that the investigator might face. Thus the
availability of these solutions is a good learning tool for everyone. Additional details and
insight about the solutions provided can be obtained by reading the cited references.

I have tried to eliminate all errors, both conceptual and typographical, in these
solutions; however, the probability is high that I have not succeeded completely. Should
any errors of commission {or omission) be found, T would greatly appreciate being
informed. I can be reached at this email address: mavche@engr.psu.edu, or mail can be
sent to me at: 107 Fenske Laboratory, Department of Chemical Engineering, The

Pennsylvania State University, University Park, PA 16802.

Albert Vannice
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Problem 3.1 Solution

(g pmole™ x 10%)

P
n(Po_P)
-
i

p/P

N BET Plot for BC-1

From slope and intercept:
N = 1120 pmole N, /g
C=1000

2
A _(IIZOXIO’GmOIeJ {6.023x1023 moleculeJ 1624 || 10®m? | 110m?
m =

g mole

molecule 1082 g

me=3"9L o o _eo[ 1987 @y k), 1340 - 2440 Al
RT mole-K g mole



Problem 3.2(a) Solution
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?/P

N; Bet Plot for SiQ; (Cab-O-Sil, Grade M5)

From slope and intercept:
Ny = 1620 pmole N, /g
C=140

2

2
A =l 1600 Hmole N, [ 6.023x10" molecule 1624 ||10%m? | 158m’
" molecule X g

pmole
mc=3"0 _ 404
RT

2100 cal

q; = 4.94(1.987 cal/mole - K ) (77 K )+1340 cal/mole = 1
moie



Problem 3.2(b) Solution

10—

(g Fe umole x 10%)

P
n (P, - P)

N; BET Plot for Fresh, Reduced Fe; O3

From slope and intercept:
n, = 10.00 pmole N, /g
C=47

m

mole

2
_ [ 10.00 x10°mole N, ][ 6.023x10% molecule] 1628 1110®m? | 098m®
8

molecule 1§2 g
me=3TdL s g —385
RT

q, =3.85(1.987 cal/mole-K ) (80 K }+1340 cal/mole = 1950 cal/mole



Problem 3.2(c) Solution

0.2

(g Fe pmole™ x 10%)
(=]
-

P
n (P,-P)

Ar Bet Plot for Used Bulk Iron

From slope and intercept:
I = 1.60 umole Ar/g
C=47

mole

2
A _(1.60x10'6 moleAr][6.023x1023 moleculeJ 1398 |[10%m? | 0.134m>
" g

molecule /gz g
mc=3"9L 385
RT

q, =3.85(1.987 cal/mole-K ) (77 K )+ 1550 = 2.14 keal/mole



Problem 3.3 Solution

T TR R R e R e R R T
100 Pt R 3 EzatoEdiasentdzadasacalingingn: SistataR
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100 200 300 40

P(Tom

Assume H,,/Rh,=1. The atomic weight of Rh is 103. The amount of hydrogen

chemisorbed on the Rh is the intercept value of 50 umole H,/g which is determined by
the high-P region where the Rh surface is essentially saturated with H atoms.

[50 pmole H, ][2% ] (1 RhsJ
cat H 1H
£ 2 2/ =069 =D,

0.015 g Rh }{ 10 umole Rh
g cat 103gRh




Problem 3.4 Solution

O, Uptake (umole O,/g cat

20F -

; — & 1>C(j susS — = =
P (Torr)

Assume no O, adsorption on SiO; and the O,4/Ag; ratio is 1

Adsorption on Ag = 50 pmole Oa/g cat as determined by the intercept determined in the
high-P region of saturation.

Dispersion = Agy/Agiotal = Oad/Ag:

(50 pmole Oz/g) (2 0,470, ) (1 Ag; /O )
= =0.44

0.0243 g Ag || mole Ag 10% pmole
gcat 108 g Ag mole




a)

b)

Problem 4.1 Solution
For isothermal, 1¥-order reaction:
n=C,/C,=1-7Da, (Eq. 4.54)

fiDa, = R/k,aC, (Eq. 4.50)

_A 2ar? + 2mil

v ! =18.75em™ forcylinder
2y

a

(For a sphere, a = A = 5 =18.75¢cm™)
V 2r

C _P 0.06 atm ~9.58x10~7 mole SO,
%0, T RT 3 - em?
82.06 atm-cm (763.2 K)
g mole-K

See Table 1 for RDa, and 7 values.

The concentration drop can be determined from Eq. 4.52,1.e., C,/C, =1-7Da,
so C,~C, =%R/k,a=AC

The AC values are given in Table 1. The concentration gradients through the film
thickness, 8, will be AC/S.

From Eq. 4.4, k, = D/8 so &= D/k,.
From Eq. 4.75, the bulk diffusivity is: D, = 3 The mean-free path in the gas

phase is (See Illustration 4.6):

. 1 __RT
ﬁnaz(N/V) 2ro? P

for an ideal gas where ¢ = is the molecular cross-section area, so

3
[82.06 atm cm J (763.2 K)( 1 mole

g mole-K 6.02x10% molecule

2z M}@ atm)

J =1.5x107° cm

molecule



m

8k T 172
v:[ B ) (Eq. 4.76)

<l

1/2
{8 (1.38x107 erg/K (7632 K)} 5.0x10° s
n (64 amu) (1.66x10'24 g/amu)

Dy =13(1.5x10° em )(5.0x10* cm/s)= 0.25 cm?/s

2
So, at high SV: &= D/ k, = 0.25 em’/s =0.020 cm
(4.5x10“ cm/h)(1 h/3600's)
2
and at low SV: §= 0.25 em /S =0.032cm

(2.8x104 cm/h)(l h/3600s)

2.6x1077 mole/cm3

=1.3x107° mole/cm4
0.020 cm

athighSV: AC/8=

2.9x1077 mole/cm3

=9.0x107° mole/cm4
0.032 cm

atlowSV: AC/8=

Nonisothermal situation, assume Cg = C

n
From Eq. 4.51 7= ke [ES—J = L5}
kO

C) Kk
and K5 o BRI (/1) (Eq. 4.55)
kO
also, t=T,/T, =1+B-ADa, (Eq. 4.56)
—  —AHRC.k
where P = ——Rroe
T, h

AH =—23.6 keal/mole SO, (CRC Handbook)



mole SO, cm’ cal

[—23600ca1)[9.58x10'7 mole SO, ][%103 cm? K]
B= - =0.27
7632K

Then AT=T,-T, =p-7Da,T, ,and the B-RDa, values are listed in Table 1.

d) The non-isothermal effectiveness factor is
k, ® _ E = _ = _
A=t = s B0 (1 _FDa, )e ¥ (§-7Da, )1+ -TDa,) (Eq. 4.57)
kO m(}
—-30000 cal, 1
where E/RT, = O0calfmole ____ 1978
(1.987 cal/mole- K }(763.2K )
The 77" values are also given in Table 1.
Table 1
R k fiDa 7 AC B-fiDa, AT 7
(mol/h-em’) (cmih) ° (isothermal) (molefem’) ®) (noniso-
thermal)
0.215 4,5x10° 0.27 0.73 2.6x107 0.072 55 3.8
0.204 3.8x10* 0.30 0.70 2.9x107 0.080 61 43
0.194 3.4x10° 0.32 0.68 3.0x107 0.085 65 47
0.153 2.8x10* 0.30 0.70 2.9x107 0.080 61 43
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Problem 4.2 Solution

Using the Thiele modulus:
R 1 1 I
n =m_0=kmeas/ko :3/¢(tanh ¢ _E] and ¢=Rl’k10/2/Deff1 ’ =
2
ko =£ kmeas :¢2 Deff/R}Z) :>¢ l/tanh ¢__-1_ :kmeas R
3 1 ¢ 3Dy
1/tanh ¢ ——
¢
2V 3
R, =f, =% =2( 042em’ /g j=2.0x10‘7cm
Sg (420 mz/g)(IOO cm/m)2
16 12 P
Dy = Dy, =1/3d,7=1/3 (4.0x10'7cm){ o{.38x10" erg/ 685 ) ] = 4.63x10° S
7{120 amu) 1.6x10° g/amu s
sk T 1% ——
V=|=B-| = =3.48x10* cm/s (Eq. 4.76)
nm n(MW)

SO

s (.._1___.1_ ]: Q49 cm3/s-g)(1.l4 g/cmS)(OSS cm/2)2 —375=38
tanh ¢ ¢ 3 (4.6x10'3 cmz/s)

b _48 = $=48 ,and n=—=|1-—=|=0495205
tanh ¢ 48 48



Problem 4.3 Solution

280, +0, =250,

. . RR v
Use Weisz-Prater criterion : Ny.p = <03
s Deff
Assume C,=C, = .% = % - 2/3 (2 a3tm) = 2410 mole
: cm
M (673.2 K)
mole-K

Dy :~31—Vdp =% sx10* cm/s)(l.leo~6 om)=1.2x10"% em?/s

R < [0.3 C, Dy ]”2 _ {0.3 (2.4x"° molfem? ){1.2x102 em?/s
? ® (2 mole S0, /s-2){1 £/1000 ¢m? )

maximum particle diameter = 1.3x107% cm

) 172
} =6.6x107 cm =

11
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Problem 4.4 Solution

2
®R?
C Deff

5

Weisz-Prater criterion: Ny_p = < 0.3= no significant pore diffusion effect

% = (0.0956 g mol SO, /h - g cat) 1.6 g/em? }(1/3600 5)= 4.25x107° mole/s-cm®
R,=1.6 mm=0.16 cm

Assume Cy=C,= 9.58x10” mole/cm®

-16
Doy =Dy, %Vd :1{ 8(1.38x107% erg/K ) (763 k)
T

172
. , } [100><10‘8 cm]=1.67x10"2 em’/s
3 (64 amu) (1.66)(10~24 g/amu

(4.25)(10'5 mole/s - cm® )(0.16 t:m)2

N =
v (9.58)(10"7 mole/cmS)(l.67x10“2 cmz/s

=68 >> 6

Mass transport limitations due to pore diffusion are definitely present.
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Problem 4.5 Solution

Ny.p =RR2/C. Dy = RR2/CDy,

R = (1.99 pumole Bz j[0.60 gcat J_ 1.2 u mole Bz

Sg cat Cm3 S CI‘Il3
C.=C, =P/RT = (50 Torr Bz)(1 atr3n/760 Torr) _ Lox]0-6 mole
. cm
82.06 atm-cm (413 K)
g mole K

Dy = Dy, because X >>d, (average pore diameter)

Dy, =1/37d, andlet d, =250 A =25 nm

16 1/2
5= By T/em)? { 8 [1.38x1071% erg/K )(413K) } 33510 ™ (Bq.4.76)
k4 (78 amu) (1.66)(10'24 g/amu)
4 2
Dy, =13 333X107em 65 )L™ |2 8x102 S (£q. 478
Kn 7 q
S 10" nm

(a) With Pd in mesopores = 25 nm:
(l 2x107% mole Bz/s cm® )(500x10“4 cm)Z

Worstcase: R, =500p;Ny_p = =0.056
’ b (1.9x10'6 Bz/cm3)(2.8x10‘2 cmz/s)
Best case:
R, =101 Ny p = (1.2><10‘6 mole st-cm3)(10x10“‘ cm)z - 2.3x10°5
(1.97(10‘6 mole Bz/cm? ) 2.8x1072 cmz/s)
(b) With Pd in micropores = 0.9 nm:
Dy, =1/3(3.35x10* em/s)(0.9 nm) {1 em/107 nm )= 1.0x107 cm?/s
-6 3 -4
Worst case: R, =500 1 Ny p = (1.2x10 mole Bz/s-cm )(SOOXIO cm)Z ~16
(1.9)(10‘6 mole Bz/cm3)(1.0);10'3 cmz/s)
(1.2)(10‘6 mole Bz/s~cm3)(10x10‘4 cm)2 635107

Best case: R, =10u;Ny.p=
’ T 19x10°¢ mote Bafem? ){1.0x107 em?/s)
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Problem 4.6 Solution
Ny =RR./C. Dy = R2/(C, Dy, )b Do <D
W-P — p/ stett & TcoyPeat p/ s Dy Joecause Dy, < D

(200 Torr)| L2
_P_ 760 Torr  4.4x10°6 mole CO,

n
V RT .em? cm
82.06 2 (193 k)
gmoleK

8k,T)” [ (138107 erg/k J(723K) |
@) v:( B j =[ 38x10°7 erg/ } =5.9x10* cm/s (Eq.4.76)
nm T (44 amu) (1.66)110_24 g/amu

(1 Ceo, =

a)

w =1/37d, =1/3(5.9x10° cm/s)(18 nm) (1 cm/107 nm )= 3.5x107 em?/s (Eq.4.78)
_ (42.6)(10'6 mole/s~g)(1 g/cm3)(0.01 cm)2
(4.4x10'6 mole/crn3)(3.5x10'2 cmz/s)

Nw =0.028 (No problem)

by Dy, = 1/3(5.9)(104 cm/s)(14 nm)(l cm/107 nm)z 2.8x1072 ¢cm?/s
(9.6x10'6 mole/s ~g)(1 g/em? )(0.01 cm)2

=7.8x1073 (No problem)
(4.4x10’6 mole/cm3)(2.8x10'2 cm?/s

Ny_p =

¢) Dy, =1/3(5.9x104 cm/s)(20 nm) (1 cm/107 nm)=3.9xlO‘2 cm?/s
(1 18x107¢ mole/s-g)(l g/cm3)(0.01 cm)2
(4.4x10'6 mole/cmS)(3.9x10_2 cmz/s

Ny.p = =6.9x107 (No problem)

d) Dy, =1/35.9x10* cmy/s)(20 nm) (1 cm/10” nm)= 3 9x10°2 cm?/s
(237x10_6 mole/s - g) (1 g/cm ) 0.01 cm

Moer = (4.4x10 mole/em™)3.9x10 em?/s)

=0.14 (Possible concern)



Problem 4.7 Solution

n-1
Rpkl/ZCsz

Thiele modulus $= 12
D, eff

Rate =k'Py, =kCy, =[ :

. §-Cm
c. b _ P _ (710/760 atm) 2 76x10-5 Mmole
A =2.
* V. RT (8206cm’- atm (13K) cm
g mole-K

K= Rate 1.19x1078 mole/s-cm3

_ -1
e —=10.0432s
Cy 2.76x10 mole/cm

2

Dy, =1/3%4,)

- _{ 813851071 erg/K J413K)

112
= =2.1x10°
Vho e (2 amu)(l.66x10‘24 g/amu):| X107 emys

3,
[8206 cm ath( 13K)( 1 mole
L=

gmole-K 6.02x10% molecules

] =22x10%cm
ﬁ 7r(2.4x10"8 cm)z (1 atm total P)

Dy, =1/3(2.1xlO5 cm/s)(2.2x10’5 cm)=1.5 cm?/s

D¢ = Dy, =1/3Vd, where d, = pore diameter

1.99 pmole Bz](o 60 g/cm3): 1.19%10-5 mole Bz

15



Case 1: Smallest particle, all Pd in mesopores:
Dy =13 (2.1x10° em/s ) (25x10m {102 em/m )= 0.175 em? /s

10x10~°m 102 om/m (0.0432/s)"”

= ( =5.0x107
’ (0.175 cmys)” )

Case 2: Largest particle, all Pd in mesopores:

500x10°m {107 om/m (0.0432/s)"

N =0.025
’ (0.175 cm/s)"

Case 3: Largest particle, all Pd in micropores:
Dyp = 1/3(2.1%10° em/s){0.9x10 m J10? cm/m )= 6.3x10 cm?/s

4 (500x10-6m 10> em/m (0.0432/s)> _
63x10 cm?/s)”

0.13

No concern — in all cases 1) is essentially unity.

16
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Problem 4.8 Solution
Use Weisz-Prater criterion.
RRZ 1 R
Nyop = << 0.6 (or 0.3) R, == (14.9x10 cm) , A=d,
Cs Detf 2

8{1.38x1071° erg/K ) (493 K)
(30 amu)(1.66x10‘24 g/amu

Dot =§'\7dp =§[ }(60)(10'8 cm)=1.18x10 em?/s (Eq. 4.78)

Assume 1 atm:

C,=C= % _ % _ (9 Torr) (13atm/760 Torr) = 2.93x10" mole C:IQO
82.06 cm” -atm (493 K) cm
gmol -
-7 3 -3
N, = [1.4x10 mole/cm -s][7.45x10 cm]2 =225¢107 << 03

[2.93x10'7 mole/mn3][1.18x10'2 cmz/s]

Yes, it’s free of diffusion effects.
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Problem 5.1 Solution
K[OT% s L=l osfs-<l b anafo-e]=2f5-+]

bl [o-el-ls- o115+

kB2 s-+_  afs-of
Pso, [*]3 Pyo, (L‘3 [S ‘*])3

K(L-3[5-]f = 45—+ [pso, = K" (L-3[s )=V [s -] /P33,

LR, -3l5-JiRL, =Y 5]
LKPPIE = KPS +d] fs-+]

IK"PS  L(k/4)°Py,  Lk™R3)

S - | = = =
[ ] %/Z+3K”3P5182 1+3 (K/4)”3P51g2 1+3K”3Pslg2

o, - B4 KTPo, Oy max = 1/3
L 1+3KMRg T ™
3K'"Pgg,

=30 =— 508 _
1+3 K'°Pgg5,

S
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Problem 5.2 Solution

To test single-site adsorption, plot Ez-K—II’—+i (Eq. 5.27), whereas to test
n

m m
12 1 12

dual (double)-site adsorption, plot _‘:T"’L (Eq. 5.28). The single-site
n K*n n,

m
equation gives a reasonable linear fit, whereas the dual-site equation is curved with
negative slopes (See Figures 1 and 2, respectively).

From the slopes and intercepts of the plots in Figure 1:

T(K) K (atm™) B (pmole g™ or V. (cmg“ = )a
343 181 1380 30.9

363 87 1180 26.6

383 59 772 17.1

403 28 719 16.1

Use Eq. 5.38 and plot £n K vs. 1/T (Figure 3)

Slope = 4.13x10° =~ AHS, /R, so AHY, =—82 keal o34 M
mole mole
Intercept =-6.85=AS% /R , so AS% =-14 cal or —59 J
2 a mole-K mole-K

(a)
3
V,, = nRT/P = n g mole) 2,06 em 'atm/lgazfle'K) (132K _, (2242x10" cm?)




P/ Nad ( atm* g / umol )

20

Benzene Adsorption On Silica Gel

Single Site Langmuir Isotherm

1.0e-4

8.0e-5

6.0e-5

4.0e-5

2.0e-5

y =4.9198e-5 + 1.3910e-3x R"2 =0.989

y = 9.6456e-6 + 8.476%e4x R"2=0.960

y = 4.0202e-6 + 7.2574e-4x R"2=0.98

y = 2.2535e-5 + 1.2962e-3x R”"2 =0.985

130 C_

110 C

90 C__-

—

8

0.0e+0

T
0.01

P (atm)

Figure 1

0.02



P~0.5 / Nad ( atm”0.5 * g / umol )

Benzene Adsortion On Silica Gel
Double Site Langmuir lIsotherm

21

2.0e-3
A 70(C)
x O 90(C)
0 110(C)
x 130 (C)
X
1.0e-3 +
X
w]
o x x
a
o R 0
o o)
A A A (A) O
0.0e+0 Y T v T T T
0.02 0.06 0.10 0.14

PAO5 ( atmA0.5 )

Figure 2



K, atm’!

103 :I L Y N I L L B I B I B ]
10°F E
10 I T ) l L. 1.1 ' L1113 l L L1 I 1.1 1 1 l Lt 1
2.4 2.5 2.6 2.7 2.8 29

1/T x 1000 (K'Y

Plot of K vs. 1/T for Pure Benzene Adsorption

Figure 3

3

22



Problem 5.3 Solution

To test isotherms:

For single-site Langmuir isotherm, plot P/n vs. P (Eq. 5.71) — See Figure 4
For Freundlich isotherm, plot fn » vs. {n P (Eq. 5.73) — See Figure 5

For Temkin isotherm, plot #» vs. #n P (Eq. 5.74) - See Figure 6

The Freundlich isotherm gives the most linear best fit.

23



p/n0

LANGMUIR SINGLE SITE ADSORPTION
ISOTHERM

y = 9.6456 + 847.69x R*2 = 0.960

0.02 0.03

Figure 4

24



FREUNDLICH ADSORPTION ISOTHERM

y = - 1.9991 + 0.64808x R*2 = 1.000

log(n0)

-3.0

~3.2 1

-3.4

-3.6 1

-3.8 A

-4.0

Figure 5



no

TEMKIN ADSORPTION ISOTHERM

26

y = 1.55460-3 + 2.1758e-4x R*2 = 0.942
8.00e-4
6.006-4
4.000-4

L
2.000-4
0.00e+0 T T T
-7 -6 -5 -4
In(p)

Figure 6
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Problem 5.4 Solution

K
A+28S =S SAS

L=S+2 (SAS) K = [sas]/[a][s}

S=L-2[SAS] = S?=L7—4L[SAS]+4[SAS]?

[SAS]=[A][S]*K =K [A] (L% - 4L [SAS] + 4 [SAS])

b++/b? —4ac

4 Ka[A][SAS]2 *(4LK£A]+1) [sAs]+ LZKC[A =0 x="T— forax 4bxte=o

[sas]= (+a1k [a)z1+8 1K [A]+16 12 K> [AP ~16 17 K* [A]

8k [A]
[ 041k [A)-V1+51K[] [sasl=0 @ [a]=0
SAS]=
8K [A] [sas] > L/2 as [A] 5w

OR, alternatively

2[SAS]/L=0, S/L=1-2[AS|/L =6=1-0, & K=—20a_
?[a]p?

IK[A]p? =6, = (1-0,)1K[A]-0,

LK ([a)o? - 2LK[A]+1)6, +LK[A]=0

6 :2LK[A]+1 t \/4L2K2[AF+4LK[A]+1—4L2K2[A2] N

* 21K [A]

o :1+2LK[A]iw/1+4LKlAJ = :1+2LK[A]“VI+4LK[A]

A A

21K [A] 21K [A]

0A=0 @ [A]=0 and 6,—1 as [A]lo®



Problem 6.1 Solution

k=Ae®®T 50 tnk=tnA-ERT

Plot Enk vs. 1/T

(K k
823 1.3x 107
833 23x10°
843 4.1x10°
853 6.2x10”
863 11.5x 107
873 17.7x 107
883 28.6x 107
893 462x 107
903 70.8x 107
keal
Slope = —-E/R = -37200 = E = 739
mole
Intercept = fnA = 3386 = A = S5.1x10"s™

309

mole

28
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Problem 6.2 Solution

a) rzv[XI ]szT/h%N%:ie'E/RT [N-]2

_ fafa : :
pre-exponential factor =k = (kBT/ h) “f £ because a N atom has no rotational or vibrational
r

32
modes. Therefore, k, = (kBT/h)%(})I—) =k, aT"”
c

b) Qco = fi frzot fup and QHZO = ft3r fr3ot f3ab

Q COOH, has 3 x 5= 15 modes, with 15 - 7 = 8 degrees of vibrational freedom; therefore
fo £ 15 1
k, = (kyT/h)—L-mtxb ~ (kBT/h)—— because f; =1
° ft? frsot f\‘/‘ib fti fr%u l
so k,a (kBT/h)3—/12— or k, o T2
(a1} (o)
c) Qu, =Qq, = £l f2 f,,: assume non-linear activated complex, so degrees of

vibrational freedom = 3N -7 =5, and Qj’ = Quyol, = £2 £2 £3,. Therefore,

1

fo fax i 1
(aT)3/2 (bT)1/2

EO = (kpT/h)— because fy, 21,50 k, o (ksT/h)

tr “rot “vib tr “rot

and k, o T
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Problem 6.3 Solution

H2 + Brz = 2HBr

L =S o i e

(1) Use SSA on H radical: & gf Jo- k, [Br][H, |-k, [{H][Br, |-k, [A][rBr]

(2)  Use SSA on Br- radical:

d[Br [Br ] =0,=but aneasier wayis: r, =r, = 2k; [Br2]= 2k, [Br ']2 =

dt
[Br ] = i/, ) B, ]

[H]:-—kL[EM , then

From (1):
o K, [Br, ]+ K, [F51]

e e o

r=k, (ko /k ) [Bro ] [H, ]+ (ko [Bry = &y [rame])| X (i/k )" [Br,}” [,
k, [Br, |+ k_, [HBr]

(kz [Br2]+k_, [HBT])(kl(ki/kx)m[Brz]m [Hz])+ (kz [BrZ]—k—l [HBr])(kl (ki/k:)m [Brz]m[Hz])
k, [Br, ]+ k_, [HBr]

or

_ 2k1k2(ki/kt)m [}3r2]3/2 [Hz]
Kk, [Bra [+ k_, [HBr]
_ 2% (ki/kt)uz [Brz]m[H2]
k HBr]

i W
" o)




Problem 6.4

CH,CHO = CH,+CO

dt

dleH,] _aco

dt dt

at constant volume
r=r, = 1=2r, so k [CH,CHO|=2k, [cH, }
r =k, [CH; ] [CH,CHO] =k, (k, /2 k, )*[CH,CHOJ? , thus

r =k, [CH,CHO? so E,, =E, +§2L _Es

31



b)

©)

32
Problem 6.5 Solution

N0
Qn>Qo so Nenddown,ie., Fé ,n=3,

For (1, ): Qo =7~ 2 =199 _84 and Quo W (rable 65
(2‘1/11) (5/—3) Q_OIN,LDNO
n

o Quo =(0.6) (140} /[(0.6)(140)+151]=30 kcal mole™

0

[

/N\
For (nlpz):QNo =(0.6f (140)2/ [@Lz(mo—)HSl:\:W keal mole™ = Fe—Fe
(preferred)
Orientation is nlp.l with O end down,n=4.
Quo =12 = 65.7 keal mole™ (Table 6.5)
00 (7/—4)
2 2
Quyo = Qo (65.7) =15 kcal mole  (Table 6.7a)
Quo +Dyyo  65.7+220

This is a symmetric molecule with A = CH, i.e., P/C Pt, n=3 .

For (nzpz): De.c = Dycaci —2 Doy =392 -2 (81)=230 keal mole™  (Table 6.7b)
Qec = Qc/(2-1/3)=(3/5)(150)=90

Dyy_ce =230+81=311=Dg +D¢ y

9/2)(90f
Qpe=cn = 3 (9(/) 1(8 gll =13 kcal mole (Eq. 6.46)



d)

Q2

for “strong” chemisorption (adsorbs in hollow site)
Q¢ +Dcy,

QCH2 =

use Q¢ = 160 kcal mole” on Pd(111) , so

(160)

-0 =75 keal mole™
160 +183

QCH2 =

33



a)

Qo =

b)

34

Problem 6.6 Solution
Nad > Oqq regarding bond strength, so N end down. This is “weak” chemisorption, n = 4.
]
N,

/£
For n', :Ni—}\li so n'=2,

2 >
3 Qo Qo (Table 6.6), 0 Qyp = —GM—S)— =31 kcal mole™
%A 4Dy, 24151 W13s), 1,
n’ 2 2
This is “weak” chemisorption, n =3, —
Pd ——Pd

Deec =Dcen,en, =2 Dy, =538-366=172, A equals=CH,, and
(Table 6.7b)
D_cu, =Dcu, +Deoc =183+172 =355

9/2 Q2

T Y (9/2) (0.6) (160) /[3 (0.6) (160)+ 8 (355)] = 13 keal mole™

H
¢ s aal? chemisorption. 1 = - |

This is “weak” chemisorption, n =3, N end down, i.e., H-ITI-H

Fe
Q?
Quup, = —A——  fromref.25, Dy, =279 keal mole™,
: Q,, +Das }
{0.6) (140

S0 = =19 kecal mole™
Qg (0.60)(140)+ 279



d)

This is “strong” chemisorption

Q% o
= et fromref. 25, D =169 kcal mole™,
Qo Qu + Dy, M
(140)? o
SO = —i =63 kcal mole
Qw2 = 1454169
2 V)
Quu = ——QN—, from ref. 25, Dy = 81 kealmole™, 50 Quyy = _(1_4&_
Qun + Dy 140 + 81

If “intermediate” chemisorption is chosen for NH, then

1| _(06)(40f | (140f | =48keal moleLif n'=2
2 | (0.6)(140) 140+169 | =46 kcal mole™ if n'=1
B

35

=89 keal mole™
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Problem 6.7 Solution

H,
For acetone, (CH3), CO | or C} =0, the enthalpy of formation is -217.3 kJ/mole or -51.9
H,

keal/mole [257; therefore, Dy = Dicyy), co = ZAH] (atoms)— AH? so, based on:

AH° CH;), CO
3¢ + 60+
AH?
3Ce t3Hygyt% Oy
and from reference [25]:

3(C—C) = 3(171.3 keal/mole)
3(H—2H) = (3)(2) (51.2 keal/mole)
%(0;—20) = (0.5 (119.2 keal/mole)

AH} =  ~(-51.9 kcal/mole)
Drom =  938.0 kcal/mole

From Table 6.5, on Pt: Q¢ = 150 kcal/mole and Qo = 85 kcal/mole.
(a) For on-top adsorption (nlp.l ), use equation 6.35 with n =3 for Pt(111). Molecule will

bond O-end down; so

Qoo = (3/5) (85) and from Table 6.7b, the bond energy associated with each C-CHj; group

is 376 kcal/mole, so

Dap = De=o = 938.0 - 2 (376) = 186 kcal/mole.

Then, for “weak” chemisorption, use equation 6.41:

2 2 2
Qeny),co = %o - QO By, kcal/mole
Qoo + D(CH3)2 co (0.6)(85)+186



(b)

37

For di-c-adsorption, i.e., CH; CH
LV
; - O\] U2
Pt ——Pt
equation 6.42 must be used, keeping in mind that atoms A and B can have other groups
attached to alter the A-B bond energy, thus from part (a) Dag = Dc-o = 186 keal/mole.

Q% (Que +2Q4)

From Eq. 6.43, a=
(QoC' +Qu0 )2

where Q. represents the heat of

chemisorption of the quasi-atomic (CH3); C- fragment. For this relatively large species, a
reasonable way to calculate its heat of chemisorption is to again use eq. 6.41 where Dap
now represents the total bond energy of all the bonds formed by the secondary C atom,

thus from Table 6.7b:

D sp =2 Do, ~Den, J=2[376 -293]=166 kealimole

2 2
s0 Qo = (0.6) ((150)) =31.6 kcal/mole, then

(0.6) (150) + 166

2 5
,_GLO) [31.6+2(51.0)] 1.33x10 _196 keal/mole, and

(31.6+51.00°  6.82x10°

(s1.00 [s1.0+2 (31.6)] _2.97x10°
(51.04+31.6) 6.82x10°

from Eq. 6.44, b= =43.5 keal/mole

ab (a+b)+D 5 (a—b)?

thus Qes),co = ab+D,p, (a+b) B

(19.6) (43.5) (19.6+ 43.5) + (186) (19.6 - 43.5)* _ 1.60x10°
(19.6) (43.5) + (186) (19.6 + 43.5) 1.26x10*

=12.7 =13 keal/mole
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Problem 6.8 Solution

Rate constant for bimolecular surface rxn or desorption = A, <107 cm? / s

a. Collision theory, 2-dimensional gas 2 A — Axgg

r=P Zaa [Aul’ = Ab [Aug]® , Probability P=1 , # collisions = Zaa

12
8k,T .
—E——) where ¢ = molecular diameter (molecule sweeps out an area)

Zpa =0’V=0‘[
nm

an = (2x107 cm)(5x10% cm/s) ~ 107> cm?/s  (given inref. 11, p. 68)

b. Absolute rate theory, immobile adsorption: 2A-S 28-A,-S—> A, +28
=
site pair
t b
=L, (kBT/h) Q2 [Aad]2 =L, (kBT/h) Q [Aad]2 where
QA—S QSS

L, = density of site pairs =Z/2L = (Z=4) , then

___Z_ Q' =1 ~ 2 13 1) . -2 2
= L(kB /h)QA D [1015/cm2](10 s )_ 2x1072 cm?/ s

[ Absolute rate theory, 2-dimensional gas: 2 Ay == Azag — Az

SN 1)

Qi Qe @-Dy

107



Problem 6.9 Solution

Figure a. Curves for Activation Energy, Enthalpy, Entropy Determination

on activated carbon
4
10* prrrr
— ]
[ k =595+10° " e153%) R= 0,89008 1
g 10° E
) E = Ky = 53511 %D Ra027915
< e P - ]
M:Zé' L )}
30 7 4 (-3954.4/T) 1,_
| K =1.01*10" *¢ R= 098668 .
4 10 e NO2 E
LT . ]
[ L IS IR BT WIS WA TS R,
3 3.05 341 3.15 3.2 3.25 33 335
1/T x 1000 K')
From slope & intercept:
1) For NO;
AHZ, =+ 7.9 keal mole™
ASy; =+32.1eu (le.u.=1cal/mole-K)
2)  ForH,0

AH?, = + 0.4 keal mole™

Not consistent = both AH & AS values are positive
ASYy =+125¢e.
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1)

2)

3)

Figure b. Curves for Activation Energy, Enthalpy and Entropy Determination

on Si0

2

10? SRS s Ly AR LERR ALY AR
£ k = 5.21+10° * 46361/1) R 0.99901 ]
oo Kyog = 291394107 + 57843 R 0.90483 1

. |12, .(9889.8/T) o_
= 6.6838%10712 R= 0.99991
o 1 L Kpppo = 6683810712 % ¢ R= 99991
[ o 3
M r R ]
3 [ L ]
8 L .

MZ

2 .
o 10 3
= ’ 3
10! P A TS T T P T

3 3.05 3.1

E,= —9.3 keal mole™
For NO,
AHY, = —11.5 keal mole™

ASS, = —299 e
S; = STeu

For HzO

AHY, = ~19.7 keal mole™
AS)y =-51.1eu.
Sg = 45eu.< I-51.1 e.u.’

315 32 325 33 335
1/T x 1000 (K'Y

= negative and inconsistent

= inconsistent
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Problem 7.1 Solution

() SSAstatesthat d[0]/dt = 0 = f=r, ~r = -d[0,]/dt

=3k, [0;]M]

—dd[to3]=r:2r1 =2k, [03][M] or dEiCt)Z]

®) Cannot assume Quasi-Equilibrated Adsorption (No Langmuir isotherm)

rzd[COZ];
dt

k[N,0]s]=k; [co]ls-0] = [s-0]=(k,/k,)IN.0][s]/[co]

@ steadystate,so r, =1, , Site Balance: L= [S - O]+ [S]

r=k; [co]ls-0]=Lkik, [co][N,0)/fk, [N;0]+k; [co])

[CZHZad][H2]2

© Ar:d[CH“]/dt = k, [CHzad][HZ] & K= [CzHﬁ][S]

L Literature solution for reaction as written

If [C,H, | is MARY, then L= [C,H, [+ (5] &

oty e )/ [, P = KR (e, )
1,7

LK [C,H,]
[H2]2 (1 +K [C2H6] / [Hz]z)

[C2H2ad ](1 +K|[C,H, ]/[Hz]z)= % = [Cszad]=
[}

dlcn,, de 1d[CH,,
@SteadyState—-—l—dt—z—dJ=0 : —(}%:E l dtz dJIk] [CzHZad][HZ]

41



de/dt = «d—l%{tz—"dL k, [oH, 0 |[1,] = 25 =1,

2k [CZHZad][HZ]:kZ[CHZad][HZ] = [CHZad]:z(kl/kz)[Csz]ad

alom, ]/ dt=x, [CHM][HZ]:2Lk,K[C2H6][H2]= 2Lk K [C,H,]

2
[, P +K [C,H,] [1,]+ K [c,H, ]
H,
1L Alternate solution for reaction written with well defined sites, S, i.e.,
K
) C, Hs @t S ':@d CH-S+2 H; (®

k
()  CHyS+Hyg+S —1-s 2CH2-S

k
3) 2 [CHy-S + Hy (g —2— CHag)

C,Hg + Hy : 2 CHy

Note that a CH; group almost certainly requires a site for itself as shown in step 2.

dfcn]

L N R =0

e ]ls]

If [C2 H, - S] is the MARI, then L = [C, H, - S] + [S] for the site balance, and

[Csz ‘S]zK[Csz][S]/[Hz]Z =(K [CzHe]/[Hz]z)(L‘[csz _SD =

ot - s+ K oy, )/ [, P )=tk [e,m VP &

LK [C,H,]
C,H, -S|=
et Gy e
@ Steady state: i[CI%_SJ:O & %=%Elcidt2’—s—]=kl [Csz_S][Hz][S]&

%:i—[%ns—]=k2 [CHZ—S][H2] = 2n=r1,,80
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2k, [Csz _S] [Hz][s]zkz [CHZ ‘S] [Hz]:> [CHZ —S]z 2 (kl/kZ)[C2H2 "S] [S]
[S]=L[H2]Z/([H2]2 +K[C2H6]) 50
d

cn,] z

e ealon s 2ok e /(b F o,

_wlemdiP o]

(P +x [CZHG]f [Hz](ﬂ K [C2H6]]2
.

=T



Problem 7.2 Solution

=k; [B‘S]

[B-s]

[Als] 7 Ta-s]

Site balance: I, = [s]+[A-s]+[B- s]

(@ If [B-S]isthe MARL then L = [s]+ [B—$] and

LBl fa-sl- Bl ] = Bt

Lk3K1K2 [A]

r=k;K, [A— S]= K;Kk; [A][S]= (1 +KK, [A])

(b) 1f [A - S]is the MARI, then L = [$]+ [A - 8] and L = [s]+ K, [A][s] =

Lk:K K, [A]

(+x,[a)

The mathematical forms are identical.

r= kng[A ‘S]z K|K2k3[A][S]=

-

L

(1+k,[A)

44
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Problem 7.3 Solution

Write balanced sequence:

Kyo
6} 4[NO + » === NO #]
X
) NO# + * == Nx+0 %
Xz
3) CHi+0 % =5= CHy* + H,0
@ CHy» + NOs —K 5 CHNO» + Hx
K3
(5) Hx+CHNO# +2 NOs ==5= CO, + Nz + HyO + Nx + 3x
1»’KN2
(6) 2 Nw === N, +2s

4NO+CHsy === 2N;+CO;+2H;0

Step 4 is RDS ~or=k [CHz *][NO *]
I DL U ERAS
[0+]= KIKIEIc\)Iir\]JO [ , NP = Ky,Py, [P

[O *]: KIKNOPNO[*] i [CHZ *]= KZPCH4K]KNO[*]

12 172
12 pl/2 K& Pyl P,
KX, Pxn; Nz "Nz * H20

2
. KK KK o Pen, Plo i

12 pl72
KN, Pny Prgo

KKK voPen, Pro [*]

L= [*]+ [NO *]+ [CHz *] = [*]+ KnoPro [*]+ K;@ Prlxz/zpﬂzo

K
[*]: L where K = —1-2-NO
KP, CHy Pro
PTI\J/:PH20

1+ KyoPro +



and

LkKleKizoPcm PIgIO

12 pl2
K\ZP

Ny

KPCH PNO
Pyjol 1+ KyoPyo + 4

12
Py, Puyo

:
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Problem 7.4 Solution

.- =dH,0]_ds,] _dlco,]

dt dt dt
r= k3[H20*]= k4[0 *][CO *] and K, = [CO *]
Peo [*]
L= [*]+ [CO *]+ [Hzo *]+ [ *] (Site balance)

Steady-state approximations:
onH0% 1 kyPyo[]=k,[H,0%]

onO* : ky[H,04]=k,[0*][co+]
b1:0°1-{ 12 ruob] & for]- (%200

L =K,Pq, [*]+ [];—2) PHzo [*]+ [*]+ {::_3] [H20 *]/[CO *], the last term is negligible, so
3 4

k
L= [KIPCO + [k—zj Ppo + 1][*]
3

]: k3 'kZPHzo *] LkzPHzo

=k,{H,0
= kofhs0r k3 (1+K1Pco+k’PH20)

47
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Problem 7.5 Solution

A-S reversible RDS For an ideal gas

(@) A+S

r=kP,[s]-k,[a-s] , L=[s]+[a-S]+[B-S]+[c-S]+[D-S] (fromsite balance)

B.5]=K,P,[5] . [C.s]=%s_] : [D.S]:PIEES] , [A.s]=[—ci—[]1£—l?§]§]

P P,

PA B

K=

= KK, KKK

PCPD [S]

n-5]-
K,KK,K,P,

1 1
L=|S}1+P-Py/ K,K;K,KPy +K, Py + ——+ =
[]( CD/ M3y Kshy 2B K,Pe KSPDJ

Lk PP,

] Lk,P, — Lk_,P. Py /K, K,K K Py
K,K KK P,

(1+Pc Py /KKK K Py + K, Py + P /K, +PD/K5)

r= {LklPA -

or
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Let k; =k, ,k =k , , K, =Ky ,K, =1/K¢ , Ks=1Kp,then
K, =K/K,K,K,Ks =KKK,/K, Ky and K, =k,/k_, so,
K,K3K K5 =K/K; =K/K, =K k_,/k, =Kk /k,
substitution gives

o Lk, (Py ~PcPp /K Py)
(1+ K, PcPy/K Py +KyPy + K Pe + K Pp)

K
) A+S=E=A"S

A-S+B:-§S =&= C-S+D-S

K4
C-S === C+8S

k

5
D-S 5 D+S§ Reversible RDS
5

A+B — C+D

r=k[D-S]-k_sPy[8] , L=[a-S]+[B-s]+[C-S]+[D-S]+[s] (from site balance)

[a-s]=k,P,[s],[B-s]=K,Py[s], [c-s]= P. [s}/K4 K, = [cs]|p s]

A-s|[B-s|] *°

[D'S]= Kx[A 'S] [B ’ S]/[C'S]= K KKK, PAPy [S]/Pc

L =[S](1+K,P, +K,Py + P /K, + KK, KK, P, Py/Pc) s0
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Lk K K,K,K P, Py /P, —Lk_P,
(1+K,P, +K,Py +Pc /K, +K K, K K P, Py/Pc)

Now K=KK,K;K,K; and K,;=K,,K, =Ky /K, =K,
IKs =Kp =k_s/ks , KK KK, =K/Ks =k_s K/ks
substitution gives

Lk _KP, Py /Pc —Lk ,P,

Ir =
(1+K 4P, +K Py +KPe + K KP, Py /P )

ky
© Ay +28 ?“ 2A-8S reversible RDS
-1
X
2[B+S+=E= B-S§]
K3
2[A-S+B-S == C-S + §]

K4
2[C-S =8= C+8]

Ay+2B — 2C

r=kPy[SP -k [a-sP , L=[A-s]+[B-s]+[c-s]+[s] (from site balance)

sl L [osl- Rl k- L

K, “[a-s]B-s]

[A-S]:%—%% s K=KKXKX? or K™ =K"”K,K,K, , so
3

[A . S] — PC [S]
KKK, Py
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L =[S){1+Pc/K,K;K Py + K, Py +Pc/K,) so

2 _ 2 2
& zz)i:‘;’: - (Zzli“)]; ];‘IIEPC +/ 1;27121();1)“) with site-pair probability of (7/2L)
C 235418 2'B C 4

where Z = coordination number

or, because
K,K,K, =K!?/K!?

g, -r/xeg)
@ K2 P./K"?P, +K Py +KCPC)2

Ky
(d Ay +2S === 2A-S
X3
2[B+S=E= B-§]
X3
2[A-S+B-S=E= C-S + 8]
ky

2[C-S == C+58] (reversible RDS)
-4

Ay +2B = 2C

r=k,[C-8]-kBcfs] . [A-SP =k, [SP . [B-s]=K,P5] |

]= K3[A-SIB~S] = K%IZKZK:‘]P}\/;PB [S]

Ks= As[Bs] s]

@)
%)
L
2]
AL
Q
wn

L=[s]+[A- s]+[B-s]+[c-s]= [S](l +K{7PY2 +K,Py + K{/2K2K3PX§PB) (from site balance)

K=KK2K3K? = KI”K,K,=K"/K, 50



(2/20)12Kk (K12K K {PY2Py — (/2L ) %k _,Pc
(1 +Ki?Py2 + K, Py + K}’2K2K3P}(§PB)

T=
Now with K;=K,, . K,=Kz , YK,=K. = K=K,KjKIK;]

o Uz2k, (K"zp,g/jPB -PC)
(1 +K 2Py +KgPy + KKCP,L’SPB)

SO
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Problem 7.6 Solution

-d|C,H
(a) r=:——JT§L—§J::Lk39C2H4PH2

_ 9C2H4PH2
, =2
9C2H5elri

53

Use steady-state approximation for total surface carbon atoms to get another equation for ¢y, ,

do
ie., J(;:)Ll) =0. Then, because steps 2 and 4 are very rapid:

dé C Total

" =kPc s ~ Lk 0c,m, 01 —Lks0c,u, Py, =0 =

kiPeng —Lk3Oc,m, Pu, =Lk 00,5,0n = O, =

KyPegug — Lk, P

2

Lk_,0,

0 _ [KZBH J[kIPC2H6 -Lk;30¢,5, Py, ] _ Kok Peyyg  LKoksOcy,
CoHy =

Py, Lk_,0y  Lk_Py, Lk,

k11(2]:,C H (leZ/Lkol)PC H, /PH

Bou, [+ Kok /k s ——25 = = bl
C2H4( 2 3/ 1) Lk—]PH2 CoHy (1+K2k3/k—1)

“}hmﬁmﬂh%ﬂhﬁhzh&hmﬁzﬁ%n
(1+K2k3/k—1) (1+K2k3/k—1) e

but O,y can be rewritten to give:

k,/k; JP, P k,P,
ec _ ( 1/ 3) C2H6/ Hj so that = 11 CoHg
M "k, K ok,) 1+k, /KoK,

which is notation consistent with reference 55.

and



ky

(b) C;Hg+28S '_nk—_‘ C,Hs-S+H-S
-1
Ky

CHs-S+H S === CHy-S+S+H;

k
CHi-S+H,+S —2% 2CH;- S

K4
2CH;-S+H, =5 2CH,+2S

C,Hg + Hy # 2 CH,

r =—d[Cd;tH6] = k3 [C2H4 'S][S]PHZ

[c1, -s]lspy,

K, =
C,H, -S]H-S]

Steady-state approximation on all surface C atoms gives:
kIPC2H6 [S]z -k [CZHS 'S][H'S]‘k3[CzH4 'S][S]PHZ =0
kyPepg [5]2 “k3[C2H4 'S][S}PHg =k, [Csz 'S][H'S] and

klPC2H6 [S]2 _ k3 [C2H4 ) S][S]PHZ

[c.H; -s]= I H -S| k[H-S]

[slPy, k_,[H-S]

(C,H, 5] [Kz[H.s]]{klPCZHG ISP~k [c,H, -s]is]es,

_ k]KZPC2H6

_ (k) K /Ky JPe i /P,
[C2H4'S](1+K2k3/k“)_W3[CZH4.S]M 1+K, ks /k
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Now, site balance to get [S] is:

L = [s]+ 18]+ [c,H; - 8]+ [C,H, 8]+ [cH, -§]
Agreement with (a) is achieved only if I_SJE L, i.e., the surface is essentially free of all adsorbed
species, 1.e.,

81 5 Oc,m; 5 Ocym, »Ocm, <<1 . This a questionable assumption.



Problem 7.7 Solution

Plotting £n rate vs. £n P; using a power rate law gives the following reaction orders:

T(K) Reaction Order

N,0 0 N;
623 0.08 -0.31 0
653 0.24 -0.12 0
673 0.31 -0.07 0

The simplest L-H model would be for unimolecular decomposition:

Kn,0
@ 2 [N20 + % =5 N0 #]
@ IGO0 —s Np+ O]
UKo,
(3) 20% == 0,+2%

2N,0 == 2N+ 0,

1 M, —l{— dNNZo]—k[N 0+]
- - 2

I

"m dt m dt
From (1): Ky, :[Nzo*] , so [NZO*]=KN20PN20 [+]
Py,0l*]
2
From (3): Ko, = (] 7 » SO [O*]ZK&P&Z[*]
Po, [*1

Site balance gives: L =[*]+[N,0%]+[0%] thus

L =[*]+Ky,0Pn,0[*]+ chﬁ szz[*]a and [*] = L/(l +Kn,0Pnq0 + Kgﬁ p(l)/z2 ),
consequently,

1 = kK y,0Pn,0*] = LkKy,0 Pyyo /(1 +Kn,0Pn0 + Kgi P(l)/zz)
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Arrhenius plots of the fitting parameters listed in Table 2 provide the following values:

For Ky,o :AHgy = ~17 keal mole™! and ASS; —21 calmole™ K™ (eu.)
ForK, : AHg = - 25 keal mole™” and ASY, =~ 35 e.u.

For k : Egpg = 57 keal mole™

The enthalpy and entropy values for adsorption fulfill all the guidelines in Table 6.9, thus they
are consistent.
From either a linear extrapolation of the high-P portions of the two isotherms in Figure 1

or using the difference between the two at 100 Torr CO pressure, the irreversible uptake is 580

umole CO g_). The dispersion of Cuis: D¢, = Cu,/Cu,, ,and with CO,,/Cu =1,

580 pmole Cu, g,

DCu=(

=0.81
0.0456 g Cu g2} )(mole Cu/63.55¢g Cu)(lO6 pmole/mole)

Under differential reaction conditions, Py, ~ O and can be ignored; therefore, an easy way is to

choose a known differential rate and correct for temperature, for example:

-36200 cal/mole/{1.987 cal/mole K )(823K )
Ty _ Ko _ ~139 thus
36200 cal/mole/{1.987 cal/mole X (673K )

feax Kk

s _ (126 pmole/s - g)13 atm ™ (0.0666 atm})(139)

=14s"
Cu, [1 + (13 atm™ ) (0.0666 atm)] (580 pmole Cu, /g)

TOFgysx =



Problem 7.8 Solution

Step 2 defines the rate:

_1dNy, 1 (_ dNy,0

- dt

“m dt m ]:k[N2O *]

I'm

Step 1 gives: Ky,o =£)N—20-[£]] , SO [NZO *]=KN20PN20 [*]
N2g

Assuming all surface species are included, a site balance gives
L=[+[N,0%|+]0+]

To remove the unknown [O *], the SSA must be used :

@ =k[N,0#]+k_Po, [ - [0+ =0
and
[O ]~ [k[N;O *];lk-lpoz [*]2 Jm

0\
Then L = [+ + Ky oPy,0 ]+ [k[NZO *]']:k_1P02 [+] J AN (X[*]+ SfF )1/2
1
where z=1+Ky,0Py,0 » X =kKy,0 PNzo/k1 s,andy =k P, /kl .
Rearranging and squaring each side gives:

xpfeybf = (Lo =1 - 2als]e 22

and

(y—zz)[*]z +lx+202)p]-12 = 0
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The solution for this quadratic expression is:

x+2Lz)% (x? + 4Lxz + 4y12 |?
[*]:

2(y—z2)

Substituting back and using the positive root gives:

] Ko P Jky+ 21+ KNzoPN20)+
- 2[k,1 Po, /kl - (1 +Kn,0Pxn0 )2]

172

2
KK yyoP0 | 4K oPgo 1+ KNzoPN20)+ 417 Py,
k, k, k,

- Z[k'l Po, /k1 - (1 + KN20PN20)2]
Because therateis: 1, = k[NZO *] = kK n,0PN,0 [*], the final rate expression is :

12
dPy,0 {1 +(a+¢)Pyyo + [a Py,o+ (az + ac)’Nzo +bPg, ] }

(1+CPN20)2 -bPy,

In =

where a =kKy,0/k;,b=k,/k,c=Ky,o andd=LkKy,,. Note that these four
parameters can be combined in various ways to give the values in Table 1.

An Arrhenius plot of the adsorption equilibrium constant, Ky,q, gives AHY, =-25.2

keal mole” and ASZ, =—33 e.u., which satisfy the guidelines in Table 6.9.

ad —

The rate constant Lk represents a unimolecular decomposition reaction on the surface, so

guideline 2 in Table 6.10 can be applied:



L= rm/Acug - 1.1 umole 1gcat ~ 10125Cus ~7x10'2 molec;xle
’ s-gcat 2(354 pmole Cus) cm? Cu scm

or, with correction for activation energy:

LAdc:’3"4°0/"987'843 =2x10"% =1.2x107° LA, and LA, =2x10%' molecule/s cm,

Both values are below 10% mo]ecule/ scm?.
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Problem 7.9 Solution

One has dissociative H; adsorption, and to get a negative dependence on a reactant
(acetone), the denominator must be squared, which indicates a bimolecular surface reaction as a

RDS with competitive adsorption between acetone (Ace) molecules and H atoms for active sites,

S50

Ky,

) H;+2S =&= 2H-S
KAce

2) Ace+S &= Ace-S

K3

3) Ace-S +H-S —=&== AceH-S +$S

(4)  AceH-S+H-S —X4_, IPA-S+S
VKipa

(5) IPA-S === JPA+S

Ace+H, === IPA (Isopropyl alcohol)
To get a 1*-order dependence on Hy, step 4 and not step 3 must be the RDS.

The overall site balance appears to be simplified to:
L= [S]+ [ACC] = [S]+ KAcePAce [S] (1)
because there is no dependence on IPA at these differential conversions and the dependence on

Py, must be as close to unity as possible, so [Ace~S] is the MARI. Therefore,

_ L1 dNpy

m
m

r =k,[Aceri-s][H-$] @

and



[H-s]=K}2P}2[s] fromstepl. 3)

Now steps 2 and 3 can be added to get

KAceKB
6) Ace+H-S =5= AceH-S

SO

[ACGH - S] = KAceKBPAce [H - S] - Kg";KAchBP}{lgPAce (4)
Consequently, from equation 1:

I.SJ = L/(l + KAcePAce) (5)

and

_ Lk;KAceKHZ KSPACCPHZ

T = KK aceK3Pace [H - S]Z = k4KAceKH2K3PAccPH2 [S]Z = (1 +K. P )2
Ace™ Ace

(Qaa — Add later)

Q)
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Problem 7.10 Solution

(a) The rate, defined by N, formation, is r = -‘%1\12-] = -—2—12[11—0—] = k2[ *]2

From the 3 quasi-equilibrated steps:

[NO *] =KyoPno [*], [N *][O *] =K, [NO *][*] and [O *] - Kgip(l)/zz [*]

[ *]: K, [NO *][*] _ KiKnoPrno [*]2 _ KiKyoPro [*]2
[o+] lo+] Kopozl

Site balance gives: L = [*]+ [NO *]+ [N *]+ [ *] =

KIKNOPNO

12 pl2
‘] I
K2 pli [ +K02P02 so
02702

L= [*]+KNOPNO[*]+
[]= L/0+ KpioPro + KIZP2 + K K o Pyo /KPS,

. . 2. -
for site pairs : S is the probability factor, so

ZL 2

r= —z—szfKioPéo [+] /Koz Py,

=LKk;K{K{o Prgxo/Kozpoz (1 +KyoPro + Kgip(x)/zz +K Ko P]\Jo/KgiP(l)/zz)2
or 1 =kPyo/[KIZPE2 4+ KIZK (PP + Ko, Po, + KK noPyo |
®)  [NOs]= 0= r=kPZ, /[KIZPY + K, Po, +K KoProf
©  [NOJis MARI= r=kp2, /(RIZPY + KI2K PPy ]
(d) [O *]“ O=r= kP}io/(Klo%P(I)/; + KgiKNOP(l)/ZZPNO + KlKNOPNO)Z

©  [oslisMARL= r=xPE, /KIZPY2 + K P,



0 [N#Jis MARI=> 1= kP2, /(K I2PL2 + K K yoPyo f
® [N *] near saturation (>> [*D:> [N *]; L=r= —ZZEkzL2 =Lk}

Reject: () — Cannot give reaction order on Pyg below 2

(g) — Observed reaction order is not zero order
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Problem 7.11 Solution

dN dN
The rate can be defined as r, = 1T, 1] Sl for the reaction
m dt m dt

CH; + 2 O; — CO; + 2 H;O. With dissociative O, adsorption:

1) 0,+2%x == 20
Ken,
@ CHs+* —&= CHap
ky
() CHe# + 0+ ——> CHj+ + OHs
K,
4 CHs+ + Ox == CH,Os + Hx
K3
5) CH,0% + O ==Er= HCO+ + OHx
;¢
6) HCO# + Ox === COx + OHx
s
@) Hx+ OHx === H,0x +x
Kq
(®) CO%+0 % == COp+4
1{K002
9) COpx == COy+ #
Ky
(10) 2 OHs == H,;0% + O«
(11 2[Hy O+ == H0++]
1Reo

(12) COx === CO+x
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CH,+20, == CO;+2H;0
Step 12 allows for CO desorption as a product. The rate based on this sequence is given

by step 3 (the RDS):

= ky[CH, +]J0+]
Fromstep 1, Ko, =[0+f /P, [} and [0+]=KiIP2[s]
Fromstep2, Keg, = [CHy *YPay, ] end  [CH, +]= Ko, Pe, ]
Thus 1, =K o K52 P, P
The site balance with only adsorbed reactants and products is:
L =[cH, *]+[0%]+[cO, *]+ [H,0+]+[cO +]+ [+]

Steps 9, 11, and 12 give, respectfully:

[C02 *] =Kco,Pco, [*] > [Hzo *] =Kp,0Pu,0 [*]’ and [CO *] =KeoPeo [*]
thus  [¥]= L/0l+ K g, P, +KIZPS2 +K o, PCO; +Kig,0Pi0 +KeoPeo)
and
Iy = LkiKC114Kg§ Pen, Pc1>/22 (1 +Kon, Pen, + KgiP(l)/zz +Keo,Po, + KigyoPuy0 + KcoPco)Z
From Arrhenius plots of K¢y, &Ko, ,
For CH, := AHZ, =20 kcal mole™, AS%; =13 eu;

For O, : AHZ, =30 keal mole™, ASS, = — 25 eu. (1 eu. = 1 cal mole™ K™)
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Problem 7.12 Solution

_1dN; -1 dNy,

a T,
(® ™0 mvdt 2m dt

Tmno = Laligk Ono0 + Lk 0yoBuno  Where L, and L are site densities of * and S sites,

respectively.

SSA on HNO« gives: ﬂi‘@ﬂ =L.L.K,800-L.k,BxoB im0 = 0and 3 =1,
t

S0 Iy = —3%“2 =2 L,L k000
Site balance on * sites: L, =[x+ [NO*] and Ko = I:f :] 0
g Moo -l Kt
Site balance on S sites: L, = [S]+[H~S]and Ky, = EI):[:]E s0
5] L H-s]_ KipPy

s . 0y = —KM¥2p2if 0., <<l
lexiZpiz) » ML, rekippE ReE D
Then 1,y =2 L,Lk KnoKi2Pyo Pi2 {1+ KyoPyo)

1 dNy
(b) rmN2 = r—n— dt 2

=L.k,0y0

SSA on N, 0 * gives :d[]j—:o] = L.L k81000 ~ LoKaBny0 = LuksOnyo + Lok 5Py . = 0

so (LK, +L.K3)0y,0 = L.L.Kk;8imo8n0 + Lok 5Py 00, and



9Nzo =

thus

©

LK OnoBy +k 3Pyjof, Lok KNOKZZZPNOPUZ k_3Pyy0
(k; +k;) (kz +k ) +KNOPNO) (k; +k; )L+ KnoPyo)

S L.k, LskoKNOngz NOP]11/2+k—3PN20
™2k, +k, {1+ KnoPyo)

1 dNNzo
= ——— 5 = LkyOy;0 = Lok 3PS

Tmng0

Lk, IiLskDKNOK;gPNOP}‘{j+k_3PN20} L.k_3Py0

k; +kj (1+KnoPro) {1+ KyoPyo)

L ksl K noKi PaoPiz +ksk 3Py 0 —kok 3Py,0 —ksk 5Py
k2 +k3 (1+KyoPyo)

Kk k KNngiPNonff -k k—3PNzO
"k, +k3 {1+ KnoPro)
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Problem 7.13 Solution

dg/dt = —%igﬂ =kg [N+

dINH, | d[N+]

dt a s [N *]2 =k, [NH3 *][*]‘ k_, [NHz *][H *]

r=-

From quasi-equilibrated steps:

Site balance with [N *] as MARIL: L= [*]+ [N *]

SSA on total number of surface N atoms (atomic N species):

d—l:l\]ts—J =k, [NH, *][f]-k_ [NH, +]H+]- 2k [N« =0 =

k2P [N [l

Kk, Py, [+ - —2kgN*f=0 =

K,K,K1? [*]2
kP [N+][+]
Kk, Py, [+ “ﬁi?—— 2k [N =0
N*|L-|N
Kk Py, (L [N#]Jf ~k_,P3? LI:J(TI%E’Z—*D— 2k [N*F =0

Lk—zprsilzz [N *] N k-2P13{/22 [N *]2

—2kJN#*f =0
K,K,K?  K,K,KP" o]

K kP, (12 ~ 21N+ [N )-

372 K3K4Kg/2

k_,p3? 21K k,Pyy. +Lk_,P3?
K ko Py, s T 2k [ ]2 - 2 2 h [N*]+L2K1k2PNH3 =0
34ng45

—bi\/b2 —4ac

Solution for quadratic equation: ax®+bx +c¢=0is IR e 50
a
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Lk_,P3?
20K K, Py 2
= ( T KK K2
P )
2| Kk, Py, + ———2—-—2k,
T KKK

172

2 32
~ 412K K, Py, | K kP +—k‘2—P“L—2k
1X2bNg; | Ko FNg, K3K4K§/2 6

2LK K, Py, + Lk ,P5’
K,K, K3?

kP
2| Kk Py, +———2--2k
( 122 NH3 K3K4K:5;/2 6

Divide numerator and denominator by -2 ks and use positive root:

o= - 2LK K, Py, . Lk _,P;”
kg K,K K3k,

+
. I_KlkzPNHB ~ kP37
kg K,K, K3k,
Y 2 n s
2LKk,Py, Lk, Py K Koy, [ koPh
k +K KKK - K 182 Nmy ¥ K372 6
6 3K K57K, 6 LV

172
]

Inside [ ---- ]'* after factoring L out:

4K FK3PRy, . 4K Kok Py PR k%P 4KIKIPR, 4K Kok Py, Pi N 8K kP,

+ -
k2 KK, K%k, KIKIK K2 kZ K,K K3k, kg

S0



372 2 3 12
L(-2KkPy, kP B,kPar, KPS,
4 kg KK K3k kg KIK K kg

[N+]=

. K K, Py, k_,P3?
kg K3K4Kg/2k6

and, after introducing probability factor Z/2L for neighbor sites:

2
2
. ZLk, | ~28Pu, -bPy? + (sapm,3 +b2P§2)

where
4 (1- 2Py, bR

SELSLE FRY TN =

a
kg KK K3k,
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Problem 7.14 Solution

The specific rate is: 1, =————=— =LkOy,0

0
From steps 1 and 2: KN20 :——ﬂzo—and Keo = Oco

SSA on O%: % =LkBy0 ~Lky80080 =0 =

_ kiBn,0 _ kK n,0Pn,00y

k26C0 kZI(COPCOOV

9o

k 1 KNzO PNzO

Site balance: 1=0, +Ky, oPn,08v +KcoPeoby +
' o k,KeoPeo

=0, +Ky,0Pn,0 + KeoPoo
koKeoPoo ] ( = )

(1 _ leN20PN20
K Kn,0Pyj0
LleNZOPNZO [1 R A Al

koK eoPeo
r. =Lk,Ky.oPn.00 = f
" N0 N0 (1 + KNZOPNZO + KCOPCO)

Py, —d Pr2120 / Peo
+Kn,0Pn0 + KCOPC(?)

orr, = (pmole s g'l)z (1

where ¢ = Lk Ky, and d =k} K30 /KK co
An Arrhenius plot of Lk, gives E; = 26 kcal mole™ while similar plots for Kx,0 and

Kco give:

for N,O: AH?, = —13 keal mole™ and ASS, =-29 cal mole” K (en.)

for CO: AHS, =10 kcal mole™ and ASS, =—23 e
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All these thermodynamic values satisfy the criteria in Table 6.9. The TOF at 573K =

-1
2100 pmole NZ;g S -3.0s. Thusthe pre-exponential factor per site is: 3.0 =
(769 pmole Cu g™) (0.91)

Aoe'26000/"987(573) and A, =2.4x 10" s which is less than 10" s”! and satisfies criterion 2
in Table 6.10 for a unimolecular reaction. Also, the heat of adsorption of 10 keal mole™

for CO on Cu is consistent with values of 7-10 kcal mole™ reported in the literature.
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Problem 7.15 Solution

r:_d[CH4]:
dt

Ky Py, []- k4 [CH, [Py, =k, [CH,0+4]
from step (6): [CH,0 *]= K ([CH, *]jor ]/ [r1+]
from step (4): [OH #|= K, [CO, *][H *]/|cO #]

from step (2): [CO, *]= K,Peo, 1]

from step (8): [CO *]: KsPeo [*] therefore

r=k;K[CH, o +]/ [H+]= k,K K, [cH, #][co, +]/[co+]
=k,K K 4K;Pgo, [CHz *]/Kspco

SSA on surface CH,, * (and CH,0 *) species:

d[CPtizt *] =k, Pey, [*]‘ k [CHZ *]PH2 ~k, [CHZO *]z 0 =
[cH,0%)= (kyPess ] e, #]py, )
,0%]=

k,



_ [cn,0+]1+] _ [en,0+][co+]
- Ks[OH*] B K6K4’.C02 *J

from step (6) : [CHz *]

Ko[CH,04Peo] [ KePeo [cH,0+]
K2K4K6PC02 [*J K2K4K6PC02 2

. _ K KgPeoPy,
fromSSA:  k,Pey, [*]—(k7 R RoPee ][CHzo*] 50
[CH O*]: (kl/k7)PCH4 [*]
? [1+ k‘lepcoPHz ]
kKoK KePeg

Site balance with [CH,0 *]as MARI: L =[]+ [CH,0#]=

s Pen /57) }

(1 +k_KgPeo Py, /k7K2K4K6PC02)

+ k—lKXPCOPHZ +k1PCH4

[*] k;K,KKPco, k,

1+ k_KsPcoPy,
kK K4 KePeq,

k_ KgPeoP,
U 14 _Ssfcoth,
k; K K KePeo,
]+k1PCHA +KaKsPeoPy,
ky kKoK KePeo,

-
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k,tk, /k * Lk,P,
r:k7[CH20*]: 7( 1/ 7)PCH4[] _ 1Feny
| k_KgPeoPy, kPey, + k_KgPooPy,
kKK KePoo k; kKK KPeo,
Lk;Pey, Peo,
e k_KsPeoP
k 1588 coln
Peo, + L Py, Pog, + 2
[ COy k7 CH4 " COy k7K2K4K6 ]
-1 -1

The TOF for step 7 is: (5'35 pmoles g ) =1.1s"

2 pmole Nig

2.4 umole H, g™
( K 28 )[ pmole H,

Rate per site: TOF = 1.1 st = AeRT = Ag3800IBT023) = A (325 x 107%).  Therefore

A=1.1/325x%x 102 =34 x 10" s, which is less than 10'* (See Criterion 2 in Table

6.10)



Problem 7.16 Solution

_L1de_1dN; -1dNy 1Ny N, -1dNyo

@ 1= = =
mdt mvdt 2m dt m dt dt 2 dt

- Mo *] = [NO *]: KnoPro [*]

=2 [NO*F . Kyo= e

L=+ 2 (NO), *]+ [N,0 4]+ [0 <]+ [NO #] =[]+ [NO +]+ [0 4]

Kep= il = fodexigrzl

2 P()2 [*]2

L= [*](1 +KyoPro + K& ng) and [¢]= L/(l +KpoPro + K},’ipgj)

2 p2
So 1y, = &[NO +F =1 K3 oPRo ] = LR oo
2 (1+KNOPNO +K‘O’§P(l)/ﬂz
or

ty, =k;[N,0%] and SSA on N,0+gives k, [+ (NO), *|=k,[N,0+]
s0 1y, =k,[*(NO), #] and SSA on [«(NO), | gives k, [NO*[* =k, [+(NO), +]
S0y, = ki [NO#J =Lk K20 PRo /[l +K yoPyo + K12PL2 |
(b)  In the site balance:
k;[N,0%]=k,[NO*P and [N,0*]=(k, /ks )K xoPyo [*]

and k, [+ (NO), *]=k,[NO*P and [+(NO), #]=(k, /k; K noPro [

o L= [*]+ ZlekNOPNO [*]2 + k]K]toPNo [*]2 +KnoPro [*]+ KgiP(l)/ZZ [*]
2 3

Consequently, a quadratic expression for [*J is obtained and the solution for such an
equation is complicated.
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Problem 7.17 Solution

The series of elementary steps is:

X
(1) MCH+% =S= MCHx
X
2) MCH» =5= MCXx*+H,
K3
3) MCX* == MCD=*+H,
K4
() MCD+ =&== TOLs+H,
k
(5 TOL+ —2—5  TOL + % (RDS)

MCH == TOL

MCH+ s === TOLx+3H, where K'=K,K,K;K,
TOLx ——% TOL+=#

Step 5 is RDS, sor =ks [TOL *J

K' fro *]Pliz and  [TOL#|= —-———K’PN;CH bl
Pyjen [* Py,

L =[]+ [MCH *]+ [MCX #]+ [MCD #]+ [TOL #]

L

If [TOL+]is MARL, then L = [¢]+ [TOL )= [{J{l + K’ Pycy /B3, Jand [+]= W
McH/ FH,

Lk:K'P
then 1 =ks[TOL #]= kK Pycy [*I/PSIZ - [+ K’P5 /MlJCSH )‘33
mcH/ Tr, Fiy

P
or r= I;kSK MCH
Py, +KPycu

This is not consistent with the behavior because it contains a Pf}*z term.
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Problem 7.18 Solution

- dldotz o] =1 =2k,Py, [SF = k;[HCO, ~s][0~8]= kP, [sf L =[s]+[HCO, ~S]+[0-5]

A, [HCO, -8]=K,Py co [0S} /foH-$]
B. [OH - S] = Kﬂiol’f{zzo [O - S]V2 [S]UZ

K;Py,c0 [0 - 3]2

C. HCO, -S|= -
ICo, =Sl o sTRT”

KPuco [O - S]m [S]_m

12 pii2
KH,0PH,0

V- . I - = ‘—r—q Bal -S
D. At stead tate 0-S a on O species
S ) ( ance on pe )

3 572
KZPHZCOkl Pta)/; [S]

E. Substitute D in C:  [HCO, —-S|= =
He0: S} fco, -S[PKiEoPI
3/5
b fco, 5] KE PRk R
: 27917 KBRS s
3 H70* Hy0
/
o fous) KRBk
: - K2R 25y 3Bp2s
3 B K Phyco
H L= [S] Kglsklmpﬁlzscop(})/; [S] klzlsPéfKﬁionq’fo [S]
: =Pl KPR s plis k25K 25p2s
3 Bpotn 3 Koy Fryco
L [sl=t/ (1 + KA PP + K”Pé’jP,;i/gOngo)z Assume Py is ~ constant,

plus power of 0.2 is low

Then, r=Lk, Py, / (1 +K"PicoPos + K””Pg';P};‘z’éo)z



If Oy, <<land B <<1, then r =kPy,
If 0o is MASI,ie, 85 >> 0y, then

Lk,P,, k'Po, PR%o

" (l + K,m Pg; /ngco)z (P]?I;CO + Klmpgz“)z

(Note typographical error in power dependence on H;O in ref. 62)
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Problem 8.1 Solution

ko [AJlAg |-k ik o B B,

"X A, ]+k,,[B J+x,[A, ]+ ,[B, ]

a=2/3

k, = k;)ea(t‘to) - k;)eZIB(t»to) k= kﬁ,e'm('_“’) ky = kge—m(t-no) ko, = kfzem(""’)
Substitute into r:

k°kSe 2/3(t— z,,) 131ty [A ][ ] Ko ke -173(1-t0) 2/3: ~to [B ][ ]
r= kle 23{t-to [A ]+ko 273(t-t, [B] o 2/3(t lo)[ ] k%€ 13(t-to [Bz]

—k%k2,

_kk3[a, ][Az] kK% B, B, ] where E, =k{[A, ]+k%[B,]
. e i 5y =i Bl

Let D represent the denominator, then
dD/dt = 0 = 1/3E,e " 3lmaxto) _ /3, ¢ 2lmart)

1/3Ele”3(‘max‘to) = 2/3Eze“2/3(tmax“tc) B
EZ/EI =1/2e(tmax—to) b U = ‘o'tmax [Sl]

u, =E,/E, D Upy = [1/2e(‘max"°)]e(‘°"max) =12

l[:—j=l/2 = 2[31]2[52] and 9=l [SZ] [52] %

S,J+[82]= 1/2[SZJ+lSZJ=




Problem 8.2 Solution

o 0 p2 [ opl .
Because kjPy, <<k Py, and k2 <<kjPg,:

kN, [, P —(}«_:)k‘:z[Nﬂalz
Ky INe iy [, )

m I-m
ks P ke el mpatim) )
r= K™ p2m B (™ I (=Y -
-20'NH; k3 Péz
P3m k° P2(1'm)
m In, TR -1¥'NE
KkKs Tl | @ MTY2
NHj3 Ky Py
P, Pi7 kP Py, Pi? P
=i koK o SNaTHy ~1TNH; 7 NaTHp i CNH3
- 12 /
Pan, kP2 P Py
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Problem 9.1 Solution

ky

A+E —— A‘-E
ky
k;

A‘E —— P+E
5
A =— P
r=d_[P_]:f-f=k2[A'E]‘k-2[P][E]

t

SSAonA-E: k,[A][E]+k_, [P][E]-k_[A E]-k,[Aa -E]=0

il

Activesite balance: L, = [E]+ [A E]
[A-El(k_, +k;)=k [A]E]=k,[P]E] from ssA =

[A-E]zw
k,+k,

SRAII0CII CRUITS CIA G

r= k2[k1 [A][E]+ ko, [P][E]j _ k., [P ] [E]: [kaZ [A]+ kok., [P]‘ k ok, [P]‘kzk-z [P]J[E]

k+k, k. +ky

k +io )L C (akg[A]-k k) Lok [al-k ks [P)

r: (k—l +k2)+k1lA]+k~2|.PJ (k'l +k2) _(k»l +k2)+k1[AJ+k—2lPJ
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L.k,[A]

Initial reverse rate, [A]; O,r= «iﬂi] = d—[é-] = ——P—ekél[?]— =

" (el

k.,

Initial forward rate, [P] =0= =r = same formaseq. 9.6

also of Michaelis-Menten form.



Problem 9.2 Solution

Use eq. 9.9, which is: 1/r= [K—“‘

rmax

25

|

1

[A]

)

+ L and plot 1 vs.
max r

[a]

20

y = 0.0808 x + 7625

15

10

1/r (min L/mole) x10°

0 T

0 50

From the slope and the intercept:

Intercept = 1 7620 so Lo = 131x107*

rmax

Slope =0.0808 min =K—m =

rmax

T

100 150
1/A (L/mole) x107

mole

-min

K., =(0.0808 min) (1 31x107 mole/L-min)= 1.06x107° m%le

200
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Problem 9.3 Solution

r =9£).] = k[Es]

Steps 1 and 2 are quasi-equilibrated, so

Balance on enzyme: L, = lEJ+ [ESJ+ [ESSJ

L= I£EsS +[Es]+ k:[Es][s], and [ES]:__lLe—
s oM K.[s]

- L.k _ L kls|

{1 +_K_1[§]+K'S[S] (I/Ks +[S]+K;[S]2)

5

Note: by convention, steps 1 and 2 are represented by a dissociation equilibrium

constant, i.e.,

X
ES === E+S

X
ESS === ES+S

L k[s|

hen K, =1/ K d K, =VK! d r=
so then K, /s an , =YK, and r K1+[S]+[S]2/K2

written in terms of dissociation constants. The mathematical form is identical to the

above rate equation.

86



Problem 9.4 Solution

(a) Steps 1 and 2 are in quasi-equilibrium:

k

(1) S+E =@ld (ES) K, = [(ES)I]Z_li
ki [slE] k-
ky

@)  (EBS) == (BS) K, = [(Es)z]:k_z
& [(Es)l] k.,
k

3 (ES)) —— P+E

S — P

= L fes) -, )= o S

Active site balance: L, = E +(ES), + (ES),

L. = [E]+ K, [S]E]+ K K, [s][E]= [EJa + K, [s]+ K K, )

[Leszj[S]

N LekKle[S] _ LekKZ[S] _ 1+K,

T KK, 8] UK, 12K, )] )
(M

S0 Imax (apparent) = L kK, /(1 +k,) and K,, (apparent)=1/(K, +K,K, )



38

(b) Steps 1 and 2 are reversible, so use SSA:

o d[(ljtS)l o] s )k )k fes) o

ESh] s fesh - lfesh sk

2

(3) Enzymebalance: Lc=[E]+[(ES),]+[(ES)2]

From (): [(ES), (k , + k)=k, [(ES)I ] = [(Es), ]=k, [(ES), [k, + k)

From (1): kl[s][E]?k—Z{—_%Eksl‘]-‘(k—l+k2)[(ES)1]=O =

L +k

o A )

fes) |- KiBIEL k,[S[E](k , +) g iy K )]E]
1 k,+k _ Kok Tk ok, +kok, +k k+kok—kok , ko lko, +k)+kok
-1 2
k_,+k

kl[s][E] + klkz[s][El/(k—z + k) - [E]+ (kl(k—2(+ k)+ k)lk2XS][E]
K (k_, +K)+k,k

L, =[E]+

k., +k,— ]l‘zk'zk k., +k,y - ;‘2 —Zk
27t 2t

Lo 1l I it il i o

[ Le[k_] (kz +k)+ kzk]
E]z
k_, (kﬁ2 +k)+ k2k+k1(k2 +k., +kIS}



89

_ _kko[Es)] ki, [JE] LKk k, [3]
r=kes), - (k,+k)  Dylc, +K)+kok] ko (k, +K)+kok+ Kk, +k_, + k)]

To get Michaelis-Menten form, divide numerator and denominator by

k (k, +k, +k) =

L kk
SO I, (apparent)= e 2

L kk, [S] k, +k_,+k
B k, +k_, +k
Tk ok, +k k+kok +[s]

klik2 +k_, +ki

f k_k_,+k k+k,k

and K, (apparent))z Kk kK TEK
1Kz TK K +Ky



Problem 9.5 Solution

K - +

[E] —S= [E]+[H] k, - 11
E

K2 -2 +

[E] =G= [B?+[H] K, - £l

Le=[E] + [E]+ [E?]

L O
L ([E]+[E“]+ [E"ZJ)

. ] 1

B ) ) bbb

active fraction = y~ =

while

[E]_ 1
e (1+K1/[H+]+K1Kz/[ +]Zj

DL (T Fe)

Thus the maximum rate is proportional to the active fraction and

K

y= and

Lekz

(1+[H+]/Kl +K2/[H*])

max = Lekzy— =

90





