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Heterogeneous Catalysis

5.1 | Introduction

Catalysis is a term coined by Baron J. J. Berzelius in 1835 to describe the property
of substances that facilitate chemical reactions without being consumed in them. A
broad definition of catalysis also allows for materials that slow the rate of a reac-
tion. Whereas catalysts can greatly affect the rate of a reaction, the equilibrium com-
position of reactants and products is still determined solely by thermodynamics.
Heterogeneous catalysts are distinguished from homogeneous catalysts by the dif-
ferent phases present during reaction. Homogeneous catalysts are present in the same
phase as reactants and products, usually liquid, while heterogeneous catalysts are
present in a different phase, usually solid. The main advantage of using a hetero-
geneous catalyst is the relative ease of catalyst separation from the product stream
that aids in the creation of continuous chemical processes. Additionally, heteroge-
neous catalysts are typically more tolerant of extreme operating conditions than their
homogeneous analogues.

A heterogeneous catalytic reaction involves adsorption of reactants from a fluid
phase onto a solid surface, surface reaction of adsorbed species, and desorption of
products into the fluid phase. Clearly, the presence of a catalyst provides an alter-
native sequence of elementary steps to accomplish the desired chemical reaction
from that in its absence. If the energy barriers of the catalytic path are much lower
than the barrier(s) of the noncatalytic path, significant enhancements in the reaction
rate can be realized by use of a catalyst. This concept has already been introduced
in the previous chapter with regard to the Cl catalyzed decomposition of ozone
(Figure 4.1.2) and enzyme-catalyzed conversion of substrate (Figure 4.2.4). A sim-
ilar reaction profile can be constructed with a heterogeneous catalytic reaction.

For example, G. Ertl (Catalysis: Science and Technology, J. R. Anderson and
M. Boudart, Eds., vol. 4, Springer-Verlag, Berlin, 1983, p. 245) proposed the ther-
mochemical kinetic profile depicted in Figure 5.1.1 for the platinum-catalyzed
oxidation of carbon monoxide according to the overall reaction CO + 5 O, = CO,.
The first step in the profile represents the adsorption of carbon monoxide and
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Figure 5.1.1 |

Schematic energy diagram for the oxidation of CO and a Pt catalyst. (From data presented
by G. Ertl in Catalysis: Science and Technology, J. R. Anderson and M. Boudart, Eds

vol. 4, Springer-Verlag, Berlin, 1983, p. 245.) All energies are given in kJ mol ™!, For
comparison, the heavy dashed lines show a noncatalytic route.

dioxygen onto the catalyst. In this case, adsorption of dioxygen involves dissocia-
tion into individual oxygen atoms on the Pt surface. The product is formed by ad-
dition of an adsorbed oxygen atom (O,4) to an adsorbed carbon monoxide mole-
cule (CO,q,). The final step in the catalytic reaction is desorption of adsorbed carbon
dioxide (CO,,q4;) into the gas phase. The Pt catalyst facilitates the reaction by pro-
viding a low energy path to dissociate dioxygen and form the product. The noncat-

alytic route depicted in Figure 5.1.1 is extremely slow at normal temperatures due
to the stability of dioxygen molecules.

VIGNETTE 5.1.1 |

} Perhaps cme of the greatest mumphs cf mndem suxface science is that rates of cataiyuc e
_ actions on sugported transrtlon metal partzckes can often be repraduceé on very weﬁ—deﬁned
; smgle c:rystai surfaces The abﬁzty to rehably interrogate catalytic chennstry on smgkt crys-
ftals allows for mf:thz)dzca} expieraﬂan of the mﬂumce of atomic stmcmre on catalytic activ-
zty c M' Friend, SaerzsgﬁcAmerzmn, 268( 1993} 74k Single srysta}s can be cut and processed
B cxpose various Iaw energy surface planes having specific atomic cmﬁguratwns These
vamms arrangemeﬁ{s of surfase atoms can be understood fmm the periodic nature of three-
dmenxmnai crystals. The i:hree crystal structures of transition metals relevant to catalysis are
;acaiied face-centered cubic, body-centered cubic, and hexagsnaf (see Figure 5.1.2).
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Body-centered Face-centered Hexagonal
cubic cubic

F!gure 5.1.2 | Crystal structures of catalytlcaﬂy
relevant transition metals.

(ay ~ ‘ (100) g

Figure 5.1.3 | Atomic arrangements of the Tow-index surface planes of an FCC crystal.
(Adapted from R. Masel, Principles of Adsorption and Reaction on Solid Swiaces, Wiley,
New York, copyright © 1996, p. 38, by permission of John Wiley & Sons, Inc.)

Single crystal surfaces are associated with planes in the unit cells pictured in Figure
5.1.2 and are denoted by indices related to the unit cell parameters. Several examples of
various low-mndex surface planes are shown in Fieure 5.1.3 for the face-centered cubic
structure.
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s, 't to thmk of smgte crystal surfaces b&mg cempese:& of ter
;races of stable pianes separatgd by atomic-scale steps or ledges that may have kinks.
In addltmn, vamcus pomt defects hke atormc vacancms or surface adatoms may bej

Since the number of atoms on the surface of a bulk metal or metal oxide is ex-
tremely small compared to the number of atoms in the interior, bulk materials are
often too costly to use in a catalytic process. One way to increase the effective sur-
face area of a valuable catalytic material like a transition metal is to disperse it on
a support. Figure 5.1.5 illustrates how Rh metal appears when it is supported as
nanometer size crystallites on a silica carrier. High-resolution transmission electron
microscopy reveals that metal crystallites, even as small as 10 nm, often expose the
common low-index faces commonly associated with single crystals. However, the
surface to volume ratio of the supported particles is many orders of magnitude higher
than an equivalent amount of bulk metal. In fact, it is not uncommon to use cata-
lysts with 1 nm sized metal particles where nearly every atom can be exposed to
the reaction environment.

Estimation of the number of exposed metal atoms is rather straightforward in
the case of a single crystal of metal since the geometric surface area can be mea-
sured and the number density of surface atoms can be found from the crystal structure.



Figure 5.1.5 ]

(a) Rhodium metal particles supported on silica carrier. (b) High-resolution electron
micrograph shows how small supported Rh crystallites expose low-index faces. (Top photo
courtesy of A. K. Datye. Bottom photo from “Modeling of heterogeneous catalysts using
simple geometry supports” by A. K. Datye in Topics in Catalysis, vol. 13:131, copyright
© 2000 by Kluwer Academic, reproduced by permission of the publisher and the author.)
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For supported metal catalysts, no simple calculation is possible. A direct mea-
surement of the metal crystallite size or a titration of surface metal atoms is required
(see Example 1.3.1). Two common methods to estimate the size of supported crys-
tallites are transmission electron microscopy and X-ray diffraction line broadening
analysis. Transmission electron microscopy is excellent for imaging the crystallites,
as illustrated in Figure 5.1.5. However, depending on the contrast difference with
the support, very small crystallites may not be detected. X-ray diffraction is usually
ineffective for estimating the size of very small particles, smaller than about 2 nm.
Perhaps the most common method for measuring the number density of exposed
metal atoms is selective chemisorption of a probe molecule like H,, CO, or O,.
Selective chemisorption uses a probe molecule that does not interact significantly
with the support material but forms a strong chemical bond to the surface metal atoms
of the supported crystallites. Chemisorption will be discussed in more detail in Sec-
tion 5.2. Dihydrogen is perhaps the most common probe molecule to measure the frac-
tion of exposed metal atoms. An example of H, chemisorption on Pt is shown below:

Pt atom

Support

21:)tsurfa\ce + Hz = 2P tsurfaceH

The exact stoichiometry of the Pt-H surface complex is still a matter of debate since
it depends on the size of the metal particle. For many supported Pt catalysts, an as-
sumption of 1 H atom adsorbing for every 1 Pt surface atom is often a good one.
Results from chemisorption can be used to calculate the dispersion of Pt, or the frac-
tion of exposed metal atoms, according to:

2 X (H, molecules chemisorbed)
Total number of Pt atoms

Fraction exposed = Dispersion =

If a shape of the metal particle is assumed, its size can be estimated from chemisorp-
tion data. For example, a good rule of thumb for spherical particles is to invert the
dispersion to get the particle diameter in nanometers:

1

Particle diameter (nm) = ————
Dispersion

Table 5.1.1 compares the average diameter of Pt particles supported on alumina

determined by chemisorption of two different probe molecules, X-ray diffraction,

and electron microscopy. The excellent agreement among the techniques used to
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Table 5.1.1 | Determination of metal particle size on Pt/Al,O3 catalysts by
chemisoarption of H, and CO, X-ray diffraction, and transmission
electron microscopy.

_ Electron
_ microscopy

0.6° ) 1.3 1.6
2.0° 1.6 2.2 1.8
3.7° 2.7 . 2.7 2.4
3.7° 3.9 — 4.6 5.3

“Pretreatment temperature of 500°C.
“Pretreatment temperature of 800°C.

Source: Renouprez et al., J. Catal., 34 (1974) 411.

characterize these model Pt catalysts shows the validity in using chemisorption to
estimate particle size.

The reason for measuring the number of exposed metal atoms in a catalyst is that
it allows reaction rates to be normalized to the amount of active component. As de-
fined in Chapter 1, the rate expressed per active site is known as the turnover frequency,
1. Since the turnover frequency is based on the number of active sites, it should not
depend on how much metal is loaded into a reactor or how much metal is loaded onto
a support. Indeed, the use of turnover frequency has made possible the comparison of
rates measured on different catalysts in different laboratories throughout the world.

VIGNETTE 5.1.2|

Dumesxc and ce-workers measmed the rate of ethylene hydrogenatzon
‘ cf ——CH2 + sza» <:1L13--~~<:1~13

over a Vaﬁ‘éty of Pt catalysts in a flow reactor thh a feed (}f 25 torr df ethyiene 150 torr
. of dlhydrogen and 585 torr of helium [R. D. Cormght S.A Goddard, J. E. Rekoske, and
3 A D{Imesm J Catal, 1271991 342} Three of the catalysts consmted of Pt particles
;susporteci on Cab-0-Sil silica gel while the fourth was a bulk Pt wire. The fraction of Pt
exposed on the sz:ppfm:cd catalysts, determined by chemlsor;)tim of dihydrogen, was 0.7
on the catalyst with 1.2 wt% Pt and unity on the lower loaded Pt catalysts. The number of
Pt atoms on the surface of the Pt wire was estimated from the geometric surface area.
‘ ngure 5.1.6 shows the temperature éependence of the mmover frequency (TOF) on all of
the cataiysts at eqmvaieﬁt conditions. Over the entire temperame range. the turnover
? frsquency was found to be independent of the dispersion of the metal. The TOF measured
on a bulk Pt wire was virtually the same as that found on 1 nm supported Pt clusters. Re-
actions that reveal TOFs that are independent of dispersion are called structure insensitive:
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 In(TOF)

: 12‘5}‘: ... .
‘ ‘ ‘ E/Txiﬁﬁi}{K“‘) -

o F’igum 5.1.5 { Arrhanms~type pk}t of the turnover

. Academzc Press, repreduced by penmssmn cf the k
publisher and the authors.)

5.2 | Kinetics of Elementary Steps:
Adsorption, Desorption, and
Surface Reaction

The necessary first step in a heterogeneous catalytic reaction involves activation of a
reactant molecule by adsorption onto a catalyst surface. The activation step implies
that a fairly strong chemical bond is formed with the catalyst surface. This mode of
adsorption is called chemisorption, and it is characterized by an enthalpy change typ-
ically greater than 80 kJ mol ™' and sometimes greater than 400 kJ mol~'. Since a
chemical bond is formed with the catalyst surface, chemisorption is specific in nature,
meaning only certain adsorbate-adsorbent combinations are possible. Chemisorption
implies that only a single layer, or monolayer, of adsorbed molecules is possible since
every adsorbed atom or molecule forms a strong bond with the surface. Once the avail-
able surface sites are occupied, no additional molecules can be chemisorbed.

Every molecule is capable of weakly interacting with any solid surface through
van der Waals forces. The enthalpy change associated with this weak adsorption
mode, called physisorption, is typically 40 kJ mol ' or less, which is far lower than
the enthalpy of chemical bond formation. Even though physisorbed molecules are
not activated for catalysis, they may serve as precursors to chemisorbed molecules.
More than one layer of molecules can physisorb on a surface since only van der
Waals interactions are involved. The number of physisorbed molecules that occupy
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a monolayer on the surface of any material can be used to calculate its geometric
surface area if the cross-sectional area of the adsorbate molecule is known.

VIGNETTE 5.2.1 I BET Method for Evaluation of Surface Area

In 1919, the Fixed Nitrogen Laboratory was founded in Washington, D.C. to help the
United States establish a synthstic ammonia industry. This was done to ensure a reliable
supply of nitrate fertilizers and explosives. It was in this laboratory environment that
Stephen Brunauer and Paul Emmet worked togeﬁier to study the adsorption of dinitrogen
on promoted iron, the catalyst commonly used in ammonia synthesis reactors today. It be-
came clear to the researchers that some measure of the catalyst surface area was needed
to place their studies on a more quantitative basis. After enlisting the help of Edward
Teller, then a professor at George Washington University, Brunauer and Emmett were able
to describe in very simple terms the phenomenon of multilayer adsorption of weakly ad-
sorbed molccu}es, or physisorption. Figure 5. 21 shows a t:ypmal physical adsorptmn
:samenn of Nz on a powdered catalyst surface. ~
There is no obvious transition in the isotherm that can be attributed to the fcrmaﬁon

. ofa complete mcmoiayer of adsorbed N Brunauer, Emmett and Teller reasoned that mol-

,ecules like N, do not adsorb on a{sm'face ina layer by 1ayer fashion, but mstead beginto
form multilayers before ccxmpiam)n of a full menelayer This mode of acisorptmg is
schematically depicted in Figure 52.2. The following critical assumptions were made fo
enable solutmn of the problem ‘

; 1. The layers are densely packed - ‘ ‘
2 The heat of acissrp&nn for the first layer is greater than the second (and htgher} layers.
80
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Figure 5.2.1 | Adsorptionof N> at 773 K on
y-alumina.
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Adsorbate

. Surface

thm‘e 5.2.2 j Iﬁustranon of multﬂayer adsorptm

ven though the BET eqaatmn for muinlayer adserpﬂon was develuped inthe latel Os and
fe asmmpnons that are not strictly correct, the umversal apphcabﬁzty of the
- mett eé farde termining mrface area has allowed its use to conunue even foday. Indeed, mariy“
all urface : area measurements on pewdered catalysts are still analyzed by the BE’I’ method.

- Many cmnmercxaf instruments parfm the so-called one-point BET method. In éomg so the ‘
- of ¢ :s assumed o be so Eaxge that Equanon (S 2.1 rednccs w ‘

. p 1\ P .
ValPo — P) (v;n) 5 .



CHAPTER 5 Heterogeneous Catalysis 143

Notice that V.. can be obtained from one data point (V... P/Py) by the use of Equa-
tion (5.2.2). A problem with this method is that ¢ may not be large enough to justify
simplification of Equation (5.2.1) and is a priori usually unknown. Thus, the one-point
method is normally useful for analysis of numerous samples of known composition for
which ¢ has been determined.

The potential energy diagram for the chemisorption of hydrogen atoms on
nickel is schematically depicted in Figure 5.2.3. As molecular hydrogen approaches
the surface, it is trapped in a shallow potential energy well associated with the physi-
sorbed state having an enthalpy of physisorption AH,,. The deeper well found closer
to the surface with enthalpy AH.. is associated with the hydrogen atoms chemisorbed
on nickel. There can be an activation barrier to chemisorption, £, which must be
overcome to reach a chemisorbed state from the physisorbed molecule. Since mo-
lecular hydrogen (dihydrogen) is dissociated to form chemisorbed hydrogen atoms,
this phenomenon is known as dissociative chemisorption.

Because rates of heterogeneous catalytic reactions depend on the amounts of
chemisorbed molecules, it is necessary to relate the fluid phase concentrations of

2Ni+H+H

Dissociation
energy

2Ni + H,
1 I L
T T ]

Energy
(not to scale)

Distance from
metal surface (nm)

Ni

’
Figure 5.2.3 |

Potential energy diagram for the chemisorption of hydrogen on nickel.
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reactants to their respective coverages on a solid surface. For simplicity, the
following discussion assumes that the reactants are present in a single fluid phase
(i.e., either liquid or gas), all surface sites have the same energetics for adsorption,
and the adsorbed molecules do not interact with each other. The active site for
chemisorption on the solid catalyst will be denoted by *, with a surface concentra-
tion [*]. The adsorption of species A can then be expressed as:

kads
A+ * =2 A*
des

where A* corresponds to A chemisorbed on a surface site and k.4, and kg, refer to
the rate constants for adsorption and desorption, respectively. Thus, the net rate of
adsorption is given by:

r = kg [Al[*] — ke A*] (5.2.3)

Since the net rate of adsorption is zero at equilibrium, the equilibrium relationship is:
— kads = {A*]

e kdes [A :' [ * }

The fractional coverage 8, is defined as the fraction of total surface adsorption sites
that are occupied by A. If [*], represents the number density of all adsorption sites
(vacant and occupied) on a catalyst surface, then:

[*lo = [*] + [A¥] (5.2.5)

(5.2.4)

and

6, = [A*] (5.2.6)
T T -
Combining Equations (5.2.4-5.2.6) gives expressions for [*], [A*], and 6, in terms
of the measurable quantities [A] and K,4,:

*lo

+] = m (5.2.7)
ar] = KAl (5:28)
L j 1+ Kads{A} B
__KalA]
6, = BV (5.2.9)

Equation (5.2.9) is known as the Langmuir Adsorption Isotherm, and it is depicted
in Figure 5.2.4. At low concentrations of A, the fractional surface coverage is pro-
portional to [A], with a proportionality constant of K,4;, whereas, at high concen-
trations of A, the surface coverage is unity and independent of [A] (i.e., saturation
of the available sites).
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Fractional coverage

g

Concentration of A

Figure 5.2.4 |
Langmuir Adsorption Isotherm: Fractional coverage 6,
versus fluid phase concentration of A.

When more than one type of molecule can adsorb on the catalyst surface, the
competition for unoccupied sites must be considered. For the adsorption of molecule A
in the presence of adsorbing molecule B, the site balance becomes:

[(¥lo = [*] + [A*] + [B¥]

and 6, O3 can be expressed as:

0, = KasalA] (5.2.10)
1 + KadsA[A] + KadsB[B:I
KadsB[B} (5 2 11)

0 —
g 1+ KadsA[A} + KadsB[B}

where the equilibrium constants are now associated with adsorption/desorption of
either A or B.

As mentioned above, sorne molecules like H, and O, can adsorb dissociatively
to occupy two surface sites upon adsorption. The reverse reaction is known as as-
sociative desorption. In these cases, the rate of adsorption now depends on the num-
ber of pairs of available surface sites according to:

kads
A, + T2 AFFA
des
where ** refers to a pair of adjacent free sites and A**A refers to a pair of adjacent
occupied sites. M. Boudart and G. Djega-Mariadassou (Kinetics of Heterogeneous
Catalytic Reactions, Princeton University Press, Princeton, 1984) present expres-
sions for [**] and [A**A], based on the statistics of a partially occupied square
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Isolated A cannot desorb as A,

A AlA A
AlA A A AlA
Isolated vacant |4 |A | A A
site canpot ~4 | | AlAIAA A
dissociate A, A ATAP [AlA A
A ATATATALA A A
AlA A
A AlATA AlA
AlA AJAA
AlA A A|lA|A
AA A A
A A

Figure 5.2.5 |
Schematic depiction of a square lattice populated by A
atoms. Empty squares represent vacant surface sites.

lattice, shown in Figure 5.2.5. The surface concentrations of adjacent pairs of un-
occupied and occupied sites are:

oy 20T
] = 755, (5.2.12)
[A%¥A] = 2[[‘:?2 (5.2.13)

Thus, the net rate of dissociative adsorption becomes:
I = KaqsfA2I[**] — kqes[A**A]

and upon substitution for [**] and [A**A] with Equations (5.2.12) and (5.2.13), re-
spectively, gives:

s
[
*
[
)
|
]
&
2
-
L
*
[
]
o~
Lh
[
o,
N
N’

The value of two before each rate constant in Equation (5.2.14) is a statistical factor
that contains the number of nearest neighbors to an adsorption site on a square lattice
and accounts for the fact that indistinguishable neighboring sites should not be dou-
ble counted. For simplicity, this statistical factor will be lumped into the bimolecular
rate constant to yield the following rate expression for dissociative adsorption:

k k
r = rf&[/“z][*}z — _ffigA*}Z (5.2.1%5)
*lo *lo
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The total number of adsorption sites on the surface now appears explicitly in the
rate expression for this elementary adsorption step. Since the site balance is the same
as before (Equation 5.2.5), the equilibrium adsorption isotherm can be calculated in
the manner described above:

ko _ [4¥T
kaeo  [AFP
- [

T+ (KA

K, A, )/AT*
[A%] = (Kool A2]) [ o (5.2.18)

I+ (‘Kads{:AQDU2

K. A7 12
, = —uldal) ~_ wlAa) (5.2.19)

1+ (Kads[AZ})]'Q

Koo = (5.2.16)

[*] (5.2.17)

At low concentrations of A,, the fractional surface coverage is proportional to
[A5]"/2, which is quite different than the adsorption isotherm derived above for the
case without dissociation. In terms of fractional surface coverage, the net rate of
dissociative adsorption is expressed by:

1= Kags [¥lo [A2)(1 = 64)% — kaes[*10 07 (5.2.20)

As expected, the rate is proportional to the total number of adsorption sites [*]o.

The next step in a catalytic cycle after adsorption of the reactant molecules is
a surface reaction, the simplest of which is the unimolecular conversion of an ad-
sorbed species into a product molecule. For example, the following two-step se-
quence represents the conversion of A into products through the irreversible surface
reaction of A:

e} A+ * T= A* (reversible adsorption)
(2) A¥* —k—2—-> products + * (surface reaction)
A == products (overall reaction)

Since the surface reaction is irreversible (one-way), the mechanistic details
involved in product formation and desorption are not needed to derive the rate
equation. The rate of the overall reaction is:

r = ko[A%] = ka[*]o 04 (5.2.20)

If the adsorption of A is nearly equilibrated, the Langmuir adsorption isotherm
can be used to find 8, and the final rate expression simplifies to:

_ kK[ *]o[A]

5222
1+ Kads[A] ( )
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EXAMPLE 5.2.1 |

Use the steady-state approximation to derive the rate expression given in Equation (5.2.22).

kads
€3] A+ * == A% (reversible adsorption)
des
k
2) Ax —2> products + * (surface reaction)
A ===> products (overall reaction)

m Answer
The rate of the reaction is:

r = ky[A*] (5.2.23)

To solve the problem, [A*] and [*] must be evaluated by utilizing the site balance:

[*]p = [A*] + [*¥] (5.2.24)
and the steady-state approximation:
d[A¥]
dt =0= kads[A][*] - kdes[A*] - k2[A*} (5225)

Solving Equations (5.2.24) and (5.2.25) simultaneously yields the following expression for
the concentration of reactive intermediate:

(2 )oarer
kdes 0
kads) k2
1+ Al + ——
(kdes [ ] kdes
The ratio kg, /kdes is simply the adsorption equilibrium constant K, 4. Thus, the rate expres-
sion in Equation (5.2.23) can be rewritten as:

[A*] = (5.2.26)

b Kogs[A][*]
243 ads 0
r= (5.2.27)
2
I+ KlA] + —>
kdes
by using Equation (5.2.26) together with K4, and is the same as Equation (5.2.22) except for

the last term in the denominator. The ratio &y /kq., represents the likelihood of A* reacting to
form product compared to simply desorbing from the surface. Equation (5.2.22) is based on
the assumption that adsorption of A is nearly equilibrated, which means kg, is much greater
than k. Thus, for this case, k, kq.; can be ignored in the denominator of Equation (5.2.27).

The previous discussion involved a two-step sequence for which the adsorp-
tion of reactant is nearly equilibrated (quasi-equilibrated). The free energy change
associated with the quasi-equilibrated adsorption step is negligible compared to
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that of the surface reaction step. The surface reaction is thus called the rate-
determining step (RDS) since nearly all of the free energy change for the overall
reaction is associated with that step. In general, if a rate determining step exists,
all other steps in the catalytic sequence are assumed to be quasi-equilibrated. The
two-step sequence discussed previously is written in the notation outlined in
Chapter 1 as:

(1) A+ €2 A (quasi-equilibrated)
(2) A* Ao products + * (rate-determining step)
A ==> products (overall reaction)

The intrinsic rate at which a catalytic cycle turns over on an active site is called
the turnover frequency, r,, of a catalytic reaction and is defined as in Chapter 1
[Equation (1.3.9)] as:

——— (5.2.28)

where S is the number of active sites in the experiment. As mentioned earlier,
quantifying the number of active sites on a surface is problematic. With metals and
some metal oxides, often the best one can do is to count the total number of ex-
posed surface atoms per unit surface area as an approximation of [*]o. Thus, the
turnover frequency for the reaction rate expressed by Equation (5.2.22) is calculated
by simply dividing the rate by [*]g:

r k2Kads[A:|

o 5.2.29
o 1+ K A] 6229

I, =

Surface atoms on real catalysts reside in a variety of coordination environments
depending on the exposed crystal plane (see Figure 5.1.3) and may exhibit differ-
ent catalytic activities in a given reaction. Thus, a turnover frequency based on [*],
will be an average value of the catalytic activity. In fact, the calculated turnover fre-
quency is a lower bound to the true activity because only a fraction of the total num-
ber of surface atoms may contribute to the reaction rate. Nevertheless, the concept
of a turnover frequency on a uniform surface has proven to be very useful in relat-
ing reaction rates determined on metal single crystals, metal foils, and supported
metal particles.

VIGNETTE 5.2.2]

; j Ladas et ai measurﬁd the rate of CO oxidation by O on a variety of ALO-supported
Pd cataiysts at 445 K. €O pressure equal to 1.2 X 10 ' Pa, and Py /Peo equal to 1.1
[S. Ladas, H. Poppa, and M. Boudart, Swrf. Sci., 102 (1981) 151]. The alumina was a
flat smgiﬁ crystal onto which Pd particles were deposited by a metal evaporation method.
The resuitmg Pd particle size was measured directly by transmission electron microscopy.
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1054 _Cyclohexane ééhyé:qgeﬁaﬁén
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hane hydrogenolysis

Activity 6101 molecules 57 emr ?)
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. Coppercontent(at®)

Figure 5.2.6 | Effect of alloy composition on the rates
of ethane hydrogenolysis and cyclohexane dehydrogenation
on Ni-Cu catalysts. (Figure from “Catalytic Hydrogenolysis
and Dehydrogenation Over Copper-Nickel Alloys” by J. H.
Sinfelt, J. L. Carter. and D. J. C. Yates in Journal of
Catalysis, Volume 24:283, copyright © 1972 by Academic
Press, reproduced by permission of the publisher)

The rate of a structure sensitivé reaction catalyzed by a metal single crjzstal is also
a function of the exposed plane. As illustrated in Figure 5.1.3, the low-index planes of
_common crystal structures have different arrangements of surface atoms. Thus, caution
must be exercised when the rates of structure sensitive reactions measured on single erys-
tals are compared to those reported for suppotted metal particles.

As an extension to concepts discussed earlier, a rate expression for the reaction
of A and B to form products can be developed by assuming an irreversible, rate-
determining, bimolecular surface reaction:

D A+ * R A* (quasi-equilibrated adsorption of A)
(2) B + * €& B (quasi-equilibrated adsorption of B)
ky

(3)  A* + B* —Ac products + 2* (surface reaction, RDS)

A + B == products (overall reaction)
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Table 5.2.2 | Pre-exponential factors for selected unimolecular surface reactions.

CO,; — CO, Cu(001) 10"
CO,4,— CO, Ru(001) 101973
CO,4 — CO, Pe(111) 10
Au g — Au, W(110) 10!
Cu g — Cu, W(110) 1043
Clg,—Cl, Ag(110) 10%°
NO,4 — NO, Pt(111) 10'°
CO,4, — CO, Ni(111) 10"

Adapted from R. Masel, Principles of Adsorption and Reaction on Solid Surfaces, Wiley, New York,
1996, p. 607.

Before A and B can react, they must both adsorb on the catalyst surface. The next event
is an elementary step that proceeds through a reaction of adsorbed intermediates and
is often referred to as a Langmuir-Hinshelwood step. The rate expression for the
bimolecular reaction depends on the number density of adsorbed A molecules that
are adjacent to adsorbed B molecules on the catalyst surface. This case is similar to the
one developed previously for the recombinative desorption of diatomic gases [reverse
reaction step in Equation (5.2.20)] except that two different atomic species are present
on the surface. A simplified rate expression for the bimolecular reaction is:

1 = ks [A*][B¥]/[*]o = k3[*]o 04 0p (5.2.30)

where 64 and 6 each can be expressed in the form of the Langmuir isotherm for
competitive adsorption of A and B that are presented in Equations (5.2.10) and
(5.2.11) and k3 is the rate constant for step 3. Thus, the overall rate of reaction of
A and B can be expressed as:

= k3K g5 s Kaasp[ ¥ 1ol A ][ B]
(1 + KadsA[A] + KadSB[B})Z

(5.2.31)

Notice that the denominator is squared for a bimolecular surface reaction. In gen-
eral, the exponent on the denominator is equal to the number of sites participating
in a rate-determining surface-catalyzed reaction. Since trimolecular surface events
are uncommon, the exponent of the denominator rarely exceeds 2.

It is instructive to compare the values of pre-exponential factors for elementary
step rate constants of simple surface reactions to those anticipated by transition
state theory. Recall from Chapter 2 that the pre-exponential factor A is on the order
of kT/h = 10"*s™" when the entropy change to form the transition state is
negligible. Some pre-exponential factors for simple unimolecular desorption reac-
tions are presented in Table 5.2.2. For the most part, the entries in the table are
within a few orders of magnitude of 10'®>s™'. The very high values of the pre-
exponential factor are likely attributed to large increases in the entropy upon
formation of the transition state. Bimolecular surface reactions can be treated in
the same way. However, one must explicitly account for the total number of surface
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Table 5.2.3 | Pre-exponential factors for
2Hags — Hz g ON transition
metal surfaces.

Pd(111) 10'2
Ni(100) 10123
Ru(00D) 1014
Pd(110) 10133
Mo(110) 103
Pt(111) 10%2

“The values have been normalized by [*],.

Adapted from R. Masel, Principles of Adsorption
and Reaction on Solid Surfaces, Wiley, New
York, 1996, p. 607.

sites in the rate expression. As discussed above, the rate of associative desorption
of H, from a square lattice can be written as:

2eges[ H*T? 523
Tges [*]0 ( ke )
where the pre-exponential factor of the rate constant is now multiplied by 2/[*], to
properly account for the statistics of a reaction occurring on adjacent sites. For de-
sorption of Hy, at 550 K from a W(100) surface, which is a square lattice with
[*]o = 5 X 10" cm™?, the pre-exponential factor is anticipated to be 4.6 X 1072
cm? s>, The reported experimental value of 4.2 X 1072 cm? s~ is very close to
that predicted by transition state theory (M. Boudart and G. Djega-Mariadassou,
Kinetics of Heterogeneous Catalytic Reactions, Princeton University Press, Princeton,
1984, p. 71). The measured pre-exponential factors for associative desorption of
dihydrogen from other transition metal surfaces (normalized by the surface site
density) are summarized in Table 5.2.3. Clearly, the values in Table 5.2.3 are con-
sistent with transition state theory.
A fairly rare elementary reaction between A and B, often called a Rideal-Eley step,
occurs by direct reaction of gaseous B with adsorbed A according to the following
sequence:

A+ *F T2 A* (reversible adsorption of A)

A* + B —> products (Rideal-Eley step)

A + B == products (overall reaction)

Theoretically, if reactions are able to proceed through either a Rideal-Eley step or a
Langmuir-Hinshelwood step, the Langmuir-Hinshelwood route is much more preferred
due to the extremely short time scale (picosecond) of a gas-surface collision. The
kinetics of a Rideal-Eley step, however, can become important at extreme conditions.
For example, the reactions involved during plasma processing of electronic materials
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are believed to occur through Rideal-Eley steps. Apparently, the conditions typical of
semiconductor growth favor Rideal-Eley elementary steps whereas conditions normally
encountered with catalytic reactions favor Langmuir-Hinshelwood steps. This point is
thoroughly discussed by R. Masel (Principles of Adsorption and Reaction on Solid
Surfaces, Wiley, New York, 1996, pp. 444-448).

EXAMPLE 5.2.2 |

log,o[1B]

100

A reaction that is catalyzed by a Bronsted acid site, or H", can often be accelerated by ad-
dition of a solid acid. Materials like ion-exchange resins, zeolites, and mixed metal oxides
function as solid analogues of corrosive liquid acids (e.g., H,SO,4 and HF) and can be used
as acidic catalysts. For example, isobutylene (IB) reacts with itself to form dimers on cross-
linked poly(styrene-sulfonic acid), a strongly acidic solid polymer catalyst:

CIH3 ?H:a ?H3 $H3
CH,=C + CH2=(IZ = CH3~-$~CH2——C=CH2

|

CH, CH, CH,

The kinetics of IB dimerization are presented in Figure 5.2.7 for two different initial
concentrations of IB in hexane solvent. The reaction appears to be first order at high

)
200 300 400 0 100 200 300 400 500 600
Time (min) Time (min)
(@) (b)

Figure 5.2.7 | Kinetics of liquid phase oligomerization of isobutylene catalyzed by
poly(styrene-sulfonic acid) at 20°C in hexane solvent. (a) Corresponds to high initial
concentration of isobutylene. (b) Corresponds to low initial concentration of isobutylene.
[Figures from W. O. Haag, Chem. Eng. Prog. Symp. Ser., 63 (1967) 140. Reproduced

with permission of the American Institute of Chemical Engineers. Copyright © 1967 AIChE.
All rights reserved.]
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concentrations of IB since a logarithmic plot of [IB] with respect to reaction time is linear.
At low concentrations, however, the reaction shifts to second order since a plot of 1/[IB] as
a function of time becomes linear. A rate expression consistent with these results is:

& [IBJ’

r= m (5.2.33)

where a, and o, are constants. Show how a rate expression of this form can be derived for
this reaction.

® Answer
The following two-step catalytic cycle for dimerization of IB is proposed.
€)) IB + * 2@2 IB* (adsorption of 1B on solid acid)
ky

2) IB* + IB A (B), + * (Rideal-Eley reaction)

2 IB = (IB), (overall dimerization reaction)

In this case, * represents a surface acid site and IB* designates an adsorbed t-butyl cation.
Notice that step 2 involves the combination of an adsorbed reactant with one present in the
liquid phase. The rate equation takes the form:

r = k,[IB*][IB) (5.2.34)

The concentration of adsorbed IB is found by combining the equilibrium relationship for
step 1 and the overall site balance to give:

K[ * Jo[IB]

2
1+ K, [IB] (5:2.35)

[1B*] =
where [*]o represents the total number of acid sites on the catalyst surface, and K4, is the
adsorption equilibrium constant of IB. Substitution of Equation (5.2.35) into (5.2.34) yields
a final form of the rate expression:

_ k2Kads[*]O{IB}2

= 2adsl JOL T 5236
f T T Y K[IB] (5.2.36)

that has the same functional form as Equation (5.2.33) with a; = k,K,4[*]y and @ = K,q,
and is consistent with the experimental data shown in Figure 5.2.7.

The rate of product desorption can also influence the kinetics of a surface-
catalyzed reaction. Consider the following simple catalytic cycle:
A+ F /=2 A%
A* —-—)5 B*
B* =2 B + *

A => B
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If desorption of B from the surface is rate-determining, then all elementary steps
prior to desorption are assumed to be quasi-equilibrated:

The overall rate in the forward direction only is given by:
I =13 = ky[B¥] (5.2.37)

The rate expression is simplified by eliminating surface concentrations of species
through the use of appropriate equilibrium relationships. According to step (2):

[B*] = K,[A*] (5.2.38)
and thus:

r = kyK,[A*] (5.2.39)
To find [A*], the equilibrium adsorption relationship is used:
[4%]
[A][*]

K = [4%] = K|[A][*] (5.2.40)

which gives:

r = kKK [A][*] (5.241)
The concentration of vacant sites on the surface is derived from the total site balance:
+ [B*]
b + K,[A*]
[(*lo = [*] + Ki[A][*] + KK\ [A][*]

. [*]o
l=17 K, + K.K)A] (5.2.42)

Substitution of Equation (5.2.42) into Equation (5.2.41) gives the final rate expres-
sion as:
= kKK ([A]* o
1+ (K, + KK))[A]

(5.2.43)

Notice the rate expression for this case does not depend on the product concentration.
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5.3 | Kinetics of Overall Reactions

Consider the entire sequence of elementary steps comprising a surface-catalyzed reac-
tion: adsorption of reactant(s), surface reaction(s), and finally desorption of product(s).
If the surface is considered uniform (i.e., all surface sites are identical kinetically and
thermodynamically), and there are negligible interactions between adsorbed species,
then derivation of overall reaction rate equations is rather straightforward.

For example, the reaction of dinitrogen and dihydrogen to form ammonia is
postulated to proceed on some catalysts according to the following sequence of
elementary steps:

Step a;
e N, + 2% =2 2N* 1
2) N* + H* & NH* + * 2
3) NH* + H* =2 NH,* + * 2
4 NH,* + H* &= NH; + 2* 2
& H, + 2% z=2 2H* 3

where o; is the stoichiometric number of elementary step i and defines the number of
times an elementary step must occur in order to complete one catalytic cycle accord-
ing to the overall reaction. In the sequence shown above, ¢, = 2 means that step 2
must occur twice for every time that a dinitrogen molecule dissociately adsorbs in
step 1. The net rate of an overall reaction can now be written in terms of the rate of
any one of the elementary steps, weighted by the appropriate stoichiometric number:

-1

(5.3.1)

The final form of a reaction rate equation from Equation (5.3.1) is derived by re-
peated application of the steady-state approximation to eliminate the concentrations
of reactive intermediates.

In many cases, however, the sequence of kinetically relevant elementary steps
can be reduced to two steps (M. Boudart and G. Djega-Mariadassou, Kinetics of
Heterogeneous Catalytic Reactions, Princeton University Press, Princeton, 1984, p. 90).
For example, the sequence given above for ammonia synthesis can be greatly sim-
plified by assuming step 1 is rate-determining and all other steps are nearly equili-
brated. The two relevant steps are now:

Ky g
() N, + 2% 2?5?2 2N* 1
~1

(rate-determining step)

Ky
(2) N*+3/2H, == NH; +* 2  (quasi-equilibrated reaction)
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It must be emphasized that step 2 is not an elementary step, but a sum of all of the
quasi-equilibrated steps that must occur after dinitrogen adsorption. According to this
abbreviated sequence, the only species on the surface of the catalyst of any kinetic rel-
evance is N*. Even though the other species (H*, NH*, etc.) may also be present, ac-
cording to the assumptions in this example only N* contributes to the site balance:

[*lo = [N*] + [*] (5.3.2)

In a case such as this one where only one species is present in appreciable concen-
tration on the surface, that species is often referred to as the most abundant reac-
tion intermediate, or mari. The overall rate of reaction can be expressed as the rate
of dissociative adsorption of N,:
2 2
N _ kNI ko [N#]
r=r, —r.;= " - " (5.3.3)
[*Jo [*lo

where [*] and [N*] are determined by the equilibrium relationship for step 2:

N,
N 38

and the site balance. The constant K> is written in such a way that it is large when [N*]
is also large. Solving Equations (5.3.2) and (5.3.4) for [*] and [N*], respectively, yields:

[+] = [*Jo (5.3.5)

()

Kz(%gz—?/]z){*}o

1+ K2< S}]Ij]z)

Substitution of Equations (5.3.5) and (5.3.6) into (5.3.3) gives the rate equation for
the reaction as:

[N*] = (5.3.6)

(5.3.7)

(
_ ‘ \
)

At very low conversion (far from equilibrium), the reverse reaction can be neglected
thus simplifying the rate expression to:

ki{*]O[NZ}
NH, ]\ 2
)

r= (5.3.8)
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EXAMPLE 5.3.1 |

Ruthenium has been investigated by many laboratories as a possible catalyst for ammonia
synthesis. Recently, Becue et al. [T. Becue, R. I. Davis, and J. M. Garces, J. Catal., 179
(1998) 129] reported that the forward rate (far from equilibrium) of ammonia synthesis at
20 bar total pressure and 623 K over base-promoted ruthenium metal is first order in dinitrogen
and inverse first order in dihydrogen. The rate is very weakly inhibited by ammonia. Pro-
pose a plausible sequence of steps for the catalytic reaction and derive a rate equation con-
sistent with experimental observation.

H Answer

In the derivation of Equation (5.3.8), dissociative adsorption of dinitrogen was assumed to
be the rate-determining step and this assumption resulted in a first-order dependence of the
rate on dinitrogen. The same step is assumed to be rate-determining here. However, the rate
expression in Equation (5.3.8) has an overall positive order in dihydrogen. Therefore, some
of the assumptions used in the derivation of Equation (5.3.8) will have to be modified. The
observed negative order in dihydrogen for ammonia synthesis on ruthenium suggests that
H atoms occupy a significant fraction of the surface. If H* is assumed to be the most abun-
dant reaction intermediate on the surface, an elementary step that accounts for adsorption of
dihydrogen must be included explicitly. Consider the following steps:

kl

D N, + 2% A 2N* (rate-determining step)
K,

) H, + 2% €52 2H* (quasi-equilibrated)

that are followed by many surface reactions to give an overall equilibrated reaction repre-
sented by:

3) N* + 3H* == NH; + 4% (quasi-equilibrated)

As before, the forward rate of the reaction (far from equilibrium) can be expressed in terms
of the rate-determining step:

(5.3.9)

To eliminate [*] from Equation (5.3.9), use the equilibrium relationship for step 2 combined
with the site balance. Hence, the following equations:

K, = [H]" (5.3.10)
CTH] -
[#]o = [H*] + [*] (5.3.11)
are solved simultaneously to give:
BNl
[*] = S (5.3.12)

D1+ KPH,)?
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Substitution of Equation (5.3.12) into Equation (5.3.9) provides the final rate equation:

& [*1,IN
r= (—1:%})—[[}{—2}1—;)— (53.13)
2 21

If the surface is nearly covered with adsorbed H atoms, then:

K H,2 >> 1 (5.3.14)
and the rate equation simplifies to:
ky* N
r= (L ](’)[ 2 (5.3.15)
K, /[H,]

This expression is consistent with the experimental observations. For this example, the
reaction equilibrium represented by step 3 is never used to solve the problem since the
most abundant reaction intermediate is assumed to be H* (accounted for in the equilibrated
step 2.) Thus, a complex set of elementary steps is reduced to two kinetically significant
reactions.

The concept that a multistep reaction can often be reduced to two kinetically
significant steps is illustrated again by considering the dehydrogenation of methyl-
cyclohexane to toluene on a Pt/Al,QO, reforming catalyst [J. H. Sinfelt, H. Hurwitz
and R. A. Shulman, J. Phys. Chem., 64 (1960)1559]:

CH, CH,
M A

The observed rate expression for the reaction operated far from equilibrium can be
written in the form:
{[M]

I+ ay[M]

r= (5.3.16)

+ | Rl

The reaction occurs through a complex sequence of elementary steps that includes
adsorption of M, surface reactions of M*, and partially dehydrogenated M*, and fi-
nally desorption of both H, and toluene. It may be possible, however, to simplify
this multistep sequence. Consider the following two step sequence that involves M*
as the mari:

Kl

) M+ =2 g (quasi-equilibrated adsorption)
ky

2) M*x o (rate-determining step)
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The site balance and the Langmuir adsorption isotherm can be used to derive the
forward rate expression:

koK [*Jo[M]

1+ K, [M] (5.3.17)

that has the same form as the observed rate expression, Equation (5.3.16). A word
of caution is warranted at this point. The fact that a proposed sequence is consis-
tent with observed kinetics does not prove that a reaction actually occurs by that
pathway. Indeed, an alternative sequence of steps can be proposed for the above
reaction:

) M+ * -l{-’—> (irreversible adsorption)

(surface reactions)

) A* —kz~> 4+ A (irreversible desorption)

The application of the quasi-steady-state approximation and the site balance (as-
suming A* is the mari) gives the following expression for the reaction rate:

halk)[WM] k[*)M]

TR ] 1 ] O

The functional form of the rate equation in Equation (5.3.18) is identical to that
of Equation (5.3.17), illustrating that two completely different sets of assump-
tions can give rate equations consistent with experimental observation. Clearly,
more information is needed to discriminate between the two cases. Additional
experiments have shown that benzene added to the methylcyclohexane feed
inhibits the rate only slightly. In the first case, benzene is expected to compete
with methylcyclohexane for available surface sites since M is equilibrated with
the surface. In the second case, M is not equilibrated with the surface and the ir-
reversibility of toluene desorption implies that the surface coverage of toluene is
far above its equilibrium value. Benzene added to the feed will not effectively
displace toluene from the surface since benzene will cover the surface only to
the extent of its equilibrium amount. The additional information provided by the
inclusion of benzene in the feed suggests that the second case is the preferred
path.

It is possible to generalize the treatment of single-path reactions when a most
abundant reaction intermediate (mari) can be assumed. According to M. Boudart
and G. Djega-Mariadassou (Kinetics of Heterogeneous Catalytic Reactions, Prince-
ton University Press, Princeton, 1984, p. 104) three rules can be formulated:

1. If in a sequence, the rate-determining step produces or destroys the mari, the
sequence can be reduced to two steps, an adsorption equilibrium and the rate-
determining step, with all other steps having no kinetic significance.

2. If all steps are practically irreversible and there exists a mari, only two steps need
to be taken into account: the adsorption step and the reaction (or desorption) step
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of the mari. All other steps have no kinetic significance. In fact, they may be
reversible, in part or in whole.

3. All equilibrated steps following a rate-determining step that produces the
mari may be summed up in an overall equilibrium reaction. Similarly, all
equilibrated steps that precede a rate-determining step that consumes the mari
may be represented by a single overall equilibrium reaction.

The derivation of a rate equation from two-step sequences can also be gener-
alized. First, if the rate-determining step consumes the mari, the concentration of
the latter is obtained from the equilibrium relationship that is available. Second, if
the steps of the two-step sequence are practically irreversible, the steady-state
approximation leads to the solution.

These simplifying assumptions must be adapted to some extent to explain the
nature of some reactions on catalyst surfaces. The case of ammonia synthesis on
supported ruthenium described in Example 5.3.1 presents a situation that is similar
to rule 1, except the rate-determining step does not involve the mari. Nevertheless,
the solution of the problem was possible. Example 5.3.2 involves a similar scenario.
If a mari cannot be assumed, then a rate expression can be derived through repeated
use of the steady-state approximation to eliminate the concentrations of reactive
intermediates.

EXAMPLE 5.3.2 |

The oxidation of carbon monoxide on palladium single crystals at low pressures (between
107% and 107 torr) and temperatures ranging from about 450 to 550 K follows a rate law
that is first order in O, and inverse first order in CO. An appropriate sequence of elementary
steps is:

) Cco + * &2 cox (quasi-equilibrated adsorption)
2) 0, + * —> O*0O (irreversible adsorption)
3 O*Q + * ——> 20% (surface reaction)

“4) CO* + O* —> CO, + 2* (surface reaction/desorption)
If CO* is assumed to be the mari, derive the rate expression.

B Answer
The rate of reaction is the rate of any single step in the sequence weighted by its appropri-
ate stoichiometric number. Thus, for the reaction:

ey =
CO + 40, = CO,
the rate can be written:

r=( ~1)=2r,=2r;=r1, (5.3.19)
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The simplest solution involves the two-step sequence:

K,
(1) CO + * ?—@2 CO* (quasi-equilibrated adsorption)
) O, + * —ki> O*0 (irreversible adsorption)
where:
r=2r, = 2k,[0,][*] (5.3.20)
Application of the site balance, assuming CO* is the mari gives:
[(*lo = [¥] + [CO¥] (5.3.21)
and the Langmuir isotherm for adsorption of CO can be written as:

[CO*]
K, = Col+] (5.3.22)

Substitution of Equations (5.3.21) and (5.3.22) into Equation (5.3.20) yields:

2k5[*Jo[ O]
S 53.23
"1+ K,[CO] (53.23)
At high values of surface coverage, K;[CO] >> 1, the rate equation simplifies to:
2k,y[*]0[O
r = 2kl 02 (53.24)
K,[CO]

which is consistent with the observed rate law.

The rate constant for the reaction is composed of two terms, 2k, and K 1". Thus, the ap-
parent activation energy contains contributions from the rate constant for O, adsorption and
the equilibrium constant for CO adsorption according to:

Eupp = E> — AH 450 (5.3.25)

Since adsorption of O, is essentially nonactivated, the apparent activation energy for CO ox-
idation is simply the negative of the enthalpy of CO adsorption on Pd. This result has been
experimentally observed [M. Boudart, J. Mol. Catal. A: Chem., 120 (1997) 271].

Example 5.3.2 demonstrates how the heat of adsorption of reactant molecules
can profoundly affect the kinetics of a surface catalyzed chemical reaction. The ex-
perimentally determined, apparent rate constant (2k,/K) shows typical Arrhenius-
type behavior since it increases exponentially with temperature. The apparent
activation energy of the reaction is simply E,p, = E; — AH 4500 = — AH,g5c0 (see
Example 5.3.2), which is a positive number. A situation can also arise in which a
negative overall activation energy is observed, that is, the observed reaction rate



CHAPTER 5 Heterogeneous Catalysis

decreases with increasing temperature. This seemingly odd phenomenon can be
understood in terms of the multistep mechanism of surface catalyzed reactions. Con-
sider the rate of conversion of A occurring through a rate-determining surface
reaction as described earlier:

P koK oas[*Jo[A] (5.3.26)

1+ Kads[A] -

Experimental conditions can arise so that 1 >> K,4[A], and the reaction rate
expression reduces to:

r = ko Koa[*]o[A] (5.3.27)

with an apparent rate constant k,K,4,. The apparent activation energy is now:

E

app

= E2 + AHads (5328)
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Figure 5.3.1 |

Temperature dependence of the cracking of
n-alkanes. [Reprinted from J. Wei,
“Adsorption and Cracking of N-Alkanes
over ZSM-5: Negative Activation Energy of
Reaction,” Chem. Eng. Sci., 51 (1996) 2995,
with permission from Elsevier Science.]
Open square—Csg, inverted triangle—C,p,
triangle—C,,, plus—C,, filled square—Cg,
diamond—C,g, circle—Csy.
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Figure 5.3.2|

Heats of adsorption of n-alkanes on ZSM-5.
[Reprinted from J. Wei, “Adsorption and
Cracking of N-Alkanes over ZSM-5:
Negative Activation Energy of Reaction,”
Chem. Eng. Sci., 51 (1996) 2995, with
permission from Elsevier Science.]

Since the enthalpy of adsorption is almost always negative, the apparent activation en-
ergy can be either positive or negative, depending on the magnitudes of E, and AH .

The cracking of n-alkanes over H-ZSM-5, an acidic zeolite, provides a clear
illustration of how the apparent activation energy can be profoundly affected by the
enthalpy of adsorption. An Arrhenius plot of the pseudo-first-order rate constant,
k* = k,K.qs for n-alkanes having between 8 and 20 carbon atoms is shown in
Figure 5.3.1. The reaction of smaller alkanes (Cg—C,4) has a positive apparent acti-
vation energy that declines with chain length, whereas the reaction of larger alkanes
(Cis, Cyp) has a negative apparent activation energy that becomes more negative
with chain length. Interestingly, the reaction of C;¢4 is almost invariant to tempera-
ture. The linear relationship in Figure 5.3.2 demonstrates that the adsorption enthalpy
is proportional to the number of carbons in the alkanes. Thus, if the activation energy
of the surface reaction step, E,, is not sensitive to the chain length, then Equation
(5.3.28) predicts that the apparent activation energy will decrease with increasing
length of the alkane. The temperature invariance of the pseudo-first-order rate
constant for cracking of C,4 apparently results from the cancellation of E, by AH 4.
It is also worth mentioning that the magnitude of £*, at a constant temperature, will
be profoundly affected by carbon chain length through the equilibrium adsorption
constant.
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Figure 5.3.3 |

The apparent first-order rate constant of
n-alkane cracking over ZSM-5 at 380°C.
[Reprinted from J. Wei, “Adsorption and
Cracking of N-Alkanes over ZSM-5:
Negative Activation Energy of Reaction,”
Chem. Eng. Sci., 51 (1996) 2995, with
permission from Elsevier Science.]

Indeed, Figure 5.3.3 illustrates the exponential dependence of £* on the size of
the alkane molecule. The high enthalpies of adsorption for long chain alkanes means
that their surface coverages will far exceed those associated with short chain mol-
ecules, which translates into much higher reaction rates.

VIGNETTE 5.3.1

Zeolites are highly porous, crystalline, aluminosilicates that are widely used as industrial
catalysts. In 1756, the Swedish minerologist A. F. Cronstedt coined the term zeolite, which
is deri,véc:i from the Greek words “zeo,” to boil, and “lithos.” stone, after he observed that
the mineral stilbite gave off steam when heated. Today, it is known that zeolites are con-
structed from TO, tetrahedral (T = tetrahedral atom, e g, Si, Al) with each apical oxygen
atom shared with an adjacent tetrahedron,

To understand the function of zeolites in a catalytic reaction, it is necessary to
first describe the crystal chemistry of their framework. From the valency of silicon it
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gws‘that szhc:m atoms geﬁarany prefer bonds with four neighboring atoms in tetra-
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‘makes zeolites unique is that their pores are uniform in size (see Figure 5.3.6) and that
‘tbey are in the same size range as small molecules (see Figure 5.3.5). Thus, zeolites
are molecular sieves since they can discriminate molecules on the basis of size. Mol-
ecules smaller than the aperture size are admitted to the crystal interior (adsorbed)
- while those larger are not.

_If the charge balancing cation in a zeolite is H', then the material is 4 solid acid
that can reveal shape selective properties due to the confinement of the acidic proton
fiwzthm the zeolite pore architecture. An example of shape selective acid catalysis is pro-
wvided in Figure 5.3.7. In this case, normal butanol and isobutanol were dehydrated over
CaX and CaA zeolites that contained protons in the pore structure. Both the primary
and secondary alcohols were dehydrated on the X zeolite whereas only the primary one
~ reacted onthe A zeolite. Since the secondary alcohol i 15 too iarge to diffuse throtzgh the
rperes of CaA, it cannot reach the active sites w:thm the CaA crystals.
_ The rate of hexane crackmg on the zeolite ZSM-5 has been evaluated asa func~
‘non Of proton content (achmved by varymg the Al contenﬁ in the framework) over :

10(}‘

.- nCOH

' Cmnvers’ion'(%)' j
L
o

200 300
Temperature (°C)

Figure 5.3.7 | Dehiydration of aleohols by zeolites.
[Reprinted with permission from M. E Davis, Ind Eng.
Chem. Res.. 30 (1991) 1677, Copyright 1991 American
Chemical Society.]
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k :,Flgure 5.3,8 i Vanatmn in the hexane crackmg
acttvuy w;th a;ummnm content in ZSM ol [Reprmted

4 orders of magnitude of pmtdn loading (See Figure 5.3.8). Since the rate was found
to be stnctly propomonal to the proton content, these catalytic sites were clearly iden-
tical and nanmﬁeractmg W O. Haag concluded that the possibility of synthesizing
. zeohte cata}ysts W1th a Well~deﬁned predetermined number of active sites of uniform
i acnvny was. c&rtamly thhout parallel in hetereogeneous catalysis (W. 0. Haag in
‘ “Zeghtes and Related Mzcroporous Materials: State of the Art 1994 J. Weitkamp
et al Ecis Smdtes m Surface Science and Catal'}szs Vol. 84B, Elsevier Science B.V.,
1994 p I375)

The discussion to this point has emphasized kinetics of catalytic reactions on a
uniform surface where only one type of active site participates in the reaction.
Bifunctional catalysts operate by utilizing two different types of catalytic sites on
the same solid. For example, hydrocarbon reforming reactions that are used to up-
grade motor fuels are catalyzed by platinum particles supported on acidified alu-
mina. Extensive research revealed that the metallic function of Pt/Al,O; catalyzes
hydrogenation/dehydrogenation of hydrocarbons, whereas the acidic function of the
support facilitates skeletal isomerization of alkenes. The isomerization of n-pentane
(N) to isopentane (I) is used to illustrate the kinetic sequence associated with a bi-
functional Pt/Al,O5 catalyst:

CHj
Pt/ALO, |
CH3;— CHp— CH, — CH,— CH3 =——> CH3— CH— CH, — CH3

n-pentane (N) isopentane (I)
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The sequence involves dehydrogenation of n-pentane on Pt particles to form
intermediate n-pentene (N™), which then migrates to the acidic alumina and reacts
to i-pentene (I”) in a rate-determining step. The i-pentene subsequently migrates back
to the Pt particles where it is hydrogenated to the product i-pentane. The following
sequence describes these processes (where * represents an acid site on alumina):

KI

) N == N~ + H, (Pt-catalyzed)
KZ

(2) N™+* I N=*
ks

B TI'+H=t-1 (Pt-catalyzed)

N=—1

Interestingly, the rate is inhibited by dihydrogen even though it does not appear in
the stoichiometric equation. The rate is simply:

r=1; = k[N"*] (5.3.29)

The equilibrium relationships for steps 1 and 2 give:

[NT*] = K,[N7][*] (5.3.30)
[N"]= Klm (5.331)
[H,]

The site balance on alumina (assuming N~ * is the mari, far from equilibrium):
[#]g = [*] + [N7#] (5.3.32)

and its use along with Equations (5.3.30) and (5.5.31) allow the rate expression for
the forward reaction to be written as:

K Koks[* Jo[N]
[H,] + KiK5[N]

—~
Lh
W
W
W

S~

-
r =

Thus, the inhibitory effect of H, in pentane isomerization arises from the equili-
brated dehydrogenation reaction in step 1 that occurs on the Pt particles.

5.4 | Evaluation of Kinetic Parameters

Rate data can be used to postulate a kinetic sequence for a particular catalytic reac-
tion. The general approach is to first propose a sequence of elementary steps consistent
with the stoichiometric reaction. A rate expression is derived using the steady-state
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approximation together with any other assumptions, like a rate-determining step, a
most abundant reaction intermediate, etc. and compared to the rate data. If the func-
tional dependence of the data is similar to the proposed rate expression, then the se-
quence of elementary steps is considered plausible. Otherwise, the proposed sequence
is discarded and an alternative one is proposed.

Consider the isomerization of molecule A far from equilibrium:

A=B
that is postulated to occur through the following sequence of elementary steps:
(1) A+ k2 A*
2) A% &= B*
(3) B* &= B + *

Case 1. 1f the rate of adsorption is rate determining, then the forward rate of re-
action can be simplified to two steps:

k
(1) A+* _As A*
K2a

(2a) A* = B4

where step 2a represents the overall equilibrium associated with surface reaction
and desorption of product. A rate expression consistent with these assumptions is
(derived according to methods described earlier):

r=r1 = k[A][*] (54.1)

K,, = [A%] (5.4.2)
©[BI¥]

[*lo = [*] + [A¥] (5.4.3)

The equilibrium constant is written such that Ky, is large when [A*] is large. Com-
bining Equations (5.4.1-5.4.3) results in the following expression for the forward rate:

_ ka[*]o[A]

5.4.4
I+ K, [B] (544

Case 2. If the surface reaction is rate-determining, the following sequence for the
forward rate is appropriate:

Kl

(1) A+ * 2 ax
ks

2) A* A B

K3
3) Bx R B+ *
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This particular sequence assumes both A* and B* are present on the surface in ki-
netically significant amounts. The rate expression for this case is:

r =1, = ky[A¥] (5.4.5)
K, = [A*] (5.4.6)
[A][*]
_ [B*]
K; B[] (5.4.7)
[*]o = [*] + [A*] + [B*] (5.4.8)

3 kao[*]o[A]
T 1+ K, [A] + Ky[B]

(54.9)

Case 3. In this last case, the desorption of product is assumed to be rate deter-
mining. Similar to Case 1, two elementary steps are combined into an overall equil-
ibrated reaction:

Kla
(lay A+ * =rx B*
k2
3) B* —A~> B + *
The expression for the forward rate is derived accordingly:
r =13 = k[ B¥] (5.4.10)
K, = L (5.4.11)
" (Al o
[*lo = [*] + [B¥] (5.4.12)
k3K1a{*]O[A]
= e 5.4.13
T T F KA (>4.13)

A common method used to distinguish among the three cases involves the meas-
urement of the initial rate as a function of reactant concentration. Since B is not
present at early reaction times, the initial rate will vary proportionally with the con-
centration of A when adsorption of A is the rate-determining step (Figure 5.4.1).

Similarly, the initial rate behavior is plotted in Figure 5.4.2 for Cases 2 and 3,
in which the rate-determining step is either surface reaction or desorption of prod-
uct. Since the functional form of the rate expression is the same in Cases 2 and 3
when B is not present, additional experiments are required to distinguish between
the two cases. Adding a large excess of product B to the feed allows for the difference
between kinetic mechanisms to be observed. As shown in Figure 5.4.3, the presence
of product in the feed does not inhibit the initial rate when desorption of B is the
rate-determining step. If surface reaction of adsorbed A were the rate-determining



174~~~ _CHAPTER 5 Heterogeneous Catalysis

Initial rate

\/

[A] in feed

Figure 5.4.1 |
Results from Case 1 where adsorption is
the rate-determining step.

A

Initial rate

v

[A] in feed

Figure 5.4.2 |
Results from Cases 2 and 3 where surface
reaction or product desorption is the rate-
determining step.

step, then extra B in the feed effectively competes for surface sites, displaces A from
the catalyst, and lowers the overall rate.

Once a rate expression is found to be consistent with experimental observations, then
rate constants and equilibrium constants are obtained from quantitative rate data. One
way to arrive at numerical values for the different constants in a Langmuir-Hinshelwood
rate expression is to first invert the rate expression. For Case 2, the rate expression:

ka[*JolA]

= 5.4.14
"T T ¥ K[A] + K[B] ( )
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Desorption is RDS
S~
3 S
= ~
g ~o
k= S
= Surface reaction  ~~
o .
= is RDS AN
~
~
~
~
N
~
N
>
>
[B] in feed

Figure 5.4.3 |

The influence of extra B on the initial rate
(at constant [A]) for cases with different
rate-determining steps (RDS).

becomes:

KA K.,[B
LI S i(A] + 21B] (5.4.15)

1 k[*[A] [*l[A]  k[*]]A]

Multiplying by [A] gives an equation in which the groupings of constants can be
calculated by a linear least squares analysis:

T T e o) G419
The above expression is of the form:
y = a; + a,[A] + as[B]
with
[A] _ 1 K, _ K,

k[ T k[*]

If an independent measure of [*], is available from chemisorption, the constants &,
K1, and K, can be obtained from linear regression. It should be noted that many
kineticists no longer use the linearized form of the rate equation to obtain rate con-
stants. Inverting the rate expression places greater statistical emphasis on the low-
est measured rates in a data set. Since the lowest rates are usually the least precise,
a nonlinear least squares analysis of the entire data set using the normal rate
expression is preferred.
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EXAMPLE 5.4.1 |

The reaction CO + Cl, = COCI, has been studied over an activated carbon catalyst. A sur-
face reaction appears to be the rate-determining step. Fashion a rate model consistent with
the following data:

Rate (X10°2%) Pco(atm) Py, (atm)  Peo, (atm).

4.41 0.406 0.352 0.226
4.4 0.396 0.363 0.231
241 0.310 0.320 0.356
245 0.287 0.333 0.376
1.57 0.253 0.218 0.522
3.9 0.610 0.113 0.231
2.0 0.179 0.608 0.206

B Answer

The strategy is to propose a reasonable sequence of steps, derive a rate expression, and then
evaluate the kinetic parameters from a regression analysis of the data. As a first attempt at
solution, assume both Cl, and CO adsorb (nondissociatively) on the catalyst and react to form
adsorbed product in a Langmuir-Hinshelwood step. This will be called Case 1. Another
possible sequence involves adsorption of Cl, (nondissociatively) followed by reaction with
CO to form an adsorbed product in a Rideal-Eley step. This scenario will be called Case 2.

Case 1

ky
CO* + Cly* —A» COCL* + *

K.
Ky

COoCL* &2 Cocl, + *

The rate expression derived from the equilibrium relations for steps 1, 2, and 4, assuming all
three adsorbed species are present in significant quantities, is:

k3 KK\ [*1,[COJICL, ]
r —
(1 + K\[CL,] + KJ[CO] + K,[COCL,]?

The data fit well the above expression. However, some of the constants (not shown) have
negative values and are thus unrealistic. Therefore, Case 1 is discarded.
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Case 2

Kl
ClL + * €2 cL*

ky
CO + CL* -A» COCL*
Kl
COCL* 252 COCl, + *

Assuming only Cl,* and COCl,* are present on the surface, the following rate expression is
derived:
koK, [*],[COJ[Cl,]
r s
1 + K|[Cl,] + K;3[COCl,]

Fitting the data to the above equation results in the following rate model:

~ 1.642[CO][CL,] ( mol >
"7 1+ 124.4[CL,] + 58.1[COCI,] \geath

where concentrations are actually partial pressures expressed in atm. Even though all the kinetic
parameters are positive and fit the data set reasonably well, this solution is not guaranteed to
represent the actual kinetic sequence. Reaction kinetics can be consistent with a mechanism but
they cannot prove it. Numerous other models need to be constructed and tested against one an-
other (as illustrated previously in this section) in order to gain confidence in the kinetic model.

Rate constants and equilibrium constants should be checked for thermody-
namic consistency if at all possible. For example, the heat of adsorption AH 4
derived from the temperature dependence of K,4 should be negative since
adsorption reactions are almost always exothermic. Likewise, the entropy change
AS.4, for nondissociative adsorption must be negative since every gas phase
molecule loses translational entropy upon adsorption. In fact, | AS,4| < S, (where
S, is the gas phase entropy) must also be satisfied because a molecule cannot
lose more entropy than it originally possessed in the gas phase. A proposed kinetic
sequence that produces adsorption rate constants and/or equilibrium constants
that do not satisfy these basic principles should be either discarded or considered
very suspiciously.

Exercises for Chapter 5

1. (a) Calculate the BET surface area per gram of solid for Sample 1 using the
full BET equation and the one-point BET equation. Are the values the
same? What is the BET constant?

(b) Calculate the BET surface area per gram of solid for Sample 2 using the
full BET equation and the one-point BET equation. Are the values the
same? What is the BET constant and how does it compare to the value
obtained in (a)?
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Dinitrogen adsorption data

Volume adsorbed (cm/g)

pp, Samplel  Sample2
0.02 23.0 0.15
0.03 25.0 0.23
0.04 26.5 0.32
0.05 27.7 0.38
0.10 31.7 0.56
0.15 34.2 0.65
0.20 36.1 0.73
0.25 37.6 0.81
0.30 39.1 0.89

2. A 0.5 wt. % Pt on silica catalyst gave the data listed below for the sorption of Hy.
Upon completion of Run 1, the system was evacuated and then Run 2 was per-
formed. Find the dispersion and average particle size of the Pt particles. Hint: Run
1 measures the total sorption of hydrogen (reversible + irreversibie) while Run 2
gives only the reversible hydrogen uptake. Calculate the dispersion based on the
chemisorbed (irreversible) hydrogen.

EremTeeeeee

Pressure (forr)  H/Pt  Pressure (forr)  H/Pt
10.2 1.09 10.7 1.71
12.9 1.30 142 2.01
16.1 1.60 182 2.33
204 1.93 232 2.73
252 2.30 28.9 3.17
30.9 2.75 35.9 3.71
37.9 3.30 44.4 438
46.5 3.96 55.2 5.22
57.2 479 66.2 6.05
68.2 5.64 77.2 6.90
79.2 6.49 88.3 7.72
90.2 7.32 99.3 8.57
101 8.18 110 9.42
112 9.03 121 10.3
123 9.87 132 11.1
134 10.7 143 12.0
145 11.6 154 12.8
156 12.4

3. A.Pelosoetal [Can.J. Chem. Eng., 57 (1979) 159] investigated the kinetics
of the following reaction over a CuQ/Cr,053/SiO, catalyst at temperatures of
225-285°C:

CH;CH,O0H = CH;CHO + H,
(Et) (Ad) (DH)



CHAPTER 5 Heterogeneous Catalysis 179

A possible rate expression to describe the data is:

k[PEt - (PAdPDH)/Ke]
[1+ KgPr + KagPagl’

Write a reaction sequence that would give this rate expression.

J. Franckaerts and G. F. Froment [Chem. Eng. Sci., 19 (1964) 807] investigated
the reaction listed in Exercise 3 over the same temperature range using a
CuO/Co0/Cr,05 catalyst. The rate expression obtained in this work was of
the form:

k[PEt - (PAdPDH)/Ke]
[1 + Kg Py + KpqPag + KDHPDH]2

Write a reaction sequence that gives a rate expression of this form. What is
different from the sequence used in Exercise 3?

The following oxidation occurs over a solid catalyst:
(})H 0]
CH3CHCH; + 1/, O = CH3CCH; + HO
(IpP) (DO) (At (W)

If acetone cannot adsorb and the rate of surface reaction between adsorbed
isopropanol and adsorbed oxygen is the rate-determining step, a rate expression
of the form:

k[IP][DOJ:
(1 + K,[IP] + K,[W])(1 + K,[DOJ)

can be obtained from what reaction sequence?

For the reaction:
CO + Cl, = COCl,
the rate expression given below can be obtained:

kPeoPq,
r —_—
1+ K\Pay, + KyPeoc, )

What does the exponent on the denominator imply and what does the lack of
a K3Pco term in the denominator suggest?

For the reaction of A to form B over a solid catalyst, the reaction rate has the
form:

r= 5
(1 + K4Py + KgPp)
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9.

However, there is a large excess of inert in the reactant stream that is known
to readily adsorb on the catalyst surface. How will this affect the reaction order
with respect to A?

G. Thodor and C. F. Stutzman [Ind. Eng. Chem., 50 (1958) 413] investigated
the following reaction over a zirconium oxide-silica gel catalyst in the presence
of methane:

C,H, + HCI = C,H,CI

If the equilibrium constant for the reaction is 35 at reaction conditions, find a
reaction rate expression that describes the following data:

2.66 7.005 0.300 0.370 0.149
2.61 7.090 0.416 0.215 0.102
241 7.001 0.343 0.289 0.181
2.54 9.889 0.511 0.489 0.334
2.64 10.169 0.420 0.460 0.175
2.15 8.001 0.350 0.250 0.150
2.04 9.210 0.375 0.275 0.163
2.36 7.850 0.400 0.300 0.208
2.38 10.010 0.470 0.400 0.256
2.80 8.503 0.500 0.425 0.272

Ammonia synthesis is thought to take place on an iron catalyst according to
the following sequence:

N, + 2% &=2 2N* 1)

H, + 2% &==2 2H* 2)

N* + H* === NH* + * 3)

NH* + H* <= NH,* + * )

NH,* + H* <= NHj + 2* (5)

Obviously, step 2 must occur three times for every occurrence of step 1, and

steps 3—5 each occur twice, to give the overall reaction of N, + 3H, = 2NH,.
Experimental evidence suggests that step 1 is the rate-determining step, meaning
that all of the other steps can be represented by one pseudo-equilibrated overall
reaction. Other independent evidence shows that nitrogen is the only surface
species with any significant concentration on the surface (most abundant
reaction intermediate). Thus, [*]y = [*] + [N*]. Equation (5.3.7) gives the rate
expression consistent with the above assumptions.

(a) Now, assume that the rate-determining step is actually:

N, + * &2 N,*  (associative adsorption of N,)
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with N,* being the most abundant reaction intermediate. Derive the rate
expression for the reversible formation of ammonia.

(b) Can the rate expression derived for part (a) and the one given in Equation
(5.3.7) be discriminated through experimentation?

Nitrous oxide reacts with carbon monoxide in the presence of a ceria-promoted
rhodium catalyst to form dinitrogen and carbon dioxide. One plausible
sequence for the reaction is given below:

1) N,O + #* =2 N,O*
) N,O* —> N, + O*
3) CO + * &2 CO*
4)  CO* + 0¥ —> CO, + 2%

N,O + CO => N, + CO,

(a) Assume that the surface coverage of oxygen atoms is very small to derive
a rate expression of the following form:

_ K Py
1 + KyPno + KiPeo

T

where the K’s are collections of appropriate constants. Do not assume a
rate-determining step.

(b) The rate expression in part (a) can be rearranged into a linear form with
respect to the reactants. Use linear regression with the data in the following
table to evaluate the kinetic parameters K;, K», and K;.

Rates of N,O + CO reaction at 543 K

30.4 7.6 0.00503
30.4 15.2 0.00906
304 304 0.0184
304 45.6 0.0227
304 76 0.0361
7.6 30.4 0.0386
15.2 30.4 0.0239
45.6 304 0.0117
76 304 0.00777
Source: J. H. Holles, M. A. Switzer, and R. J. Davis, J. Catal., 190
(2000) 247.

(¢) Use nonlinear regression with the data in part (b) to obtain the kinetic
parameters. How do the answers compare?

(d) Which species, N,O or CO, is present on the surface in greater amount?
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11.

12.

The reaction of carbon monoxide with steam to produce carbon dioxide and
dihydrogen is called the water gas shift (WGS) reaction and is an important
process in the production of dihydrogen, ammonia, and other bulk chemicals.
The overall reaction is shown below:

CO + HzO = C02 + Hz

Iron-based solids that operate in the temperature range of 360 to 530°C catalyze

the WGS reaction.

(a) One possible sequence is of the Rideal-Eley type that involves oxidation
and reduction of the catalyst surface. This can be represented by the
following steps:

H,0 + * == H, + O%
CO + 0% == CO, + *

Derive a rate expression.

(b) Another possible sequence for the WGS reaction is of the Langmuir-
Hinshelwood type that involves reaction of adsorbed surface species. For
the following steps:

CO + * €2 COo* (1)
H,O + 3* == 2H* + O )
CO* + O* &2 CO, + 2% (3)

2H* €S2 H, + 2% (4)

derive the rate expression. (Notice that step 2 is an overall equilibrated
reaction.) Do not assume that one species is the most abundant reaction
intermediate.

For the hydrogenation of propionaldehyde (CH3CH,CHO) to propanol

(CH53CH,CH,0H) over a supported nickel catalyst, assume that the rate-

limiting step is the reversible chemisorption of propionaldehyde and that

dihydrogen adsorbs dissociatively on the nickel surface.

(a) Provide a reasonable sequence of reaction steps that is consistent with the
overall reaction.

(b) Derive a rate expression for the rate of consumption of propionaldehyde.
At this point, do not assume a single mari.

(¢) Under what conditions would the rate expression reduce to the expe-
rimentally observed function (where prop corresponds to propionaldehyde,
and P represents partial pressure):

kP prop

r = p
035
P H:
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13.

Some of the oxides of vanadium and molybdenum catalyze the selective
oxidation of hydrocarbons to produce valuable chemical intermediates. In a
reaction path proposed by Mars and van Krevelen (see Section 10.5), the
hydrocarbon first reduces the surface of the metal oxide catalyst by reaction
with lattice oxygen atoms. The resulting surface vacancies are subsequently
re-oxidized by gaseous O,. The elementary steps of this process are shown
below. Electrons are added to the sequence to illustrate the redox nature of this

reaction.

RH, + 2072 —— RO + H,0 + 2[J (+ 4e7)

hydrocarbon  lattice product surface
oxygen vacancy

O, + 200 (+ 4e”) —> 2072
RH, + 0, = RO + H,0

Derive a rate expression consistent with the above sequence. For this problem,
assume that the vacancies do not migrate on the surface. Thus, 20~ and 2]
can be considered as a single occupied and a single unoccupied surface site,
respectively. Show that the expression can be transformed into the following
form:

1 1 1

— - e
r K[RH] K [O,]

where the K’s are collections of appropriate constants.





