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N the industrial applications of kin-

etics 2 knowledge of the mechanisms
of chemical reactions is helpful in es-
tablishing the optimum conditions of
operation relative to such variables as
pressure, temperature, feed composition,
space velocity, exfent of conversion, and
recycling. )

This paper is written as a guide in
the planning of experimental programs
in applied kinetics and as an aid to the
selection of the mechanisms of catalvtic
reactions. It has- been observed that
much time is lost In failing to pursue
an orderly experimental program, and
in failing to recognize the important
variables. Often it is discovered after
years of experimental effort that the im-
portant variables were not investigated.

In a previous paper by Hougen and
Watson (2} various irechanisms which
may be encountered in gaseous reactions
when catalyzed by solid surfaces were
developed with appropriate mathemati-
cal equations for expressing rates.

In a large measure the concepts of
chemical kinetics used in this paper also
stem from the work of Eyring and
associates.

In any given chemical process sev-
eral reactions may be proceeding con-
secutively or simultanecusly but for
each reaction it may be assumed that
only one or two chemical steps are rate-
controlling.  From the standpoint of
theoretical kinetics this assumption is
not acceptable, but it usually serves as
a satisfactory basis for practical pur-
poses.

Where a gasecus reaction is catalyzed
by flowing the gas through a bed of
solid catalyst pellets, the physical steps
mnvolved are the transfer of the compo-
nent gases up to the catalyst suriace,
diffusion of reactants into the interior
of the pellet, diffusion of products back
to the exterior surface, and transfer of
the products from the exterior surface
to the main stream. These physical
steps are usually present. To simplify
the interpretation of experimental data
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it is desirable to minimize the resis-
tance offered by each of these physical
steps and thus to deal only ‘with the
chemical aspects of the reaction.

The chemical steps involve activated
adsorption of reactants with or without
dissociation, surface reactions on active
sites, and activated desorption of prod-
ucts. The uncatalyzed reaction alsc
takes place in the main gas stream
simultaneously with the surface reac-
tion. This last should be of negligible
importancé where an effective catalyst
is used.

In addition to the above possibilities,
fouling and changes in the activity of
the catalyst may take place.

1t is evident that an experimental
study of all these possible effects simul-
taneously is prohibitive because of com-
plexity. It is desirable, therefore, that
experimental procedures be arranged to
permit separate determination or sepa-
rate elimination of these different ef-
fects. Resistances to the transfer of
mass and heat can he minimized by
operating at sufficiently high mass ve-
locities to make the partial pressure and
temperafure gradients across the gas
fill negligible. The retarding effect of
diffusion of veactants and of products
in the interior of the catalyst pellet can
be minimized by using pellets of small
size. The effect of fouling can be
eliminated by extrapolating rate dafa to
the beginning time of catalyst service
and the effect of changing activity can
be eliminated by continued use of the
catalyst until a stable steady state has
been attained.

The means of minimizing the various
physical steps and the =ffects of {ouling
and deactivation will be analyzed sepa-
rately,

Mintmizing  Restsionces  Due  fo
Tronsfer of Mass and Heat. The gen-
eral rate of a catalytic reaction in a
flow system based upon unit mass of
catalyst is given by the relation,

rodiW = Fdx, (1)
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where
r, = moles of reactant 4 converted
per (umit time} (umit mass
af catalyst)
F = fiow rate of feed, moles per
unit time

¥ = mass of catalyst
x4 = moles of reactant A4 converted
per mole of feed

Values of the reaction rate r shouhd
he correlated against the conditions of
composition’ and temperature which
prevail at the surface of the catalyst
where the catalytic reaction actually
takes place. From equations for mass
and heat transfer the film gradients for
partial pressures of each component
gas and for temperature can be evalu-
ated. However, this correction is trou-
blesome, difficult, and uncertain. In
experimental work it is desirable, if
possible, to render these gradients in-
significant by flowing the gas at high
mass velocities. If the rate of a cata-
Iytic reaction is plotted against mass
velocity the rate increases progressively
from a value at zero mass velocity to an
asymptotic value at high velocities as
shown in Figure 1. It is desirable to
operate at sufficiently high velocities so
that film gradients become negligible.
The value of r at zero mass velocity is
the reaction rate obtained in a nonflow
system. It is evident from Figure 1
that reaction rates calculated from equat
yesidence times in nonflow and Aow sys-
tems are not the same. In general cata-
lytic reaction rates obtained in nonflow
systems are not applicable directly to
flow systems, Indeed it is doubtful if
reaction rate data taken in nonflow sys-
tems of gases catalyzed by solid sur-
faces and without agitation in the re-
actor are of any value in reactor design
because of nonsteady state conditions
and the uncertainty of concentration
gradients due 1o natural conmvectivn
within the bed.

The general equation for mass trans-
fer is given as
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Specific System.

tion rate is controlled entirely by the
rate at which the reactants can be
brought up to the surface and the prod-
ucts returned. Equilibrium prevails at
the interface. This limiting rate is
shown by the refationships of Figute 5,
Thus from Figure 5 mass transfer be-
comes entirely controlling and the rate
number X cannot exceed the values
given far the foliowing modified Rey-
nolds number :

/G
A X
10,000 300
1,000 T4
100 23
1o 7.5

For example, when the modified Rey-
nolds number is 100 the rate number X
cannot exceed 23, which condition cor-
responds to the behavior of an ideal
catalyst,

The general equation for heat trans-
fer is given as

g = —hga,At = —AHY (6)
At =t g

Experimental data on heat transfer
are related to kg by the refationship,
Cot

=Gl

Experimental data on j; were ob-
tzined for heat transfer in a granular
bed (1, 6) and related as follows:

7>
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where for values of \/a,G /i less than
620, o = 262, n = 0.31, for values of

v/ e,G/p greater than 620, o’ = 1.35,

400 600 (000 2000 4000 €000 16,000 20,000

Fig. 9. Limiting—l\:—‘- versus & for a Specific Syatem.

were:
Cylindrical pellets 14 X 3§ in.,
D = 14 in.; Dy=~/ L5 D = 0.0127 ft.

a, = =D,2 = 0.000507 sq.ft,
# = 300 micropoises = 00726

# = 041. By a combination of Equa- Ib./(he.) (ft.)
tions (6), (7), and (8) the result is
at = L( rald \/—‘:)( Cﬂf"’ %(\/TD.G )'_l 9
T a'\ apuC,T k /, m
In Figure 6 values of a#/T are
piotted against X’ for various values of
v/ 8,G/u where F,= 040
— 6(1—F,)
N R R Ry
AN px = 50 Ib.fcu.ft,
Film tcfnperature gradients can be Gy = G _ 6.92 sq.it. /Ib.
neglected ii they do not exceed a few Pr
degrees Centigrade. If the required ac- My, = 56
curacy in reaction rates need not be ==
greater than 10% then the film temper- x = total pressure
ature gradient can usually be neglected = 10 B.tu. /b 1
if AT js less than 10° C. These values o D La/lb. mole 4
require verification for specific systems.
It should be recognized that the temper- (D.u )J. = 1.50
ature coefficient for reactions catalyzed Am
by solid surfaces is much less than for Cor )’ = 0.80
noncatalytic ones because of the offset- k
ting effects of desorption on the cata- Cp = 070 B.tn. /(th.) (° R)
Iytic reactions. .
2t Y5C _ 620; ¢ = 2000 to./(he.)
A4 Hypothetical System. For a hypo- #
thetical system the following conditions (sq.ft.}

CHEMICAL ENGINEERING PROGRESS
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Ny=24
Then
AP _ [ 4
Pa | NG
where

at values of \/a,G /< 620;
ot =2 215; 2 = 0.51

at values of \/ a,G /> 620;
o = 470; 0 = 041

For this system values of Apyfpy are
plotted against r/N, for the various
parameters of G (Fig. 7) for values of
Apy/py ranging from O to 0.1 and
values of /N, are plotted against G
for various parameters of Apy /P, in
Figure 8. From Figure 7 the following
valves are obtained from this special
systemn :

2o _r

Py ¥, @
¢.1 5 11,000
0.01 1 35,600

Thus if an error of 10% is tolerated
the film gradient for mass transier can
he neglected for a reaction rate r/N,
equal to 5 when the mass velocity G is
11,000 1b. /(hr.) (sq.ft.) or greater.

Tf the reaction at the catalyst surface
15 instantaneous then the ratio of
Apy/pa becomes equal to 1.0 and the
rate depends upon mass transfer alone.
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For this specific system this case is
plotted in Figure 9 and values of At are
plotted against r for various parameters
of ¢ in Figure 10,

For this special system mass transier
becomes entirely controlling and the re-
action rate /N, cannot exceed the foi-
lowing values for the given mass veloci-
ties (Fig. 9):

AYTH -
[ I A3
1.0 100 1.46
1.0 1,000 13.7
1. 19,000 49.2

In order o keep the film temperature
drop below 10° C. for this specific Sys-
tem at a reaction rate of r = L0, the
mass velocity G should be 1600 or
greater (Fig, 10).

It should be noted that the relation-
ships given in Figures 2-10 are based
upen experimental work for water va-
por-air mixtures at relatively low tem-
peratures and exirapclated through gen-
erally accepted relationships of the
transport pioperties of gases. Extensive
experimental work in this field should be
encouraged to give greater certainty.

Effect of Size of Catalyst Peilet, The
refationship between the effectiveness
factor of a'catalyst and its modulus are
expressed by the relationship of Equa-
tion (10) first developed by Thiele (4)
for a first-order gaseous reaction neg-
lecting the effects of activated adsorp-

CHEMICAL ENGINEERING PROGRESS

tion and variations in the porosity and
permezbility within a single pellet,

3
E = — (o cothm —1)  (10)

The modulus m may be related to
pellet size, porosity, and temperature by
the following (2):

¢ b
a, D et/T

VE

m =

(11}
where

D', = diameter of sphere having the
same surface area per unit
volume as the particle. For
a cylinder of height D equal
to dianeter,

D,=D= 6
CmpPp
F; = interior void fraction of the
pellet
£, = density of pellets, mass per unit
volume

By using two pellets of identical com-
position, porosity, and temperature but
of different sizes the ratio of moduli is

= (12)

By establishing reaction rates for two
runs at nearly identical conditions of
gas temperature and composition at the
surface of the catalyst with these two
pellets the following ratio prevails:
n_b _,

ra F,
From Equations (10), (12), and (13),

aity oot amy — 1 = ba?(m,

(13)

coth 1, — 1) (14>
From Equations (14), Mg can be calcu-
lated and iy, E,, and Ey from Equa-
tions (103, (12), and (13).

The effectiveness factor approaches
anity as the particle size is reduced. For
establishing rate mechanisms it is desir-
able to operate with small catalyst pel-
lets in order to minimize the effects of
diffusional gradients inside the pellet
and to attain effectiveness factors ap-
proaching unity. This procedure also
minimizes the uncertainties due to time
lag in attaining the steady state amd to
the assumptions made in deriving the
relationship of E to . Cylinders
8 X L% in. seem to be the smallest size
which can be eonomicalty pelleted and
used in a stationary bed and al the same
time permit high mass velocities with-
cut excessive pressure drops and losses
by attrition.

Effect of Fonling. Where foultag of
a catalyst occurs it is desirable to ex-
trapolate rates to zero time of service
and to make all correlations on the fresh
catalyst. This introduces an uncertainty

March, 1950



due to the lack of steady conditions in
starting a-run. Where these difficulties
become insurmountable it is necessary
to find a temperature range where foul-
ing is negligible.

Effect of Changing dctivity of Cata-
lyst. The activity of a catalyst changes
due to deactivation caused by employ-
ment of excessive temperatures and by
poisoning. Where the feed consists of
different streams for the separate re-
actants the poisoning component in each
stream can be removed often by pﬁssing
each stream separately through a special
bed of the same catalyst before the re-
action takes place. This proves effective
if the poison is present in small traces.

C. C. Watson and Stevens (3) have
shown in an unpublished thesis that
steady-state conditions cannot be at-
tained untif the catalyst attains chem-
ical equilibrium with the gas stream;
this is in addition to the attainment of
physical equilibrium in temperature and
concentration gradients through the
catalyst. The effect of changing activity
can be eliminated by continuous use of
the catalyst until complete equilibrium is
attained both chemical and physical.
This may introduce a serious time lag
where composition and temperature of
the gas stream are changed irom run to
run. It may prove impossible with some
reactions to eliminate both fouling and
lack of equilibrium.

Detersiination  of Rate-Controliivig
Chemical Step. When effects of heat
and mass transfer, diffusion, fouling.
and deactivation have been minimized,
eliminated, or accounted for, selection
of the rate-determining chemical step ix
in order. Complex chemical processes
may be considered as consisting chiefly
of a combination of separate himolecu-
lar and unimolecular reactions and fer
complex reactions the rate equations
may not be related to the over-all stoich-
iometric relations. For gaseous reac-
tions catalyzed by sclid surfaces eacl:
separate molecular change usually con-
sists of one or two rate-controlling
chemical steps such as chemisorption
with or without association of one or
both reactants; surface reaction between
adsorbed reactants and products, and
impact of a nonadsorbed component
with one that is adsorbed.

Mathematical expressions for rate
equations can be derived from the prin-
ciples given (2). In general these rates
may be expressed by a combination of
three terms, the kinetics term, the poten-
tial term, and the adsorpticn term, ar-
ranged thus,

, = (kinetics term) (potential term)
(adsorption term)”®

(1)

Yol. 46, No. 3

These terms are summarized herewith
for the following four types of reac-
tions:

() A= R; (II} A=R+ S,
(Iil) A4+ B=R; and
(IV) A+B=R+S

and for the ifollowing rate-controlling
mechanisms.

Rate-Controlling Mechanisms

A. Reaction between molecularly ad-
sorbed reactants and products with-
out dissociation of anv component
upon adsorptien

a. Adsorption of .4 controlling
b. Adsorption of B controlling
¢. Desorption of R controlling
d. Surface reaction controlling

B. Reaction between atomically ad-
sorbed A, where B, R, and § are
molecularly adsorbed. Upon disso-
ciation 4 1s adsorbed on adjacent
sites,

e, Adsorption of A contrelling (with
dissociation)

f. Adsorption of B controlling

g. Desorption of R controlling (or
59

h. Surface reaction controlling

C. Reactant B is not adsorbed, A, R,
and 5 are moleculariy adsorbed

i. Adsorption of 4 controlling
j. Desorption of R controlling
k. Surface reaction centrolling

D. Reactant B is not adsorbed, 4 is
atornically adsorbed, R and § are
malecularly adsorbed. Upon disso-
ciation 4 is adsorbed on adjacent
sites
1. Adsorption of A controlling
m. Desorption of R controlling
n. Surface reaction controlling

TABLE 1. DRIVING

E. Reactant .4 is not adsorbed. B, K,
and § are molecularly adsorbed

o. Iimpact of A controlling

p. Desorption of R contrelling (or
5)

q. Adsorption of B controlling

F. Unecatalyzed Reaction
r. Homogeneous gas reaction

As the field of applied kinetics de-
velops it may be found that examples of
some of these mechanisms as rate-con-
trolling steps will not be discovered. For
example, the assumption of adsorption
as a rate-controlling step over the entire
composition range for a bimolecular re-
action is untenable. Rate of adsorption
of A reaches a maximum for the pure
gas, but obviously there is no reaction
in the absence of B and the adsorption
of A will stop when the catalyst be-
comes saturated with 4. Under these
circumstances the rate of adsorption di-
minishes to zero without any reaction.
From this it follows that two chemical
steps become tate-controlling.

Driving Potential Term. The driving
potential in any rate equation fulflls
the conditions of becoming zero at con-
ditions of equilibrium where the equi-
librium constant K is related to the ap-
propriate activity ratio for the over-all
reaction. For example, for the reaction
A4+ Bz R+ S the driving potential
s zero where

Rl . g = fRds

aydg = =
K q4dp

in accordance with the definition of the
equilibrium constant for the over-all
reaction. These driving potentials are
summarized in Table 1 for the four
reactions and various mechanisms.

Kinetic Term. The designation, “kin-

POTENTIAL TERMS

Reaction AR ATTR+s | asB =R 4+B * R+3
. ap apa, ap &
Adsorption of A con- |ap - a, -_BS8 | a, - &, . 8pag
trolling X L ¢ A KEE _ﬁg
Adsorption of B con- 0 0 ag - B8R |a, - 8j8g
troliing B Ra, Ka,
a a a
Desorption of R con=- |a, - JB| 24 - 88 B,an- 38R {a,a a
trolling Tl a | 4B - |AE - R
43
Surface resction con |a,~ 28 ay - aﬁ"g a,a, - 82 - aga
trelling A X A A%p X “‘aB "%—s
Impact of A control- ° 0 a,ap <& |a,a, - Agh
e g N A
adsorbe
Homogeneous reaction |a, - o | a, - N R O :ﬁa_s
cont.rolliné LS A B K A'B

CHEMICAL ENGINEERING PROGRESS
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TABLE 2. KINETIC TERMS.

Multiply each of the tarms below by EL except for the
homogeneous -reaction,
Adsorption of A centrolling kg
Adsorption of B controlling kg
Desorption of R controliing kpk
Adsorption of A contrelling with dissociation % k4
Impact of A controlling kpKp
Homogeneous reaction controlling k
Surface Reaction Contrelling
AZ®R A8 BT R | BT ReS

Without dissociation  kgK, kg 8 Ky | kgs KpKpg kg & K4Kp
With dissociastion of & kss KA Rs 8 KA kBB(S‘lxﬁxs kas(aJDKAKB
B not adsorbed kg Ky kg 8 Ky ) kg Ky ke 8 K
B not adsorbed, A dis k_ s X k_ 8 K k. 5 K k., 8 K

aésiabed 8 A 8 A s A 8 A

etic term,” includes all factors which
appear in the numerator of the reaction
rate equation other than the driving
potential such as L, the total number of
active sites: the effectiveness factor E;
appropriate kinetic constants for ad-
sorption controiling, k, and ky; for de-
sorption controlling, kp and kg; for
surface reactions controlling k,; and for
the homogeneous reaction controlling,
k. The factor s represents the number
of adjacent active sites. Values of L and
s will usually not be known and will be
mcluded in a chaiacteristic constant for
a specific catalyst. Over-all equili-
brium and adserption eguilibrivm con-
stants of the veactants A and B may also
appear in the kinetic term. Factors in
the kinetic term are tabulated in Table 2.

Adsorption Term., Where all reac-
tants, products, and inerts are adsorbed
under equilibrium conditions and with-
out dissociation the adserption term is

[L-+ K4+ Egag -+ Kpap + Kgag + Kjof]"

Under other conditions the replacements
shown in Table 3 shotld be made.

The exponent » of the adsorption
term is equal to 1 where the veaction in-
volves only one site, equal to 2 when
reaction invelves two adjacent sites,
and is equal to 3 when the reaction in-
volves three adjacent sites. The ex-
ponents take the values shown in Table
4,

Formulation of Rate Equations.
From these relations the rate equation
for any of the above reactions and rate-
controlling mechanisms can be readily
formulated. For example,

Where the reaction 4 +B =R~ S is

Page 152

surface-controlling  with equilibrium
adsorption of all components,

the driving potential term is

dplg

K

(from Table 1)

@48p —

kinetic term is
Lsk K Ky (from Table 2)
adsorption term is
[1+ K00+ Kpap+ Kyog + K,
+ Kje)?
the exponent is 2 (Table 4)

and the rate equation becomes

Lsk,K Ky (

r =

Inifial Rafes. Initial rates for the
pure reactants present in stoichiomeiric
proportions and in the absence of prod-
ucts and inerts can now be readily cal-
culated in terms of total pressure, Thus,
for Equation (17}, since

—_— -wﬁ-
91 =03 =y

and
ap=ag=10
an?
= 19
" T A Fomye 19y
and Equation (18) reduces to
ar
= 20
o T T+ b2 (20

The remainder of this paper will be
devoted to an initial selection of the
most plausible mechanism from a visual
inspection of the shape of rate curves
when data are properly obtzined to per-
mit such plots. The actual evaluation of
the appropriate constants should then be
made by statistical methods of ftting
data to the selected equaticn, From the
shape of rate curves when plotied
against such variables as pressure, feed
composition, temperature and conver-
sion, the most plausible mechanism of a
simple reaction can be estimated. Ex-
amples given herewith are for the four
molecilar types of gaseous reactions
cited assuming only one rate-controlling
chemiecal step, Where severzl reactions
are involved and where more than one
chemical step is rate-controlling in each,
the analysis becomes complicated. Com-
plexities, however, can be minimized by
extrapolating rates to conditions of zero

Crly
Qg ———
) K

(17}

Where the reaction 4+ B~ & pro-
ceeds with adsorption of A controlling

(16)

and with dissociation of 4.

the. driving potential rerm is
a
d, — —2 (from Table 1)
N Kap
the adsorption term is

1+

the exponent is 2 (Table 4)

Kagp

and the rate equation beccmes

Lkss(a;;_

1V + Koy + Knap + Kpap -+ Kgey + K, ]®

reciprocal space velocity at which condi-
tion the complicating effects of several
reactions have not begun.

By systematic and separate variations
in pressure and feed composition, the
mechanism can be fairly well established
by visual inspection of the rate curve.
When more than one chemical step is
rate-controlling the number of constants
in the rate equations becomes so numer-

Kap *
/_ 40p + Kpag + Kpap + Krﬂx] {from Table 3)

— )
Kag

r= —_—
K jo5

Kay

2[1+
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+ Kpap + Kpap + K:ar:l

{18)
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ous and the accuracy of evaluation of
each so uncertain that some empirical
short cut may prove expedient. The
effect of extent of conversion is difficult
to generalize and the effect of temper-
ature is of minor value in establishing
mechanism.

Effect of Pressure. Pressure is by
far the most important variable in de-
termining the mechanism of a gaseous
reaction catalyzed by a solid. Unless
experiments are set up to operate with
pressure as a cohtrolled variable over a
wide range it may, not be possible to
establish with certainty the probable
mechanism. Variations in total pressure
as well as partial pressures are essen-
tial. Partial pressures can be diversified
by varying feed composition, but in
addition the total pressure must be var-
ied independently. For convenience the
effects of total pressure will be illus.
trated by observing variations in the
initial reaction rate with the use of
fresh feed with no product present. Un-
der these conditions the reverse reaction
is negligible.

In Table 5 effects of pressure upon
initial reaction rates are seen to fall into
nine types of curves.

In Type [ the initial rate, r, = a is
independent .of pressure. This type in-
dicates that desorption of product R
from: the catalyst is the rate-controlling
step when the reverse reaction is neg-
ligible. This situation eccurs when all
the active sites are saturated wit: re-
spect to all components except product
R and under initial conditions when no
products have accumulated in the main
gas stream. The same situation is en-
countered for finite values of the equili-
brium constant K where a second prod-
uct & is formed and adsorbed under
equilibrium conditions. As the reaction
proceeds with accumulation of product
R inthe gas stream the reaction rate is

no longer constant but progressively di-

minishes. The value of 7 at zera pres-
sure is a hypothetical initial rate of de-
sorption. Since there is no supply of
reactants at zero pressure, there is no
reaction and desorpticn reaches zero.

Reaction rates of Type I are encoun-
tered when catalysts are poisoned,

In Type II the initial rate increases
linearly with total pressure, v, = am.
This situation applies when the adsorp-
tion of reactant 4 {or B) is rate-con-
trolling where the other reactant B (or
.A) is not adscrbed or not present as in
a unimolecular reaction. This type also
holds for the uncatalyzed unimolecular
reactions 4 =.

In Type III the initial reaction rate
can be expressed by the relations

am

Phb/mtoen

amw

T’g————-1+bﬂ‘ or ¥y =
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TABLE 3. RFLPLACEMENTS IN THE GENERAL ADSORPTION TERMS.

m—— o i o
[1 ¢ Rgag e-¥gag » Kpap + Keeg~HyEm)
Reaction AT®R | AZEReS AB TR | A JT RS
Where adscrption of A i8
rateg controlling Kaag Kjpagag Kyap fpapag
rgplace Kjpay by K K ag apg
]|
Where ‘:i‘:sorpbion of B is
rate controlling 0 0 Kpap Kpapag
replace Kpap by ap EYN
Where desorption of R is £ a
rate controlling Kfqa, KK -4 KKqa,ap KKR__E’E
replace Kpag by ag a
Where adsorption of 4 is ’
rate contrelling with a K,apa K.a K.aga
dissociation of A w AjR_S -ﬁ‘—R 2 2 5
replace Kpa, by ) B
Where equilibrium adsorption of A takes place with aissociation
of A replace Kya, by YKAaA '“KAaA 1 Kpay hKAaA
and similarly fer other compeonents adsorbed with disscciaticn.
Where A is not adsorbed
replace Hpay by i 0 0 0
and similarly for other components which are not adsorbed.

In this type the rate increases with
pressure 0 a maximum asymptotic
value. This type is encountered where
adsorption of either 4 or B 1s control-
ling in a bimolecular reaction 4 4+ B
also where surface reaction is rate-con-
trolling in a unimolecular reaction
A = with or without dissociation; and
where desorption of R is contraolling for
finite values of the equilibrium constant
K in a forward bimolecular reaction
A+B=Fk.
In Type IV,

T

o = 1+b#;ijfﬁ:

the reaction rate starts off linearly with
pressure, reaches a maximum value and
then diminishes with further increase in
total pressure to a constant asymiptotic
value. This type is characteristic of
A= R+ 5 where the surface reaction
is rate-controlling and is also encoun-

tered in the reaction 4 + B=R+ §
where adsorption of A is controlling
and proceeds with dissociation on dual
sites.

In Type V,

aw
14w

the rate increases progressively with
pressure, starting off linearly and ap-
proaches a value proportional to the
square root of pressure. This type ap-
plies to the reaction 4 - B e where
adsorption of B Is rate-controlling and
A is adsorbed with dissociation,
In Type VI,

r, =

an? . an”
Txbr 0T 1 b/ ot o
the rate starts off as the square of the

pressure and approaches a rate propor-
tional to the first power of pressure.

Yo =

TABLE 4. EXPONENTS OF ADSORPTION TERMS

Desorption of R centrolling

Homogeneous reaction

Surface Reaction Controlling
&

P«dsorption of A controlling without dissocilation

Adsorption of A controlling with dissociation
Impact of A without dissociation A + B ;_“ R

Impact of A without dissociation A*E‘? R+5

[ |

98 3bbo
(']
(o 2N ST N S o

MBTTR H*S

A+B

No dissociation of A
Dissociation of A

Dissociation of A (B

not adsorbed)

No dissociation of A
{B not adsorbed}

IR X1 mwf}

NN umf#

H o BN
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TABLE 5 INITIAL REACTION RATES OF SIMPLE GASEOUS REACTIONS.

Effects of Total Pressure,

TPE I

Desorption of One Product

TYPE 1T
—_—
A, q,=an
”

Adsorption of one reactant 4 (o1
B) tontrolling where cther re-
actant B {or A) is not adsorbed|

I'YPE II1
Qs
J; ’l.:,—&;"?— ()]
Rt e CRI B

n

Adscrption of A controlling
(A+B = )

SurfaceReaction Contrelling
A "= R+8)

dissociation {A+B *

Adsorpt.i_gn of A controllin? with)
R+S

Reaction| I i1l iv

11
Mechanis d
e e
k

Adsorption of B controllin
92"“.‘02611?3 or not present P (A+B == ) &
Surface reaction controllin
R""““‘ i Iz Iil I: Uncatalyzed Reaction {AT™) (A +— R) &
Mechani B g g £ Surface reaction controlling
J 3 3 3 Reaction| I 11 I IV Desorpti “gf: i, Product
m m m m Mechani a a Scmt. 01 ?nz ?R x o0 o o§
- - P P e o Reaction | I 1 II |III| IV |Eq
N i i i i Mechanisn al b K1
Desorption of One Product £ £ L £ a b K1
Controlliing (K%oo) q q (ks (1)
Equiltibrium adsorption forsS) a ilg
X 2
Reactia] I TI [1i iv h h (2)
Mechanisn c C HEAS (1)
g e ()
J J LK 4o 2)
m m n (2)
P
TWPE IV TYPE V TYPE VI
arn __ an ._an__
hs T paren = T bin LT A
an
2, W hremran )
n, 8
kL2 n n

Adsorption of B centrolling
with disscciation of A (R+BX )

feaction | 1 | II | ]
Mechanism _‘

This type is manifest when the sur-
face reaction is controlling for the re-
action A + B =2 R where B -is not ad-
sorbed; and for reaction 44+ B &
where the surface reaction is rate-con-
trolling with 4 dissociated upon adsorp-
tion and with B not adsorbed. It also
lolds for the reaction A+ B&ER
where 4 is not adsorbed and the con-
trolling step is the impact of 4 upon
reactant B which is held on the cata-
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Reaction] I 11 III IV
Techanisn T T
lyst surface by chemisorption on a

single site,
Type VII,
an?
b, E e
¥ l+b\/ﬂ+rr+dﬂ-
is a common type where the reaction
starts out as the square of the pressure

and then falls off in slope to a zero value
reaching a rate of constant asvmptotic

CHEMICAL ENGINEERING PROGRESS

Surface reaction centrolling
{B not adsorbed) (A+B * R}
Impact of A controlling
(A not adsorbed) (A+B I R)
Surface reaction cont,rgfling
{A dissociated, B not ad-
sorbed} (A+B *7 )

ilI] v

50 x|~
= P e

value. This case is typified by four
cases, (1) by the reaction A+ B =
where the surface reaction is controlling
and which proceeds without atomic dis-
sociation; (2) for a surface reaction
controiling without adsorption of B:
(3} in the reaction A+ B=R+5
where impact of 4 is controlling or (4)
where desorption of product R is con-
troiting for the reaction 4+ B R
and for finite values of K.
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TABLE 5 {Continned)
Bifecta ef Total Pressure,

CYPE VIO i

&= v b C)?

[
Surface reaction controlling
{no agissociation){A+B *— }
Surface reaction controliing

I3
Surface reaction controlling
with dissociation of A{A+Be= }

TYPE IX
a,=an'

n

Uncatalyzed reaction control
ling (A + B g ) :

{B not adsorbed) Reaction | I 1T |11z i
~ \ 5 : Iv Reaction JI [II | I1r | 1v
lr(ngfgtﬁgfﬁfsc):ontrol-ing Mechanism h h Mechanism | T r
Desorpticn of one product con-
trolling (A+*B == H)(K § o0 )
—
Reaction] I 1I IiI] IV
Mechanisi .
Gk
d d
ik
HELs
k
m
o]
pucve
EFFECTS OF TOTAL ‘PRESSURE
In Type VIII, & no 5 present there is no over-all re- In Type LV,
action, the catalyst soon becomes satur- Y all - N
v = ated with 4, and adsorption stops. This Ty, = all—Ny) or e Gkl e
° sitilation indicates that when the mole 1—b6l, 1+b\/ Ny

the rate initially increases as the square
oi pressure, the siope then {alls off to
“ero at @ maximum rate and becomes
negative with further increase in pres-
sure. This type applies where surface

ceaction s rate controlling with disso-
clation of 4 in the reaction 4 -+ B =

Type IX, r, = aa?, represents the be-
havier of the uncatalvzed bimelecular

A + B =z where the rate in-
s progressively with the square of
pressure,

Bffect of Feed Composition wupon

ial Kaivs. The etffect of feed compo-

i« ialls into six types of rate
curves, as shown in Table 6, assuming
only one rate-contrelling step.

In Type 1, r4y = aN 4, the rate in-
creases lincarly with the mele fraction
of 4. This type holds where adsorption
of 4 is the contrelling step when B is
uot adsorbed. The extrapolation of the
~traight line to &, = 1.0 means that the
adsorption rate for .1 is fastest when
there is no B present. However. if there

Val. 46, No. 3

fraction of o approaches unity the rate
of reaction must be less than the instan-
tanecus rate of adsorption and hence
some other mechanism must also be
controiling such as the surface reaction
or the impact of B upon the adsorbed .
This difficulty can be eliminated hy ap-
plying adsorption as a rate-controlling
step only to the limiting reactant.

In Type II, 7y, = a(i—AN,), the
rate of adsorption of B is controlling
where A is not adserbed. Extrapolation
ta N, = 0 gives a maximum value cor-
responding to the rate of adsorption of
A in the absence of A. Under thijs cir-
cumstance there is no over-all reaction.

The same anomalous situation is en-
countered as in Type L
In Type II1,
A or alN
=4 r, = A
AT L — BN, ? {1—bBN?

the rate curve increases more than lin-
early with the mole fraction of 4 and is
represented by the adsorption of A con-
trolling with or without dissociation
where B attains equilibrium adsorption,
The same situation at N, = 1.0 is en-
countered as in Type L.

CHEMICAL ENGINEERING PROGRESS

the situation corresponds to the adsorp-
tion of B as contrelling with or without
dissociation, when A is at equilibrinm
adsorption.

In Type I, ¥4, = @, the rate is inde-
pendent of feed composition.  This
means that the desorption of product R
is controlling when K is infinite for the
reaction A4 -+ Be= K. In the extreme
ranges of gas composition in the ab-
sence of either reactant no product can
be formed and hence the rate represents
descrption and not reaction. At low con-
centrations of either A4 or B desorption
of R no longer remains the only rate-
controlling step. )

In Type VI the reaction rate is zero
in the absence of either .4 or B and at-
tains a maximum value near the middle
of the composition range. For catalytic
reactions this situation holds (1) for all
cases where the surface reaction s con-
trotling; (2) where desorption is con-
trolling and K is finite for the reaction
A+ B—= R; and (3) where impact of
an unabsorbed reactant is controlling.
This situation also applies (4} to the
homogeneous bimolecular gas -=action.

The following specific equations apply
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to Type VI and are not shown in
Table 6:

Rate-Controlling

Mecharism
IIr Iv
AN, (1 — ¥}
CETTIE RN, g Rl w)
a¥, {1 — X,)
fa = - g, m{E £ o)
L b/ N N, — Np2
aN, (1 — N
e N0 —N) P
[L+b~/ N, — ¥ 7
oN (1 — N )
= — n n
1+b-/F,)e
aN {1 — N,)
_ 4 4
= TN d a
aN, (1 — ¥,)
4 4
o= 156N, k, o k, o
Fo=< s (1 — N r r

Effect of Extent of Conversion Upon
Caialytic Reaction Rates. To establish
the mechanism of a catalytic reaction by
a study of the effect of conversion upon
reaction rates is too extensive for de-
tailed examination in this paper, Curves
shown in Tables 5 and 6 for the effects
of total pressure and feed comgposition
are for zerc percentage conversion. To
show the effects of conversion each of
these c¢urves would be replaced by a
family of curves, one for each percen-
tage. FEach curve would be of a
shape similar to the parent curve at
zero  conversion but would drop
progressively with increase in per-
centage conversion and reach a zero rate
curve at equilibrium, In general where
adsorption is controlling, the rate curve
plotted against couversion at constant

TABLE 6. INITIAL REACTION RATES OF BIMOLECULAR
GASEOUS REACTIONS.

(Effect of feed composition upon initial reaction rates)

G Na 0

Adsorption of A controlling {with or
without dissoclation of A)
Kechanism 8 and e

TIFE I TYPE IT
~
A zaN, ‘ A ‘. A= adi-N)
W T s e - ()
Q Na o b Na 9
Adsorption of A controlling ( B not Adaorption of B controlling ( A not
adsarbed) adsorbed}
Mec! M q
TYPE 11T TIFE IV

a Na o

Adsorption of B controlling (with or
without disseciation of A)
Mechanism b and f

TYFE V =
R a
k-~
o Na o

Desorption of R controlling (K = oo}
A+ B® )
Mechanism ¢y g 3, m

, and
Desorption of R controlling ?x ¥ro)
(A + BzER + 5
Mechanism ¢; g, j, m, and p

See text for equations]
TYPR VI
- catalysed
o
uncatalyzed
[+] NA [X)
Surface regction controlling
Hechanism d, hy, k, n, and o
Desorption controlling (X ¥ee Y A+BsR)
chanism e, g, j, m, and P

Honeztalytic rezction
Mechanism r

Page 156

CHEMICAL ENGINEERING PROGRESS

pressure and temperature is concave
downwards and where sarface reaction
is controlling is concave upwards - (Fig.
11). For reversible reactions the same
relative effects are observed but the fall-
ing off in rate is more marked.

Effect of Temperature. The effect of
temperature i1s of minor importance in
the selection of reaction mechanisms of
catalytic reactions, contrary to popular
notions, but is indispensable in establish-
ing the entropies and enthalpies of for-

. mation of the activated complex and of

the adsorption compounds of the cata-
lyst with the various reactants and prod-
ucts. This anomalous situation is en-
countered even where the reverse re-
action is negligible. Where adsorption
or desorption are rate-controllirig steps
in irreversible catalytic reactions the
rate is accelerated with increase in tem-
perature whether the over-all reaction is
exothermic or endothermic (Fig. 12).
The same is true for the uncatalyzed
irreversible reaction. However, where
the surface reaction is rate-controlling
the rate increases with temperature to
a maximum value and then decreases, as
shown by Tschernitz, Bornstein, Beck-
mann and Hougen (5). This reversal
of rate is due to the unfavorable effect
of temperature in removing the reac-
tants from the surface which more than
offsets the favorable effect of temper-
ature upon the reaction wvelocity con-
stant,

Summary

In this paper a survey is given of the
general procedures in planning and cor-
relating experimental data on gaseous
reactions catalyzed by solids. Methods
are given for eliminating, minimizing,
or evaluating the temperature and con-
centration gradients in gas films and in
catalyst pellets. A summarized proced-
ure is given for setting up the rate
equations for many postulated mechan-
isms of four simple molecular reactions,
AR, AR+ §; A+ B2R; and
A+B= R4S The selection of re-
action mechanism from the effects of
pressure, feed composition, and extent
conversion and temperature is given,
especially with reference to the visual
appearance of rate curves. After the
mechanism of a reaction has been estab.-
lished the various constants in the ap-
propriate rate equations can be obtained
irom the experimental data by graphical
and statistical methods. These methods
are not presented in this paper, but are
given in (5),

It is recognized that there are short-
comings to the equations presented in
this paper, that chemical reactions are
not as simple as these imply, that several
steps may be rate-controlling, that the
adsorption equilibrium constants may be
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~

Fig. 11b,
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odsorplion of ehe reactont ton-
trolling when othar is no! agsarbed

Fig, 11, Effect of Extent Conversion Upon Catalytic

Reaction Rates,

pressure-dependent as well as temper-
ature-dependent. The present approach
represents an attempt to compromise
between methods which are so involved
in theory as to be beyond the experi-
ences and training of those entrusted to
process design, and methods which are
so empirical as to be unsafe for extra-
polation beyond the range of experimen-
tation,
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Notation

component 4

A=
= activity

a
@4, IR, TR,
@y, a; = activities of compenents

A, B, R, §, I, respec-
tively

surface area per single
catalyst pellet

= surface area of pellets
per unit mass

constant

constant

cotmponent B

specific heat

constant

diameter

mean diffusivity of com-
ponent 4 in a gas mix-
ttere

effective particle diam-
eter equal to diameter
of a sphere having the
same surface area as
the particle

Dy = effective particle diam-
eter equal to diameter
of a sphere having the
same volume as par-
ticle

effectiveness factor

feed rate, moles per unit
time

external void fraction

internal void fraction

)
-l
1l

a
E
I

T O O

=]
il

i

P R
I
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Fig. 12. Effect of Temperature Upon Catalytic

mass velocity

heat of reaction

heat transfer coefficient
of gas film

inert gas

factor for mass transfer

factor for heat transfer

over-all equilibrium con-
stant

adsorption  equilibrium
constants for. compo-
nents 4, B, R, §, I,
respectively

thermal conductivity

mass transfer coefficient
of gas film

reaction velocity constant
for the homogeneous
reaction

reaction velocity constant

Reaction Rates,

T = temperature, absolute
t = temperature
W = mass of catalyst

X:(\/EQrM...p,)( n )%

2D 4m

f’Al“am_ r
X = (’-AH\/"ﬂ Cﬂ-"')*
;. BupCeT k Jy

fractional conversion of
component 4 per mole
of feed

X,=

GREER LETTERS:

L

a, a’, o = constants

viscosity

total pressure

= density

pn = density of bed

pp = density of particle

1l

L
w
P

where adsorption 0f 4 SymscripTs:

is controlling
reaction velocity constant 4, &, 5,7 = components 4, B, &, 5, 1,

where adsorptior: of B respectively

is controlling + = gas filin
reaction velocity constant o = gas film

where desorption ‘of R , = interface

is f:ontmlhr}g » = mean
reaction velocity constant = mass

- m

where surface reaction = L

. . p = particle

is controlling _ §
mean molecular weight s 7 SUrlace

= volume

modulus

mole fraction of compo-
nent A

constant

partial pressure 1.

pressure factor

partial pressures of com- 2

ponents A4, B, R, §, I,
respectively
rate of heat transmission

rate of reaction, moles 4

per unit mass of cata-

lyst 5.

initial rate of reaction,
moles per unit mass of

catalyst 6.

component F
component §
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Hougen, 0.

<

Literature Cited

B. W., Thedos, G. and
Hougen, O, A., Trans. Am. Inst
Chem. Engrs., 39,"1 (1943).

A., and Watson, K. M.,
Ind. Eng. Chem., 35, 529 (1943).

Stevens, William F., and Watson, C.

C. Unpublished thesis, Univ. of

Wis, (1949).

Thiele, E. W., Ind. Eng. Chem., 31,

916 (1939).

Tschernitz, J. 1., Bornsiein, 5., Beck-

mann, R. B, and Hongen, O, A,
Trans. Am. Tust. Chem. Engrs., 42,
883 (1946).

Wilke, C. R., and Hougen, 0. A,

Trans. Am, Insi. Chem. Engrs., 41,
445 (1945).

Page 157



