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ABSTRACT

The kinetics of the catalytic hydrogenation of propylene have been studied in a static
system on 20-40 mesh pumice-supported transition metals of Group VIII'in the periodic table
between 40 and 200° C. at 20-240 mm. Hg of hydrogen pressure and 15-200 mm. Hg of
propylene pressure.

The orders of the reaction with respect to the initial pressures of the reactants,
activfition energies and frequency factors for various catalysts have been determined; The
reaction is mostly zero order with respect to the initial propylene pressure, although a
slightly negative order of -0.05 was observed for rhodium, ruthenium and iridium. The
reaction order with respect to the initial hydrogen pressure ranges from 0.6 to 1.0 for all
metals except osmium. The unuually high order of 1.6 with resi)ect to hydrogen for the

osmium-pumice catalyst is attributed to the strong adsorption of propylene on the surface.

The apparent activation energies for pumice-supported nickel, iron, cobalt,
platinum, palladium, rhodium, iridium, ruthenium, and osmium catalysts arg 13, 10,
8.1, 16, 11, 13, 15, 6.5, and 7.4 kcal/mole, respectively. The order of catalytic activities
of the series of metals is

Rh>Ir> Ru> Pt> Pd> Ni> Fe > Co> Os

The activity of the palladium-pumice catalyst was found to decrease gradually. This is
probably due to the poisoning by mercury vapor.

Attempts have been made to correlate the catalytic activity and activation energy
with the electronic and geometric structures of the metals. The present work shows tt;at
the geometric structure of the metals would affect the activation energy. However, the

catalytic activity is probably determined by the electronic rather than the geometric factor.




The compensation effect was used to correlate the kinetic parameters of the catalysts,

but the most active catalysts deviated considerably from the ove rall correlation.
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I. INTRODUCTION

The catalytic hydrogenation of light olefins has been widely studied in the past -
since the time of Sabatier. In spite of all the work carried out in this field, the nature of
catalytic reaction on the surface of metals and particularly the mechanism of the reaction

are not very clear and need further elucidation.

Though a considerable amount of work has been done in the past on the catalytic

hydrogenation of ethylene, the hydrogenation of propylene, the second one in the series, has

been much neglected.

The catalytic hydrogenation of propylene has been studied in a constant voiume
system over all the transition metals of Group VIII, supported on pumice, for a wide range

of temperature and reactants' pressures.

The object of the detailed kinetic study of the catalytic hydrogenation of propylene
was:

1. to study the behaviour shown by all the metals of the serié¢s and to determine

their activation energies, frequency factors and relative catalytic activities.

2. to find if the geometric or electronic structures of the metals are related

in any way to the catalytic activity.

3. to correlate the kinetic parameters of the catalysts to the properties of the

metals, and finzally,

4, to find out as to how the kinetiés of the propylene hydrogenation differ from

ethylene hydrogenation over the same type of catalysts.



II. LITERATURE SI{RVEY

]

The literature on 'c‘éfaiytic hydrogenation of light olefins, especially of ethylene,
is voluminous. This chapter is divided into four sections. The first part is a general

review of the experimental work done on the hydrogenatfon of light oléfins, particularly of

5,6, = '
P "Zan;l.Sc*huit and van Reijen(41)

ethylene. Studies made by Beeck and his co-workeréé’i'
are described in detail in the second part. A brief survey of the postulated mechanisms for
the hydrogenation reaction is given in the third section. In the last section, the compen-

sation effect is discussed.

Results of studies on the hydrogenation of light olefins have been reviewed by

ey( 16, 17, 19)’ Bon d(s, 10) (26) (29) (47).

However,

El , Hoelscher et al. °, Laidler , and Taylor

the most recent review on this topic was made by Bond and Wells(ll).

. A. The Kinetics of Catalytic Hydrogenation of Light Olefins

1. Olefin Hydrogenation over Nickel

The hydrogenation of ethylene with nickel as catalyst has been widely studied.
Substantially agreeable results have been recorded by Rideal and co-workers(27’ 39, 51),
Schuster(42), Twigg(sz’ 53), Beeck and co-workers(‘;’ 5, 6, 7), Schuit and van Reijen(‘u),' and
Paul, Comings and Smith(34), All these hydrogenation studies, witﬁ the exception of that S
by Paul et al., were made at pressures lower than atmospheric in static systems. Paul

et al., however, used a differential reactor and studied the hydrogenation reaction over a

pressure range of 1 to 5 atmospheres.

The resultsof the above investigators showed that at temperatures below100°C. ,

the rate is given approximately by




r= k (Pp™ (Pyn (I-1)
where k is the rate constant, P{ and Py are the pressuresof hydrogen and olefin, respect-
ively. The order of reaction of hydrogen, m, is geﬁerally found toibe unity or less, and the
order of ethylene, n, is zero. However, fractional orders of m and n have been reported
27, 41).A zero order reaction, although infrequent, was observed by some investigators
(25,51) The ethane formed has no effect on the rate of reaction other than that of dilution,
At room temperatures, values of apparent activ;ation energy hai.v'eA been determined to be

3.2(39), 3.6(42), 4 6(40) g 2(52), 10.7(9, 11.6 Kcal/mole34). The last three values

seem more acceptable.

As the reaction temperature is increased, the Arrhenius plot (log r vs. 1/T)
begins to fall off, and usually peaks at 130° to 200° C., depending on gas pressure and
composition(27’ 53, 56). But the peak at 60° C. has been reported at low pressure by

Zur Strassen(ss)

who found that the temperature optimum decreasedas te’partial pressure
of ethylene was lowered. Jenkin(‘27) found 160° - 165° C. as a temperature optimum

~ when: the’partial pressure of ethylene was 20 mm. Hg,

Analysis of the kinetic data is made very difficult due to the coverage of a
large part of the catalyst surface with an acetylenic complex which dees not itself enter
into the hydrogenation reaction. Beeckl 5), Jenkins and Rideal(27) reported that upon
addition of ethylene to a clean nickel surface, ethane appeared in the gas phase., This
"gelf-hydrogenation" was explained by the postulation that the ethylene molecule underwent

dissociative chemisorption to form two chemisorbed hydrogen atoms and the "acetylenic

CH = CH
Ni - Ni

hydrogen atoms to give un-adsorbed ethane. Jenkins and Ridea1(27) found that the final

complex" Ethylene from the gas phase then reacted with the adsorbed

structure of the nickel film on admission of the two gases was of some 80% coverage by




acetylenic complexes, 10% by hydrogen on double sites, and 10% on single sites. This
chemisorbed hydrogen on thie 10% of double sites on the covered surface readily reacted with
.- gaseous ethylene to form ethane. This poisoning by ethylene, however, has been observed

by most of investigators.

(42)

Schuster reported that the hydrogenation of ethylene and propylene over 1%

nickel-charcoal was first order with respect to hydrogen. He also found that the activation

energy increased with increasing molecular weight of olefin.

Both ethylene and propylene hydrogenations have been investigated over nickel

(48, 49, 50)

filaments over a wide range of temperature by Toyama He concluded that in the

low temperature range of -78° to 0°C. the rate equation

PH Py

(1+ BPj + CPp? (II-2)

r= A
based on Langmuir's isotherm explained the experimental results quite satisfactorily. ‘
This implied that surface reaction between the two atlsorbed reactants was the rate-controlling
step. But in the temperature range of 99° to 165° C. , ‘he found that the approximated form
of the equation r = APy PU/ (1+ BPyy) was acceptable. This approximated form was also
used to correlate his experimental results on propylene hydrogenation in the temperature
range of 25-178°C. The activationenergies br ethylene and propylene hydrogenations were

6 kcal/mole and 2 kcal/mole, respectively. The lower values of the activation energies may

be due to the poisoning of catalyst,which was clearly observed during these investigations.

The hydrogenation of propylene over nickel film produced by the thermal decom-
position of nickel carbonyl was studied by Baker and Bernstein(l). For equimolar mixtures

of hydrogen and propylene at 37° and 80°C., the rate was expressed satisfactorily by the




equation r = APZ/(l + BP2), where P is the partial pressure of either reactant. The theory

of competitive adsorption was also postulated.

Fair(zs) studied the hydrogenation of propylene and isobutylene over a nickel-
kieselguhr catalyst between 100° and 200° F., at pressures of 1 to 4 atmospheres, for
feed compositionsof 20-33% olefins, He found that the rate-determining step of the reaction

was a surface reaction taking place between adsorbed hydrogen atoms and olefin molecules.

2. Olefin Hydrogenation over other Metals

Farkas and Farkas(24) used a platinized platinum foil to hydrogenate ethylene in

a static system. The pressure-time curve was represented approximately by the equation:

P - Py exp (-kt) (1i-3)

where Py and P are the pressures of the reactant (not in excess) at the start of the reaction
and at any time t respectively. It was found that the initial rate increased as initial hydrogen
pressure increased, but increased with decreased ethylene pressures, thus supporting the
notion of competitive adsorption. For 40 mm. Hg of hydrogén and 20 mm. Hg of ethylene,

a maximum rate occurred at about 160° C. Below 160° C. an activation energy of‘ 10 keal/mol
was estimated. Postovskaya(?’s) found that the rate expression, r -_-k (PH)_1 (PU)°, could
explain the hydrogenation of ethylene over platinized silica gel. He obtained an overall
activation energy of 4.3 kcal/mole in the temperature range of 44° to 138° C., which is

considerably smaller than the usually reported values.

The hydrogenation of propylene over platinum-aluminum catalyst was studied by
Rogers(4o) in a flow system. The study was restricted to a narrow temperature range of

1. 4° to 34. 3% C., for a pressure range of 0.25 to 4 atmospheres, and feed compositions



of propylene from 5 to 45 mole %. The reaction rate was found to increase with the
decreas-ed partial pressures of propylene, although the reaction was practically of zero

- order with respect to propylene at low temperatures. The activation energy was found to
be 15 kcal/mole. It was suggested that the rate-controlling step was the surface reaction
between mdlecularly adsorbed hydrogen and the adsorbed propylene, both competing for

the same site.

Kayser and I;Ioelscher(zs) investigated the hydrogenation of propylene over
alumina-supported palfadium in a differential packed-bed reactor. They reported that the
rate—controilingg_’_cep in the reaction was the mass transfer of the reactants from the
ambient gas stream to the catalyst surface.The activation energy was found to be 11.7 keal/

mole in the temperature range of 55° to 75° C.

The hydrogenation of ethylene, propylene, and 2-butene over iron catalyst was
reported by Emmett and Gray(zl). At -20°C. the relative reaction rates for ethylene,
prﬁpylene .and 2-butene were 1:0.47:0.16. The apparent activation energies for the same
gseries were 4.2 (-20° to -50° C.), 3.2 (-5° to -6¢° C.) and 2.8 kcal/mole (-29° to  20°C.).
The order of the reaction was approximately 0.6 with respect to hydrogen pressure for the
threé olefins studied. The reaction order was slightly positive with respect to ethylene,

negative with respect to propylene, and zero order with respect to 2-butene.

Several hydrogenation studies have been made by using copper catalysts.
Pease(35’ 36) found that the order of hydrogenation reaction of ethylene changed with tempe-
rature. The rate g_guld be approximately expressed as r = kPHlPUO' 5 at 0°C. ,

151

T = k'PHlPU0 at 100° C., and r = k"'Py PU at 200° C.,with apparent activation energies

falling from 13. 2 kecal (0-100° C.) to 10.8 kca1(150°-200° C.), and to 7.0 kcal (200°0-250°C.).




Constable( 14 found that the maximum rate of ethylene hydrogenation at 0° C. occurred at
18% ethylene, but as the temperature was raised to 109° C. and 200° C., the optimum values

increased to 42% and 50%, respectively.

Wynkoop and Wilhelm(ss) investigated the hydrogenation of ethylene over a 50-50
mole % copper-magnesia catalyst in a fixed-bed flow-type reactor. The reaction was first
order with respect to hydrogen, with an apparent activation energy of 13.3 keal/mole.
Sussmann and Potter(45) used the same catalyst to hydrogenate propylene. They used the
Hougen-Watson method to correlate their own data and those obtained by Wynkoop and
Wilhelm. For constant propyleng pressure, the reaction rate changed linearly with
hydrogen concentration, and for constant hydrogen pressure, it increased at low propylene
concentrations, but decreased at moderate and high concentrations. Propane reduced the
reaction rate, The activation energy in the tempe;féfture range 48°-76° C. at 1 atmosphere
was found to be 10. 46 kcal/mole, It was found that most likely the rate-determining step

was the surface reaction between the adsorbed olefin and atomically adsorbed hydrogen.

B. The Work of Beeck(s) and of Schuit and van Reiien(41).

Beeck contributed a major study on the adsorptive and catalytic properties of
evaporated metal films. He studied ethylene' hydrogenation over a series of metal films
in a non-flow system with a magnetically driven glass turbine to circulafe the gas inside
the reaction vessel. He found that in all cases the reaction rate could be expressed by
r=k (PH)1 (PU)O. The remarkable difference in reaction rates was attributed to the
temperature-independent constants, since the activation energies are 10,7 keal/mole for
all catalysts, (though 2.4 keal/mole for tungsten). The effect of pretreatment of fresh

‘nickel film with ethylene was studied, and Beeck gave the following figures for the rates




of hydrogenation at 0° C. after the pretreatment, as a percentage of the rate over fresh-

catalyst: Ta 10%, W 20%, Ni 40%, Ptand Rh 95%.

In order to investigate the influence of the electronic structure of the different
metals, Beeck measured the differential heat of adsorption as a function of coverage of the
catalyst surface for hydrogen and ethylene. The results for hydrogen at 23° C. are given
in Figure 1. It shows that metals with the largest initial heats of adsorption deviate most
from Langmuir behaviour. Adeorption curves for ethylene show similar trends, except that

the heats of adsorption are: much higher,

Beeck found that the rate of the hydrogenation of ethylene over evaporated films
of transition elements depended strongly ég’,on the heat of adsorption of either ethylene or
hydrogen. Figure 2 shows the initial heats of adsorption of hydrogen over sparsely covered
surfaces, plotted against the logarithm of the rate constants. A p,afallel curve was obtained

for ethylene also.

An attempt to relate the phenomenon of heterogeneous catalysis to the nature of
the chemical bond was also made by correlating the heat of adsorption and the rate constant

with percentage d-character of the cohesive metallic bond.

The transition metals are characterized by a partially filled electronic d-sKell. N
Pauling(33) developed his theory to interpret the cohesive bonding strength shown by the
various metals by assuming thét some of the d-orbitals are not available fér bond formation.
Starting from this hypothesis, he calculated the percentage d—chafacters of various metals.

In simple terms, the percentage d-character is an indication of the degree of participation

of the d-electrons in that bond. The percentage d-characters of some metals are listed

in Table 1.




Q', kcal/mole

53 04 08 08 10
Frcction of surface covered

Figure 1. Heats of adsorption of hydrogen.

(From Reference 5 ).

Q, kcal/mole

Tdo\ ow
Cr°

R¢_Rh

——C

-4,0 -3.0 =-2.0 -0 0.0
Log kK

Figure 2. Correlation of heat of adsorption
of hydrogen with logarithm rate constant.

(From Reference 5).
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Tf a metal has a high d-character, then there will be'a low. d-eléctron availability
for covalent bonding with a molecule being adsorbed. Thus, thé greaterbthe percentage d-
character, the lower are the heats of adsorption, and the higher are the rates of reaction.
This could be seen from Beeck's correlations given in Figures 3 and 4. It is interesting to
note that the large increase in the rate of reaction observeti from iron to rhodium for a
relatively small decrease in heat of adsorption (Figure 2) can be shown more clearly when
plotted against percentage d-character (Figure 4). A review of the electronic considefation

(2)

in hei:erogeneb,us catalysis was made by Baker and Jenkins' .

Table 1. Percentage d-characters of
some Transition Metals

Mn Fe Co Ni Cu
40.1 39.5 39.7 40 36
Tc Ru Rh- Pd Ag
46 50 50 46 36
Re Os Ir Pt Au
46 49 49 44 -

Another important study was made by Schuit and van Reijen(41), who followed
Beeck's work, except that they used metal-on=silica catalysts instead of evaporated films,
Their study showed the similarity between the two systems, one using commercial supported

metal catalyst and the other, special evaporated metal film. '

Extensive investigations of the physical and chemical adsorptions, and catalytic “
properties of supported nickel catalyst were carried out. They found that the trend of the heat

of adsorption for hydrogen was similar to the one found by Beeck.

Power Rate Law, due to Schuit and van Reijen, was used to correlate the data

of hydrogenation of ethylene over supported catalysts.




°Ta
130T
o
S w
]
§ oCr
S oot
-
° Fe
C \,Ni
so} N— Rh
35 40 45 50

% d-character

% ¢-character

Fieure 3. Correlation of heat of adsorption

of ethylene with *s d-character of metals.
(from Reference 5)

36

Ri

o
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Ficure 4. Correlation of rate constant for

ethylene hydrogenation with % d-character

of metals (from Reference 5).

1



12

The Power Rate Law assumes that the rate of an arbitrary reaction

aA + bB === (Ag Bb)x—-e Product(s) may be simply expressed as:
m
r= kPA PBn : (II-4)

where k is the rate constant and m, n are the experimentally determined orders of reaction
of reactants A and B,respectively, generally not equal to the number of molecules of A and
B participating in the stoichiometric equation. Strictly speaking, the‘Powér"l'i"éﬁf‘éwLaw treats

the kinetics of a heterpgeneous reaction as a homogeneous reaction.

The kinetic results of their work are shown in Table 2, in which the catalytic

i
/
/
/

activity relative to rhodium (the relative reaction rates at a standard set of conditions) is g

also given. For comparison, the results of Beeck are also included.

it can  be seen #hat the kinetics of the reaction differs considerably between the
two systems. Schuit and van Reijen found that in all cases, the hydrogen exponent, m, was
less than one,and a negative ethylene order, n, was obtained for all active catalysts except
platinum. Beeck found that the reaction was always zero(order with respect to ethylene
and first <;rder with respect to hydrogen. Over the temperature range of 195° to 273° K., L
Schuit and van Reijen obtained . an activation energy of 8. 4% 0.4 kecal/mole for all catalysts.

However, 10.7 kcal/mole was noted for metal films by Beeck.




Table 2. Kinetics of Ethylene Hydrogenation and Relative
Activities of Various Metals. (From Reference 41)

Metal Temperature m n log (activity relative
o K. to rhodium)
Supported Evaporated
.  Catalyst{4)  Fiim ©
Rh 197 €.85+0.11 -0.7410. 18 0 0
Ru 203 0.95+ 0. 05 -0.59+ 0.08 -0.3
Pd 243 0.66+0,05 -0.03+0.07 -0.9 -0.6
Pt 233 0.77+ 0.07 0.25+ 0.07 -1.5 -1.6
Ni 233 0.67+0.10 -0.08% 0.12 -1.5 -2.8
Ir -2.0
Co 213 0.55+ 0,06 -0.19+ 0.10 -2.1
Fe 303 0.91+ 0. 11 -0.04+0.13 -3.4 -3.0
Cu 353 0.69+ 0.09 0.06+ 0.12 -4.1

C. The Mechanism of Catalytic Hydrogenation of Light Olefins

Though many studies have been made on the kinetics of the catalytic hydrogenation
of light olefins, no satisfactory. mechanism has been proposed yet. Theories advanced so far

are not in agreement; sometimes they are even contradicting.

A knowledge of the species that are formed when olefins become chemisnrbed, is

S

of great importance. Eley‘us) supported the "associative' mechanism based on the agreement
between experimental and calculated values of heats of adsorption. Beeck et al. (4, 5),
Jenkins and Ridea1(27) favoured the "dissociative' mechanism, in view of the evidence of the
. < (20, 31, 43)
self-hydrogenation of ethylene. The new technigue has enabled many workers
to investigate the form of olefins over the supported metals. The results showed that both ‘
"gssociative" and "dissociative" forms could exist, depending on the nature of surface,
temperature, partial pressures of hydrogen, and the presence or absence of a layer of

preadsorbed hydrogen. Unfortunately, reliable information on the adsorbed state of an

olefin during hydrogenation is not available.
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The establishment of a mechanism through which olefins are'hydrogenated ona
metal surface is hampered by the complexity of the reaction. Two types of mechanism
have been postulated in the past. The first type is the Langmuir-Hinshelwood mechanism
which states that the reaction proceeds through the adsorption of the two species on adjacent

sites, followed by their interaction and the desorption of product(s). To elucidate this

- 30
mechanism, Laidler( ) presented a theoretical approach based on Absolute Rate Theory.

(24, 48) (1, 40, 45, 46, 55)

The experimental results obtained in static systems and in flow systems

support this mechanism.

The second type, Rideal-Eley mechanism, assumes that the reaction involves
interaction between a surface-adsorbed atcm or molecule and a gé.seous molecule, Two
distinctive mechanisms are possible in this case. Rideal and his co-workers(27° 51),

Paul et al. (34) and Beeck(4) suggested that hydrogen is adsorbed on the small fraction

of the surface not occupied by acetylenic complex and the reaction takes place between the
aﬁdsorbed hydrogen and ethylene in the gas phase. An alternative possibility is that the
adsorbed ethylene molecules react with gaseous hydrogen molecules inthe van der Waals layer
above and between chemisorbed molecules of ethylene. This mechanism has been supported
by Eyring(zz), and Twigg(sz’ 53),

The complexity of heterogeneous reactions makes it impossible to thake a ‘
distinctioh between the various postulated mechanisms on the basis of kinetic meaSure-
ment alone. Moreover, most studies on the hydrogenation of ethylene were made over a
nickel catalyst. The information cn the use of other catalysts is rarely available. There-

fore, extensive research is required for a satisfactory explanation of the mechanism of

olefin hydrogenation.
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D. Catalytic Activity and thé Compensation Effect

A survey of heterogeneous catalysis reveals that two different approaches have
been used to correlaﬁe the catalytic activity., In the first approach, a given reaction is
studied over a series of catalysts, and some kinetic parameters are corv¥élated to the
properties of the solid catalyst or of a complex between the catflyst and reactants. In the
second approach, a series of related reactions are investigated on a certain catalyst and

some kinetic parameters are used for correlating the properties of the reacting molecules

The activity can be defined as the rate constént k, or as the rate itself under the
same conditions. Since it is generally true thatthe empirical rate constant k obeys-the «
Arrhenius equation, k = A exp (-E/RT), activity variations are the result of variations in

the activation energy E or in the frequency factor A, orin both 's_ir'nultaneou_sly.
A frequently observed linear relation between log A and E

logA=mE+ C (II-5)
is of great interest. This is usually referred to as the compensation effect or the Theta ﬁ

Rule in literature.

The former name is meaningful, since an increase in log A at constant E implies
a higher rate, while an increase in E at constant log A implies a lower rate, and a simulta-
neous increase or decrease in E and log A therefore tend to ‘:t’;o'mpeusate the rate constant,
and hence reaction rate, as could be seen from the Arrhenjus equation. Furthermore, when
a compensation effect exists, it is possible to observe marked variations in E and log A for
a relatively small change in activity; alternatively when the effect does not exist (i.e., when

either E or log A alone changes), marked variation in activity results.
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Few attempts have been made o interpret the nature of the compensation effect,

but none can be considered as satisfactory. These interpretations were reviewed by

(15) (10)

Cremer and Bond .
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II. EXPERIMENTAL

A. Apparatus

The apparatus consisted essentially of four sections:
(1) a section for the purification and storage of hydrogen
(2) a section for the purification and storage of propylene
(3) a reaction section, and
(4) a standard high vacuum system.

A schematic diagram of the apparatus is presented in Figure 5.

The first two will be described under the title, purification of reactants. The
reaction section mainly consisted of a pyrex reaction vessel, R, attached to a manometer
Mjwhich was in turn fixed on a mirror scale G. The capacity of the reaction vessel R was
about 130 cc., including 15 cc. for glass tube lines, A furpace with a heating element was

used to maintain the reaction vessel at the desired temperature, by either a Fisher model 44

temperature controller below 160° C. , or Honeywell's Pyr-O-Vane Temperature Controller
above 160° C. The sensing elements W, of the temperature controllers were inserted into ‘
the furnace near the heating element. The temperature of the vessel could be controlled

to within + 0.1° C. by the Fisher model 44, but within + 1° C. by the Honeywell temperature |

controller.

The catalyst was placed at the bottom of the vessel, and its temperature was
measured by the thermocouple W, attached to the bottom and connected to a Honeywell

potentiometer. The thermocouple and the potentiometer were calibrated at 0° and 100° C.

The other three sections were all connected to the standard high vacuum system

through a manifold. The high vacuum was obtained by a mercury diffusion pump D, backed by




Figure E. Schematic diagram of the apparatus
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a rotary oil pump P.Two liquid nitrogen traps T; and T, were used for condensing organic
compounds and thus accelerating the pumping speed. The vacuum attained by the system
was meaéured by Vacustat V, manufactured by: E'dwards Co. Vacustat V was connected at
the other end of the manifold., A vacuum of 0.001 mm. Hg could be obtained in the apparatus

in 5-10 minutes.

B. Purification of Reactants

1. Hydrogen:

Hydrogen in cylinders supplied by Linde Co. was purified before use. It was first
passed over a palladium-asbestos catalyst in the vessel S at a temperature of about 200°C.
The purpose of this was to convert residual oxygen left in the previously evacuated connection
hose, and oxygen impurity(less than 0.005% as noted)in the cylinded .hy\drogen into water
vapour. Water thus formed was condensed in the liquid nitrogen trap ;1‘3. To prevent
contintdous infiltration of atmospheric air into the hydro‘gen stream through the connections,
the upper parf of the vessel was kept at 3 psig. The purified hydrogen was first pumped out
for fifteen minutes, and then was stored in the bulb A or used as such for reduction of the
catalysts. It usually took about 3 hours to fill the 5-litre bulb.A with purified hydrogen at

1 atmosphere pressure. ‘

2. Propylene:

A C.P. grade propylene cylinder from Matheson Co. was used. Propylene
from the cylinder was introduced to the fractional distillation system and condensed in one
of the two fractionating bulbs F (Figure 5) by liquid nitrogen. The gas was released on
gentle warming. The head and tail fractions were rejected and the middle fraction con-
densed in the second liquid nitrogen trap. The second trap was warmed and the middle

fraction containing pure dry propylene was collected and stored in the 3-litre reservoirB.
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C. Preparation of Catalysts

Catalysts of group VIII metals were all supported on pumice,which is an inert

porous carrier with a low surface area,less than 1 m2 gm, -1 ‘10). In order to investigate
the kinetics of catalytic hydrogenation of propylene over a series of catalysts, and to
compare their activities thereafter, it was essential to prepare all the catalysts in the

same manner as far as possible.

Since all the catalysts, except osmium {(due to its peculiar physical properties),
were prepared in the same way, only the procedure for the preparation of the nickel and
osmium catalysts is described in detail here. The catalysts studied in the present work
are given in Appendix A. General infdrfhation about the preparation of the catalysts has been

given by Ciapetta and Pla.nk(13).

1. Preparation of Nickel Catalyst

The pumice-supported nickel catalyst (10% by weight of nickel) was prepared
by impregnating 20-40 mesh crushed pumice stone, supplied by Fisher Scientific Co., with
nickel nitrate sclution. The pumice stones were cleaned by boiling with concenfrated
hydrochloric acid for half an hour, and washed with warm distilied water until the addition ‘
of a silver nitrate solution did not give any precipitate. The pumice granules were dried in
an oven at 105° C. for about 10 hours. Nickel nitrate solution containing 4. 9532 grams of
Ni(NOs),, 6H,0, or equivalent to 1 gram of nickel, was mixed with 9 grams of pumice
granules in a crucible. The mixture was vigorously stirred for one hour and slowly
evaporated to dryness in an oven at 105° C. for at least 10 hours at 400° C, in a muffle

furnace.
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2. Preparation of Osmium Catalyst

(

It is known

32, 49) that osmium has a remarkable tendency to combine with oxygen
to form the volatile tetrcxide even at room temperature. Therefore, the method described

above for the preparation of nickel catalyst could not be used to prepare the osmium catalyst.
Osmium catalysts were generally prepared by reducing an aqueous solution of osmium salts,

(32)

or of osmium tetroxide by an alkali formate'"“’. In this work ammonium chlorosmate

(NH,4),0sClg,which does not decompose below 170° C., was used. It could be reduced to

osmium sponge when heated in hydrogen. Furthermore, it is sparingly soluble in water(32’ 44).

Pumice-supported osmium catalyst was prepared as fcllows: a weighed 20-40
mesh pumice stone was impregnated with an aqueous solution ofa lnown ampunt of ammonium
chlorosmate in a flask. The mixture was placed in a water bath, and dried in a stream of

nitrogen. The dried pumice-supported salt was then stored in a bottle for future use.

D. Reduction and Aging of Catalysts

A weighed amount of the catalyst was placed on the bottom of reaction vessel
and the vessel sealed. After the reactor had been evacuated to below 0.001 mm. Hg. at ‘
400°C. purified hydrogen was admitted into the reaction vessel. The catalyst thus underwent
"reduction‘ in a stream of hydrogen (approximately at the rate of 6 liters per hour) at 400°C.
for 10 hours. Water vapour or HCI vapour formed was expelled by the hydrogen stream.

After 10 hours, the flow of hydrogen was stopped and the vessel allowed to cocl to 30°C.

Each fresh catalyst sample was extremely active, but its activity decreased
exponentially run after run before a stable value was reached. This time lapse befere the
catalyst gets stabilized is generally known as the aging period. The time required for the

* aging of the catalyst generally depends on the method of treatment and the nature of the
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catalyst itself. In the present study, the aging or stabilization of the catalyst was attained
by hydrogenating the clefin over the catalyst for a sufficient period at 30° C. , 8o that no

further drop in activity was observed. The initial pressures of hydrogen and propylene

used for such stabilization were always 120 and 30 mm. Hg., respectively.

For platinum, it required only 15 runs before the catalyst became stabilized,
whereas for most of the catalysts studied, more than 30 runs were necessary. In some
cases when the reaction was either too fast or too slow to be measured over the temperature

range (30° - 160° C.), a new estimated amount of catalyst was used. This new catalyst was

reduced and aged similarly.

The aging curve of jhe platinum catalyst is given in Figure 6. It is readily seen
that the activity of the catalyst after aging was much less than that at the beginning. The

reasonf for this has been discussed by Beeck, Rideal, et al. (see Chapter I-A).

E. Experimental Procedure

The required weight of the catalyst was placed in the reaction vessel, and was
reduced in the way described previously. At the start of the run, the hydrogen in the o
reaction vessel was pumped off and a high ¥acuum (less than 0. 001 mm. Hg, ) was obtained. ‘
The reactants were admitted in succession. After one of the reactants was admitted to
the reacfion vessel, the connecting lines between the reaction vessel and storage vessels

were evacuated for 2 minutes. The second reactant was then admitted. In most of the runs,

hydrogen was admitted first.

Hydrogen was introduced into the reaction vessel prior to propylene so as to

avoid undesired access of olefin to catalyst. The 15-minute evacuation time of the reaction
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Figure 6. Aging curve of platinum-pumice catalyst for propylene
hydrogenation
Temperature = 30° C., Py = 120 + 1 mm. Hg, Py, = 30 + 1 mm.Hg
(Run number 197 is the first run over the catalyst, See g[‘able 9.)
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vessel was arbitrarily set. It was observéd that ‘a. vacuum in the reaction vessel of the

order of 0.001 mm, Hg. could be obtained in less than 10 minutes.
' The following procedure was adopted for studying the kinetics of the catalyst: ,f

1. The dependence of reaction rates on the initial hydrogen pressure Py , Was investigated
at several temperatures by taking a series of runs at constant initial pressure of propylene

(at 30 mm. Hg.) while the hydrogen pressure was varied.

2. The :dependence of reaction rates on the initial propylene pressure PCsHs was investigated

at several temperatures by taking a series of runs at constant PH2 while PC;,H o Was varied,

At a particular temperature, a series of runs were made at random, in order to
reduce experimental error to a minimum in the evaluation of the reaction order due to the

change of the.catalytic activity. . In the present study, reactions between 120 mm. 'Hg. of

hydrogen and 30 mm. Hg, of propylene were considered as standard runs. The activity ofthe

catalyst was checked periodically by the rates of these standard runs.

AT R RS S A ST s O D s e e

It was found that once a catalyst had been aged to stable activity, it remained
fairly stable for several days. It was considered desirable to finish the runs in as short
a time as possible. Usually, the necessary runs at two or three different temperatures
\\;ere made in a day. Inbetween a series of runs, the catalyst was léft in hydrogen at a

pressure of 100 mm. Hg.

The catalytic hydrogenation of propylene was studied over various catalysts

between 40° and 200° C. for 20-240 mm. Hg. of hydrogen and 15-200 mm. Hg. of propylene.
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F. Chromatographic Analysis

Previous workers( 1, 23, 28, 40, 45)

repbrted that at moderate témperature neither
any side reaction nor pyrclysis was observed in the hydrogenation of propylene. In the
hydrogenation reactions over palladium, irom, cobalt and osmium in the present study, some
qualitative sample analyses have been done by means of a Perkin Elmer Vapour Fractometer.
The results obtained in these analyses agreed very well with those reported by the previous
workers.

A typical analysis chart for run number 263 ig shown in fi-gure ‘8, in which the
specifications of the analyzer and operating conditions are also listed. The presence of an

excess amount of hydrogen in the sample resulted in the formation of a peak, though the

conductivity of hydrogen is very close to that of helium.

Since two moles of reactants produce one mole of product, the rate of reaction

can be simply expressed as:

r= PcH;, . _ @ @ -1)
dt dt

where PC3H 8 is the pressure of propane formed, and P, total pregsure in the reactor.
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IV. RESULTS

A. Interpretation of Experimental Data

The Power Rate Law (see Chapter II-B) was used to correlate the experimental
results. It was found to be satisfactory for calculating the kinetic parameters in the

experimental ranges studied, except at very low pressures of propylene.

According to the Power Rate Law, the initial rate of the reaction, 7y, can be
exbressed as:
Ty = kPHngC;;H n (IV-1)
= A exp (-E/RT) , (IV-2)
E is the activation energy, k is the rate constant, and A is the frequency factor.. | PH2 and
Pcsﬁs represent the initial pressures of hydrogen and propylene, respectively. The ex-
ponents m and n are the orders of the reaction with respect to hydrogen and propyiene,

respectively. The units of ry and A are mm, Hg/(min, -gm. metal).

Since it was impossible to obtain :a: measurable reaction rate (less than
15 mm, Hg/min.) at moderate temperature by using 1 gm. of metal in this system, the
initial ratés ry' obtained by the experiments are based on the particular weight of the

metal used. Therefore, ry can be estimated by the following relationship:

ry = ry' /(weight of metal) (IV-3)

The initial rate ry' of the reaction over a catalyst is the slope of the curve of
total pressure drop Qersus reaction time. The kinetic paré.meters m, n, E and A can be
estimated if the values of the iniﬁal rates at various conditions, i.e., reaction temperature,
reactant pressure, are available. Ata particular reaction temperature, the pressure

exponenté"'m‘ and n are determined by the slopes of Log ry' vs. Log PH2 at constant P CHg
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and of Log ry' vs. Log PC;,HG at constant Py , 28 shown in the following equations:

d LOg I‘o'

m=| ——— (IV-4)
d Log Py,

T, PcgHg
and

n=| dLogxy {IV-5)
d Log Pc.H,
' T, PH2

The activation energy E is calculated from the slope of the Arrhenius plot of

Log r, azainst 1/T as expressed by the following equation:

d Log 1y
d(1/T)

E=-2.303R (IV-6)

PH, PCgH,
In the present study, the logarithmic values of the initial rates of standard runs g, i.e.,
the initial rates measured at 120 mm. Hg of hydrogen and 30 mm. Hg of propylene, were

chosen for this plot. The frequency factor A can then be estimated from equation (IV-2).

The experimental data in the present work are shown in Appendix B, Sample
calculations of the kinetic parameters of the hydrogenation of propylene over the platinum-~

pumice catalyst are given in Appendix C.

In the experimental data reported in Appendix B, the pressures could be
measured with an accuracy of + 0.3 mm. Hg. At moderate rates of 10 mm, Hg/’rriin. ’
the error in the cbserved reaction rate would be of the order of + 3%. The error of the
pressure dependency orders is within + 0. 05 for all catalysts, except for osmium. Due
to the scattering of the data, the error of the pressure dependency orders amounts to

+ 0. 2 for osmium,
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In all cases, the method of least squares was employed for estimating the acti-
vation energy and the frequency factor. The probable errors of activation energy and
frequency factor thus calculated depend on the experimental data for each catalyst. In

general, the results show that the probable error in the activation energy E is within + 10%

and that of Log A within £ 5 %.

B. Reaction over Nickel

The experimental data obtained for the hydrogenaticn of propylene over 0. 460 gm.

‘of 10% nickel-pumice catalyst are given in Table 6.

The reaction had a measurable rate at 60° C. in the pressure ranges of the
reactants studied. When the catalyst attained a constant activity, the data were taken.
The pressure-fall against time curves observed at 20° C, for the various ratios R cf initial
hydrogen pressure to initial propylene pressure, are shown in Figure 2. It can be seen that
the pressure decreases linearly with reaction time at the initial stage. The initial rates

can thus be obtained from the siopes of these lines. .

The dependence of the initial rate on the initial hydrogen and propylene pressures
at various temperatures is shown in Figures 9 and 10. The reaction order with respect to
hydregen is one (Figure 9) and with respect to propylene,zerc (Figure 10). These results
are consistent with the findings of most of the investigators for the hydragenation of ethylene
on the nickel catalysts. The reacticn rate, therefore, can be expressed as:

0.0

r=k (PH2)1‘ 0 Pou) (IV-7)

¢

The Avrhenilis plot of log v, g against 1/T for the reaetion between the temperature range

of 50° to 100° C. (Figure 11) gives an activation energy of 13 kcal/mole, and a frequency
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factor of 1.0 x 1010 mm, Hg/(min, -gm. metal).

C. Reaction over Iron

The experimental data obtained for the hydrogenation of propylene over 0.785 gm.
of 20% iron-pumice catalyst are listed in Table 7, The reaction had a measurable fate at

50° C. When the catalyst attained a constant activity, the data were taken. The pressure-

time curves were of the same shape as obtained with the nickel-pumice catalyst.

The dependence of the initial rate on the initial hydrogen pressure at various
temperatures is shown in Figure 12. Over the iron-pumice catalyst, the reaction order
with respect to hydrogen is 0.65. An interesting result, however, was obse;cved while
studying the dependence of the initial rate on the initial propylene pressure Pc,. When
the initial hydrogen j)ressure PH2 is kept constant (Figure 13), the initial rate rq increases
exponentially with increased PC3H s in the low pressure range, and then attains a constant
vaiue at a certain Pcsﬁa‘ This pressure depends on the reaction temperature and PHZ'
The higher the temperature, the greater is the value of P H, required for ry' to reach fe
the constant rate. This can be seen by comparing the Ty’ Vs. PCSHs curves at various
temperatures, when PH2 is kept constant at 60 mm, Hg. {Figure 13). Similarly when PH2
increases, the required PCSHS increases proportionally. As shown in Figure 18, rp'

reaches a constant value around PCsHe of 60 mm. Hg. and PHa of 60 mm. Hg. at 19°C.

However, r,' reaches a constant value around Pc.H, of 120 mm. Hg, at the same

(19

temperature, when PH2 is raised to 120 mm. Hg. Constable reported a simila?

phenomenon,while studying the hydrogenation of ethylene over a copper catalyst,

It was noted that when propylene was first admitted into the reaction vessel,

the rate was somewhat smaller than when hydrogen was admitted first. In some cases,
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complete inhibition also resulted(3% 46)  In the present study, a 10% decrease in the reaction

rate resulting from admitting ﬁ'géijylene first was observed (run numbers 129 to 133, Table 7).

The Arrhenius plot of log r,g-against 1/T for the reaction between 50° and 92° C.
(Figure 14) gives an activation energy of 10 keal/mole. The corresponding value ofthe frequency
. 7 s 7 s A .
factor is 7.7 x 10 mm, Hg/{min. -gm. metal). Over the iron-pumice catalyst, the reaction

rate can be expressed as:
r= k(g)" % @cu)*° (IV-8).

D. Reaction over Cobalt

Over 0. 900 gm. of 10% cobalt-pumice catalyst, the reaction had a measurable
rate at 52° C. When the catalyst attained 2 constant activity, the series of runs were carried
out. The experimental data are given in Table 8. The shapes of the pressure-time curves

with the cobalt-pumice catalyst are gimilar to those obtained with the nickel-pumice catalyst.

The dependence of initial rate on the initialv hydrogen and propylene pressures for
various temperatures is shown in Figure 15. The orders of the reactién with respect to-™ .
hydrogen and propylene are 0.95 and zero, respectively. Therefore, the reaction rate is
éxpressea by thé equation: | )
0.95 9

ro= k@) ® @em)™’ av-9)

Interestingly enough, the initial rates of the standard runs at 125° C. (run numbers
183, 184, Table 8) were found to be similar to those at 109°C. (zah numbers 178, 182,
Table 8). As a result of this, in the Arrhenius plot (Figure 16), the linear relationship
between log rgg and 1/T does not hold beyond 100° C. It appeared that beyond 100° C., the

catalyst started getting deactivated. As mentioned previously, this phenomenon was reported
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for the hydrogenation of ethylene by several workers(27’ 53, 56). The falling-off of the

éatalytic activity at higher temperatures was attributed to the desorption of reactants,

Below 100°C., the Arrhenius plot (Figure 16) gives an activation energy of

8.1 kcal/mole, and a frequency factor of 3.6 x 105 mm. Hg/(min, -gm. metal).

E. Reaction over Platinum

| 0. 40 grams of 0.5% platinum-pumice catalyst (equivalent to 0. 0020 grams of
platinum) gave a measurable rate for the hydrogenation‘ of propylene at 89° C. The catalyst
attained a constant activity after 14 successive runs. Experimental data obtained are given
in Table 9, and the aging curve is shown in Figure 6. Sample calculations of the kinetic |
parameters for .the reaction over the platinum-pumice catalyst are -given in Appendix C,
The shdpes of the pressure-time curves are similar to thosé obtained for the niakel-pumice

catalyst.

The dependence of the initial rate on the initial hydro_gen and propylene pressures
for various temperatures is shown in f‘igure 17. The orders of the reaction with respect
to hydrogen and propylene are 0. 80 and zero, respectively. The reaction rate can be
expressed as:

0.80

r =k (Pgg) " 8 (P )™ (IV-10)

8

The activity of the catalyst was very stable throughout the investigation. No
change in the catalytic activity was observed.. when the catalyst was left overnight in

propylene at a pressure of 100 mm. Hg. yinstead of hydrogen.

The reaction is very sensitive to temperature, as indicated by the apparent

activation energy of 16 kcal/mole, obtained from the slope of Arrhenins plot (Figure 18).
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The value of frequency factor is 2.5 x 107 mm, Hg/(miir. -gm, metal),

F. Reaction over Palladium

1t was observed that the palladium-pumice catalyst gradﬁally lost its ability
to catalyse the hydrogenation of propylene. The unstable nature of the catalytic éctivity
made the study of the reaction almost impossible. After careful investigation, it was

found that the deééiivation of the catalyst was probably due to the poisoning of the catalyst

by mercury vapor.

Mercury could cover the surface of the catalyst and thus prevent surface

(10)

reaction In the apparatus (Figure 5) used for the present study, mercury vapor was

evidently present although the amount was small. The reactants were unavoidably con-

taminated with 0. 01 mm. mercury vapor (vapor pressure of mercury at room temperature)

from man'ometers Mg 'é,nd M4 Furthermore, mercury from the manometers Ml and M2
was being contin?musly evaporated and condensed in the trap T, during the evacuation.This
minute amount of mercury vapor (less than 0.01 mm.Hg.) might poison the palladium
catalyst resting on the bottom of the reaction vessel during evacuation period, if the

palladium catalyst has an affinity for mercury.

The poisoning of pélladium catalyst by mercury vapor was recently studied by
Bond and Wells{9). The deactivation by mercury vapor was detected by measuring the
hydrogenation rates of both acetylene and ethylene. Interestingly enough, they used the same
apparatus as used in the present study, except that they put two taps between the reaction
vessel and the manometer which were used to follow the reaction and to contribute mercury
vapor as the poisoning substance. The intentional poisoning periods were the times allowed

for the access of mercury vapor to the reaction vessel by opening the taps. They found that



mercury vapor affected the activity of palladium catalyst more severely for ethylene

hydrogenation than for acetylene hydrogenation.

In order to determine whether mercury poisoning was the cause for deactivation
of the palladium-pumice catalyst in the present work, a series of investigations were

carried out. Each new sample of the catalyst was reduced and studied as usual. A linear

relationship, similar to the result obtained by Bond and Wells(lo), was found to exist when

(ro)n
(ro)1
first run, is plotted against the total time of evacuation. The results are shown in

log , the logarithmic value of the initial rate ratio of the run number n and the

Figure 19.

Catalysts A and B were studied under similar conditions, except that in the case
of A, the stopcock before the mercury vacuum gauge V (Figure 5), was opended to the
system in order to contribute more mercury vapor to the system. The result showed that

catalyst A became poisoned much faster than catalyst B. Catalyst C was studied at 118°C., [

and the result with this catalyst indicated that the higher the temperature, the faster the
(10)

poisoning, confirming the result of Bond and Wells™™ which is shown in Figure 20 for

comparison. If the poisoning was due to the adsorbed propylene then the deactivation of
the catalyst should not be faster at higher temperatures, gince the adsorption rates of the

olefin are slower at higher tempefa.tures as compared to lower temperatures.

From the foregoing investigations one might suspect that the mercury vapor

might also affect the activities of other metals for hydrogenation. Bond and Wells(lo)found

that the platinum catalyst did not become deactivated by the mercury vapor. This finding was

also confirmed by the present investigations of propylene hydrogenation over the pumice-supported ] !

'
[
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Ficure 19. Poisoningcurves for palladium-pumice catalyst

A, 0.2004 gm. of 0. 5%Pd-pumice, at 30°C.
Mercury vapor from the vacuum gauge gained
access to the catalyst.

B. 0.2002 gm. of 0. £% Pd-pumice, at 30° C.

0
C. 0.2003 gm. of 0. 5%Pd-pumice, at 118 C.

o

35°C 48°C
-1.2 1 . !
(o] 200 . 600 200 1200
i, min

Figure 20. The dependence of the poisoning curve on
reaction temperature .(From Reference 9)
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platinum catalyst. The catalytic activity of platinum for propylene hydrogenation remained
constant and did not drop even after the reaction vessel had been evacuated for more than

4 hours at one time (run number 259, Table 9). The selective catalyst poisoning for the
hydrogenations of cyclopropane and propylene was investigated by Campbell and Thomson(lz).
They reported that cyclopropane hydrogenation over the nickel film was seriously ' inhibited
in the presence of mercury vapor evaporating from manometer used for measurement,

while propylene hydrogenation over the same catalyst was slightly affected only. From the
results of the present work, palladium showsmuch mdr_e;.s;ns..éept'ibi@}r toﬁzpoisoning by mercury

vapor than any other metal of the Group VIL.

Further study of the 0.5% palladium-pumice catalyst was made by using three
different weights (0. 402, 0.500, and 1.00 grams) of the catalyst for the hydrogenation of
propylene, Similar to the finding of Bond and Wells(‘m) for hydrogenation of ethylene, it
was found that above 12()o C. there was a residual activity of the catalyst which was poisoned

very slowly.

In order to make use of this finding, a kinetic study of the hydrogenation of
propylene over 0. 500 grams of 0. 5% palladium-pumice was made. The evacuation time ‘
between two successive runs was reduced to 3-10 minutes. The reaction had 2 measurable
rate at 120° C. in the pressure ranges of the reactants studied. The experimental data
obtained are listed in Table 10. It was observed that the activity of the catalyst decreased
slightly with the progress of the experiment. The shapes of pressure-time curves are

similar to those obtained for the nickel-pumice catalyst.

The reaction orders with respect te hydrogen and propylene are 0.80 and zero

respectively {Figure 21).The Arrheniusplo{Figure 22) gives an activation energy of
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11 keal/mole and a frequency factor of 8.7 x 108 mm, Hg/(min, -gm. metal). The reaction

rate can be expressed by the following equation:

r=k@g)" % ®cu)’’ (IV-11)

G. Reaction over Rhodium

The hydrogenation of propylene over 0.400 gm. of 0.5% rhodium-pumice catalyst
had a measurable rate at 40° C. When the catalyst attained a constant activity the data were
taken. The experimental data are tabulated in Table 11. They show that rhedium is the most

active metal for propylene hydrogenation in the present study.

The reaction orders are 1,0 and - 0.05 with respect to hydrogen and propylene,

respectively (Figure 23). The reaction rate, therefore, can be expressed as:

r =k (@) 0 (Pou) " % (IV-12)

The effect of the order of admission of the reactants to the reaction vessel was
also investigated., No appreciable change in the reaction rate was observed, when propylene

was first admitted instead of hydrogen.

An activation energy of 13 keal/mole and a frequency factor of 1.0 x 1012 mm.
Hg/(min, -gm. metal) were estimated from the slope of the Arrhenius plot (Figure 24) in

the temperature range of 40° to 91° C.

H. Reaction over Iridium

The experimental data obtained for the hydrogenation of propylene over 0. 500 gm.

of 0. 5% iridium-pumice catalyst are given in Table 12,
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The reaction had a measurable rate at 70° C. When the catalyst attaLngd a
constant activity, the data were taken.The shapeg:.of hepressure-time curves are similar

to those obtained with the nickel-pumice catalyst.

The orders of the reaction with respect to hydrogen and propylene are 1.0 and
nearly zero (-0. 05) respectively (Figure 25). The kinetics of the reaction over iridium -

are similar to that over rhodium.
The reaction rate can be expressed by the equation:
ry = k (Pt 0 (PCaHs)'O- 05 (IV-13)

The slope of the Arrhenius plot (Figure 26) starts to fall off around 100° C. This
phenomenon was also found in the study of the cobalt-pumice catalyst,as mentioned earlier.
Between the temperature range of 70° to 100° C., the activation energy of the reaction
is 15 keal/mole and the frequency factor 2.5 x 10 12 mm. Hg/(min. -gm, metal). ‘

1. Reaction over Ruthenium

The kinetics of the hydrogenation of propylene over 0.4 gm. of 0. 5% ruthenium-
pumice catalyst was studied between 60. 5° and 124° C. After the catalyst attained a constant

activity, the data were taken. The experimental data are listed in Table 13.

The dependence of initial rate on the initial hydrogen and propylene pressures
at various temperatures is shown in Figure 27. The reaction orders with respect to
hydrogen and propylene are 0.75 and - 0. 05, respectively. The reaction rate is expressed

as:

0.75 ~0.0
rek®m) Pogy) (IV-14)
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Weight of ruthenium used = 0.20 x 10-2 gm.
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The reaction rates over the ruthenium-pumice catalyst are much less sensitive
to temperature than the other catalysts studied, as indicated by the apparent activation
energy of 6.5 kcal/mole (Figure 28). The frequency factor is 1. 2 x 107 mm. Hg/(min. -gm.

metal).

J. Reaction over Osmium

The kinetics of the hydrogenation of propylene over 2:00gm. of 0. 5% osmium-
pumice catalyst was studied in the temperature range of 143° to 188° C. Below 143° C.,
the reaction rate was too slow to be measured. The experimental data obtained are given

in Table 14.

The kinetics of the reaction over the osmium-pumice catalyst was found to be
highly unusual. The results show that the order of reaction with respect to initial hydrogen

pressure is as high as 1.6 over the temperature range studied, while the order with respect

to propylene is nearly zero (Figure 29).

The aging curve of the osmium-pumice catalyst is the most severe one in the

e N L LY S S .

series of catalysts studied. It was found that the reaction rate was reduced substantially ‘
when the catalyst was exposed to propylene. The shapes of the pressure-time curves are
similar to those obtained for the nickel-pumice catalyst, except that the linear pattern of

the curves is shorter. A measurable reaction rate was observed at a terﬁperature which

was asilow as 30° C. , after the catalyst was cooled down from 1439 C. However, almost

no reaction was observed in the succeeding runs under similar conditions. The reason

for this was probably that the sites on the catalyst surface available as a result of

desorption of adsorbed propylene at high temperature were rapidly covered by propylene

again at low temperature.
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From the above findings during the experiment, the unusually high order of
reaction (1. 6) with respect to hydrogen for osmium catalyst is probably due to the strong
adsorption of propylene. Before a run was carried 'ﬁut, a small fraction of the catalyst
surface would be cleaned by hydrogen which was usually admitted to the reaction vessel
before propylehe. This fraction of the clean surface might contribute to a faster initial
reaction rate. However, upon the subsequent addition of propylene, the fraction of tlie
clean surface was covered by propylene again. This postulation may be tested, if both
reacta;ts can be introduced into the reaction vessel at the same tinie,which. was not

attempted.

Owing to the lack of information on the kinetic studies of the addition reaction,
and the adsorption of reactants over osmium, any conclusion about the osmium catalyst
seems to be impractical. However, the results show that osmium is the least active

metal in Group VI, for the hydrogenation of propylene.

From the experimental results obtained for propylene hydrogenation, the
reaction rate can be expressed as:
1.6 0.0
Yy = k (PHZ) (PC3H6) (IV-15)
An activation energy of 7. 4 kcal/mole, and a frequency factor of 1.7 x 106 mm. Hg/

(min. -gm. of metial) were estimated from the slope of the Arrhenius plot (Figure 30).

K. Summary of the Experimental Results

The kinetic parameters for the hydrogenation of propylene over the series of
pumice-supported metals of Group VII are listed in Table 3. The refction order with
respect to hydrogen pressure over all the catalysts except osmium is glways positive

and generally between 0.6 and 1.0. This result is in agreement with the finding of Schuit
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and van Reijen(‘u) for the hydrogenation of ethylene over various catalysts supported on
silica. The reaction rates are almost independent of propylene within the pressure range of
30-200 mm.Hg., although the reaction rates over rhodium, ruthenium and iridium slightly

decrease with increased propylene pressures. It should be noted that the Power Rate Law

could not satisfactorily explain the order of propylene at very low pressures.

All the catalysts listed in Table 3, were supported on pumice stone of 20-40 mesh
size. These catalysts were aged to a constant activity before the experimental runs were
carried out, and were not subjecté;ti to any further regeneration later. It was found that after
the aging treatment, the activities of the catalysts remained fairly constant during the series
of runs.An exception to thiswas thé pumice-supported palladium catalyst. As explained
previously, mercury poisoning was probably responsible for the cons.,té_'nt fall in the activity
of the palladium catalyst. The constant activities of the catalysts were probably due to
the fact that a greater fraction of the surface was covered by strongly adsorbed pfopylene.

In such cases since a large fraction of surface - was already covered with propylene, further
poisoning by propylene on the residual surface would be negligibly slow, unless the partial |

pressure of propylene was very high.

The Arrhenius plots for all the metals except for p‘z‘mlladium and osmium are given
in Figure 31. It can be seen that the slopes of the plots for ruthenium, and cobalt differ
considerably fromthose for the othercatalysts. This implies that activation energies for the
series of metals are remarkably different, in contrast to the conclusion made by Beeék(s),
and Schuit and van Reijen(41) for the hydrogenation of ethylene. It is interesting to note that
the Arrhenius plots of both iridium and cobalt start to fall off around 100° C., and the peak
in the Arrhenius ploi for cobalt appears to be around 125° C. This is in line with the

findings of several workers for the hydrogenation of ethylene(27’ 53, 56).
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The relative activities of the metals for propylene hydrogenation can be made on
the basis of the reaction rates as the parameters. These ratg"s are all chosen from the
Arrhenius plots under the similar conditions, i.e., 80° C. , 120 mm, Hg of initial hydrogen:
pressure, 30 mm. Hg of initial propylene pressure, and unit weight (1 gm.) of metal. By
choosing rhodium catalyst as the standard of reference, the order of the relative catalytic

activities of the various metals for ptopylene hydrogenation as shown in Table 3, is as

follows:
Rh >Ir >Ru>Pt> Pd> Ni >Fe> Co>O0s
Table 3. Kinetics of Propylene Hydrogenation,
' over Transition Metals.

X xx Relative XX

Metal Temp. Range T = kPHszC H 6“_ E log rog. activity Log
°c. § “—kcal/mole at 80°C. _  rpgmetal A
I'os,Rh )

Rh 40 - 91 1.0 -0.05 13 3.77 0 12.0
Ir 70 - 1207 . 1.0 ~-0.05 15 . 3.06 -0.71 12.4
Ru 60.5- 124 0.75 -0.05 6.5 3.03 - 0.74 7.07
Pt 89 - 129 0.80 0.0 16 2.71 - 1.06 12.4
Pd 120 — 161 , 0.80 0.0 11 2.07 - 1.70 8, 94
Ni 60 - 100 Lo 0.0 13 2,04 - 1.73 10.0
Fe 50 - 92 0.66 0.0 10 1.72 - 2.05 7.86
Co 52 - 96. 5 0.95 0.0 8.1 1.59 - 2.18 6. 56
Os 143 - 188 1.6 0.0 7.4 1.50 - 2,27 6.24

%x. All metals are supported on pumice in 20-40 mesh, see Table 5.

XX Tog and A are in mm., Hg/min. -gm. of metal)
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V. DISCUSSION

A. TheKinetics of the Reaction

Propylene is expected to behave similarly to its homologue,ethylene. From the
experimental results obtained in the present work, this appears to be true to some extent.
The metal catalysts of Group VII in the periodic table are quite as active for the hydrogenation

of propylene as they are for the hydrogenation of ethylene (see Chapter Ii-A),

The simple form of the rate equation, r = k:PﬁIPUO , suggested by Beeck(s)

for evaporated films could not interpret the hydrogenation rates over supported transition

n(41), who patterned their work after Beeck, reported the

metals, Schuit and van Reije
fractional orders of pressure dependence in the hydrogenation of ethylene over metal-on-
silica catalysts (Table 2). The range of fractional orders with respect to hydrogen
pressure for the propylene hydrogenation in the pr.esent study is in good agreement with
those obtained for the ethylene hydrogenation by Schuit and van Reijen(‘n). In their work,
a negative order with respect to ethylene pressure was obtained for most of the catalysts,
especially rhodium and ruthenium. However, in the present work, the reaction order

with respect to propylene pressure was found to be zero for most of the catalysts, although

a slightly negative order was observed for rhodium, ruthenium, and iridium.

(41)

Schuit and van Reijen regenerated the catalysts with hydrogen at 500° C.
between runs. In this work, however, catalysts were not subjected to any regeneration
after they had been aged to a fairly constant activity. Previous workers (see Ghé;iter II-A)
have shown that olefins greatly inhibit the activity of the catalyst for hydrogenation. The
poisoning of the catalysts is proporﬁ6m1 to the ratio of = ethylene to hydrogen and is

inversely proportional to the reaction temperature(41). Therefore, in the investigation
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of the reaction over fresh surface as used in the work of Schuit and van Reijen, a negative
order with respect to olefin preésure may reéult, especially at low temperatures. In the
present study, the aged catalysts were found to be quite stable. After the catalysts
attained a c‘onsﬁﬁt activity, the poisoning by the olefin was not appreciable as explained
in the previous chépter. Therefore, the pressure dependence orders of the reaction over

the aged surface are probably more reliable than those over the fresh surface.

B. The Energy of Actiyation

Beeck( 5 and Schuit and van Reijen(‘n) found that the activation energjr:for the
hydrogenation of ethylene is. independent of the various metals. * Contrary to their results,
the present work shows that the activation energy for the hydrogenation of propylene depends

on the various metals, ranging from 6.5 to 16. 0 keal/mole.

Tt should be pointed out that the activation energies mentioned here are "apparent'
and not "true". In general, a gaseous moiecule must first overcome a barrier (Figure 32)
to arrive at the adsorbed state, then a second barrier to give product(s) still in the adsorbed
state. The height of the second barrier Eg is the energy of surface reaction. Qgads
and Epp  are the heats of adsorption of reactants, and the apparent activation energy,
respectively. The apparent activation enérgy is equal to the sum of the energy of surface
reaction and the heat of adsorption of the reactants, and is expressed as

Eagpp = Es + Qads (V-1)

Qadg is positive when the adsorption is endothermic, and negative when the adsorption is‘
exothermic. Since heat is evolved in case of most adsorptions, Eapp is always less than
Eg by Qaqs. Therefore, the apparent activation energies may vary due to the variations

in either the heats of adsorption or energies of surface reaction. Only in the case in which
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both Eg and Qads do not change appreciably, 6r in the one in which the change in Eg is
balanced by the change in Qads, Eapp can remain constant for a series of catalysts. One
of the two cases mentioned above might exist in Beeck's work on the hydrogenation of
ethylene over rhodium, palladium, platinum and nickel metals(5), Therefore, Beeck
concluded that the apparent activation energy for these metals had a constant value vof

10. 7 kcal/mole. However, he noted that the activation energy over tungsten and tantalum
was only 2. 4 kcal/mole. In order to interpret this result, it is helpful to refer to Figure 1.
It shows that the heats of adsorption of hydrogen on tungsten and tantalum are much higher
than those on other metals when the fraction of surface covered by reactant is equal to
zero, i.e. when the surface is clean. The adsorption of ethylene on these two metals

(5)

was also found to be strongly exothermic According to equation (V-1), the apparent
activation energies for these two catalysts should be much less than those for the other
metals studied, if the energy of surface reaction does not change appreciably for the series

of catalysts, or if the change of the heats of adsorption could not be compensated by the

change in the energy of surface reaction.

Many factors, such as the nature of the chemical bond in metals, the configuration
of crystal lattice, the physical forms of the metals, the methods of preparation of the metals
and the fraction of surface covered by the reactants, can affect both the energy of surface
reaction and the heats of adsorption of the reactants, and thus the apparent activation energy.
For the hydrogenation of propylene, the values of the apparent activation energy have been
determined to be 2(51), 4, 8(42), and 8.6 kca.l/mole(za) with the nickel catalysts, 15 kcal/
mole({40) with a platinum catalyst, 11.7 kcal/mole(zs) with a palladium catalyst, and 10.5
kcal/mole(45) with a copper catalyst. For the reasons mentioned above, it is not surprising

that widely varying activation energies have been reported.
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C. Geometric Considerations

It has been mentioned previously that the activity of the various metals for the
hydrogenation of propylene in the presﬁnt work is in the order of
Rh>Ir>Ru>Pt>Pd>Ni>Fe > Co>Os
The order of the relative activities of the metals is very similar to that obtained for the
hydrogenation of ethylene by Beeck(s), Schuit and van Reijen(‘n), viz.,

Rh> Pd DPt> Ni> Fe> W>Cr>Ta

The similar order of activity for the hydrogenation of olefins suggests that
certain characteristics of the catalysts may affect the rates of the hydrogenations similarly.
Early in 1929, Balandin(3) stressed the importance of the geometric factor in catalysis. In
line with the geometric approach to the study of catalysis, Beeck(s), in summarizing his
work, plotted the logarithm of the activity of the various metallic films for ethylene

hydrogenation as a function of the lattice distance of the metals,

In consideration of the geometric effect, the activation energy E and the logarith-
mic value of the frequency factor A obtained in the present work are listed in Table 4,
along with the lattice structure of the series of metals, It can be seen tiat the activation ‘
energies for the metals with a face-centred cubic structure are greater than the activation
energy for iron, which has a body-centred cubic structure. The metals with a closed-packed
hexagonal structure have the lowest activation enérgies. The same tendency is observed
for log A. A clear picture of these tendencies can be observed by plotting both E and log A
against the lattice dist;.ﬁcé of the unit cell (Figure 33). The scattering of the data for
palladium could be due to the poisoning by mercury vapor, as explained previously. The result

show that the larger the lattice distances, the greater the activation energies and log A. Never-
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Table 4. Metal Lattice Structures, Activation

- Energies and Frehuency Factors

Metal Lattice Structure Unit Cell E ' Log A
Size & molecules keal/mole ~mm.Hg/min. -gm. metal
29 Co
Pt f.c.c. 3.91 4 16 12.4
Pd f.c.c. 3.85 4 11 8.9
Rh f. glc. 3. 82 4 13 12.0
Ir f.c.c. 3.82 4 15 12.4
Ni f.c.c. 3.49 4 13 10.0
Fe b.c.ec. 2.85 ‘ 2 10 7.9
Os c.p.h. 2.71 4.32 2 7.4 6.4
Ru c.p.h. 2,68 4.27 2 6.5 7.1
Co c.p.h. 2,51 4.10 2 8.1 6.6

x From Reference 54

A R T

R St P

SRR

g8y, co=Edge length of unit cell along the a and c-crystallographic axes, respectively
f.c.c. = face-cubic center
b.c.c. = body-cubic center

c.p.h. = close-packed hexanol
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theléss, the variations in catalytic activity could not be explained in terms of lattice

spacing onl&. The experimental results (Table 3) show that ruthenium is‘ at least 25 times
more active than cobalt, though the lattice spacings of these two metals are nearly equal
(Figurs 33). Furthermore, the marked difference in the catalytic activity of the face-centred
cubic metals could not be interpreted by the small differences in the lattice spacings. How-
ever, it can be concluded that the lattice distance of the metals must have an influence on

the activation energy, if the surface is caphble of making chemical bonds with the adsorbate.
Tt is postulated that the longer axis (denoted by c; in Table 4) of the metals with a close-
packed hexagonal structure might not play an important role in' the reaction, for it requires

a higher activation energy for the adsorbate to react over such a long axis, as shown in

Figure 33.

D. Electronic Considerations

A recent interesting approach in hererogeneous catalysis considers crystal
spacings less important as compared to the properties which determine the bond strength
in the metal. The general relationship between the rate of reaction and fhe heats of chemi-
sorption (equivalent to strength of surface bonds) of the reactants has been well established,
as shown in Figure 3(5). The formation of the bonds depends particularly on the electronic q
properties cf the métal. A correlation between Pauling's percentage d-character and

NE

catalytic activity has been made by Boudart and Beec as shown in Figure 4.

The relative activities of the series of metals studied are listed in Table 3.
The correlation of the relative activity to the percentage d-character of metals is shown
in Figure 34,in which the results obtained by Beeck(s), Schuit and van Reijen(41) for the
hydrogenation of ethylene are also plotted for comparison. It can be seen that the results

for several supported catalysts scatter considerably. Considering the fact that the supported
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catalysts as used in the present work and in the work of Schuit and van Reijen could not
be as pure as the evaporated films, it seems that a good correlation holds between the
percentage d-character and the catalytic activity in the present work. However, osmium
as studied in this work, tungsten in Beeck's work; and iridium as investigated by Schuit
and van Reijen do not fall on the smooth curves. Therefore, the electron theory of

catalysis cannot be regarded as completely satisfactory.

E. Compensation Effect

According to the compensation effect (see Chapter II-D), a linear relationship
sometimes exists between the activation energy E and the frequency factor A for a given

reaction over a series of related catalysts. This relation is expressed by:

IogA=mE + C (IT-5)

The correlation of log A to E is shown in Figure 35. The best-fitting line
determined by the method of least squares is expressed by the equation:

LogA =0.75E + 0.87 (V-2)

It can be seen that the above equation correlates well most of the data of the
catalysts, except those of rhodium and ruthenium., The reason for the exception of these

two catalysts must be due to their remarkably high activities.
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VI. CONCLUSIONS

The pumice-supported metals of Group VIII in the periodic table are quite active
for the hydrogenation of propylene. The aged surface of the catalysts except that of palladium
is fairly stable, and further poisoning by the adsorbed propylene is not appreciable. The
gradual decrease in the activity of the palladium-pumice catalyst is probably due to the

poisoning by mercury vapor from the manometers of the apparatus.

The experimental results shov& that propylene has the same behaviour as ethylene
in the hydrogenation reactic;n. Over the catalysts studied, the propylene hydrogenation is
mostly zero order with respect to propylene, though 3: slightly negative order of -0. 05 was
observed for rhodium, ruthenium and iridium. The reaction order with respect to hydrogen
ranges from 0.6 to 1.0 for all metals except osmium. The -unusually high order of 1.6
with respect to hydrogen for the osmium-pumice catalyst is attributed to the strong ab-
sorption of propylene on the metal surface. The order of catalytic activities of the series of

‘metals is
Rb> Ir> Ru>Pt >Pd >Ni> Fe >Co> Os

The activation energy of the reaction over the catalysts ranges from 6.5 to 16
kcal/mole. The present study shqws that the georﬁetric structure of the metals is p;'obably q
important, possibly affecting the adsorption of species on the surface sites. However, the
catalytic activity of the metals can be better correlated with \tl.le electronic rather than the
geometric structure of the metals. Nevertheless, the correlation of the catalytic activity
with percentage d-character cannot be regarded as completely satisfactory, in view of the
discrepancy of some data. It seems that both geometric and electronic factors must be
considered in understanding the activity of the various metal catalysts.

The activation energy was correlated with the frequency factor. The compensation

effect may exist in the moderately active catalysts, but not in the most active ones.
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Vil. RECOMMENDATIONS

To clarify the general picture of the addition reaction of double bonds, it is
recommended that the hydrogenation of other light olefins be investigated by using the same

series of metals.

As explained before, the usually reported activation energy is apparent. It is
a function of the activation energy of the surface reaction and the heats of adsorption of
reactants as shown in the equation (V-1). Therefore, it is worthy to understand the
variation of the heat of adsorption with the fraction of the aged surface covered by the react-

ants, and changes in the extent of surface coverage with temperature.

It is suggested that propylene hydrogenation be studied in a wider range of
temperature, preferably below the room temperature, for the desorption of the adsorbed

reactants at high temperatures would lead to the fall-off of the Arrhenius plot.

Finally, a mercury-free system with a device to introduce the reactants into a

reaction vessel simultaneously is recommended for further work.
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APPENDIX A

Table 5. Catalysts Used in the Present Study

Catalyst % of metal  chemical used weight of net weight of
by weight catalyst used, metal used,
_gm, gm. .

Ni-pumice 10 Ni(NOy);6H,0 0. 460 4.48 x 1072

Fe-pumice 20 Fe(NOg), 9H;0 0.785 14.5 x 1072

Co-pumice 10 Co(NOy), 6H,0 0. 900 8.76 x 1072
Pt-pumice 0.5 PCl2HCLI6H,0  0.400 0.20 x 1072
Pd-pumice 0.5 PdCl, 0. 500 0.25 x 10-2
Rh-pumice 0.5 RhClg-3H,0 0. 400 0.20 x 10~2
Ir-pumice 0.5 (NH,), IrClg 0. 500 0.25 x 10~2
Ru-pumice 0.5 RuCly-3H,0 0. 400 0.20 x 10~2
Os-pumice 0.5 (NH,),08Clg 2,00 1,00 x 10~2
.
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APPENDIX B &

Table 6
Results for Nickel-Pumice Catalyst
Weight of nickel-pumice catalyst used = 0. 460 gm.
Net weight of nickel used = 4. 48 x 1072 gm.
1. Dependence of initial rate ry' on initial hydrogen pressure Py,
PogH, = 30 # 1 mm.Hg
Run Temp. PH, ' Run  Temp. PH, o'
No. °c. mm. Hg  _mm. Hg/min, No. °c. mm.Hg  _mm. Hg/min.
: 1 60 61.0 1.1 29 90 59.5 4.5
: 2 90.0 1.4 30 29.5 2.5
3 96.0 1.5 31 ‘ 60.5 4.2
4 150. 0 2.2 32 45.0 3.4
5 120. 0 1.8 33 74.0 5.1
6 30.0 0.5 34 20. 0 1.6
7 60. 0 1.0 35 90.0 6.5
- 36 110.0 7.6
8 80 1 60.5 2.0 37 92.0 6.5
9 90.5 3.0
10 30.0 1.2 38 100 91.0 10.0
11 170.0 6.0 39 60.5 7.0
12 115.5 4.2 40 75.0 8.5
13 - 151.0 5.5 41 30.5 4.0
§ 14 130. 5 4.5 42 20.0 2.5
) 43 50.0 6.5
4 15 69 60. 5 1.5 44 76.0 8.3
16 98,5 2,0 45 39.0 5.3
17 29.5 0.7
18 151.0 3.4
: 19 170.5 3.6
i 20 118.5 2.5
: 21 93 61.0 5.0
; 22 29.0 2.8
: 23 40.0 3.6
24 60.0 5.0

25 121.0 10.0

26 75.5 6.7

27 18.5 1.8

28 100. 0 7.5

A
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Table 6 (Continued)

2. Dependence of initial rate ry’ on initial propylene pressure Pcng_ Py, = 60+ 1 mm. Hg

Run Temp. Pc.H, Ty’ Run  Temp. Py r,'
No. oc, mm, Hg mm. Hg/min, No. °c, mnt Hg  mm. Hg/min.
46 69 50.5 1.6 53 80 41.0 3.4
47 71.0 1.7 54 80.5 3.5
48 91,0 1.7
49 14.5 1.3
50 120, 0 1.7
51 30.0 1.6
52 71.0 1.6
3. Summary of the results
Temp. 1037 T m n Log Log E A
oC. og-1 Tos' ros kcal/mole mm.Hg/min. -gm. metal
60 3.003 1.0 - 0.255 1. 604 13 1.0 x 1()10
69 2.924 1.0 0.0 0.398 1,747
80 2.833 1.0 0.0 0.634 1,982
90 2.755 1.0 - 0.935 2,283
93 2,732 1.0 - 1.000 2. 349
100 2.681 1.0 - 1.114 2,463




Table 7

Results for Iron-Pumice Catalyst

Weight of iron-pumice catalyst used = 0.785 gm,
Net weight of nickel used = 14. 52 x 1072 gm.

1. Dependence of initial rate ry' on initial hydrogen pressure PHZ—
P03H6 - 30t 1 mm, Hg.

Run  Temp. Py, ro' Run Temp. Py r'
No. °c. mm.Hg _mm.Hg/min. No. °C. _mm. f{g_ mm. Hg/min.
55 50 120.0 2.1 82 77 121.0 6.0
56 121.0 2.1 83 59.0 4,0
57 178.0 2.7, 84 187.5 7.8
58 61.0 1.3 85 29.0 2.6
59 150.0 2.5 86 101.5 5.1
60 - 89.5 .7 87 43.0 3.0
61 221.0 3.2 88 150.5 6.6
62 39.0 1.0 89 121.0 5.8
63 120.0 2.1
90 92 61.0 8.8
64 61 121.0 3.1 91 120.0 13.0
65 120.0 3.0 92 40.0 6.5
93 75.0 10.0
66 69 120.0 4.0 94 23.0 4,5
67 181.0 5.3 95 31.0 5.5
68 60.5 2.6 96 59.0 8.5
69 15%.0 4.8
70 33.5 1.8
71 91.5 3.4
72 121.5 4,2
73 85 120.0 9.5
74 119.5 9.6
75 60.0 5.5
76 80.0 8.0
77 29.5 4,0
78 100.0 8.5
79 60.0 6.5
80 149.5 11.0
81 121,00 9.5
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Table 7 (Continued)

2. Dependence of initial rate ry' on initial propylene pressure Pc.H,
Py, = 60 +1mm. Hg

Run Temp. Pc,H, Ty Run Temp. PC,H, Ty’
No. °c. _mm.Hg mm. Hg/min. No. 0C, mm. Hg  mm.Hg/min,
97 50 30.5 1.4 108 92 59.5 10.0
98 117.5 1.6 109 119.0 10.0
99 62.0 1.5 110 15.0 5.0
100 12.0 0.9 111 84.5 10.0
101 29.0 1.4 112 46.0 8.8
113 30.0 8.8
102 69 32.0 3.1 114 29.0 8.5
103 61.0 3.4
104 118.5 3.5
105 13.0 2.0
106 173.0 3.4
107 30.5 2.8
Py, = 120 + 1 mm. Hg
115 69 31.0 4.0 123 77 121.5 8.0
116 117.0 5.0 124 51.5 6.5
117 45.5 4.5 125 20.5 4.3
118 83.5 5.0 126 82.0 7.3
119 15.0 2.5 127 205.0 8.0
120 62.0 5.0 128 30.5 4.8
121 21.0 3.3
122 30.5 3.9

3. Effect of the order of reactant's addition to the reaction vessel on initial rates rp'
Reaction temperature = 50°C, PH, = 120 mm.Hg, P, = 30 mm. Hg

Run ry' Remark

No. mm,. Hg/min.

129 2.0 H, was added first
130 2.0 "

131 1.8 CsHg was added first
132 1.8 " ‘
133 2.0 H, was added first




4, Summary of the results

Temp.  103/T m n
oc, og~1 )
50 3.096 0.67 0.0
61 2. 994 - -
69 2.924 0.65 0.0
77 2.857 0.62 0.0
85 2.793  0.67 0.0
92 2.740  0.66 0,0

85

Table 7 (Continued)

log  Log
Tos' Tos
0.312 1.150
0.485 1.323
0.612 1.450
0.770 1.608
0.980 1.818
1.114 1.952

E A
kcal/mole mm.Hg/min. ~-gm. metal

10. . 8.0 x 107
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Table 8

Results for Cobalt-Pumice Catalyst

Weight of cobalt-pumice catalyst used = 0. 900 gm.
Net weight of cobalt used = 8. 76 gm.

1. Dependence of initial rate xr,' on initial hydrogen pressure PHz_

PCsHG = 30 + 1 mm. Hg :
Run  Temp. PH, ' Run Temp. Py, ry'
No. oc. mm. Hg _mm, Hg/min, No. °c. mm. Hg _mm.Hg/min,
134 52 118.5 1.3 162 87 120. 0 4.3
135 121.5 1.2 163 60.5 2.2
136 240.5 2.0 164 60. 5 2.1
137 60.0 0.7 165 180. 5 5.8
138 , 182.5 1.7 166 £89.0 3.2
139 80.0 0.8 167 .30.0 1.1
140 160.0 1.5 168 150. 5 5.3
141 120.0 1.3 169 100. 0 4,0
142 200. 5 1.9 170 219. 5 6.8
171 121.5 4.3
143 67.5  119.0 2.3
144 120.5 2.3 172 96.5  120.0 5.2
145 181.5 3.1 173 60. 0 2.7
146 60.5 1.2 174 91.5 4.0
147 238.5 3.9 175 181.5 7.3
148 81.5 1.6 176 30.0 1.3
149 149.5 2.7 177 124.5 5.3
150 35.5 0.7
141 121.5 2.3 178 109 121.5 6.0
179 93.5 4.3
152 77.5 120.0 2.9 180 31.0 1.5
153 119.5 3.0 181 60. 0 2.9
154 59.5 . 1.6 182 119.5 6.0
155 180.0 4.5
156 90.5 2.4 183 125 121 6.0
157 219.0 5.2 184 121 6.0
158 150.0 4.0
159 33.0 1.0
160 239.5 5.6
3.2

161 . 119.5
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Table 8 (Continued)

2. Dependence of initial rate ry' on initial propylene pressure PC.H.-
: 3tig—
PH2 = 120+ 1 mm, Hg

Run Temp. PcH o' Run Temp. Pc.H To'
o 3 I‘f . o 3 .
No. C. mm. mm. Hg/min, No. C. mm, Hg _mm, Hg/min,
185 52 30.0 1.2 192 7.5 31.0 2,6
186 31.0 1.2 193 120.0 3.5
187 116.0 1.2 194 60.0 3.4
188 49.5 1.2 195 180.5 3.5
189 164.0 1.0 196 30.5 2.8
190 20,5 1.1
191 80.0 1.1
3. Summary of the results
Temp. 103/’{ m n Log Log E A
o - .
C. OK Lg' s kcal/mole mm.Hg/min, -gm. metal
52 3.078 0.91 00 0.085  1.143 8.1 4.0 x 106
67.5 2. 937 0. 90 - 0.355 1.413
.5 2,853 0.91 00 0. 490 1. 548
87 2.778 0. 97 - 0.631 1. 689
96.5 2.1705 - - 0.721 1.779
109 2. 617 - - 0.775 1. 833
125 2.510 - - 0.775 1. 833
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Table 9

Results for Platinum-Pumice Catalyst

Weight of platinum-pumice catalyst used = 0.400 gm.
Net weight of platinum used = 0. 20 x 102 gm,

1. Aging of the catalyst
Temperature = 30° C., PH, = 120 + 1 mm. Hg, PC;H, = 30 + 1 mm. Hg

Run number initial rate, r,' Run number initial rate, ry’
mm. Hg/min, mm. Hg/min,
197 23 204 5.5
198 21 205 3.8
199 18 206 1.2
200 13 207 0.9
201 9.5 208 0.75
202 8.5 209 0. 65
203 7.5 210° 0.50

sae

2. Dependenée of initial rate ry' on initial hydrogen pressure PH,
PCSHG =301 1 mm.Hg - -

Run Temp. PH2 1'0' Run Temp, PH 1‘0' ,
No. °C, mm.Hg _mm. Hg/min, No. °C, mm.Hg mm.Hg/min,
211 89 119.0 2.0 230 117 29.5 2.6
212 209. 5 2.8 231 196.5 12. 2
213 30.0 0.6 232 91.0 7.2 o
214 149.5 2.2 233 122.5 9.0 ‘
215 63.0 1.1 234 60.5 5.0 N
216 119.0 1.8 235 162.0 11.5
217 90. 5 1.5
236 129 91.0 13.0
218 100 121.5 3.0 237 28.5 4,6
219 196.5 4.8 238 163.0 18.0
220 40.0 1.3 239 122.0 15.5
221 81.5 2.3 240 46.0 7.5
222 161.5 4.0 241 61.0 10. 0
242 120.0 16. 0
223 107.5 119.5 5.0
224 199.5 6.7
225 32.5 1.7
226 90. 5 3.9
227 59.5 2.9
228 1594 6.3
229 121.0 5.2
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Table 9 (Continued)

3. Dependence of initial rate ry' on initial propylene pressure PCsHe’-

Py,=6.0%1 mm, Hg.

Run Temp. PC;;H ry' Run Temp. Pg H e’
No. °Cc. mm. I-fg_ mm. Hg/min, No. OC. mm.Hg mm.Hg/min,
243 129 60.0 11.0 252 89 99.0 1.3
244 15.0 10.5 253 13.0 1.3
245 87.0 10.5 254 124.5 1.1
246 118.0 10.5 255 30.0 1.1
247 117 28.5 51

248 62.5 5.3

249 131.0 5.1

250 14.5 5.2

251 99.0 5.2

4, Check of the activity of catalyst.
(The catalyst was pretreated with propylene)

Run number Temp. PH2 PC3H6 Ty
oC, mm. Hg mm,Hg mm, Hg/min,
256 129 62 31.5 10.5
257 118 31.5 16.0
258 120 29 15.5
x 259 119 31 15.5

X
The run was taken after the reactor had been evacuated for 4 hours.

5. Summary of the results (see Appendix C)




1. Dependence of initial rate ro' on initial hydrogen pressure Pp,.
PcgHg = 30 £ 1 mm, Hg.

_Table 10

Results for Palladium-Pumice Catalyst

Weight of palladium-catalyst used = 0. 500 gm.
Net weight of palladium used = 0.25 x 10~2 gm,

Run  Temp. Py Ty’
No. OC. mm.?Hg_ _mm. Hg/min,
260 148 119.5 5.0
261 180.0 6.3
262 61.5 2.8
263 240.0 7.3
264 31.0 1.6
265 83.0 3.7
266 121.0 4.5
267 120 120.0 1.7
268 60.5 1.1
269 179.0 2.6
270 30.5 0.6
271 240.5 3.1
272 89.5 1.5
273 119.0 1.8
274 46.5 0.8
275 119.5 1.7

90

Run Temp., Py Ty’
No. oC. mm, f{g_ mm. Hg/min,
2176 130  121.0 2.4
277 61.0 1.4
278 181.0 3.0
279 120.5 2.2
280 161  120.5 6.5
281 181. ¢ 8.6
282 60. 5 4.0
283 121.5 6.0
284 138 119.0 3.2
- 285 181.5 4.0
286 60.0 1.6
287 90.0 2.2
288 119.0 3.0

2. Dependence of initial rate ry' on initial propylene pressure PCa‘HG- PH2= 60 £ mm. Hg

Run Teénp. PC,Hq To' Run Temp. Pq ry'

No. C. mm.Hg  mm. Hg/min, No. oc. mm-Be mm.Hg/min.
289 161 30.0 4,0 295 148 31.0 2.0

290 119.5 4.8 296 118.5 3.1

291 185.0 4.6 297 64.5 2.9

292 62.0 4,6 298 206.0 3.0

293 11.0 2.1

294 23.5 3.2

q
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’'able 10 (Continued)

3. Summary of the results

Temp. 103/T m n Log Log E A

ocC, oKg-1 rog' Yog kcal/mole mm,Hg/min, -gm,. metal
120 2.545 0.79 - 0.243 2,845 1. 8.0x108

130 2.481 0.79 - 0.357 2. 959 :

138 2,433 0.81 - 0.491 3,093

148 2,375 0.80 0.0  0.672 3,274

161 2. 304 0.80 0.0  0.794  3.396




1. Dependence of initial rate ry on initial hydrogen pressure PHz_,_

PC;,,HG = 30+ 1 mm, Hg.

Weight of rhodium-pumice catalyst used = 0.400 gm.

Table 11

Results for Rhodium-Pumice Catalyst

Net weight of rhodium used = 0.20 x 10~2 gm,

Run Temp. PH
No. oC, mm, ‘Hg
299 40 120.0
300 200.0
301 160.0
302 120.0
303 61.0
304 56 120.0
305 181.5
306 38.0
307 159.0
308 80.0
309 119.5
310 67 120.0
311 61.0
312 158.5
313 101.0
314 198.5
315 33.0

92 -

ry' Run Temp. Py, ry'
mm. Hg/min, No. oC, mm.Hg mm.Hg/min.
1.0 316 78 199.0 15.5
1.7 317 81.0 7.0
1.1 318 159.5 13.5
1.0 319 40,0 3.5
0.6 320 59.5 5.3
321 119.0 10.5
3.0
4.3 322 84 58.0 7.1
1.1 323 100.0 12.5
3.7 324 140,0 17.5
2.2 325 30.0 3.7
3.0 326 82.0 10.5
5.0 327 91 '39.5 ~ 5.5
3.0 328 59.5 11.3
7.2 329 19.0 3.6
4,7 330 80.0 15.0
9.0
1.6



93
Table 11 (Continued)

2. Dependence of initial rate r,' on initial propylene pressure Pc g,

Py, = 80+ 1mm. Hg,
Rez  Temp. PcgH, Ty' Run  Temp. Pc., Ty’
No. oc, mm.Hg _mm. Hg/min. No. 0C, mm.Hg  mm, Hg/min.
331 91 91.0 15.0 341 56 93.5 2,8
332 121.5 15.0 342 121.5 2.6
343 30.0 3.0
333 67 30.0 4.4 344 59.5 3.0
334 89.5 4.2
335 121.5 4.0 345 78 30.0 6.5
336 58.0 4.4 346 90.0 6.2
337 161.0 3.8
338 15.5 4.0 347 84 30.0 9.0
339 29.0 4,2 348 122.0 8.5
340 62.0 4,0 349 87.5 8.7
350 131.5 8.5
351 27.5 9.0
3. Summary of the results
Temp,  103/T m by Log Log E A Q
oC, OK-1 _ ' rog'> rog _kcal/mole mm. Hg/min, ~gm, metal
40 3,195 1.0 - 0.000 2.700 13 L.0x10%2
56 3.040 1.0 -0.10 0.470 3.160
67 2,940 1.0 -0. 05 0. 740 3. 440
78 2.850 1.0 -0. 03 1. 922'1 3.720
84 2.800 1.0 -0. 07 1.176 38.873
91 2,747 1.0 0. 00- 1.352 4,002
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Table 12

Results for Iridium-Pumice Catalyst

Weight of iridium-pumice catalyst = 0. 500 gm.,
Net weight of iridium used = 0.25 x 10-2 gm,

1. Dependence of initial rate ry' on initial hydrogen pressure PHz‘—
PCgHg = 30+ 1 mm. Hg

Run Temp. Py ry'

Run Temp. PH2 '

No. 0C, mm.Hg, _mm.Hg/min, No. OC. mm.Hg mm, Hg/min,

352 70 120.0 1.6 371 100 120.5 8.5

353 61.0 0.8 372 159.0 11.0

354 150.0 1.8 313 81,0 5.6

355 201.0 2,3 374 40.0 2,8

356 119.0 1.4 375 100.0 6.0
376 61.0 4.0

357 81 121.0 3.1 37 120.5 8.0

358 160. 5 4.4 s

359 39.5 1.1 378 107 120.0 9.5

360 196.0 5.0 379 61.0 4.8

361 80.5 2.2

362 141.5 3.6 i

363 180.0 4.8 '

364 90 121.0 5.3

365 59.5 2.7

366 160.0 6.8

367 30.0 1.3

368 90.0 3.9

369 200.0 7.8

370 119.5 5.3

2. Dependence of initial rate ro' on initial propylene pressure Po p..
Py, = 60 & 1 mm, Hg

Run Temp. Pc.H o' Run Temp. Pc,H, ry'
No, °c., mm.°Hg mm. Hg/min, No. °C, mm.Hr mm.Hg/min
380 80 29.5 1.9 384 100 30.0 4.5
381 119.0 1.4 385 139.0 4.0
382 80.0 1.5 386 202.5 4,0
383 142.0 1.5 387 85.5 4,3
388 139.0 4.0



3. Summary of the resuits

Temp. 10°/T

m n
oc, og-1
70 2.915 L0 -
81 2.825 1.0 -0.07
90 2.755 1.0 -
1007 2.681 1.0 -0.06
107 2.631 1.0 -

Log

>0

r'g' g'

0.146
0.491
0.724
0.929
0.970

Log
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Table 12 (Continued)

E A

rog  kecal/mole  mm.Hg/min. -gm. metal

2,747
3.093
3.326
3.531
3.571

15. 2.5 x 1012



Table 13

Results for Ruthenium-Pumice Catalyst

1. Dependence of initial rate rq' on initial hydrogen pressure PHz-_

PCsHG =30+ 1 mm.Hg

Run  Temp. Py T Run Temp. Pg, o'
No. °C. ‘mm.%lg mm. Hg/min, No. oc. mm.Hg mm.Hg/min,
389 60’5 121.0 1.3 401 102.5 119.5 © 4.0
390 179.0 1.7 402 161.0 5.0
391 90.0 1.0 403 80.0. 2.6
392 219.0 2.0 404 219, 0 6.3
393 59.5 0.9 405 40.0 1.5
394 119.0 1.2

406 124 120.0 6.2
395 78 119.0 2.0 407 - 38.0 2.0
396 217.0 3.3 408 157.5 7.4
397 81.0 1.6 409 60.0 2.5
398 172.5 2.9 410 119.5 5.5
399 40.5 1.0
400 122.0 2.2

2. Dependence of initial rate ro"*:)h}initial propylene pressure PC.Hg

Py, = 1201 mm, Hg

Run Temp. Pc H, o' Run Temp. PCgH, o'
No. oC. mm.hg mm. Hg/min, No. 0C. mm.Hg, mm. Hg/min,
411 124 120.0 5.1 421  102.5 30.0 2.9
412 58. 0 5.0 422 60.0 3.0
413 161.0 5.8 423 141.9 2.9
414 90. 0 6.0

415 - .81.0: 5.3

416 60.5 30.0 1.2

417 61.5 1.2

418 148.5 1.0

419 50. 5 1.1

420 91.5 1.1
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3. Summary of the results

Temp. 103/T m n Log Log E A
oc. ok-1 Tog' Tog keal/mole mm, Hg/min. ~gm. metal
60.5  2.998 0.75 -0.1 0.079 2.775 6.5 1.3 x 107
78 2,849 0.70 - 0.301 2,997
102.5 2. 663 0.80 0.0 0.602 3.298
124 2.515 0. 80 0.0 0.766 3.462




Table 14

Results for Osmium-Pumice Catalyst

Weight of osmium-pumice catalyst = 2,000 gm., '
Net weight of osmium used = 1. 00 x 102 gm,

1. Dependence of initial rate ry' on initial hydrogen pressupe Py, .
PC3H6 = 30 + 1 mm, Hg

Run : Temp. PH2 To' Run Temp. Py, Ty’
No. - _°C., mm Hg mm. Hg/min, No. oC, mm.Hg mm, Hg/min,
424 143 119.0 1.8 7440 - 170 120. 0 3.7
425 59.0 0.7 . 441 59. 5 1.0
426 182.0 4.0 442 177.0 7.0
427 58.0 0.7 443 160.0 6.0
428 171.0 3.6 444 101.5 2.7
429 89.5 1.1 445 138.0 4.5
430 240.0 6.2 446 119.0 3.6
431 120.0 2.0

447 188 122.0 5.0
432 160 119.0 2.7 448 188.0 10.5
433 41.0 0.1 449 64.5 1.5
434 198.0 6.8
435 62.0 1.1
436 240.0 10.0
437 178.5 7.0
438 120.0 2.8
439 141.0 4.2

2. Deperidence of ifiitial rite ¥4 6ii initial propylene pressure Pg He—
PH, =1?‘0 ¢ 1.mm, Hg

Run  Temp. Pcy ro'
No. C. mm,He mm,Hg/min,
450 143 30 2.0
451 91 2.0
b 452 62 2.0
j 453 132 1.8
g 454 30 1.8

R R e

< bt
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Table 14 (Continued)

3. Summary of the results

Temp. 103/T m n Log Log E A
oC. og-1 rog' Tos keal/mole mm, Hg/min, -gm. metal
143 2,404 1.8 0.275 2.277 7.4 2,5 % 106
160 2. 309 1.6 - 0.478 2.479
170 2. 257 1.4 - 0.556 2,557
188 2,169 1.6 - 0.661 2.662
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APPENDIX C

Sample Calculations

The following are the sample calculations of the kinetic parameters of the

hydrogenation of propylene over the platinum-pumice catalyst.

1. The net weight of platinum used

The reaction was studied over 0. 400 gm. of 0.5% platinum—pumice; catalyst
(Table 5). The chemical used in the preparation of the catalyst is PtCl;»2HC]-6H,0.
After being calcined in a muffle furnace at 400° C. for 6 hours, the chemical decomposed
into platinum chloride whose-exact formula is not clear. Since percentage of platinum
by weight is as low as 0.5, the net weight of platinum used can be taken as 0.4 x 0. 005

= 0.20 x 102 gm, with a negligible error.

2. The kinetics of the reaction

The experimental data for the catalyst are given in Table 9. According to the

equations (IV-4) and (IV-5), the pressure exponents m and n were estimated from the slopes
of the plots, Log ry' against Log PH2 and Log PC3H6' respectively (Figure 17). The results
are shown in section 5. Therefore, the orders of the reaction over the catalyst are 0.80

and zero with respect to hydrogen and propylene, respectively. q

3. Activation energy E and frequency factor A

The most probable value of r,', i.e., the initial rate obtained at Py, = 120 mm. Hg,

Pe JHe = 30 mm. Hg, was chosen from the plot of Log ry' vs. Log PH, at a certain temper-
ature. According to equation (IV-3), rog was estimated. Log r,g was then plotted against
103/T as shown in Figure 18, The data of Log r,g', Log rog, 1/T are given in section 5.

If Arrhenius' law holds over the temperature range studied, the following relationship exists:

S R AR I S i B S st i S s T S



3
1
Log rgg = 2+ b ('3 (

For simplification, it is rewritten as

y=a+ bx (2)
where y is Log rqg, and x is (103/ T). According to the method of least squares, the

values of a and b are evaluated from the following two equations:

nat+ bx(x-Z(N=0 (3)
and

a3 (x) + b3 () -Sxy)= 0 | (4)
where n is the number of experimental points.
Solving the above simultaneous equations,

S () - S NS D)
a=-
(=x2 - n¥ (x2)

(5)

and

TS - ny(xy)
b= (6)
(%2 - nZ(D)

From the data in section 5
= 5, J(X) = 13. 122, Z(y) = 17,125, Z(xz) = 34.482, 5 (xy) = 44.790

Substituting into (5) and (6),

a=12.4 (7)
and

= ¢3.43 (8)

Therefore, the best fitting line for the Arrhenius plot (Figure 18) is

y = 12.4 - 3.43x (9)
or Log rog = 12.4 - 3.43 (103/T) (10)

Comparing the equation (10) to the equation (IV-2),

Log A = 12.4 (11)

103
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and

—E - 3.43
2.303 R x 10 (12)

Hence, the frequency factor

12

A=2.5x10 (13)
and the activation energy
E = 2.303 x 1.987 x 3. 43 x 10° = 16 x 10 cal/mole
= 16 kecal/mole | (14)

4. Errors of the activation ener and the frequency factor

The probable errors” in a and b are

Py=r / "2 (15)

and
Pb = I'e —'111)’_ (16)
where ¥ d2 2
re = 0.6745 , D=n) (x3 - (L%
(n-2)
and 'q
d=7Y - Yealc. -

y is an observed value and yealc. is the corresponding calculated one using the constants

a and bcfinally adopted.

For the present calculation,

Yd2 = 0.010 (17)
Therefore, _ 010 _
re = 0.6745 = 0.030 (18)
(5-2)
D = 5 x 34. 482 - (13.122)% = 0.223 (19)

Substituting into (15) and (16),

X Margenau, H.; The Mathematics of Physics and Chemistry (D. Van Nostrand Co.Inc.,
ond edition, 1957), page 519.
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Hence, the probable error of the activation energy is

0.37

343 X 100 = 11%

and the probable error of log A is

0.14 _ .
154 X 100 = 1n%

5. Summary of the results

103

(20)

(21)

A
mm. Hg/min. -gm. metal

Temp. 103/T m n log Log E
oC. og-1 Tog' rog keal/mole
89 2.762 0.79 0.0 0.279 2.978 16

100 2.681 0.80 - 0.691 3.190

107.5 2.628 0.80 - 0.716 3.415

117 2.564 0.82 0.0 1.190 3.889

2.5 x 1012
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NdMENCLATURE
Edge length of unit cell #long the a and cAc;rystallographic axes
Frequency factor, mm.Hg/(min. -gm. metal)
Apparent actiya'tion energy, keal/mole

Activation énergy of the surface reaction, kcal/mole

" Rdte constant

Reaction Q?der with respect to initial hydrogen pressure
Re?,ction order with respect to initial propylene pressure
Total pressure of the reactants, mm. Hg

Partial pressures of hydrogen and olefins, mm. Hg
Initial partial pressure of hydrogen, mm. Hg

Initial partial pressure of propylene, mm. Hg

Pressure of propane formed, mm.Hg ' - ‘
Heats of adsorption of the reactants, keal/mole
Reaction rate, mm.Hg/min.

Initial reaction rate over a:unit-weight of metal catalyst, mm.Hg/(min. -
gm. metal) :

Initial reaction rate over a particular weight of metal catalyst, mm. Hg/min.

Initial reaction rate of the standard run over a unit weight of metal catalyst
at PH2 = 120 mm.Hg, Pogy, = 30 mm. Hg, mm, Hg/(min. -gm. metal)

Initial reaction rate of the standard run over a particular weight of metal
catalyst at PHz = 120 mm.Hg, Po g = 30 mm.Hg, mm. Hg/min,

Gas constant
Ratio of reactants' pressures, Py, / PCSHS
Reaction time, min.

Reaction Temperature, °K.





