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Analysis of Catalytic Ortho-parahydrogen Reaction 

Mechanisms 

Thesis directed by Professor Paul L. Barrick 

The low temperature ortho-parahydrogen shift reaction 

has long been considered to be an ideal one for the study 

of catalytic reaction mechanisms. This is due to its being 

a simple reaction in which the reactant is easily purified, 

side reactions are non-existent, and heat effects are quite 

small. For these reasons a large number of studies have 

been conducted on this reaction. Most investigators have 

concluded that their kinetic data at temperatures below 

100 ° K were explained by a first-order reaction rate law. 

However, there have been a few investigators who did not 

agree that the reaction is a simple first-order reaction 

and theoretical investigation showed that, except under 

certain conditions, the reaction should not be of first

order type. 

An apparatus was therefore devised which could be used 

to collect kinetic data at 76 ° K for the reaction. A 

hydrous ferric oxide gel catalyst was used to promote the 

reaction and a pressure range of 30 to 1010 psia in geo

metric intervals was covered. Since the ortho-parahydrogen 

reaction is reversible at 76 °K, a study of the reaction in 

both directions is quite useful in determining a reaction 

mechanism--according to the principal of microscopic 

reversibility, the mechanism must be the same in both 

directions. No single investigation on the reaction in 

both directions using the same catalyst and covering 

identical pressures and temperatures has previously been 



reported. 

Rate expressions based on different sets of theoret

ical assumptions are derived and tested against the data. 

Models which assume a three-step mechanism consisting of 

adsorption, surface reaction, and desorption are postulated 

and an expression is derived when each of the three in turn 

controls the rate of reaction. Four different types of 

adsorption laws are used in developing mechanisms. The 

names of Langmuir, Temkin, Elovich, and Freundlich are 

associated with these adsorption laws. In addition, for 

the Langmuir case, an expression is derived which postu

lates that none of the three steps controls the rate. 

The results show that a good correlation of the data 

is obtained from both the Langmuir and Elovich models. 

However, there is a deviation with pressure which is not 

predicted by the theory in the rate constants of the 

Elovich expressions, and there is a difference in value 

between the rate constants of the Langmuir expression for 

the forward and reverse directions. It is shown that if 

some of the basic assumptions of the Langmuir model are 

modified,e.g., if adsorbent surface heterogeneity or inter

actions between adsorbate molecules are assumed, both of 

which result in a non-uniform heat of adsorption, then the 

experimental variation in the Langmuir rate constants can 

be predicted. It is concluded that a model in which the 

reactant adsorbs onto the surface with a non-uniform heat 

of adsorption, reacts, and then the product desorbs from 

the surface, with the surface reaction being the rate-con

trolling step, is the best explanation of the ortho-para

hydrogen shift reaction. 
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I. INTRODUCTION 

This paper presents the results of an experimental 

study into the catalytic rate of conversion between ortho

hydrogen and parahydrogen. The purpose of the investiga

tion was to compare various reaction-rate mechanisms and 

determine which gives the best representation of what is 

happening on the catalytic surface. In order to better 

achieve this goal, the reaction was run in both directions. 

The existence of two different forms of molecular 

hydrogen can be predicted by consideration of the nuclear 

rotational partition functions for molecular hydrogen. 

This fact was first ' noticed in 1927 by Dennison [19], 

Heisenberg [33], and Hund[35], who predicted the existence 

of the para form (in which the nuclear spins are pictured 

as being anti-parallel) and the ortho form (in which the 

nuclear spins are parallel). These workers showed that the 

ratio of ortho- to parahydrogen in an equilibrium mixture 

is a function of temperature and that the equilibrium com

position-temperature relationship could be predicted purely 

from statistical mechanical considerations. In 1929 

Bonhoeffer and Harteck [5] and McLennan and McLeod [45] 

experimentally verified Dennison's findings and also showed 

that the exchange between the two forms could be catalyt

ically promoted. 

Since that time considerable effort has been expended 

in studying the ortho-para-hydrogen transition. There have 

been two principal reasons for doing so. The first has 

been that since the reaction itself is simple, it is an 

ideal one for studying catalytic mechanisms and reaction 

routes. There are only two molecules involved in the con

version, hence, no side reactions are possible, and there 
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is no volume change upon reaction. Heat effects are rela
-1 

tively small (the heat of reaction is 338 cal g-mole at 

77 °K) and thus, isothermality of reaction conditions should 

be relatively easy to maintain. It is relatively easy to 

obtain a pure stream and a difference in thermal conduc

tivity between the ortho- and para- forms makes the analy

sis of the sample relatively easy. 

The second reason for studying the ortho-parahydrogen 

reaction concerns the expanding need for liquid hydrogen 

in recent years. This has resulted in two general direc

tions of effort. The first is the search for catalysts 

which will promote the reaction more effectively. The 

second is the acquisition of design data for hydrogen 

liquifiers. This situation comes about because of the 

energy difference between the ortho and para states and 

because of the composition-temperature relationship. The 

ortho state is the high energy state and is the dominating 

state at high temperatures (> 150°K). At liquid hydrogen 

temperatures (20°K) the equilibrium is shifted to the para 

state. The reaction 

orthohydrogen ---~~ parahydrogen 

is exothermic, but is quite slow if allowed to proceed in 

a homogeneous phase. If the conversion is not catalyt-

icallypromotedat the time of liquefaction, the homogeneous 

liquid-phase transition will gradually occur and since the 

heat of reaction is greater than the heat of vaporization 

the liquid will boil off as the reaction progresses. Thus, 

studies of the rate of conversion of ortho- to parahydrogen 

are necessary. 
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Among the workers who have investigated the mechanism 

of the reaction, there appears to be some disagreement on 

the mechanism. Most early investigators found that their 

data could be represented by a first-order rate law. Some 

of the more recent workers have shown that a first-order 

rate law did not adequately describe their data. 

One of the objectives of the present paper is to 

examine the assumptions that lead to first-order kinetics 

and determine whether or not these assumptions remain valid 

for the present catalyst . As the reaction is reversible, 

it is very useful to study the kinetics in both directions 

for several reasons. First, much of the difficulty in 

obtaining a mechanism for the reaction has been that no 

single investigator has studied the forward and reverse 

reactions at the same time using the same catalyst under 

identical conditions of pressure and temperature. The 

result has been that a first-order mechanism has been used 

more often to represent the forward reaction, i.e., ortho 

to para conversion, and the reverse reaction or "back 

conversion," i.e., para to ortho, has not been correlated 

as well by first-order kinetics (Cf. Keeler, et. al. [40]). 

Secondly, studies of both forward and reverse reactions 

can be used to corroborate one another. According to the 

principle of microscopic reversibility, the reaction must 

proceed via the same mechanism in both directions. Thus 

the same mechanism should be obtained for forward and 

reverse reactions. 

There are several phenomena that are associated with 

a catalytic reaction mechanism. Each of these affects the 

rate of reaction to a greater or lesser extent, depending 

upon the particular reaction which is under study. The 
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effects of each of these separate phenomena on the rate 

must be examined and fully understood by the experimental

ist in order that he may present the complete picture of 

the kinetics. Principally, there are four effects that 

must be considered: interparticle (bulk) diffusion, intra

particle (pore) diffusion, adsorption and desorption, and 

surface reaction. The latter two fall into the broader 

category of what will be referred to in the present work 

as "surface kinetics." The present investigation is con

centrated upon the topic of surface kinetics, as the 

operating conditions for the present series of experiments 

were chosen so as to be outside the realm of diffusion 

effects. (The methods of attack that have been used on 

these problems are outlined in Appendix C.) 

Adsorption and desorption represent the forward and 

reverse processes of the same phenomenon. Since there is 

no per se chemical reaction involved in these processes, 

it is possible to study them outside the realm of the 

chemical reaction. However, such studies constitute a 

separate task in themselves and are outside the scope of 

the present work. They are included here in only as they 

contribute to the overall reaction rate model. · An abbre

viated discussion of some of the more well-known theories 

of adsorption and desorption is contained in Appendix A. 

In particular, there are three commonly accepted 

models of adsorption and desorption. The difference in 

these three lies in the manner in which the molecules are 

assumed to adsorb onto the surface and the way in which 

the molecules thereby affect the heat of reaction. One of 

these models pictures a uniform surface with no molecular 

interactions on the surface. The other two assume 



different types of non-uniform surfaces. Rate equations 

will be derived based upon each of these three models of 

adsorption and the data will be correlated against these 

equations in order to explain which of the three is the 

most likely one to be encountered in the reaction. 

5 

The surface reaction itself represents, at one 

extreme, a chance for the researcher to delve into the 

finer points of quantum and perhaps statistical mechanics 

in order to determine how the actual conversion of an 

ortho- to a parahydrogen molecule occurs. However, the 

concern in the present work is not the actual molecular 

interactions that occur on the surface, but rather how 

these interactions affect the overall kinetic mechanism. 

This investigation examines the factors that contri

bute to the rate law--namely adsorption of the reactant, 

surface reaction, and desorption of the product--how the 

various possible combinations of these factors affect the 

resulting rate equation and how well the rate equations 

obtained predict the experimental behavior of the ortho

parahydrogen shift reaction. 

In kinetics work, the most frequent approach has been 

to postulate that these three steps, i.e., adsorption, sur

face reaction, and desorption, occur in sequence, and that 

one of them controls the rate of reaction. The form of the 

rate law corresponding to this assumption is then examined 

and compared with the experimental results. In many 

studies, adsorption onto a uniform surface has been used 

as a basis for development and the rate expressions are 

derived from the point. In the present work, the effects 

of both uniform and a non-uniform surface upon the rate 

laws are examined. This is considered to be necessary 
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because most adsorption data are shown to be better corre

lated by laws which assume a non-uniform type of surface 

coverage than by those in which a uniform surface is 

assumed [44], including the hydrogen-ferric oxide gel 

system studied in the present investigation [15]. The 

data for the hydrogen-ferric oxide gel system are discussed 

in Appendix A. The chief reason for the assumption of a 

uniform surface in kinetics work has been that the result

ing rate e xpressions have been much more amenable as a 

means of correlating data and developing design equations 

than have expressions which are developed from the assump

tion of a non-uniform surface. 

It is also possible that the hypothesis of there being 

a rate-controlling step does not necessarily hold. This 

premise will be examined for the case of a uniform surface 

in order to determine how such an assumption may affect 

the rate law. 

The purpose of this investigation is thus to study the 

most frequently used kinetic models for developing rate 

equations, apply them to one of the simplest known reactions, 

and compare the results of these models with experimental 

data. In this way, insight into the validity of these 

models ma y be gained, and the reaction mechanism of the 

catalytically promoted ortho-parahydrogen shift reaction 

may be elucidated. 



II. PREVIOUS WORK 

Ever since the discovery of two forms of molecular 

hydrogen [19, 33, 35], much work has been performed in 

studying the rate of conversion between them. There are 

several reviews available which present this work. Barrick 

and Brown [l] have compiled a literature survey of the 

subject and Trapnell [55] and Schmauch and Singleton [ 51] 

have reviewed in detail the work that has been performed 

to date on the kinetics of the reaction. 

Most investigators have reported that their data can 

be represented by a first-order rate expression as shown 

by Eq. ( 1) . 

where 

C , c 
0 

C , C 

r = k (c - c ) = k (c - c) 
r o oe r pe p 

( 1 ) 

. -1 -3 r = reaction rate, g-mole min cm catalyst. 

= p 

= 

ambient ortho and parahydrogen concentrations, 
respectively, g-moles cm- 3 

oe pe 
equilibrium ortho and parahydrogen concen
trations, respectively, g-moles cm- 3 . 

k 
r = 

. -1 
reaction rate constant, min 

Among the later investigators who have reported that 

their rate data could be correlated by a first-order rate 

law are Harrison and McDowell[27,28] ,who studied the re

verse reaction (para- to orthohydrogen) over~°"- -diphenyl-

~ -picryl hydrazyl, zinc oxide, and mixtures of the two at 

pressures from 25 torr to 56 torr and at temperatures from 

90 °K to 290 °K. Chapin and Johnston [13] also reported 

first-order kinetics for the forward reaction over a 

chromia-alumina catalyst at temperatures from 55 to 195 °K 
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at a pressure of 28 atm., and over the pressure range 5-100 

atm. at 77 ° K. Buyanov [10, 11, 12] reported first-order 

rate constants for the forward conversion over ten differ

ent catalysts at temperatures of 64 °K and 78°K and at 

pressures from 60 torr to 150 atm. Weitzel, Blake, and 

Konecnik [57 ] reported that at a temperature of 76 °K and 

a pressure of 22 . 2 psia, the forward reaction over a 

hydrous ferric oxide gel catalyst appeared to follow first

order kinetics. Similar results were obtained by Wakao, 

Selwood, and Smith [56], who studied the forward reaction 

over a nickel on aluminum oxide catalyst at 77 °K and over 

the pressure range 55 to 415 psia. The first two of the 

studies above were carried out in static systems, while 

the latter three were conducted with flow systems. 

Among the later investigators, however, there is not 

universal agreement that the reaction is actually a simple 

first-order reaction at cryogenic temperatures. When 

Weitzel, et. al. [57] studied the reverse reaction, they 

found a deviation from first-order kinetics, which they had 

not noticed in their forward conversion data. According 

to the principle of microscopic reversibility, if an over

all first-order rate law specifies the mechanism of the 

reaction, it should be obeyed in both directions. In a 

later paper, Keeler, Weitzel, Blake, and Konecnik [40] 

reported deviations from first-order kinetics in their data 

for the forward conversion over ferric oxide gel catalyst 

at 76°K and pressures in the range 17 to 312 psia. 

Cunningham and Johnston [16] in their study of the 

forward (ortho- to para) reaction in the liquid phase at 

20 °K over alumina-supported ferric oxide and chromic oxide 

catalysts, derived an equation which can be expressed in 



the form 

r 
k(c 

pe 
1 + 

- C ) p 

9 

(2) 

The results of Cunningham and Johnston were well

correlated by the integrated form of Equation (2) and were 

not particularly well explained by the integrated form of 

the first-order rate expression Eq. (1). Hutchinson (36] 

also found that his data for the gas phase reverse reaction 

over a ferric oxide gel catalyst in the temperature range 

40 to 80 ° K and in the pressure range 42 to 1012 psia were 

better represented by Eq . (2) than Eq. (1). It is reported 

by Clark, Kucirka, Jambhekar, and Schmauch [14] that there 

is some deviation from first order in their data for the 

forward conversion over three very active catalysts at 

temperatures from 74 to 91°K. They ascribe this deviation 

to diffusion effects. It appears upon examination of the 

literature that most of the workers who have observed 

deviations in the reaction from first-order kinetics have 

been working with very active catalysts and, in the case 

of Cunningham and Johnston (16], at high hydrogen concen

trations. The significance of this fact is that there is 

probably a higher degree of surface coverage by the hydro-

gen than was observed by the earlier workers. It will be 

shown in Section III that under conditions of low surface 

coverage, it is indeed possible to observe a first-order 

reaction, and that at higher surface coverages , a first

order rate law should not result. 

There are three steps involved in the surface mechan

ism--adsorption, surface reaction, and desorption. 

As far as the surface reaction step is concerned, two 

fundamental methods of producing an ortho-parahydrogen 
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transition have been proposed. The first method consists 

of dissociating the hydrogen molecules and allowing them 

to recombine [48]. The second involves the interaction 

between an inhomogeneous magnetic field and the magnetic 

field that is associated with the nuclear spin of the hydro

gen molecule [6]. Although the former has been observed at 

temperatures as low as liquid air (90 °K) [26], the dissocia

tion mechanism is generally regarded as being unimportant 

at temperatures below 150 °K [55]. Interaction between the 

hydrogen molecule and an inhomogeneous magnetic field {such 

as that found in the region of a paramagnetic molecule), is 

generally believed to be the mechanism of the surface re

action at cryogenic temperatures [55]. 

Adsorption and desorption play a major role in the 

development of a catalytic reaction rate mechanism. 

Generally, it has been found that the kinetic law will 

acquire the form of the adsorption law [34,53 ] . There has 

been some controversy, however, over the validity of postu

lating one mechanism as superior to another [7,58]. Weller 

[58] has pointed out that the classical Langmuir-Hinshelwood 

approach (which is developed in Section III.C) is based 

upon the physically unrealistic assumption of an ideal sur

face. He argues that attempts to explain data on the basis 

of a Langmuir-Hinshelwood expression are merely empirical 

curve-fitting rather than corroboration of a theory. He 

further maintains that one might just as well use an 

empirical power law rate expression of the Freundlich type 

in dealing with rate data, as this type of expression (for 

an irreversible reaction, at least) is much easier to 

integrate. He also cites three examples of reactions for 

which the data are correlated as well by a Freundlich-type 
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expression as by a Langmuir type. 

In reply to Weller's arguments, Boudart [7] points 

out that, while indeed most rate data can be fitted by 

either type of rate law, there are some advantages to be 

gained by using the mechanism approach. He argues that 

better development and control of catalyst and reactor 

conditions can be obtained if something is known about 

surface conditions. Both he and Weller cite the case of 

the ammonia synthesis reaction in developing their argu

ments. A look at this reaction is instructive. 

The synthesis of ammonia from nitrogen and hydrogen 

over an iron catalyst has been one of the most widely 

studied of cat a lyzed reactions. Two reviews that cover 

the subject (there are others) are those of Frankenburg 

[23] and Bokhoven, et.al. [4] . Most investigators who have 

studied the ammonia synthesis agree that the rate can be 

e xpressed by Eq. (A). 

r (A ) 

where 

r = rate of formation of ammonia 

kf,kb forward and reverse reaction rate constants. 

PN partial pressure of nitrogen. 

PH partial pressure of hydrogen. 

PA partial pressure of ammonia. 

m,n = constants. 

Eq. (A) was first derived by Temkin and Pyzhev [54], who 

assumed that adsorption of nitrogen was the rate-controlling 

step. However, instead of assuming a Langmuir-type of ad

sorption, they assumed that the adsorption was of the type 
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that is explained by a Temkin adsorption isotherm [31]. 

This isotherm assumes a type of surface on which the heat 

of adsorption varies linearly with the amount of surface 

that is covered. 

Boudart [7] makes the statement that, under certain 

conditions, a rate expression which is derived from the 

Langmuir approach assuming nitrogen adsorption is the 

rate-controlling step will reduce to the Temkin-Pyzhev 

expression, Eq. (A). In a later work, Ozaki, Taylor, and 

Boudart [46] verified this conclusion. 

A similar approach will be presented in the present 

work. Rate equations will be derived which are based upon 

the Langmuir, Temkin, and Freundlich theories of adsorption. 

No matter which approach is advocated, the importance of 

adsorption in formulating rate expressions for catalyzed 

reactions is agreed upon. Unfortunately, a method for 

obtaining adsorption data for orthohydrogen and parahydro

gen separately has not yet been found. Clark, et.al. [15] 

have obtained total hydrogen adsorption isotherms for two 

different catalysts over the temperature range 63 to 194°K. 

Correlations based upon the three general adsorption iso

therms are presented for these data in Appendix A of the 

present work. 



III. THEORY 

A. General 

Catalytic reactions in which the reactants constitute 

a separate phase from the catalyst are ordinarily postu

lated as occuring via a series of individual and separate 

reaction steps. For a gaseous reaction which is catalyzed 

by a porous solid, such as the ortho-parahydrogen reaction 

on ferric oxide gel, these individual reactions take place 

in the following sequence: (1) The reactants diffuse from 

the bulk gas phase to the pore mouths and then (2) diffuse 

into the interior of the solid. (3) The reactants are ad

sorbed onto the surface, and (4) they react on the surface 

to form products. The products then follow the reverse 

order, i.e., they (5) desorb from the surface, (6) diffuse 

to the exterior surface of the solid, and (7) diffuse from 

the pore mouths into the bulk gas phase. 

The development of a rate equation which included all 

the above seven steps would be an immense task due to the 

intractable mathematics involved and the results would 

probably be unusable in a number of cases, such as reactor 

design. Hence, there has not been a great deal of effort 

expended in this direction. 

Generally, the procedure has been to perform kinetic 

experiments outside the realm where diffusion effects are 

expected [ 6 0] and to treat only the surface steps. 

Appendix C outlines some of the work that has been done on 

diffusion (both interparticle and intraparticle) in the 

ortho-parahydrogen shift reaction. The present work was 

performed in pressure and flow regimes where diffusion 

effects were not encountered and consequently these effects 
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will not be considered in the following development. For 

the three surface reactions, it is usually postulated that 

one of them is slower than the other two. This step is 

known as the rate-controlling step. The other two reactions 

(for a reversible reaction) are said to be in "equilibrium." 

What is meant is that the reverse reactions proceed at a 

rate almost equal to their corresponding forward reactions 

--the only difference between the two being the net forward 

rate of reaction. The assumption of a rate-controlling 

step is quite effective in that the mathematical expres

sions which result are not cumbersome and that useful 

results can sometimes be predicted. This is the procedure 

that will be followed subsequently in developing a reaction 

rate model. 

B. Surface Mechanisms 

The present work was undertaken to study the surface 

mechanism, or "surface kinetics," which consists of the 

adsorption, reaction, and desorption steps. The primary 

concern is with the rates of each of these steps. In 

general, the rates of adsorption and desorption will depend 

upon which particular model (Langmuir, Temkin, or 

Freundlich) is used to describe the manner in which the 

adsorbate is adsorbed onto the surface of the adsorbent. 

Appendix A treats in detail the theory of adsorption and 

desorption and the development of adsorption isotherms. 

The rate laws for the different adsorption models are also 

presented in Appendix A and these will be used presently 

in the development of the reaction rate laws for the 

ortho-parahydrogen conversion. However, before this can 

be accomplished, something must be said concerning the 



15 

actual surface reaction itself. 

It has been stated [cf., 5,6,20,21,22,48] that there 

are only two types of actual surface mechanisms which will 

cause the ortho-para transition in hydrogen. These are 

either dissociation and recombination of the hydrogen mole

cules, or interaction of the undissociated hydrogen molecule 

with an inhomogeneous magnetic field. Since the experi

mental reaction temperatures were quite low (less than 

100°K) and the dissociation energy of the hydrogen mole

cule is relatively high (about 100 kcal [4]), it is con

sidered quite unlikely that dissociation is an important 

factor in the present series of experiments. Moreover, 

Wigner [59] and Kalckar and Teller [39] have shown that 

molecular interaction of hydrogen with an inhomogeneous 

magnetic field such as one encountered in the region of a 

paramagnetic molecule or ion will indeed promote the ortho-

para transition. In addition, early work on the hydrogen-

deuterium exchange [26] showed that -183° C or 90°K is about 

the lowest temperature at which the exchange took place. 

Thus, it is quite likely that the surface reaction itself 

will be a unimolecular surface reaction, with the rate law 

given by Eq. (3). 

where 

r 
s 

8 
0 

8 
p 

k ,k 
0 p 

r 
s 

k 8 - k 8 
0 0 p p 

= fraction of available surface covered by 
orthohydrogen molecules. 

= fraction of available surface covered by 
parahydrogen molecules. 

. -1 = surface rate constants, g-moles min 

f . 1 . -1 = rate o reaction, g-mo es min 

(3) 
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In all of the subsequent development, it will be assumed 

that Eq. (3) describes the surface reaction itself. 

As it now stands, Eq. (3) is of little direct value 

in that e and 8 cannot be measured directly. Therefore, 
0 p 

steps must be taken in order to obtain the rate law in 

terms of variables which can be measured, i.e., c and c, 
0 p 

the ortho- and parahydrogen gas-phase concentrations 

respectively. 

The only manner in which this can be accomplished is 

to take into account the adsorption and desorption rates, 

since the laws which describe these rates provide the re

lationships between the gas phase and the surface phase 

concentrations of reactants and products. This is the 

reason that the adsorption and desorption steps must be 

included in the category of surface kinetics. 

Attention is now focused upon the development of the 

overall kinetic laws, one of which will be used to describe 

the rate of the ortho-parahydrogen reaction. Rate laws 

will be derived based upon each of four well-known adsorp

tion-desorption models--those of Langmuir, Temkin, Elovich, 

and Freundlich. These models encompass the following three 

types of surface coverage: 

1. Uniform surface with no molecular inter

actions and constant heat of adsorption. 

2. Molecular interactions or non-uniform 

surface effects such that the heat of 

adsorption varies linearly with surface 

coverage. 

3. Surface heterogeneity or molecular 

interactions such that the heat of 
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surface coverage. 

C. Langmuir Kinetics 

17 

The simplest case to treat is that of a uniform sur

face--the Langmuir-Hinshelwood model. This case for the 

reverse (para-to-ortho) reaction has been treated in detail 

in previous works by Barrick, et.al. [2] and Hutchinson 

[36] but the highlights of the development will be presented 

here. 

If one step is assumed to be rate-controlling, ther e 

are three cases to be considered. These are (1) adsorption 

controlling, ( 2) surface reaction controlling, and (3) de

sorption controlling. The method of attack is similar in 

all cases; the difference lies in the mathematical details. 

Consequently, the procedure will be illustrated only by a 

derivation of the case of Langmuir adsorption with the 

adsorption of parahydrogen step controlling. For the other 

situations, the final results of the derivations will be 

presented. 

The overall reaction is the conversion of para- to 

orthohydrogen. The steps are written as follows (At this 

point these steps as shown imply no particular type of 

adsorption): 

(4) 

(5) 
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o-H
2

(ads) ,( o-H
2 

( g) (6) 

where 

For Langmuir kinetics the rate equations which corre

spond to the reactions given by Eqs. (4), (5), and (6) are 

rad = kc (1-8 -8 )-k 8 
1 p O p 2 p 

(7) 

r = k 8 - k 8 
s 3 p 4 o 

( 3a) 

r = k58o - kc (1-8 -8 ) 
des 6 o O p 

(8) 

At this point the assumption of a rate-controlling 

step is brought into use. In the present illustration 

adsorption of parahydrogen is considered to be the rate

controlling step. Thus, Eqs. (3a) and (8) become 

(3b) 

k
5

8
0 

= kc (1-8 -8) 
6 O o p 

(Sa) 

8 and 8 are eliminated between Eqs. (3b) and (Sa) and 
0 p 

the results are substituted into Eq. (7). The resulting 

equation is the rate law for the case of adsorption con

trolling, which is Eq. (9). 

k 1k 3k 5cp - k 2k 4k 6c
0 

(9) 
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Similar treatments can be worked for the cases of sur

face reaction controlling and desorption controlling. For 

the case in which surface reaction controls, Eqs. (7) and 

(8) are equated to zero. Elimination of 8 and 8 as 
0 p 

variables from the resulting equations yields the rate 

law , Eq. (10), for the case when surface reaction controls. 

r = 
k 1k 3k 5cp - k 2k 4k 6 c

0 

k 2k 5 + k 1k 5cp + k 2k 6c
0 

(10) 

Similarly, the rate law for desorption of orthohydrogen 

controlling is given by Eq. (11). 

( 11) 

D. Simultaneous Steps Controlling 

The development of rate expressions for the situation 

in which more than one step is postulated to be rate-con

trolling has rarely been attempted. The reason for this 

has already been stated: the mathematics are extremely 

involved and the resulting expressions are, in general, 

too cumbersome to handle for normal usage. However, in 

the case of the ortho-parahydrogen reaction, there is some 

hope that additional information may be gained if the 

assumptions of multistep-controlling reactions are put to 

use. Consequently, the development in the following two 

sections is presented. It is assumed that Eqs. (7) , ( 3a) , 

and (8) still represent the rates corresponding to the 

individual steps. 
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1. Two-Steps Controlling 

The two-step case results when only one of the three 

reaction steps (i.e., adsorption, surface reaction or de

sorption) is assumed to be in equilibrium. Again there 

are three instances which must be considered, namely those 

when each of the three steps in its turn is in equilibrium. 

As in Section III.C, the treatment will be outlined for 

one case and the results only will be presented for the 

other two. 

The first case that will be considered is if the ad

sorption step is in equilibrium. Then Eqs. (7), (3a), and 

(8) become 

kc (1-e -e) = k 2eP 1 p O p 

= k e - kc (1-e -e) 
5 o 6 o o p 

( 7a) 

( 3a) 

(8) 

If e and e are eliminated between Eqs . (7a) and (8) and 
p 0 

the results are substituted into Eq. (3a), the reaction 

rate is given by Eq. (12) 

The procedure is tedious but not particularly difficult. 

For the case when surface reaction is in equilibrium, elim

ination of e and e between Eqs. (7) and (3b) and substi-
o p 

tution of the results into Eq. (8) yields Eq. (13), the 

desired rate law. 
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A similar treatment can be carried out when the desorption 

step is in equilibrium. Eq. (14) presents the rate law 

for this case. 

r = (14) 

2. No Steps Controlling 

The last and most difficult case to be considered 

results when none of the reactions is assumed to be in 

equilibrium. Again, Eqs. (7), (3a), and (8) provide the 

starting point. 

r = (7) 

= k e - k c (1 - e - e ) (8) 
5 o 6 o o p 

If e and e are eliminated between Eqs. (7) and (8), the 
0 p 

results are given by Eqs. (15) and (16). 

e = 
0 

e 
p 

k 2k
6

c
0 

+ r(k2 + k
1

cp + k
6

c
0

) 

k 2k 5 + k 1k 5cp + k 2k 6c
0 

k 1k 5cp - r(k5 + k 1cp + k 6c
0

) 

k 2k 5 + k 1k 5cp + k 2k 6c
0 

( 15) 

(16) 
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Substitution of Eqs. ( 15) and (16) into Eq. (3a) yields 

the result 

r = (k
2

k
4 

+ k 2k
5 

+ k
3

k
5

) + (k
1

k
3 

+ k
1

k 4 + k
1

k
5

)cp 

+ (k2k6 + k3k6 + k4k6)co 
(17) 

Thus, in the case of the ortho-parahydrogen reaction at 

least , the equations for the multistep-controlling re

actions can be derived. The significance of these results 

will be discussed later. 

E. A Variation of Temkin Kinetics 

A second case which may be considered in developing 

a reaction model is suggested by the adsorption rate 

e quat ions presented in Appendix A.4. These equations 

attempt to account for not only variation in heat of ad

sorption with surface coverage, but also effects of inter

action between the two species which are being adsorbed. 

The equations which are involved are transcendental func

tions, so that the quantities 9 and 9, which could be 
0 p 

found explicity in terms of x and (1-x) in the preceding 

development, can no longer be solved for directly. The 

following treatment outlines a method for developing a 

rate ex pression using the present type of adsorption for 

the case when surface reaction controls t he overall 

reaction rate. In this situation, the rate laws are given 

by Eqs. (18), (3a), and (19). 

-a 9 -a 9 b 9 + b
2

9
0 =kc (1-9 -9 )e 1 P 

2 0 -k 9 e 1 P 
1 p o p 2 p 

(18) 
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r = k 8 - k 8 
3 p 4 o 

(3a) 

b
5

8 +b
6

8 -a 8 -a 8 
r = k

5
8

0
e O p -kc (1-8 -8 )e 5 0 6 P (19) 

des 6 o o p 

where 

a= d /RT (See Appendix A). 

b = ~ /RT. 

If surface reaction controls, Eqs. (18) and (19) are 

set equal to zero and the results are substituted into 

Eq. (3a). The result is shown in Eq. (20). 

(kl C 
( 1-8 -8 ) ) nl 

0 2 

ln k2 p 8 
r = (20) 

(1-8 -8) n2 
( k6 8 0 p ) 

C 

k5 0 0 

where 

At equilibrium, r = 0, and x = x, 8 = 8 , and 8 = 8 e p pe o oe 
Thence, Eq. (20) takes the form of Eq. (20a). 

[
k 1c (1-8 -8 e) 1 [k c (1-8 -8 )] n2 

e oe = 6 oe oe 2e (20a) 
k

2
8 k

5
8 

pe oe 
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Substitution of Eq. (20a) into Eq. (20) yields the rate 

1 aw, Eq . ( 21) . 

x(l-8 -8 )8 
o p pe U[ ] 

n 

r = k ln x (1-8 -8 )8 
e oe pe p 

[
(1-x) (1-8 -8 )8~} e oe pe o 
(1-x) (1-8 -8 )8 <

21 ) 
o p oe 

where 

The separation factors is defined as (See Appendix B) 

8 8 
0 oe 

8 8 
s = 

p 
= 

pe ( 22) 
C C 

0 oe 
C C 

p pe 

(22) Eq. may be used to eliminate 8, 8, 8 , and 8 
o p oe pe 

from Eq. (21) . 

( 1-8 -8 ) . 
oe pe 

It is also assumed that (1-8 -8) equals 
0 p 

The result is given by Eq. (23). 

r = k ln 
[
[s ( 1-x) + x ] n 
ls(l-x )+ x 

e e 

= k (n-1) ln [s (l-x) + x ] 
s(l-x )+ x 

e e 

[
s (1-x e) 

s ( 1-x) 

( 23) 

Eq. (23) will be known in this work as the modified Temkin 

rate expression, although there is no record of his having 

developed such an expression. The adsorption process which 

was used herein is similar (for the separate species) to 

that which is used in developing the Temkin adsorption 

isotherm [31]. 
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F. Elovich Kinetics 

The next case to which the technique of combining the 

adsorption and reaction models will be applied is that 

where the rate of adsorption is described by the Elovich 

equation. As Low [44] points out, there is not a unique 

derivation of the Elovich equation, so that a rigorous 

theoretical interpretation may not be ascribed to those 

systems which obey it, but it has been found to describe 

adsorption rate data for a large number of systems and 

hence will be presented herein. The equations which are 

subsequently derived cannot be taken as rigorous, as no 

account is taken of the effect of the presence of one specie 

on the rate of adsorption of the second specie. However, 

the results may serve to suggest a relation which may serve 

as a good empirical representation of the data. 

The reactions themselves may, as before, be repre

sented by Eqs. (4), (5), and (6) • Likewise, the surface 

reaction itself is still assumed to be first-order, as 

represented by Eq. (3a). The rates of adsorption and de

sorption are now governed by an equation of the Elovich 

type [29,44] (Appendix A). The rate laws are given by 

Eqs. (24} , (3a) , and (25) . 

- d. l 9 /RT ~l 9 /RT 

rad = k c e p - k e p 
1 p 2 

(24) 

r = k 9 - k 9 s 3 p 4 o 
( 3a) 

k
5

e 
~ 2e

0
/RT 

- k c e 
- ol.

2
9

0
/RT 

r = des 6 o 
(2 5) 
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where 

d.. @ = constants as defined in Appendix A. 
-1 -1 

R = gas constant = 1.998 cal g-mole °K 

T = temperature, OK. 

The subsequent treatment of Eqs. (24), (3a), and (25) 

is identical to the treatment of Eqs. (7), (3a), and (8) 

above in that one step is assumed to be rate-controlling, 

the remaining two are assumed to be in equilibrium. 

The results of the algebraic manipulations of Eqs. 

(24), (3a), and (25) are given by Eqs. (26), (27), and 

(28), which show the rate equations when adsorption, sur

face reaction, and desorption, respectively, control the 

rate of reaction. 

r = kol. 
[x (1-x )-al_ ( 1-x ) bl] 

X 1-X 1-x 
e e e 

( 26) 

[c:/1 
k3 k4 

a21 + al 1-x b2 + r = ln (__a) 
1-x 

( 27) 

(28) 

where 

al = cl. 
1

/RT. 

a2 = cJ.. 
2

/RT. 

bl = @ 
1

/RT. 

b2 = ? 
2

/RT. 

k ,kJ reaction rate constants, g-mole 
-3 

min 
-1 

= cm 
cl 
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k~, and k/ are proportional to the total hydrogen con

centration, cH, raised to some power n, where n is a func

tion of the rate constants of Eqs. (24), (3a), and (25). 

The case of Elovich kinetics cannot, unfortunately, be 

further enlarged by attempts to develop a rate expression 

when more than one step controls the reaction rate, as was 

done in the case of Langmuir-Hinshelwood kinetics. The 

reason for this is that transcendental functions are 

involved and the algebra shows no promise of being able 

to produce an explicit expression for r in terms of c, 
p 

etc. Therefore, attention is turned to the final case that 

will be considered in the present work. 

G. Freundlich Kinetics 

The development in Appendix A is an attempt to provide 

a theoretical justification for the empirical Freundlich 

isotherm. Although the development makes use of some 

rather broad (and perhaps questionable) assumptions, the 

Freundlich isotherm (and rate equation) have often proved 

useful as a means of correlating data. This is particu

larly true for irreversible reactions. However, the de

velopment will be carried out for the reversible reaction, 

since the hydrogen adsorption data of Clark, et.al. [15] 

were found to be more nearly correlated by a Freundlich 

isotherm than by the Langmuir or Temkin isotherms (Appendix 

A). Again, as with the Elovich case, the results should 

not be given a strict theoretical interpretation, but should 

be taken as a possible good empirical correlation. 

The procedure is analogous to that which was used in 

deriving the Langmuir and Elovich rate laws. The reactions 
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are again given by Eqs. (4) through (6). The adsorption 

rates are now based upon the Freundlich adsorption iso

therm. The rate equations are given by Eqs. (29), (3a), 

and ( 30) . 

k 1cp 
1/n - k g rad = 2 p 

( 29) 

r = k 39p - k g 
s 4 o (3a) 

k59o k6co 
1/m 

r = -
des ( 30) 

where 

m,n = constants as defined in Appendix A. 

However, in the case of the Freundlich isotherm, the same 

form of rate law is obtained no matter which step is 

assumed to be rate-controlling. This is true because 

there is no experimental way to distinguish between the 

constants k
1 

through k
6

. The rate law is given by Eq. (31). 

1/m 
k 1/n[ 1/n 1/n(l-x) ] 

r = CH X -x l e -x 
( 31) 

e 

Again, as in the case of Elovich kinetics, the case 

when more than one reaction controls is extremely difficult 

to treat analytically and is not considered. 

The problem now arises of experimental determination 

of which of the above rate laws best describes the surface 

kinetics of the ortho-parahydrogen reaction. The develop

ment below outlines the method of attack which was used 

on this problem. 



H. The Integrated Rate Equations 

1. The General Rate Equation 
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The previous sections have shown how the various 

possible rate laws can be predicted. The question remains 

of determining which of these rate laws best explains the 

experimental data. 

In the present series of experiments, an isothermal, 

plug-flow, integral reactor was used to collect the data. 

The rate expression for a differential plug-flow reactor 

has been presented in several places (e.g.,42,52,60). It 

is given by Eq. (32). 

where 

-r 

V 
r 

F 

CH 

X 

= rate of disappearance of parahydrogen, 
-1 -1 -3 

g-moles - min (cm catalyst) . 

= volume of catalyst, cm 
3 

total feed rate, 
3 

hydrogen min 
-1 

= cm 

= total hydrogen concentration, g-moles cm 

= mole fraction parahydrogen. 

The task.is the integration of Eq. (31). In order to 

accomplish this, Eq. (32) is rearranged slightly as 

follows: 

FcH 
dx 

-r = dV 
r 

dx 
= CH d (V /F) 

r 

( 32) 

-3 

dx --
d'l 

(32a) 

The variable 'l is known as the "space time"[41] and is the 
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reciprocal of the space velocity, (F /V ) • 
r 

The expressions that have been derived previously for 

rare substituted, one at a time, into Eq. (32a) and the 

resulting equations are integrated. The integration limits 

are x = x
1 

at,(= 0 (mole fraction parahydrogen at the 

reactor entrance) and x x
2 

at r( ="((mole fraction para

hydrogen at the reactor exit). x
2 

and 1 are the experi

mentally measured variables, so that the integrated form 

of Eq. (32a) provides a relationship between x
2 

and ;-f 

against which the experimental data may be checked to see 

if a correlation exists. The details of this process are 

made clear below. Before these details are presented, it 

is necessary that one understands the significance of the 

reversible reaction. 

2. Importance of the Reversible Reaction 

A great many reactions may be considered as being 

i rreversible, both in the kinetic and thermodynamic sense. 

This is so because the thermodynamic equilibrium of these 

reactions is so far displaced in one direction that the 

equilibrium concentrations of reactant molecules are in

significant compared to the product concentrations. When 

these cases are encountered, the rate laws can take on 

relatively simple forms and the integration of Eq. (31a) 

sometimes presents little difficulty. 

However, such is not the case with the ortho-para

hydrogen reaction. Only for the case of low temperatures 

( < 3 0 ° K) and the react ion 

orthohydrogen parahydrogen 

is the equilibrium concentration of reactant negligible in 
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comparison to the equilibrium concentration of product. 

The present series of experiments were conducted at approxi

mately 75 °K and at this temperature, the equilibrium mix

ture consists of an approximately 51:49 ratio of para- to 

orthohydrogen. This fact provides both an advantage and a 

disadvantage to studying the reaction rate. The disadvan

tage is that the reaction can in no way be considered 

irreversible, and while not a serious drawback, this does 

complicate the integration of Eq. (32a) due to the nature 

of the rate laws. The advantage is that the reaction may 

be carried out in both directions merely by providing either 

an orthohydrogen-rich or parahydrogen-rich feed stream. 

Considerable advantage may be had by running both re

actions: the main reason is that it may be used in order 

to verify the reaction mechanism. According to the prin

ciple of microscopic reversibility, if the reaction proceeds 

via a certain mechanism in one direction, then it must 

proceed via exactly the same mechanism in the opposite 

direction. For example, if adsorption of orthohydrogen 

is the slow step in the ortho-to-para conversion, then de

sorption of orthohydrogen must be the slow step in the 

para-to-ortho conversion. The implication of this fact is 

~hat the rate laws which were derived above for the para

to-ortho conversion must be identical for the ortho-to-para 

conversion. Thus, no matter which direction the reaction 

is run, for a given pressure and temperature, the same 

constants should be obtained from the data. If they are 

not, then the assumed mechanism is not correct. 

At this point it is well to note that it is possible, 

based on the above development, that an incorrect conclu

sion could be drawn from the data if the reaction were to 
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be run in one direction only. For example, one might 

achieve a correlation by using the Elovich rate law for 

adsorption of parahydrogen controlling (Eq. 26). He would 

obtain three constants from his data and go on to say that 

this was the mechanism. He might also notice that another 

rate law, such as one based on a Langmuir-Hinshelwood 

development, appeared to correlate his data. However, 

without prior information, he concluded that the Elovich 

approach gave better results. However, if now someone came 

along with data for the reverse reaction and showed that 

the three constants that he obtained using the same rate 

law were entirely different from those of the first 

investigator, whereas his constants based upon the Langmuir 

equation appeared to be essentially in agreement with those 

obtained by the first investigator, the conclusion would 

be that the Langmuir correlation was the correct one and 

not the Elovich. 

The above development has shown that there is a defi

nite advantage to running the reaction in both directions 

and what that advantage is. Attention is returned to the 

task of integrating the rate equations. 

3. Integration of the Langmuir Rate Equation 

Table I lists all the Langmuir rate expressions that 

have been previously derived. Upon examination of these 

expressions, it is obvious that they are all of the form 

r = 

where 

k 1k 3k 5cp - k 2k 4k 6c
0 

A+ Be + De 
p 0 

(33) 

A, B, and Dare different combinations of the rate 

constants k
1 

through k
6

, depending upon which rate 



Table I. Summary of Langmuir Rate Expressions 

A. Basic equations. 

r =kc (1-8 -8) - k 8 
a 1 p o p 2 p 

r = k 8 - kc (1-8 -8) 
d 5 o 6 o o p 

B. Rate equations. 

1. 

2. 

Adsorption controls. r = r = O; r = r. 
s d a 

Surface reactions controls. ra= rd= 0; 

r = 
k 1k 3k 5cp - k 2k 4k 6c

0 

k 2k 5 + k 1k 5cp + k 2k 6c
0 

3. Desorption controls. r = r = O; rd= r. 
a s 

r = r. 
s 

4. Adsorption in equilibrium. ra= O; rs= rd= r. 
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5. Surface reaction in equilibrium. r = O; r =r = r. 
s a d 



Table I. Continued 

6 . Desorption in equilibrium. ra= O; 

7. No step controls. r = r = r = r. a s d 

r = r = r. 
a s 

34 



expression is under consideration. Eq. (32) may be re

arranged slightly to the form 

klk3k5cH 
(c ) - C 

C p pe 
oe 

r = 
A + Be + De 

p 0 

k* (c - C ) 

35 

= 
p pe 

(32a) 
A + Be + De 

where 

k* 

C 
pe 

C 
oe 

p 0 

-3 = total hydrogen concentration, g-mole cm 

= equilibrium parahydrogen concentration, 
-3 

g-mole cm . 

= equilibrium orthohydrogen concentration, 
-3 

g-mole cm . 

Since cp + c
0 

= cH, Eq. (33a) may be further rearranged to 

where 

r = 
k(c - c ) 

p pe 
1 + k' c 

p 

k = k*/(A + DcH). 

k' = (B-D)/(A + DcH). 

(33b) 

Finally, Eq. (33b) may be put in terms of x, the mole 

fraction parahydrogen, in the following manner: 

r = 
kcH(x - xe) 

1 + k' CHX 
(33c) 
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where 

S slope. 

I= intercept. 

If the Langmuir-Hinshelwood mechanism, in the form of 

Eq. (33), is found to correlate the data, the question 

then arises: what is happening on the surface? The answer 

to this must be provided by an examination of the c.onstant 
-· 

k'. Comparison of Table I with Eq. (33a) reveals the 

following facts: 

1) If adsorption of parahydrogen controls, B = 0, 

and k' is negative and inversely dependent 

2) If surface reaction controls, k' is either 

positive or negative, depending on whether B 

is greater than Dor vice versa: k' is also 

inversely dependent upon cH. 

3) If desorption of orthohydrogen controls, D 

and k' is a positive constant. 

0 

4) If adsorption of parahydrogen is in equilibrium, 

it is most likely that Bis greater than D. 

Thus k' will be positive and inversely dependent 

5) If surface reaction is in equilibrium, the case 

is the same as case 2. 

6) If desorption of orthohydrogen is in equilibrium, 

it is quite likely that Dis greater than Band 

thus k' will be negative and inversely dependent 

upon cH. 
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7) For the case when no step controls, the situation 

is the same as in cases 2 and 5. 

From these statements, it is apparent that, with the single 

exception of case 3, determination of what is actually 

occurring on the surface cannot be made. However, in view 

of the fact that an exact rate expression has been derived 

with no assumption of a rate-controlling step, it is per

haps not necessary in the present case to be concerned with 

the postulation that one or more steps control the reaction 

rate. The matter becomes one of merely determining whether 

or not the Langmuir rate expression correlates the data--if 

so, then one has justification for using it. If not, then 

it must be assumed that one of the assumptions that led to 

the development of the Langmuir rate expression is in

correct--most probably, the assumption of a uniform surface. 

An interesting sidelight to be noted here is that if 

Band Dare equal, k' becomes equal to zero and conse

quently the rate law becomes a simple first order rate law. 

However, due to the existence of a factor which is known 

as the "separation factor" (See Appendix B), Band Dare 

probably not equal. 

Appendix B shows that the separation factor, s, is 

the ratio of the adsorption equilibrium constants, k
1
/k

2 
and k

6
/k

5
, for ortho- and parahydrogen. Thus, scan be 

obtained from the data if the kinetics are described by a 

Langmuir-Hinshelwood mechanism, surface rate controlling 

(Eq. (1)). As is shown in Appendix B, sis temperature 

dependent and is not equal to unity. Thus, the reaction 

cannot be a simple first-order reaction except under the 

following circumstances. 
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1) Diffusion controlling. If the reaction is much 

faster than the interparticle mass transfer rate, 

no matter what the actual surface kinetics (in

cluding pore diffusion) are, a first-order rate 

law will be observed. This is due to the form 

of the diffusion equation, (Appendix C), which 

describes a simple first-order process. 

2) Low surface coverage. If the surface coverage 

is sparse enough so that the terms (1-8 -8 ), 
p 0 

exp(-~ 8 ), and exp(~ 8) in Eqs. (7) and (8) are 

constant, the adsorption step will be independent 

of the surface coverage and a first-order rate 

law will be observed, no matter which of the 

three steps is rate-controlling. 

4. Integration of the Modified Temkin, 

Elovich, and Freundlich Rate Equations 

Although the rate equations which are based upon 

Temkin and Freundlich adsorption are different, the pro

cedure for integrating them is the same. Hence they are 

grouped together for treatment. 

The rate equations are given by Eqs. (23), (26) , (27), 

(28), and (31). Eqs. (26) and (31) may be considered as 

being two-parameter expressions; the others are three-

parameter expressions. (The Langmuir expression is also a 

two-parameter expression). It is felt that in the present 

case, using anything other than a two (or one) parameter 

expression is highly questionable in that, for one thing, 

there is no assurance that the values of the three param

eters will be unique. Further, it will be seen that 

numerical integration involving trial parameters is 
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necessary in order to perform the integration. One con

stant in each rate expression is not involved in the trial 

parameter integration; the rest are. Thus, if it is 

necessary to substitute more than one trial parameter at a 

time, unless some device such as a power series representa

tion is used, the trials might not converge. Hence, only 

two parameter expressions will be considered. 

The justification for eliminating one of the parameters 

from the Elovich rate expression is as follows: if non

activated adsorption of both ortho- and parahydrogen is 

assumed, then the constants a
1 

and a
2 

will be equal to 

zero. Under these conditions, Eqs. (26) and (28) may be 

reduced to 

(26a) 

b 
r = k [ (2f.) 2 _ ( 1-x ) ] 

X 1-X 
(28a) 

e e 

Eq. (27) may be rearranged to 

(27a) 

where 

k = k
4
/(b

2
+a

2
). 

n = [k
3
/(b1+a1)]/[k4/(b2+a2)]. 

The Freundlich equation, Eq. (31) may be reduced to a 

two-parameter equation if m = n. Under this condition, 

r = kc 1/n[xl/n_ 
H 

1/n 
(-1-) (l-x)l/n] 
K 

eq 
(31a) 
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where 

K ( 1-x ) /x . 
eq e e 

The justification for this reduction to two parameters is 

that the separation factor should be independent of total 

pressure (See Appendix B) . However, it should be remem

bered that the assumptions on which the statistical 

mechanical derivation of the separation factor is based 

include the assumption of a uniform surface. The 

Freundlich equation assumes a non-uniform surface so that 

unless the surface coverage is in a region where non-uni

form effects are not serious the reduction to two parameters 

is not rigorous. 

None of the above expressions are analytically inte

gratable. When they are substituted into Eq. (32a) the 

results can be expressed in the form 

-k--( 
= 

dx 
r 

(32b) 

where r is one of the above rate expressions. The pro

cedure will be to substituter into Eq. (32b) and perform 

the integration using different values of the exponent. 

The integral is tabulated as a function of x
2 

and the 

values of the integral corresponding to a given x
2 

are 

plotted against the corresponding-f for that point. A 

straight line will result if the rate law correlates the 

data. 

In the above cases the slopes will be of opposite sign 

for the opposite directions of reaction. However, the 
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magnitude of the slope (which is equal to kcH) should be 

equal in both directions. The n's should also be the same 

in both directions. 



IV. APPARATUS AND PROCEDURE 

Data for heterogeneous reaction systems are more 

easily interpreted if the reactor is isothermal and if 

conditions are such that mass transfer is not likely to be 

a rate-controlling factor. Thus a flow system incorpora

ting a temperature-controlled reactor was designed in order 

to carry out this series of experiments. The apparatus 

was similar to that used in a previous study [37]. 

Figure 1 shows a schematic view of the system. Hydro

gen was fed from a cylinder to a copper tubing coil, which 

containe d si lica gel at 77 °K, where moisture and other 

impurities were removed. The hydrogen stream then passed 

through a "normalizing" unit, which insured the effluent 

stream composition to be 25¾ parahydrogen. The stream was 

then split; a small amount was fed to the ortho-parahydro

gen analyzer to be used as a reference gas, and the r e ma in

der became the sample gas . As the reaction was to be run 

in both directions, i.e., ortho-to-para and para-to-ortho, 

a parahydrogen feed stream was needed. This was provided 

by passing the sample stream when required through a large 

volume catalyst bed, known as the preconverter, at 20°K; 

the exit stream from this bed consisted of 20 °K equilibrium 

hydrogen--99.8% para . For the ortho-to-para runs, the pre

converter was bypassed during the kinetic runs, although 

the stream was circulated through this unit in order to 

calibrate the analyzer, as explained below. After the feed 

stream of hydrogen left this section, it was introduced 

into the reactor via a Tescom® Model # 1000 pressure regula

tor . The pressure was measured both upstream and downstream 

of the reactor; this was done in order to see if excess 
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pressure drop was present and possibly influencing the re-

action. The reactor itself consisted of a five inch length 

of 1/4" 0 .D. x 1/8" I .D. copper tube which contained 1.12 g. 

of Cryenco hydrous ferric oxide gel catalyst. This was 

immersed in a dewar of liquid nitrogen, in order to provide 

an isothermal, constant temperature reactor. 

The pressure of the hydrogen sample was reduced to 

analysis pressure after it left the reactor. At this point, 

a portion of the stream was diverted into the analyzer to 

be sampled, and then recombined with the main body of the 

hydrogen to be fed into a wet-test gas flow meter where 

the total volume of flow was measured. A stopwatch was 

used in conjunction with the meter to obtain flow rates. 

All the hydrogen was finally vented to the outside atmo

sphere for safety reasons. 

The conversion of the feed stream was varied by 

changing its flow rate. The Hoke®valve shown in Figure 1 

controlled this rate. 

The analysis of ortho-parahydrogen was conducted by 

means of thermal conductivity and was carried out in an 

apparatus of the type described by Purcell, et.al. [47]. 

Following is a description of a typical run. Normally 

the reactor and preconverter were placed in an air bath at 

150 ° C and left overnight with hydrogen gas flowing through 

them. This procedure activated the catalyst to a fairly 

reproducible activity.
1 

Prior to the run, the reactor was 

taken from the heater and immersed directly in a bath of 

1
Activity is defined here as the STP space velocity 

which is necessary to convert a stream of 25% parahydrogen 
to 48% parahydrogen at 77 °K and 30 psia. 
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liquid nitrogen and the preconverter was placed in a dewar 

containing liquid hydrogen. The valves to and from the 

reactor were then closed and the bypass valve was opened. 

The bypass valve to the preconverter was closed and its 

entrance and exit valves were opened. The sample and 

reference pressures were adjusted to 6.0 psig and then the 

recorder zero and span were set. The run was commenced 

with the opening of the valves to the reactor and the 

closing of the bypass valve. The total pressure in the 

reactor was also set at this time. Also, if the reaction 

was to be ortho-to-para, the preconverter was bypassed. 

The flow was set and the composition, as read on the re

corder, was allowed to stabilize, which usually took a 

few minutes, and then the flow rate, composition, upstream 

and downstream pressure were noted. The flow rate was then 

changed and the system was again allowed to stabilize. The 

process was repeated until the desired number of data were 

generated. The span and zero o f the recorder were then 

checked at the termination of the run. Para~ t o-ortho and 

ortho-to-para runs were conducted jointly at the same 

pressure in order to compare the forward and reverse rate 

constants at constant cata l yst activity. The activity at 

30 psia was measured for each pair of runs so that, although 

the activity may have been different for the different 

pressures, a relative activity could be assigned to each 

pair of runs. The average time per datum was about five 

minutes to stabilize and record and most runs took about 

two hours each to complete. 

The room temperature and barametric pressure were 

recorded during the run. These were needed in order to 

correct for the vapor pressure of water in calculating the 

volumes of gas which passed through the wet-test meter. 



V. RESULTS 

The experimental data were obtained in the form of a 

series of space velocity curves, in which the effluent 

composition, as mole per cent parahydrogen, is plotted 

. f 1 . 2 
against flow rate, in the form o space ve ocity. A 

representative pair of space velocity curves is shown in 

Figure 2 and the curves for the remainder of the runs are 

presented in Appendix D. 

One aspect of the space velocity curves that should 

be considered is that at zero flow rate (infinite space 

time) the equilibrium composition of the feed stream is 

obtained. This fact enables the equilibrium composition 

(x), which is used in the rate expressions, to be deter-
e 

mined. In the present work, since the space velocity 

curves become horizontal as they approach zero space 

velocity, the equilibrium composition was taken to be 

0.0001 mole fraction different than the experimental point 

nearest zero space velocity. This convention was adopted 

merely for convenience; it enabled the last data point to 

be retained when plotting the integrated rate expressions. 

Due to the accuracy limitations of the analytical equip

ment, the accuracy of four decimal places is unjustified; 

it is merely the convention that was adopted herein. The 

reason that concern is expressed over this point is that, 

in the region of 75 °K, the equilibrium composition of 

hydrogen is a sensitive function of temperature and thus, 

2
space velocity (min-

1
) is the actual flow rate (cm

3 

hydrogen min-1) per unit bulk volume of catalyst (cm3). 
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Langmuir Rate Equation for Runs 68 and 69 
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if the reactor were at a temperature even a few-tenths of 

a degree different from the bath, the equilibrium composi

tion would be different than it would be if the reactor 

was at actual bath temperature. 

Although the runs were conducted with the reactor 

immersed in a bath of liquid nitrogen, it is apparent from 

the data that the same equilibrium composition is not 

achieved for all runs, as would normally be expected. This 

deviation was noticed during the experimental investigation 

and steps were taken at that time to ascertain whether or 

not this was an actual phenomenon or an experimental error. 

The equilibrium values shown were reproducible; recalibra

tion of the analyzer produced no different results. An 

explanation of why the equilibrium points fell as they did 

may be as follows: in the range of approximately 50 to 90°K 

the equilibrium composition of hydrogen changes about one 

per cent per degree Kelvin. Therefore, an apparently 

small change in temperature will produce a noticeable 

change in composition. There are several ways in which the 

temperature could change slightly: the bath temperature 

could vary somewhat due to differences in atmospheric 

pressure, although calculation showed that these differ

ences were not nearly great enough to account for some of 

the observed changes in equilibrium composition. Also in 

all cases the observed compositions are such that the re

actor temperature is higher than the bath temperature. 

The most likely explanation of this is that the feed stream 

was not completely cooled to bath temperature. Since the 

specific heat of parahydrogen is higher than that of normal 

hydrogen, the parahydrogen stream did not cool as much as 

the normal hydrogen, thus accounting for the relative 
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positions of the equilibrium compositions of the forward 

and reverse reactions. 

The analysis of the data with regard to rate expres

sions is presented in the next section. The criteria for 

a successful correlation have been presented in Section 

III, but are reviewed here: 

1. A straight line should pass through the points 

when they are plotted in the proper form of 

coordinates for the integrated rate expression. 

2. The two parameters that are obtained from the 

data should agree in the forward and reverse 

directions. 

If both of these criteria are not met, then the correla

tion, if it exists, will have value only as an empirical 

correlation of the data. 

Runs 68 and 69, the kinetics at 60 psia, were chosen 

as the runs against which the various rate laws were 

tested. This was mainly because the data from this pair 

of runs seemed to show less deviation from the space 

velocity curves than some of the data from other runs. 

Less scatter of these data would hopefully indicate less 

scatter in the plots of the integrated rate expressions. 



VI. DISCUSSION OF RESULTS 

A. Freundlich Kinetics 

The first case to be treated is the Freundlich rate 

law. This is given by Eq. (31a). According to Trapnell 

[32] the value of n in Eq. (31a) must be greater than unity. 

Consequently, only values of n greater than one were sub

stituted into the rate expression when the integration was 

performed. 

r kc 1/n[xl/n _ 
H 

1/n 
(-1-) (l-x)l/n] 
K 

(31a) 
eq 

An IBM 709 computer was programmed to perform the 

integration numerically. Figures 3 and 4 are representa

tive of the plots that were prepared by matching the data 

with the integrated rate expression. These plots were 

prepared by integrating the rate expression for a value of 

n = 1 . 2. Similar plots were prepared for values of n = 3. 0 

and 10.0. The values of k that were obtained from the 

slopes of these plots are summarized in Table II. 

First of all, it is apparent from the plots that the 

correlation in all cases is fair. It is slightly better 

at the higher values of n . There is some deviation of the 

data from a straight line at higher contact t imes, i.e., at 

lower space velocities . Also, it should be noted that the 

values of kin the forward and reverse directions are not 

equal . Although the percentage deviation between the k's 

for the t wo directions becomes smaller as n is increased, 

it is felt that this deviation is outside the accuracy of 

the data . The dotted line in Figure 3 shows how the curve 

would have to appear in order to give the same slope (k) 

as Figure 4. There is a noticeable trend in the deviation 
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Table II 

Freundlich Rate Constants as a Function of n 

Run Direction n k k (%) 

68 p ~ 0 1.2 136. 0 } 16.4 
69 0 p 1.2 116.75 

68 p :0,, 0 3.0 223.5 } 8.8 
6 9 0 p 3.0 205.5 

68 p )- 0 10.0 621.0 } 6.15 
69 0 ~ p 10.0 585.0 
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of the rate constants as n is increased, i.e., the k's 

approach each other in value at higher values of n. It is 

probable that the k ' s will become equal at higher values 

of n than were calculated. However, it should be noted 

that the adsorption data of hydrogen on ferric oxide gel 

obtained by Clark,et.al. [15), when plotted as a Freundlich 

isotherm, gave a value of n of approximately 2.5 (Appendix 

A). It is assumed that the same value of n should be 

obtained from both adsorption and kinetic data. Also, the 

adsorption rate which leads to a Freundlich isotherm does 

not account for any effects of the presence of a second 

specie on the surface. Thus, the theoretical background 

which was developed in Section III.G is probably not 

rigorous. In view of this, it is concluded that the 

Freundlich rate equation probably does not represent the 

mechanism of the reaction. 

However,in order that the equation could be fully 

checked, the space velocity curves were recalculated using 

the values of k and n that were de rived from the data. 

Figure 5 shows this plot, which was prepared by using values 

in both directions of k = 600 and n = 10. As can be seen 

in Figure 5, the calculated curves pass through the experi

mental points, even at low space velocities. These lower 

space velocities represent the points at which the devia

tion from the straight line (e.g., as in Figures 3 and 4) 

occurs. Since the calculated curves pass through these 

points, it is felt that the deviations from the straight 

line on the integrated rate plots are not as serious as 

might first be imagined. However, they should not be fully 

ignored; if less deviation should be noticed for one of the 

other mechanisms, this fact could serve to further 
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disqualify the Freundli ch expression. It is still possible, 

if one desires, to use the Freundlich expression (Eq. 31a) 

as an empirical rate expression to represent the reaction, 

as advocated by Weller {57). However, because of the re

versible reaction, Eq. (31a) no longer can be easily inte

grated, as it could if the reaction were irreversible, and 

so there is actually very little justification for its use. 

B. Modified Temkin Kinetics 

The second case to be treated is that of the expres

sion which was modified from the Temkin approach. The 

rate e q uation is given by Eq. (23). Again, the integration 

of Eq. (32a) using Eq. (23) was performed numer i ca l ly by 

an IBM 709 computer. 

r k ln [s(l-x) + x] 
s(l-x )+ x 

e e 
(23) 

Values of s were chosen to cover a moderate range, since 

the value predicted by Sandler's theory [50) is about 2. 

Figures 6 and 7 show the best plots that were obtained for 

Runs 68 and 69. These were obtained with a value of 

s = 3.0. Although a straight line can be drawn through 

the data with reasonable justification, it is apparent that 

the best straight line which passes through the data for 

Run 69 does not intersect the origin. The k values which 

were obtained were 225 for Run 68 and 238 for Run 69. 

This represents a difference of about five per cent. The 

fact that the line does not pass through the origin for 

Run 69 is a deficiency. Also, it has been assumed in the 

present development that the separation factor is a con

stant. For a uniform surface this is true but it may not 
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be the case for a non-uniform surface or where interactions 

occur on the surface (See Appendix B). It is thus con

cluded that the modified Temkin expression does not repre

sent the reaction. 

C. Elovich Kinetics 

Attention is now directed to the third of the four 

models of rate expressions that are considered in the 

present work--the rate laws based upon Elovich Kinetics. 

Eqs. (25a), (27a), and (28a) show these expressions. 

(1-x) 
bl 

r = k [ (___]S_) - ] 
X 1-x 

(26a) 
e e 

n 
(1-xe)] r k ln [ ( ___]S_) 

X 1-x 
(27a) 

e 

b2 
( 1-x ) ] r = k [ ( ___]S_) -

X 1-x 
(28a) 

e e 

Again, as in the case of Freundlich and modified Temkin 

kinetics, the integration was performed numerically. In 

the cases of the Elovich laws, unlike the Freundlich law, 

there is no theoretical restriction upon the value of n, 

other than that it be positive. Hence, values of n both 

greater and less than one were tried. 

In the case where adsorption of parahydrogen controls, 

Figure 8 shows the best plot that could be achieved for 

Run 68. Figure 8 was made for a value of n = 1.2. Other 

values tried gave no better correlation than this, and 

since better representation of the rate were found to 

ex ist, it was felt that Elovich kinetics, adsorption of 
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parahydrogen controlling, is not the mechanism. 

The case where desorption of orthohydrogen controls 

is more difficult to discern. Figures 9 and 10 show the 

integrated rate plots which appeared to give the best 

correlation. This occurs for a value of n = 2. For Run 

68, the data deviated to the left of a straight line as n 

was increased and deviated to the right as n was decreased. 

The rate constants which were calculated from the 

slopes of Figures 9 and 10 are not in very good agreement . 

For Run 68, k = 38.2 and for Run 69, k = 41.6. The differ

ence here is 8.9%. As with the Freundlich rate constants, 

the deviation is greater than is expected from the accuracy 

of the data. Also, as the dotted line in Figure 10 shows, 

the best straight line that passes through the data for 

Run 69 does not intersect the origin. Therefore, it must 

be concluded that the Elovich rate expression with desorp

tion of orthohydrogen controlling probably does not de

scribe the mechanism of the ortho-parahydrogen reaction. 

The other case to be considered at this point is 

Elovich kinetics with surface reaction controlling. Unlike 

the cases in 'Which adsorption and desorption were assumed 

controlling , the assumption of non-activated adsorption is 

not necessary in order to reduce the rate law to a two

parameter equation. This is true because the exponents in 

Eq. (27) are of the form k/(a + b), whereas the single 

e x ponents in Eqs. (2 6 ) and (28) are (-a) and (b) and it 

was necessary to assume that a= 0 in order to reduce Eqs. 

(2 6 ) and (28) to two-parameter expressions. 

Again, there is no theoretical restriction on whether 

n should be larger or smaller than unity, so a range of 
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values was tried. Plots were made for several values of 

n and it was found that, as in the Freundlich case, the 

rate expression of the integrated rate plot would fit. 

Trials were made with different values of n but these did 

not result in a straight line which passed through the 

origin. 

It was found during the investigation, that particu

larly for the runs at 30, 61, and 122 psia, the values of 

n which gave the best straight line were not those which 

gave agreement between the k's, although the deviation in 

k's was usually less than twenty per cent. For example, 

the best agreement between the predicted vs actual space 

velocity curves for the trial runs {68 and 69) came with 

a va lue of n = 2.0. The difference between the forward 

and reverse rate constants was 15%. 

The rate constants that were derived from the data 

are shown in Table III. There are three columns 6f rate 

constants. The first shows the constants as they were 

obtained directly from the slope of the corresponding rate 

plot. The second column of rate constants represents the 

actual k's for the particular run. These were obtained 

by multiplying the values of kin the first column by cH, 

the total hydrogen concentration. This step must be taken 

because cH appears in the integrated rate equation (See Eq. 

32b). The fourth column represents the "intrinsic" rate 

constants. These are the constants in column three divided 

by the relative activity of the run. This procedure is 

necessary because as was shown in Section VI.B, the 

catalytic activity changed from day to day. The activity 

was arbitrarily taken as the space velocity at 30 psia and 

75 °K at which a feed stream of 25% para-hydrogen was 
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Table III. Elovich Rate Constants 

Run Pressure (psia) k kcH kcH/RA 

60} 30 101 4.24 2.5 
61 

65} 30 103 4.32 2.4 
66 

68} 61 63 5.36 3.0 
69 

70 

~ 122 37 6.03 3.3 
71 

72 } 240 6.28 18.9 3.7 
73 

76 J 500 7.4 5.43 5.2 
77 

80 J 1010 3.58 5.23 3.6 
81 

Average k 
. -1 -3 = 3.4 g-moles min cm catalyst. 
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converted to a stream containing 48% parahydrogen. The 
-1 

base activity was taken as 250 min. The relationship 

between k and activity may be shown as follows: Eq. (32c) 

gives the integrated rate expression. 

r dx 

X ln [ (-) 
X 

e 

( 32c) 

Since , if n is constant, the integral term remains con

stant for all runs (x
2 

and x
1 

are the same), the only 

quantities that can change are k and 't" . But since 

'°( = 1/(space velocity) = 1/(activity), the relation be

tween k's for two different pair of runs is equal to the 

ratio of the two activities, as shown b e l ow. 

Then 

k '( - k2 _,2 = 1 1 - .\ 

kl 

(SV)
1 

== == 
( SV) 

2 
constant 

Therefore 

( SV) l 

(SV)
2 

dx 
r 

= constant 

( 38) 

. -1 
By knowing the rate constant at an activity of 250 min 

if the user knows the activity of his catalyst, he may then 

calculate the k for his catalyst by using Eq. (38 ) . 

The intrinsic rate constants may be examined for 

pressure dependence. According to the arguments that were 

used in developing Eq . (27a), the constants k and n should 
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both be independent of pressure. Figure 13 shows a plot 

of k as a function of pressure when n = 0.75. It can be 

seen from Figure 13 that k is not independent of pressure, 

although at higher pressures the dependence is not as pro

nounced. At pressures greater than approximately 100 psia, 

the individual k's for the forward and reverse reactions 

agreed quite well with each other. 

Using the values of k and n that were obtained from 

the integrated rate plots, space velocity curves were 

calculated. These are shown in Figures 30-36, Appendix E. 

It is apparent that the data are reproduced at least with

in experimental error at the higher pressures. At the 

lower pressures, particularly at 30 psia, there is some 

deviation between the predicted and experimental curves. 

Although this deviation amounts to, at most, four per cent, 

this is quite a serious deviation, in view of the excellent 

agreement between the predicted and experimental curves at 

higher pressures. 

In view of this deviation and the discrepencies which 

arise from using the Elovich equation for adsorption of a 

pure component in the presence of a second specie (which 

is not accounted for), it is felt that the results shown 

in the present section cannot be given a theoretical 

interpretation. It is somewhat surprising that the equa

tions which were derived from the above incorrect assump

tion correlates the data as well as it does . It must at 

best be regarded as a good empirical representation of the 

reaction rate. 
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D. Langmuir Kinetics 

The final case to be treated is that of Langmuir 

kinetics. The rate equation is shown by Eq. (33c). 

kc (x - x) 
H e 

r = (33c) 

The coordinates of the integrated rate equations in this 

instance are ln[(x2-xe)/(x
1
-xe)]/(x2-x

1
) and r( /(x

2
-x

1
). 

Hence, plots for the Langmuir mechanism may be prepared 

directly fran the data without the need for numerical in

tegration with trial parameters. Langmuir plots for the 

trial runs (68 and 69) are shown in Figures 14 and 15. It 

is apparent that the correlation here is quite good, 

certainly no worse than with the Elovich equations and 

perhaps slightly better than with the Freundlich equation 

(compare Figure 4 with Figure 15). On this basis plots 

were prepared for the other runs in the series and a pro

gram was written which enabled t he computer to calculate 

the values of k and k' for these runs. These values are 

tabulated in Table IV. The plots are shown in Appendix F. 

These values are corrected for catalytic activity as was 

done with the parameters in the Elovich model. 

The corrections for activity are somewhat more diffi

cult to derive in this case than for the Elovich case. The 

integrated rate expression appears as in Eq. (32d). 

(l+k 1 c
8

x)dx 

(x - X) 
e 

(32d) 
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For the activity runs, the limits x
1 

and x
2 

are the same. 

The simplest assumption that can be made is that k' does 

not change with activity, and if this is so the integral 

on the right side of Eq. (32d) is constant for all activi

ties. There results: 

or 

k 
sv = constant 

k = (constant) (activity) (38a) 

since the activity is the space velocity for a given con

version. Thus, one may calculate the values of k for a 

given activity merely by dividing by the relative activity. 

This is the procedure that was followed in constructing 

Table IV and is analogous to the procedure that was used 

in Section VI.C., wherein n was assumed to be constant 

and only the k was assumed to change with activity. How

ever, rigorously it is probably not correct in either the 

Langmuir or Elovich models to account for activity correc

tions on the basis of only one constant. The factors which 

influence catalytic activity have not yet been expressly 

pinpointed [3] and it is safe to say that probably all six 

constants in the mechanism equations (Eqs. 4, 5, and 6) will 

change with activity. Since the constants k and k' in Eq. 

(33c) and k and n in Eq. (27a) depend upon the six individ

ual constants, it is reasonable to expect that both con-

stants in the Langmuir and Elovich models will change with 

activity. However, there is no method at present of pre

dicting a priori how these constants will change with 

changing activity, and since only one activity measurement 

was made, at most only one constant could be measured, and 
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Table IV. Constants for Langmuir Rate Expressions 

Run 

60 
66 
69 
71 
73 
77 
81 

61 
65 
68 
70 
72 
76 
80 

82 
83 
85 

A. Ortho-to-parahydrogen conversion 
-1 3 -1 

Pressure (psia) k(min ) k' (cm g-mole ) 

30 516 23.3 
30 396 8.45 

B. 

61 
122 
240 
500 

1010 

300 
195 

90.7 
41.1 
18.5 

Para-to-orthohydrogen conversion 

30 356 
30 317 
61 151 

122 85.0 
240 54.0 
500 19.0 

1010 9.39 

C. Ortho-to-parahydrogen conversion 
over smaller mesh catalyst 

30 
100 
300 

523 
135 

-161 

11. 7 
8.45 
2.82 
2.17 
0.90 

-5.48 
-9.82 
-6.45 
-3.43 
-1.32 
-0.69 
-0.33 

19.0 
14.8 

-24.7 
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thus the corrections suggested by Eq. (38) were used. The 

a b ove statements may help to explain somewhat the scatter 

in the variation of the constants k and n in the Elovich 

model and k and k' in the Langmuir model with pressure. 

It is apparent that, despite the good agreement between 

the rate law and the data, the rate constants for the 

Langmuir model do not meet the criteria that have previ

ously been established for a rate law to be a valid ex

planation of the mechanism, namely, equality of 

corresponding constants for both reaction. Figure 2 and 

Figures 24-29, Appendix D, show that, using the value for 

k and k' that have been obtained from the data, the cal

culated space velocity curves, which are the lines in 

Figure 2 and Figures 24-29, Appendix D, correspond very 

well to the experimental data. But the inequality in the 

values of the k's and (k') 'sand the difference in sign 

between the (k') 's for the forward and reverse reactions 

are phenomena that the simple Langmuir theory does not 

predict. Hence, modifications of the theory seem to be 

indicated by the experimental results. 

One of the likely explanations of the deviation from 

theory seems likely to result from accounting for surface 

interactions and varying heat of adsorption with surface 

coverage, such as is indicated in Appendix A.4 and used in 

Section III.G. The approach is similar to that used in the 

development of Eq. (23), except that here the exponential 

terms in 8 and 8 will be first suppressed, whereas before 
0 p 

the linear terms in 8 and 8 were first suppressed and 
0 p 

added later. The rate equations are given by Eqs. (18), 

(3a), and (19). 
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-a 8 -a 8 b 8 + b
2

8
0 = kc (1-8 -8 )e l p 2 o - k 8 el p 

l p o p 2 p (18) 

r = k 38p - k 8 ( 3a) 
4 o 

b58o + b 68p -a 8 -a 8 
k

5
8

0
e 5 o 6 p 

( 19) rde = - kc (1-8 -8 )e 
6 O O p 

If the surface reaction is assumed to be rate-controlling 

and it is further assumed that a
1 

= a
2

, b
1 

= b
2

, a
5 

= a
6

, 

and b
5 

= b
6

, (this implies that either an orthohydrogen 

or parahydrogen molecule adsorbed on a site will have the 

same heat of adsorption for that particular site), one 

achieves the rate equation 

k*c 
H 

(X - X ) 
A + DcH e 

r = 
(B - D)c 

1 + 
H 

X 
A + DcH 

( 33a) 

where now 

k* = k
1

k
3

k
5
exp [ ( b 6 -al) ( 8 

0 
+8 p) ] 

A = k
2

k
5
exp [ (b

6
+b

1
) (8

0 
+8p)] 

B = k
1

k
5
exp [ (b6-a

1
) (8 

0 
+8P)] 

D = k
2

k
6
exp [(b1-a6 ) (8

0
+8p)] 

The reason for the above equalization of the appropriate 

a's and b's is now apparent--all of the exponential terms 

contain the variable (8 + 8), which is equal to the total 
0 p 

fraction of surface that is covered. That the total 



79 

fraction covered is not constant is shown by the subsequent 

development. 

The total fraction of surface that is covered at equi

librium composition of h ydrogen is given by Eq. (39) 

where 

KHcH 

l+K C 
H H 

K (c + c ) · H oe pe 
1 + K (c + c ) 

H oe pe 
( 3 9) 

= hydrogen adsorption equilibrium constant 
(See Appendix A). 

= g 
oe 

+ g 
pe 

For any other composition, the total coverage is postu

lated to change. If this change in coverage is designated 

as [9
8

, then the relation between Je
8 

and the hydrogen 

coverage is given by Eq. {40). 

g 
0 

{40) 

{9
8 

can be positive, negative, or zero. The present task 

is to see if (and how) Je
8 

changes with gas phase composi

tion. If ortho- and parahydrogen both obey a Langmuir 

adsorption isotherm, then it can be shown (Appendix A) that 

the total hydrogen isotherm is also a Langmuir isotherm, 

and that the adsorption constant K
8 

is given by Eq. {41). 

KH = K [s{l-x) + X ] (41) 
p e e 

where 

KH = parahydrogen adsorption constant. 

s = separation factor. 



For non-equilibrium adsorption, then, the coverage is 

given by Eq. (42). 

e + e 
0 p 

K cH[s(l-x) + x] 

80 

(42) 

Eq. (41) is substituted into Eq. (39) and the result is 

combined with Eqs. (40) and (42) to yield Eq. (43), which 

gives JeH in terms of gas phase composition. 

1 + 

2 
+ K c p H 

2 

+ X ) 
e 

[s(l-x) + x] [x(l-x) + x] 
e e 

(43) 

No matter whether xis greater or less than x, the denomi
e 

nator of Eq. (43) does not change sign. However, if xis 

smaller than x, the numerator of Eq. (43) is positive and 
e 

hence, Je is positive; conversely, if xis larger than x, 
H e 

the numerator is negative and [eH is consequently negative. 

In the present series of runs, for the reaction 

o-H2--• p-H2 , xis less than xe and consequentlyJeH is 

positive for the forward reaction. In the reverse reaction 

xis always greater than xe and thuscfeH is negative for 

this direction. 

To return to the reaction mechanism, the experimental 

properties of the constants k and k' are listed in Table V. 

Also listed in Table V are the properties that must be 

exhibited by the parameters k*, A, B, and Din order to 

achieve the observed results. If these constants are 



Table V. Properties of Constants k and k' 

A. Observed properties of k and k'. 

k = k* 
A + De H 

k' 
B-D 

= A + DcH 

o ~ E :e-o 

k is greater than k 

I k'I is greater than I k'I 

k' lS positive k' is negative 

B. Properties of k*, A, B, and D which yield above 

results. 

O~E :e~o 

k* is greater than k* 

B>D D > B 

A + De 
H 

is less than A + De 
H 

I B-D I is greater than I B-D I 

81 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

( g) 

(h) 

(i) 
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rearranged in terms of JeH, the forms are given by Eqs. 

(44) through ( 4 7) . 

k* = k* 
0 

e ~ JeH (44) 

A = A 
0 

)J JeH 
{45) e 

~ JeH 
B = B e (46) 

0 

D = D 
0 

«. JeH 
( 4 7) e 

where 

}-I = bl + b6 

~ = b6 - al 

cl = bl - a6 

The quantities o(. and@ can be either positive or negative, 

depending on the magnitudes of the quantities involved. 

There appears to be no way at present to predict which sign 

these quantities should take. However, if~ is negative 

and~ is positive, then Table VI shows that the criteria 

that are outlined in Table V for a prediction of the experi

mental results are met. 

The preceding development shows that if certain assump

tions are accepted, namely those relating surface inter

actions and energy to the amount of hydrogen adsorbed, then 

the use of the Langmuir-Hinshelwood model as a representa

tion of the ortho-parahydrogen reaction is justified. It 

should be pointed out that for the Langmuir rate equation, 

if either a two- or three-step-controlling mechanism is 

assumed, then the methods which were outlined above are 

much more difficult, and perhaps impossible to apply 
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Table VI. 
Behavior of k*, A, B, and D with Changes ind8H. 

k* = k* 
0 

A = A 
0 

B = B 
0 

D = D 
0 

exp 

exp 

exp 

exp 

( ~ JeH) 

( )-I J'eH) 

( ~ J'eH) 

(cl d8H) 

(a) 

(b) 

( c) 

(d) 

Assume ~and)--' are positive andol is negative. 

Then 

O--'rp p--+o 

JeH is positive JeH is negative 
(These are independent of mechanism) 

k* is greater than 

A is greater than 

B is greater than 

D lS less than 

k* 

A 

B 

D 

(e) 

( f) 

( g) 

(h) 

(i) 

At this stage, the terms (B-D ) and (A+Dc) can be either 
greater or smaller for one direction comi5ared to the other. 
However, if cfe = 0, the simple Langmuir law is obtained. 
Hutchinson [36]Hshowed that, for surface reaction control
ling, the terms Band Dare essentially the same as the 
adsorption constants for para- and orthohydrogen, respec
tively. Unde r these conditions, D > B due to the separation 
factor, as he showed [36]. Thus, it is probable that D ~ 

B in the present case. 0 

0 

The following statements summarize the justification 
of statements (f), (g), (h), and (i), Table V, by state
ments outlined in Table VI: 

1. The requirement of statement (f) in Table Vis 
met directly by the result of statement (f) in 
Table VI. 

2. Since D is probably greater than B, statement 
(g) of ~able V can be met without c8ntradiction 
by statements (h) and (i) of Table VI. 

3. If lD - D I is greater thanfA - A f, 
o~p p • o o-+p p-+o 

then the r e qu irement presented by statement (h), 
Table V, is met. 
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Table VI (Continued) 

If \ B ·- B \ is less than \ D - D I , o-p p-o o__.p P-+O 

then the requirement of statement (i), Table V, 
is satisfied. 

Statements 3 and 4 (above) will be true if ld..l is 
greater than ).-1 and B is less than D. It has already 
been shown that D is0 probably greate~ than B and there 
is no way at pres~nt of predicting relative mggnitudes of 
the exponential terms. See text for amplification of this 
latter point. 
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because of the presence of additive terms in the formation 

of the constants A, B, and D. 

It should also be noted that, during the course of 

the investigation, it was thought that the deviation from 

t h e s traight line of the points at low space velocities 

could be accounted for by pore diffusion effects. The 

reason for this thought is that, although the previous 

investigators who had studied pore diffusion in the ortho

parahydrogen reaction [cf . , 2, 25 , 56, 57] had found no 

pore diffusion effects, in some cases they were working 

with less active catalysts than the present one and all of 

their results were based upon a first-order rate law. As 

is shown in Appendix C, for a first order rate law, pore 

diffusion affects the value of the rate constant only by 

lowering it at a constant value . In the case of a non

first-order reaction, the rate constant with pore diffusion 

effects is a function of the reactant concentration. The 

result of this effect is that the reaction order is re

duced, as shown in Appendix C. The Langmuir equation is 

not a first-order expression, so that it falls in the 

latter category. The idea of using a smaller mesh catalyst 

to check pore diffusion effects is still valid for the 

example of a non-first-order reaction. Thus, Runs, 82, 83 , 

and 85 were conducted using a 50-80 mesh catalyst. (A 

30-50 mesh catalyst was used in the other runs). However, 

it is apparent from Table IV that the rate constants for 

the smaller particle catalyst are quite in line with those 

for the larger particle catalyst at comparable pressures, 

except for Run 85. The case of Run 85 is difficult to 

explain. It is seen from the integrated rate plot (Figure 

51, Appendix F) that the magnitude of the intercept is 
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much higher than that of any of the other runs. This fact 

affects the values of k and k' both to the extent that they 

are negative numbers as calculated from the slope and inter

cept (Eqs. 36 and 37). Physically, k' could be negative, 

but it is unrealistic to talk about a negative k. There 

was a slight change in equipment arrangement in Runs 82, 

83, and 85 in that a span on the recorder of approximately 

twice that that was used in the other runs was used for the 

latter three runs. It was hoped that this procedure would 

improve the accuracy of the data, but one effect that was 

noticed during the runs was that the equilibrium point was 

harder to establish here than in the rest of the runs. It 

is suspected that this may have had some influence on the 

data. Runs 82 and 83 may be alright; the data, as was pre

viously mentioned, are in line with the data from the 

larger mesh size catalyst pellets. Also, the integrated 

plots for these runs showed the same deviation effects as 

for the runs with the larger catalyst particles. In a 

recent publication Roberts and Satterfield [49] showed how 

effectiveness factors (Appendix C) could be calcuJated for 

a rate expression of the Langmuir-Hinshelwood type. These 

calculations were performed (Appendix C) and the results 

of these, together with the above considerations, showed 

that pore diffusion was probably not a major rate-influ

encing factor. 

A final justification of the use of the Langmuir model 

is seen when the constants k and k' are tested for pressure 

dependence. According to statements following Eq. (33) 

both constants should be inversely dependent upon pressure. 

They are of the form 

(48) 
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where 

K = k or k'. 

f = k* or (B-D) . 

Eq. {48) may be rearranged to the form shown by Eq. (49). 

1 

w 
D 

= 17 
(49) 

Thus , a plot of 1/H vs. cH should yield a straight line. 

Plots of k vs cH and k' vs cH were prepared. Figures 16 

and 17 show these plots. It is apparent that Eq. {49) pre

dicts the behavior of k and k' quite well. There is some 

scatter in the data , particularly in the (k') 's, but the 

overall trend is apparent. Eqs. (50) and (51) give the 

relationship between k, k', and cH for the forward reaction. 

k 
1 

= 0.0318cH + 0.001 
(50) 

k' 
1 

= 0.70cH 0.02 + 
( 51) 

and Eqs. (52) and (53) show the similar relationships for 

the reverse reaction. 

1 
k -

- 0.0712cH + 0.001 

k' = -1 
2.16cH - 0.04 

(52) 

(53) 

The constants A, D, and ;O in Eq. (49) cannot be determined 

explicitly because there are only two independent relation

ships from which to determine them. 

E. First Order Kinetics 

Since a first-order rate law was found by many 

investigators to represent the rate of ortho-parahydrogen 
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conversion, i t should be mentioned here. As was pointed 

out in Section III.C., a first order rate law will be 

obtained from the Langmuir rate expression if k' = 0. If 

k' does equal zero , then the line on the Langmuir plots 

should pass through the origin. It is obvious that such 

is not the case for t h e p r esent data. However, in order to 

remove any lingering doubt about the non-validity of firs t 

order kinetics, first-order rate plots were made. The 

first-order rate equation is given by Eq. (1). 

r k(c - c ) 
p pe 

The integrated form is given by Eq. (54) 

(1) 

( 54) 

Thus, a plot of ln (x
2

- xe) vs'{ will give a straight line 

of slope (-k) and intercept ln (x
1

- x e) if first order 

kinetics are valid. Figures 18 and 19 show the first-order 

plots for Runs 68 and 6 9. The correlations appear to be 

fairly good, although the rate constants in both directions 

do not agree too well. The values of the constants are 

k =261 for Run 68 and k=230 for Run 69. This represents a 

13.4% difference. These values of k were used to calculate 

space velocity curves (Figure 20). A glance at Figure 20 

shows that the first-order expression does not predict the 

actual values very well, certainly not as accurately as the 

Langmuir expression. It is therefore concluded that a 

first~order rate law does not represent the rate of the 

ortho-parahydrogen reaction over a hydrous ferric oxide 

catalyst. 
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VII. CONCLUSIONS 

A. Comparison of Models 

Four different reaction rate laws have been derived 

from different sets of assumptions. Data for the ortho

parahydrogen shift reaction in both directions at 76 °K and 

at pressures of 30 to 1010 psia have been compared with 

these laws. It was found that none of the models could be 

considered as being a satisfactory theoretical explanation 

for the reaction rate. However, two of them were found to 

give a better representation of the data than the other 

two. 

The first rate equation is of the Langmuir-Hinshelwood 

type, as shown. 

r 
kc (x - x) 

H e 
1 + k'c x 

H 

This equation may be used to describe the reaction in either 

direction. However, the rate constants k and k' were found 

to differ for the opposite reactions. For the forward 

(ortho-to-para) reaction, the constants k and k' are given 

by 

k 

k' 

1 
0.0318cH + 0.001 

1 
0.70cH + 0.02 

. -1 
min 

3 -1 
cm g-mole 

and k and k' may be found for the reverse reaction by 

k 
1 

min 
-1 

= 0.0712cH 0.001 + 

k' 
-1 3 

g-mole 
-1 

= 2.16cH 0.04 
cm -
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where cH 
-3 

= g-moles cm The difference in the k and k' 

values for the forward and reverse reactions can be 

qualitatively explained by the assumption of a non-uniform 

heat of adsorption. 

It was also found that the reaction rate could be 

correlated by a relation which was derived using the 

Elovich equation for rates of adsorption. 

n 1-x 
r = k ln [ (i) (--e) ] 

X 1-X 
e 

. -1 -3 
where k = 3.5 g-moles min cm and n = 0.75. This equa-

tion is valid in both directions, but appears to break down 

at pressures below approximately 100 psia. Since the use 

of the Elovich equation in the present case is somewhat 

open to question, due to the fact that hindering effects 

between species on the surface are not taken into account, 

this equation must be regarded as being primarily an 

empirical one. 

A third rate equation that was developed was the 

Freundlich equation 

r k m[ 1/n 
C X -

H 

1/n 
(-1-) (l-x)l/n] 
K 

eq 

This same equation resulted regardless of which step was 

assumed rate-controlling. The data were not as well corre

lated by this equation as by the above two, so that the 

Freundlich equation is not felt to be useful for the present 

reaction. 

The fourth equation that was derived followed an 

approach that was suggested by the work of Temkin. 



r = k ln [s(l-x) + x ] 
s(l-x) + x 

e e 
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This equation did not correlate the rate data as well as 

any of the previous three and, in view of the somewhat 

simplified assumptions regarding the separation factor that 

were used, this equation is not recommended as a means of 

describing the ortho-parahydrogen shift reaction. 

For design purposes, the Langmuir rate equations 

are preferred, due to their relative simplicity in handling. 

It appears though that further understanding of the adsorp

tion process is necessary before a complete model of the 

reaction can be constructed. 

B. Significance of Project 

The project was undertaken in order to learn more 

about catalytic reactions and to develop a model for the 

ortho-parahydrogen shift reaction. In order to accomplish 

these aims mechanisms based upon four different adsorption 

rate laws were derived and compared against the data. The 

results showed that none of the models was entirely satis

factory as a representation of the reaction. When non-uni

form heat of adsorption effects were assumed, the deviation 

from the Langmuir model could be explained under certain 

conditions. These conditions required that the heat of 

adsorption vary linearly with total hydrogen surface 

coverage and that changes in the total coverage be caused 

only by changes in gas-phase composition. To the author's 

knowledge, no such accounting for deviation from the 

Langmuir model has previously been reported, although models 
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in which a non-uniform heat of adsorption is postulated 

have been proposed before (the ammonia synthesis reaction 

is a well-known example). 

The technique of using a change in surface coverage 

( [e
8

) appears not to have been used prior to this time, 

although this approach admittedly might be restricted to 

the ortho-parahydrogen reaction. One of the weaknesses 

of this model is that there are no data at present which 

allow a priori the prediction of the signs of the coeffi

cients of Je
8

. The ultimate goal of any theory is the 

prediction of results, rather than the relying of data to 

predict fundamental quantities which might be contained 

in a theory. 

The results of the present work do not support 

rigorously any of the existing kinetic models. Although 

it seems from the data that surface reaction is the rate

controlling step, the formulas which were derived from the 

Langmuir and Elovich adsorption rate equations must be 

regarded as more or less empirical correlations due to the 

inaccuracies in the assumptions upon which these two 

adsorption models are based. However, the results have 

shown that at pressures above approximately 100 psia, the 

Elovich-based equation is a good representation of the 

reaction in both directions and that at all pressures, a 

Langmuir-Hinshelwood equation can be written for the 

reaction in either direction. The Langmuir equations are 

preferred chiefly because they are easier to work with. 



VIII. RECOMMENDATIONS FOR FURTHER WORK 

During the period in which the present work was under

taken, several relevant and interesting problems arose. 

Some of these were solved and the results are contained 

herein; others showed that much more thought and experi

mentation than were felt to be inside the scope of the 

present work were required. 

One of the most important and significant items that 

requires attention is a study of the adsorption process, 

particularly in reference to hydrogen on ferric oxide. 

There are two experiments that can be suggested. The first 

is the obtaining of adsorption isotherms. Although Clark, 

et.al. [15] have obtained some data for hydrogen adsorption 

on an iron catalyst, the pressure range of their data is 

limited to about 200 psia. Adsorption data are needed up 

to a pressure of at least 1000 psia in order that compari

son with the present kinetic data may be made. Also in 

such an experiment, it would be well to obtain separate 

isotherms for ortho- and parahydrogen. These could be 

compared with the total hydrogen isotherm in a manner 

suggested in Appendix A. It is realized that the presence 

of a reaction complicates this type of work but one approach 

might be to adsorb hydrogen on a substance (such as nickel) 

which does adsorb hydrogen but does not promote the shift 

reaction. The use of such an adsorbent would allow the 

researcher to introduce different compositions of hydrogen 

into the chamber and see what effect a change in composi

tion has on the total amount adsorbed. If orthohydrogen 

is more strongly adsorbed than parahydrogen (which case 

the evidence seems to support (See Appendix A)), a change 



in composition of the gas should affect the amount that 

can be adsorbed. 
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A second adsorption experiment would be the measure

ment of rates of adsorption. It is apparent from the 

present work that not enough is known about this phase of 

kinetics to be able to build a satisfactory reaction model. 

Ortho-parahydrogen adsorption would be a particularly 

interesting system to study because it provides an ideal 

one for examining rates of adsorption of mixtures. Per

haps experiments similar to the one suggested above 

(adsorption without reaction) could be devised. 

Much more knowledge of rates of adsorption of mixtures 

is required in order to better understand catalytic rate 

processes. There has been very little work done in this 

area and the data that are available are confusing and 

contradictory [44]. There is no end to systems which might 

be investigated along this line, although there are some 

which would obviously be more practical for experimental 

purposes than others. Perhaps a long term project involving 

several systems should be undertaken. Much valuable infor

mation could be obtained from such a project. 

As far as ortho-parahydrogen kinetics are concerned, 

one or two projects might be considered. Probably the more 

important would be the investigation of the kinetics over 

the new, more active catalysts that have recently been 

developed [14, 15, 50]. It may be that these catalysts 

are active enough that diffusion effects may become signifi

cant [14] . This would provide a point from which to 

investigate pore diffusion effects, particularly with the 

involvement of a Langmuir-Hinshelwood type rate expression 

(See Appendix C). Of this, more will be said below. 
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The second ortho-parahydrogen shift study that might 

be made, although in view of the conclusions that are con

tained herein this is probably of not too great importance, 

would be a temperature study of the reaction in both 

directions. An apparatus similar to that reported by 

Hutchinson, et.al. [37] could be built for this purpose. 

It was mentioned above that pore diffusion effects 

for non-integral-order reactions could be studied. Some 

work has been done in this area [49] but more work seems 

to be indicated. The ortho-parahydrogen reaction would 

appear to be an ideal one for this study, since a Langmuir 

type expression does fit the reaction. It may be likely 

that the newly developed catalysts would provide an ideal 

vehicle for such a study, as present evidence suggests 

that pore diffusion effects are present [14]. 

While the present theoretical approach was being 

developed, it became increasingly apparent to the author 

that perhaps the present approach to catalytic kinetics is 

somewhat lacking. There is no quarrel with the postulation 

that adsorption and desorption are involved (nor diffusion, 

for that matter) but as the experimental data showed, none 

of the existing approaches proved entirely adequate as a 

means of building a catalytic model. Of course this topic 

has been argued previously (cf., Boudart [7] and Weller 

[59]), but the author cannot agree entirely with either of 

these writers' approaches. He agrees with Weller [59] 

that the Langmuir approach leaves much to be desired as the 

basis for a catalytic model but does not agree that simply 

taking the data and fitting them to some empirical curve 

is a desired method. The present work showed that models 

based on Freundlich or Temkin adsorption mechanisms do not 
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appear to work even as well as one based on the Langmuir 

adsorption mechanism, which itself had to be regarded more 

or less as an empirical correlation in view of the present 

results. The phenomenon of non-uniform heat of adsorption 

is one topic that appears to be promising as a means of 

better explaining the physical situation. Perhaps an 

entirely new approach to the topic is needed. A parallel 

which might be drawn is the introduction of the "penetra

tion theory" as an alternate for the old "two-film theory" 

in interphase mass transfer. It seems to the author that 

the time is about ripe for new advances in the theory of 

kinetics to be made. 
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IX . NOTATION 

constant in Eq . 33. 

~/RT, coefficient of surface effect on activation 
energy of adsorption. 

constant in Eq . 33 . 

~/RT, coefficient of surface effect on activation 
energy of desorption. 

-3 
concentration, g-moles cm 

constant in Eq . 33. 

differential operator. 
3 . -1 = total feed rate, cm min 

= intercept on Langmuir plot. 

equilibrium constant. 
. -1 . -1 -3 

reaction rate constant, min or g-mole min cm 
catalyst. 

constant. 

constant. 

= partial pressure, atm . 

= gas constant, 1.998 cal g-mole-l °K- 1 . 
-1 -3 

reaction rate, g-mole min cm catalyst. 

slope on Langmuir plot 
. . -1 = space velocity, min 

separation factor . 

temperature, °K. 

= volume , cm 
3 

mole fraction parahydrogen 

GREEK 

coefficient of surface effect on activation energy 
of adsorption, cal. 

constant in Eq. 47. 

coefficient of surface effect on activation energy 
of desorption, cal. 
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~ constant in Eq. 44. 

y = constant in Eq. 45. 

J = change in state. 

H = constant in Eq . 48. 

f constant in Eq. 48. 

g = frac tion of surface occupied by adsorbed specie. 

1 = space time, min. 

SUBSCRIPTS 

A ammonia. 

ad adsorption or adsorbed. 

b = reverse direction, Eq. A. 

des = desorption or desorbed. 

e,eq = equilibrium. 

f = forward direction, Eq . A. 

H hydrogen. 

0 orthohydrogen. 

p parahydrogen . 

s = surface. 

r first-order reaction. 

r = reactor volume. 

ol adsorption controlling, Eq. 26. 

J desorption controlling, Eq. 28. 
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XI . APPENDICES 



APPENDIX A 

Adsorption Phenomena 

1. Adsorption 

There are two general types of adsorption that are 

commonly accepted today. These are physical adsorption and 

chemical or che misorption. Physical adsorption is char

acterized by the formation of van der Waal-type bonds and 

low heats of adsorption (2-3 kcal/mole, at most). Chemi

sorption, on the other hand, is generally thought of as 

possessing chemical type bonds and consequently, high (on 

the order of 20-30 kcal/mole) heats of adsorption. In 

addition, multiple layers of adsorbed molecules are possible 

under conditions of physical adsorption while only monolayer 

adsorption is possible in chemical adsorption. For mono

layer adsorption , the following development is valid regard

less of whether physical or chemical adsorption is occur

ring. The development follows that of Trapnell [7], 

although it is not original with him (cf., 13,18]. 

For a gas at pressure p and temperature T, the number 

of molecules striking one square centimeter of surface per 

second is p/ rc2 7f mkBT, where m is the mass of one mole

cule and kB is the Boltzmann constant. However, not all 

of the molecules which strike a catalytic surface will 

necessarily be adsorbed. Ifs is defined as the fraction 

of molecules striking the surface that are adsorbed, then 
2 

the rate of adsorption, u (molecules adsorbed per cm per 

second) is 

u = 
sp 

( 1) 
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Generally, sis not equal to unity. One or more of 

the following factors may affects and cause it to be less 

than unity. 

1. Activation energy. For an activated adsorption 

process the molecules must possess the necessary 

activation energy in order to be adsorbed. 

2. Steric factor. The molecules must also possess 

the particular configuration of the "activated 

complex" in order to be adsorbed. 

3. Efficiency of energy transfer. Once the mole

cule strikes the surface, it must lose the 

amount of energy which exceeds its thermal 

energy. Otherwise it will "bounce off" the sur

face after a period of one molecular vibration. 

4. Surface hete rogeneity . The activity will not, 

in general, be uniform over the surface and this 

fact will affect the sticking probability. 

5. Collision with an occupied site. Although this 

does not preclude adsorption, there is a possi

bility that a molecule colliding with an 

occupied site will desorb before it can migr ate 

to an unoccupied site. 

If the above factors are taken into account, the 

st ick i ng factors may be represented as 

where 

cr-
f(9) 

E 

R 

s = (S f(9)e-E/RT 

condensation coefficient. 

function of surface coverage, 9. 

. . 1 1 -l activation energy, ca g-mo e 

= gas constant, cal g-mole-l °K-l. 

(2) 
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Generally, sis not equal to unity. One or more of 

the following factors may affects and cause it to be less 

than unity. 

1. Activation energy. For an activated adsorption 

process the molecules must possess the necessary 

activation energy in order to be adsorbed. 

2. Steric factor. The molecules must also possess 

the particular configuration of the "activated 

complex" in order to be adsorbed. 

3. Efficiency of energy transfer. Once the mole

cule strikes the surface, it must lose the 

amount of energy which exceeds its thermal 

energy. Otherwise it will "bounce off" the sur

face after a period of one molecular vibration. 

4. Surface heterogeneity. The activity will not, 

in general, be uniform over the surface and this 

fact will affect the sticking probability. 

5. Collision with an occupied site. Although this 

does not preclude adsorption, there is a possi

bility that a molecule colliding with an 

occupied site will desorb before it can migrate 

to an unoccupied site. 

If the above factors are taken into account, the 

sticking factors may be represented as 

where 

~ 

f(8) 

E 

R 

s = c, f(9)e-E/RT 

condensation coefficient. 

function of surface coverage, 8. 
-1 

activation energy, cal g-mole 

gas constant, cal g-mole-l °K-l. 

(2) 
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However, it should be noted that both o and E can be 

functions of 8, the fraction of surface that is occupied 

by adsorbed molecules. 

Substitution of Eq. (2) into Eq. (1) yields 

u = f {e)e-E(8)/RT (3) 

An exact solution of Eq. (3) may be obtained by dividing 

the surface into elements ds over which the above five 

factors are the same and integrating over the surface. 

I~ -E /RT 
f (8 ) e s ds 

s 
( 4) 

s 

However, in general the relationship between T, 8 and E 
s s s 

is not known and therefore Eq. (4) cannot be integrated. 

Therefore, it will now be shown that different sets of 

assumptions applied to Eq. (3) will lead to different 

adsorption rates. 

First, the term f(8) is considered. For the ortho

parahydrogen reaction, it is probable that there is adsorp

tion of one molecule on a single site. There is a chance 

that dissociation could occur but it is not likely in the 

present case, as was shown in Sections II and III. For 

single molecule adsorption it is assumed that adsorption 

takes place only on unoccupied sites. Under these condi

tions 

f(e) = 1 - e ( 5) 
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Substitution of Eq. (5) into Eq. (3) yields 

u = a-(e) p (l-8)e-E(9)/RT 
,{2-,rmk T 

B 

(6) 

Now, for a uniform surface, tr and E are constants. Eq. (6) 

then becomes 

where 

u = p (1-8) 

k 
a 

= k p ( 1-8) 
a 

-2 = adsorption rate constant, molecules cm 
-1 -1 

sec atm 

( 7) 

For a non-uniform surface there are several sets of assump

tions that may be used. One of the more successful is the 

assumption that E varies linearly with surface coverage 

and that~ remains approximately constant. Under these 

conditions Eq. (6) becomes (if E = E 
0 

+ ~ 8) 

u = 
- (E + ol 9) /RT 

op (1-e)e o 
{ 2-,r rrikB T 

= k, p (1-e)e- ol 9/RT 
a 

(8) 

If 8 is not close to unity, the variation in (1-9) is small 

in comparison to the variation in exp (- eJ.. 8/RT) . Thus, 

Eq. (8) becomes 

u = k II 

a 
- ol 9/RT 

p e (9) 
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which is a form of the Elovich equation [3,15,17]. 

Eqs. (7) and (9) will be used later in developing 

adsorption isotherms and reaction rate equations. 

2. Desorption 

Under conditions which are similar to those that are 

described above for adsorption, the rate of desorption may 

be written as [8] 

u' = K (8)f' (8)e-E' (9 )/RT 
d 

(10) 

It should be noted here that the activation energy of 

desorption E' is related to the activation energy of adsorp

tion E and the heat of adsorption q ,by the relation 
a 

E' = E + q 
a 

( 11) 

Since adsorption is always an exothermic process, it 

follows that E' will always be positive, even for non-acti

vated adsorption (E = 0). 

As above, for a molecule de sorbing from a single site, 

the rate of desorption is proportional to the amount 

adsorbed and thus 

f'{8) = e (12) 

Eq. (12) thus becomes 

u , = Ka ( 8) 8 e - E ' ( 8) /RT ( 13) 

For a uniform surface, Kd and E' are constant and Eq. (13) 

becomes 

( 14) 
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For a non-uniform surface of the type described in the 

previous section E' = E~ - ~ 8 and Kd(e) is approximately 

constant. Thus Eq. (13) becomes 

u' = kd e e ~8/RT (15) 

Now, if 8 is not close to zero, the variation of u' with 

8 is small compared to the variation with exp ( ~ 8/RT) . 

Thus, Eq. (15) reduces to 

u, = k" e ~ 8/RT 
d 

Eqs. (14) and (16) are the important results of this 

section. 

3. Adsorption Isotherms 

( 16) 

Individual rates of adsorption and desorption are 

very frequently immeasurable. Consequently, the equations 

developed in the previous two sections are of limited 

value in themselves. However, although the rates of ad

sorption cannot be measured, the total amounts adsorbed 

can be measured. The total amounts adsorbed are taken to 

be the amounts adsorbed when the system is in adsorption

desorption equilibrium. 

At equilibrium the rates of adsorption and desorption 

are equal. Thus u u'. If now the appropriate equations 

are combined, some interesting and extremely useful results 

are obtained [9]. 

Eqs. (7) and (14) were both derived from the same 

set of assumptions. Thus they can be combined to yield 

the adsorption isotherm for a uniform surface. If this 



combination is made, the results are as follows: 

which may be rearranged to give 

where 

g = 

K 
a 

K p 
a 

1 + K p 
a 

adsorption equilibrium constant, 
-1 

atm 
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(17) 

( 18) 

Eq. (18) is the well - known Langmuir adsorption isotherm 

[ 12] . 

Eqs. (9) and (16) were derived from the same set of 

assumptions and therefore may be treated in a manner 

similar to that in the preceding paragraph. The main 

steps are shown in Eqs. (19) and (20): 

k ll - c:i.9/RT k" ~9/RT 
a p e = d e ( 19) 

which may be rearranged to give 

9 = K' ln A p 
a o 

( 20) 

where 

K' = RT/( ~+ct,). 
a 

A = k"/k" 
0 a d

0 

Eq. (20) is known as the Temkin isotherm [5]. In passing 

it should be noted that Eq. (9) was derived with the 

assumption that 9 was not very close to unity in value, 

while Eq. (16) was derived under the assumption that 9 

was not close to zero. These two assumptions, when used 
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simultaneously, lead to the fact that the Temkin isotherm, 

Eq. (20), is strictly valid only under conditions which 

Trapnell calls "the middle range of coverage." This may 

be a serious physical limitation on the Temkin isotherm 

in some cases, but if the assumption of middle range of 

coverage is not made, the equations are extremely difficult 

to work with, as far as the treatment of experimental data 

is concerned. Also, many adsorption data have been found 

to be well-correlated by the Temkin isotherm. 

A third isotherm may be developed by starting with 

a different assumption from that which led to the Langmuir 

and Temkin isotherms. It is recalled that the Langmuir 

isotherm was developed under the assumption of a uniform 

surface while the Temkin isotherm arose from the assumption 

of a linear variation of activation energy with surface 

coverage. Since the activation energies of adsorption and 

desorption are related to the heat of adsorption as shown 

by Eq. (11), it follows that the heat of adsorption will 

vary with surface coverage in the same manner as the acti-

vation energy. In fact, starting with heat of adsorption 

as his criterion instead of activation energy, Trapnell 

derives the Temkin isotherm by assuming a linear variation 

of heat of adsorption with surface coverage [9]. 

If now, the assumption of a logarithmic variation in 

heat of adsorption with surface coverage is made, a differ

ent adsorption isotherm will arise. The surface is divided 

into a series of areas, each of which obeys the Langmuir 

isotherm. If these areas are designated by the subscript 

i, the amount adsorbed on each area is 

e. = 
l 

K.p. 
l l 

1 + K.p. 
l l 

( 21) 



The total amount adsorbed is then 

where 

9 = L n . 9. 
l l 

n. = number of areas of type i. 
l 
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(22) 

If now the K. values are c l ose enough together to form a 
l 

continuous distribution, Eq. (22) may be replaced by an 

integral 

9 = ( n.9.di J l l 
{23) 

The assumption is now made that the variation in surface 

is strictly due to q, the heat of adsorption. If this is 

true, Eq. (23) may be expressed as 

9 = J n 9 dq q q 

or 
00 K p 

9 J g dq = n 
1 q + K p 

0 
q 

Now, K is exponentially determined by q, as shown by 
q 

thermodynamics (cf., Denbigh [2]). 

K K 
-q/RT 

= e 
q 0 

If, now, n q 
is of the form 

n = n eq/qm 
q 0 

where 

n = constant. 
0 

qm = constant. 

(24) 

(25) 

(26) 

( 27) 
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Substitution of Eqs. (26) and (27) into Eq. (25) and slight 

rearrangement yields the result 

00 -q/q 
g I m 

= n e 
0 

dq (28) 
0 e-q/RT 

1 + 
K 0 p 

If the heat of adsorption q considerably exceeds the ther

mal energy RT, Eq. (28) can be integrated to the following 

result: 

e = 
RT/q 

(K ) m op (29) 

Eq. (29) is the Freundlich isotherm [4], which is commonly 

presented in the form 

1/n e = ap (30) 

Adsorption data are usually collected in the form of 

pressure vs volume adsorbed curves. In order to determine 

which of the three adsorption isotherms best describes the 

data, Eqs. (18), (20), and (30) are rearranged into forms 

which allow the data to give a straight line for the 

correct adsorption mechanism. Here, the relationship be

tween e and vis given bye= v/v, where v is a constant. 
m m 

Eq. (18), the Langmuir isotherm, may be rearranged 

to the form given by Eq. ( 31) . Eq. ( 31) shows that if 

Langmuir adsorption is the type encountered, a plot of 

.......E._ 1 .......E._ ( 31) = + 
V Kv v 

m m 



p/v vs p will yield a straight line of slope 1/v and 
m 
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intercept 1/Kv. 
m 

Eq. (20) shows that a plot of v vs ln p 

should yield a straight line if Temkin adsorption describes 

the data. Finally, Eq. {20) shows that if the Freundlich 

isotherm holds, a log-log plot of p vs v will yield a 

straight line. Thus, adsorption data ~an be checked against 

the three adsorption isotherms in order to determine which 

give the best correlation. Clark, et.al., [1] have pub

lished adsorption data for hydrogen on two different 

catalysts at temperatures from 64 to 190 °K. One of these 

catalysts is reported to have been a hydrous ferric oxide 

catalyst similar to the type that was used in the present 

study. Thus, it was felt that if the adsorption data could 

be explained by one of the previous adsorption isotherms, 

this would strengthen the kinetic approach. With this in 

mind, Figures 21, 22, and 23 were prepared. Figure 21 

shows the data plotted in Langmuir fashion at a temperature 

of 63.14 °K. This temperature was chosen mainly because a 

wider pressure range was covered at this temperature than 

at 77 °K, which is closer to the operating temperature of 

the present work. Figure 22 shows the data as plotted for 

a Temkin isotherm and Figure 23 shows the data as plotted 

for a Freundlich isotherm. It is obvious that the data 

are better correlated by a Freundlich isotherm than by 

either of the other two. Consequently, the data for 77°K 

were plotted on Freundlich coordinates in order to obtain 

an n for the adsorption. These data are also shown in 

Figure 23. The value of n which was obtained from this 

plot was 2.54. 

One question which might arise in using total hydro

gen adsorption isotherms is whether or not they remain 
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valid for the separate ortho and para species. That this 

is so may be demonstrated by the following development. 

A. Langmuir Adsorption. The case is when both ortho

and parahydrogen obey the Langmuir isotherm. Two basic 

relations which will be used in all three cases are 

where 

= V 
0 

C 
0 

+ V 
p 

+ C 
p 

( 32) 

(33) 

vH = volume of hydrogen adsorbed, 3 cm. 

V ,V 
0 p 

C ,C 
0 p 

= volumes of ortho- and parahydrogen, respec-
3 

tively, adsorbed, cm. 

= gas phase concentration of ortho- and parahy
-3 drogen, respectively, g-moles cm . 

The separate isotherms are given by Eqs. (34) and (3 ,5). 

K C 
p p 

V = p 1 + K C + K C 
p p 0 0 

( 34) 

K C 
0 0 

V = 
0 1 + K C + K C 

(35) 
0 0 pp 

where 

K ,K = adsorption equilibrium constants for ortho-
o p 

and parahydrogen, respectively. 

Addition of Eqs. (34) and (35) and substitution of Eqs. (32} 

and (33) yields 

K 1 (x, s) CH 

= 1 + K 1 (x, s) cH 
(36) 



where 

s = K /K = separation factor. 
0 p 

x = mole fraction parahydrogen. 
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Eq. (36) is a Langmuir isotherm since K' is not a function 

of total hydrogen pressure. 

B. Freundlich Adsorption. The separate isotherms 

are given by 

where 

V 
p 

V 
0 

= a C 
pp 

= a C 
0 0 

1/n 

1/n 

a ,a ,n = constants. 
0 p 

( 3 7) 

(38) 

Addition of Eqs. (37) and (38) and substitution of Eqs. 

(32) and (33) yields 

= a [xl/n + 
p 

a 
0 

a 
p 

(1-x )l/n] 1/n 

( 3 9) 

Eq. (39) is a Freundlich isotherm for cH since aH is not 

a function of cH. However, if the exponent n is not the 

same for both ortho- and parahydrogen, then a Freundlich 

isotherm may or may not be observed, as shown below. 

V 
p 

V 
0 

= a C 
pp 

= a C 
0 0 

1/n 
p 

1/n 
0 

Combination of Eqs. (37a) and (38a) yields 

(3 7a) 

(38a) 



1/n 
= a [x p + 

p 

a 
0 

a 
p 

(n -n) p 0 

n n 
0 p 
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( 39a) 

1/n 
(1-x) o]c 1/np 

H 

Eq. (39a) shows that a Freundlich isotherm may or may not 

be obtained, depending upon the relative values of the two 

terms which are contained in the brackets. 

C. Temkin Adsorption. The separate isotherms are 

given by Eqs. (40) and (41). 

v = K' ln Ac 
0 0 0 0 

(40) 

v = K' ln Ac 
p p pp ( 41) 

Addition of Eqs. (40) and (41) and substitution of Eqs. 

(32) and (33) yields 

= K' [ln A A+ ln x(l-x)] + 2K' ln VH p Op O CH (42) 

4. Adsorption of Mixtures 

As the preceding development showed, complications 

arise in the treatment of adsorption when more than one 

specie is present. Perhaps the case of ortho- and parahy

drogen furnishes a better example of the problems that 

arise than most other systems because, unless one uses the 

adsorption of parahydrogen at 20°K as his system, it is 

impossible (under equilibrium conditions) to discuss 

adsorption of orthohydrogen without also discussing para

hydrogen adsorption. Of course, if one is considering only 
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high temperature (). 300 °K) adsorption of hydrogen, he can 

effectively discuss hydrogen adsorption since the ratio of 

ortho- to parahydrogen remains fixed. However, in the case 

of the present experiments, the ratio of ortho- to parahy

drogen changes drastically and therefore, since the presence 

of one will affect the adsorption characteristics of the 

other, these effects must somehow be accounted for. 

Unfortunately, a great amount of work has not been 

done in the area of adsorption of mixtures [13]. Data con

cerning multicomponent adsorption are not readily available 

and of these, few rigorous theoretical treatments have been 

devised to account for gas interactions, other than the 

modification of the Langmuir isotherm to the form 

where 

1 + K.p. 
l l 

(43) 

1 species other than A which are present and 
adsorbed. 

This modification of the Langmuir isotherm seems to have 

worked fairly well [ l:i! ] as far as adsorption isotherms are 

concerned, but no predictions concerning the effects of a 

second gas on the rate of adsorption have been advanced. 

Thus, what the forms of Eqs. (3) and (10) would be in the 

presence of a second component is not settled at this time. 

Hence, the forms of the relations that are developed from 

Eqs. (3) and (10) can only suggest certain ways in which 

the interactions might possibly be taken into account. 

A general equation for the rate of adsorption of 

component A in the presence of B might be written in the 



form, 

- (E + ~ e + o(_ e ) /RT 
(1-9 -e )e oA A A BB 
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A B 
(44) 

and a similar relation for the rate of desorption of A 

- (E • - ~ e - ~ e ) /RT oA A A BB 
e (45) 

It is apparent that if ol.. A'°'- B' ~ A' and ~B are all zero, 

Eqs. (44) and (45) will lead to the modified Langmuir 

isotherm (Eq. 43) . However, if the o/. 's and @ 's are not 

equal to zero, then other assumptions must be made concern

ing them and, at the present time, there are few guidelines 

to indicate just what assumptions may be valid. There is 

the further complication in forming a rate model that the 

oJ.. 's and ~ 's for the adsorption and desorption of A may 

be different from the a/...' s and @ 's in the adsorption and 

desorption of B. More research into this area is definitely 

needed at this time in order to clarify what forms Eqs. 

(44) and (45) may take. 

It is apparent from Eqs. (44) and (45) that some 

perhaps questionable assumptions would have to be made in 

order to bring them to the forms which lead to the Elovich 

equation for rate of adsorption and the Temkin adsorption 

isotherm for equilibrium adsorption. This presents a para

dox to the researcher, for it was found by the present 

investigator (See Section VI.B.} that the rate expression 

which was derived from the Elovich equation assuming sur

face reaction to be controlling, gave a fairly good repre

sentation of the data for the ortho-parahydrogen conversion 

at high pressures. As Low [13] remarks, the derivation of 
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the Elovich equation is not unique, and it has consequently 

been widely attacked in this ground [cf., 6,10,14]. However 

it does explain adsorption rate data in a large number of 

cases [13]. On the other hand, as was shown in Section 

VI.C., the rate e xpression which was derived from the more 

exact forms (Eqs.44 and49 did not particularly correlate 

the present data as well as did the Langmuir and Elovich 

expressions. It therefore becomes apparent that much more 

knowledge of the adsorption process is needed before one 

can proceed with the development of a true reaction model. 

The above development, besides pointing out the 

difficulty of developing a good representative reaction 

model, may also serve to show why the adsorption isotherms 

of Clark, et.al., [l] were not particularly well correlated 

by any of the three commonly used isotherms. 
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APPENDIX B 

The Separation Factor 

The separation factor was first defined by Sandler 

[11] as 

where 

(N /N ) 
p 0 

s - (N /N ) (1) 

s 

N ,N 
0 p 

g 

ad 

p o a d 

separation factor. 

number of molecules of ortho- and parahydrogen 
respectively. 

gas phase. 

= adsorbed phase. 

The separation factor can be predicted~ priori from a 

statistical mechanical knowledge of the partition functions 

of the gaseous and adsorbed molecules. A partition function 

is defined as 

where 

q 

E. . 
l 

- E./RT 
q = L e i (2) 

i 

partition function 

= energy of i th molecular condition. May be 
associated with electron, translational, 
rotational, etc. energy levels. 

R = gas constant. 

T = temperature. 

In general, if interaction between molecules is assumed, 

the resulting partition functions are not easy to handle. 

However, if the simplifying assumption of no molecular 

interactions, either in the gas or on the surface, is made, 

the forms of q are easy to deal with and certain qualitative 
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properties can be deduced. 

It has been shown several places {cf., 3,4,8] that 

the chemical equilibrium constant for a reaction may be 

calculated from the partition functions of the participa

ting species. For example, for the reaction 

aA + bB rR + sS (3) 

where 

A,B,R,S = chemical species. 

a,b,r,s = stoichiometric coefficients. 

the equilibrium constant is given by 

where 

(R)r (S)s 
~~~- = K (T) = 
(A)a(B)b eq 

(qR/V) r (qs/V) s 

(qA/V)a(qB/V)b 

K (T) = 
eq 

equilibrium constant, a function of 
temperature. 

V = volume of system. 

(A), (B), (R), (S) = concentrations of species, 
A,B,R,S, respectively. 

( 4) 

If the adsorption of ortho-and parahydrogen are written 

in the form of chemical reactions, as shown by Eqs. (5) 

and ( 6 ) 

where 

S = surface site 

---
,._ --

o-H
2

(ad) 

p-H
2

(ad) 

( 5) 

(6) 

= amount of surface site that is occupied by a 
molecule. 



Then the adsorption equilibrium constants are given by 

(N ) 
o ad 

(N /V) 
r' 

(N ) s 
s 0 

g 

(N ) 
pad 

vs 
(N /V) (N ) 

p s 
g 

If Eq. (7 ) lS 

K (T) 
0 

(T) = K 
p 

= 

(q ) 
o ad 

)o's 
(q /V) {q ) 

0 S 
g 

(q ) 
pad 

= K (T) 
0 

= K (T) y p 
(q /V) ( ) s qs 

p g 

divided by Eq. (8) ' the result 

q N 
(_Q_) (_Q_) 

qE ad N 
E ad 

= = s 
q N 

(_Q_) (_Q_) 
qp N 

g p g 

is 
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(7) 

(8) 

(9) 

Thus, scan be calculated entirely from a knowledge of the 

partition functions of adsorbed and gaseous ortho- and 

parahydrogen. It is independent of any particular mechan

ism of adsorption (assuming boil:h ortho- and parahydrogen 

occupy the same part of a site-- Y is the same for both 
s 

species). 

The problems begin arising when one desires to cal

culates. The partition functions are in general known 

only for the cases of no molecular interactions in the gas 

or on the surface. This restricts the validity of the 

following development somewhat. 

If no interactions are assumed, then the partition 

functions can be separated into rotational, translation, 

electronic, nuclear, and whatever o ther kinds of partition 

functions are required [cf., 5,10]. If the assumption is 
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made that all the energy levels except the nuclear rota

tional ones are the same for both species, then one need 

be concerned only with the nuclear rotational partition 

functions in the gaseous and adsorbed phases. These 

functions are given by Eqs. (lb), (11), (12), and (13) 

(qo) = 3 L (2 j +l)e-j(j+l)9r/T 

g j =l, 3, ... 

(q ) = L (2j+l) e-j(j+l)9r/T 

pg j =2,4, ... 

L .2 I 
(qo ) = 6 e-J gr 2T 

ad j = l,3, ... 

L .2 I 
(q ) 1 + 2 

-J 9 2T 
= e r 

pad j=2,4, ... 

where 

j = quantum number. 

9 = characteristic rotational temperature 
r 

= 85.4 °K [6]. 

(10) 

( 11) 

(12) 

(13) 

The separation factor can now be calculated. Eqs. (10) 

through (13) are substituted into Eq. (9) and the results 

are given by Eq. (14). 

s = 
2 (e-42.7/T + e-384/T) (l + Se-513/T) 

ge-170.8/T(l + 2e-170.8/T) 
( 14) 

In a previous work, Barrick, et.al., [l], calculated 

separation factors from the data for Hutchinson [8] on the 

reverse reaction. These calculations were performed with 
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with the assumption that the reaction followed Langmuir 

kinetics with surface reaction controlling. Although this 

assumption has been shown in the present work to be in

correct, fairly good results (as far as separation factor 

is concerned) were obtained by these investigators. Table 

VII compares the results that were obtained experimentally 

with two theoretically predicted values--those predicted 

by Eq. (14) and those predicted by Sandler [11]. The 

difference between Eq. (14) and Sandler's prediction is 

that Sandler considered only the first terms in Eqs. (1) 

through (13), whereas the second terms are included in 

Eq. (14). Sandler's formula for the separation factor is 

given by Eq. (15). 

s = 2/3 e 
e /T 

r 
(15) 

As far as other assumptions are concerned, if inter

actions occur, the partition functions may not be able to 

be separated into translational, etc., parts and so Eq. 

(14) is no longer valid. However, it is qualitatively 

valid. It does show that orthohydrogen is more strongly 

adsorbed than parahydrogen. This has been verified by 

Cunni ngham, Chapin, and Johnston [2], who effected a 

separation of ortho- from parahydrogen at 20 °K by means 

of repeated adsorption and desorption of hydrogen from 

alumina. van Itterbeek, Hellemans, and van Dael [12] also 

reported a preferential adsorption of orthohydrogen on 

glass at 21 °K. These experiments demonstrated that the 

separation factor does indeed exist and that orthohydrogen 

in almost pure form [2] can be obtained by using this fact. 
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Table VII. Separation Factors 

Temperature s(Eg. 14) s(Eg. 15) s* (expt' 1) 

40 ° K 5.32 5.55 9.61 

50 2.97 3.68 7.03 

60 1.69 2.75 5.99 

70 1.23 2.21 5.27 

80 1.082 1. 93 5.00 

* From data of Hutchinson [8]. 
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point. 

An interesting sidelight may be developed at this 

According to Eq. (14), sis independent of 

pressure. s may be e xpressed as 

(N /N ) 
C 
__E_ 

C g p 0 
_SL q ___J?_Q s = (N /N ) = g C g 

p o ad __E_ 0 p 
g 

(16) 

0 

If Freundlich adsorption is assumed, 9 and 9 are given 
0 p 

by 

where 

1/n 
g 0 

= a C 
0 0 0 

1/n 
g a C 

p 
p p p 

a ,a ,n ,n = constants. 
0 p O p 

Therefore 1/n 

s = 

or 

s = 

C C 
p 0 

C C 
0 p 

a 
0 

a 
p 

0 

1/n 
p 

(1 

X 

n 

-

a 
0 

a 
p 

-1 
p 
n 

p 

n 
0 
-1 

--
n 

x) 
0 

n 
p 

n 
0 

CH 

-n 

n 
p 

0 

( 17a) 

(17b) 

(18) 

If n In, swill be dependent upon total pressure and 
p 0 

also upon composition. (If Langmuir kinetics were followed 

the separation factor would be independent of pressure and 

composition, as the following development shows.) 

s = 
C 9 

p 0 

C g 
0 p 

(16) 
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K C 

e 0 0 
== 

0 1 + K C + K C 
( 19) 

0 0 pp 

K C 

e pp 
== p 1 + K C + K C 

0 0 pp 
(20) 

Therefore 
K C 

0 0 

C 1 + K C + K C 
__E..__ 0 0 p p s == 

C K C 
0 p p 

1 + K C + K C 
0 0 pp 

K __ o_ 
== K 

( 21) 
p 

Here, K and K are independent of pressure and composition. 
0 p 

This is because the development of the Langmuir adsorption 

isotherm assumes them so. Hence, sis a function only of 

temperature for Langmuir adsorp t ion. The same assumptions 

that led to Eq. (14) can be used to derive the Langmuir 

isotherm from statistical mechanics [cf., 7]. Hence, Eq. 

(14) and the Langmuir approach are consistent with each 

other. 

For Temkin kinetics, the separation factor is given 

by 
C k ln A c 

__E..__ 0 0 0 s == 
C k ln A c 

0 p pp 

k ln [A c ( 1-x) ] __ o_ X o H 
( 22) == k 1-x ln[ApcHx] p 
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Again, sis seen to be dependent upon composition and 

pressure (through the logarithmic terms). However, the 

assumptions which led to the Temkin isotherm (Appendix A) 

are different from those which led to the Langmuir isotherm 

and, consequently, the assumptions which led to Eq. (14) 

will no longer be valid for Temkin adsorption. 
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APPENDIX C 

Diffusion 

It has been shown that a catalytic reaction takes 

place via a series of individual steps. These have been 

listed previously as: 

1. Diffusion of reactants from the bulk phase to 

the pore mouths. 

2. Diffusion of reactants through the pores into 

the interior of the catalyst pellet. 

3. Adsorption of reactants onto the surface. 

4. Reaction on the surface to form products. 

5. Desorption of products from the surface. 

6. Diffusion of products through the pores to the 

pore mouths. 

7. Diffusion of products from the pore mouths to 

the bulk phase. 

The assumptions were made in Sections III, V and VI that 

only steps 3, 4, and 5 were important under the present 

conditions. This assumption was based upon the findings 

of previous investigators (7,11] who had shown that diffusion 

effects were relatively unimportant. A look at the methods 

which were used to attack the diffusion problems is instruc

tive and enables the verification that diffusion effects 

are indeed negligible for the present series of experiments. 

1. Bulk Diffusion 

Steps (1) and (7) deal solely with ordinary inter

particle mass transfer and can thus be grouped together for 

study. Similarly, steps (2) and (6) deal with intraparti

cle mass transfer and will be grouped together for study 
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in Part 2 of this appendix. 

Wakao, et.al. [11] have made use of an effective 

method for studying the effects of diffusion on the ortho

parahydrogen reaction (although there is no reason why the 

method could not be extended to other catalytic systems, 

provided that the reaction can be represented reasonably 

well by a simple first-order rate expression). 

Briefly, the method is outlined as follows: The over

all reaction, (Eq. (1)), is represented as being governed 

by a first-order reaction rate expression, Eq. (2). 

where 

o-H
2 

(g) p-H2 (g) 

r = k (c - c ) 
ov o oe 

. l -3 . -1 r = reaction rate, g-mo es cm min 

k 
ov 
C 

0 

C 
oe 

11 
. . -1 = overa reaction rate constant, min 

-3 = orthohydrogen concentration, g-moles cm 

= equilibrium orthohydrogen concentration, 
-3 

g-moles cm 

( 1) 

(2) 

The reaction is then separated into two steps: the external 

mass transfer step, and the reaction step, whose rates are 

represented by Eqs. (3) and (4), respectively. 

where 

r = k (c - c ) 
diff G og os 

r = k (c - c ) react r os oe · 

k
8 

= mass transfer coefficient, 
. -1 

min 

C 
og 

= gas phase concentration orthohydrogen, 
-3 g-moles cm . 

( 3) 

( 4) 
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C 
OS 

equivalent surface concentration orthohydrogen, 
-3 

g-moles cm 

k 
r 

. -1 = surface reaction rate constant, min 

The surface reaction step is here taken to include steps 

(2) through (6). c is not a directly measurable vari
os 

able and hence, it would be desirable to eliminate it from 

the rate expressions. This can be done as follows: first, 

it is noted that rdiff = r . 
react 

Then r k (c - c ) 
G og OS 

k (c - c ) 
r os oe 

This may be rearranged into the forms 

C - C og OS 

C - C os oe 

r/k:G 

r/k 
r 

If the latter two equations are added, the results is 

given by Eq. (5). 

C - C og oe 

This is identical with Eq. (2) with the following 

equivalence : 

1 
k 

ov 

1 1 
k + k 

G r 

(5) 

(6) 

Thus, the relative importance of external mass transfer to 

the reaction can now be assessed. If the reaction, Eq. 

(1), is represented by a first-order rate expression, Eq. 

(2), then a value of k can be obtained from the data. 
OV 

Values of kG may be obtained independently by one of 

several mass transfer correlations available [e.g., 2,3,4, 
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10,13]. From these two numbers, Eq. (6) allows the cal-

culation of k. 
r 

Thus kr and kG can be directly compared 

in order to determine the relative importance of mass 

transfer. If kG is much larger than kr, the mass transfer 

driving force, (c - c ) will be very small and mass 
og OS 

transfer will not exhibit much resistance to reaction 

rate compared to the kinetics step. The reverse holds if 

k is much greater thank. 
r G 

Hutchinson [6] calculated mass transfer coefficients 

and psuedo first-order rate constants in his study of the 

para-to-ortho conversion. He found that, for a given 

Reynolds number (gas flow rate), mass transfer was most 

likely to be a rate-influencing factor under conditions 

of high temperature and low pressure. He calculated a 

first-order rate constant of 3.1 x 10
2 

min-lat 80°K and 

42 psia. The mass transfer coefficient under similar con

ditions for a Reynolds number corresponding to a point at 
5 -1 

which diffusion was expected was about 10 min It is 

noteworthy that all the above correlations for mass trans

fer in packed beds [2,3,4,10,13] gave approximately the 

sarre value for the mass transfer coefficient [cf. 1]. 

There are three orders of magnitude difference between 

these values and hence, it is clear from the previous de

velopment,that mass transfer is not a factor in influencing 

the reaction rate. 

2. Pore Diffusion 

The next problem is that of diffusion in pores. As 

was pointed out above, steps (2) and (6), pore diffusion 

of reactants and products, can be treated in the same 

fashion. Thiele [9] and Zeldowitsch [14] were the first 



145 

to successfully attack the problem of pore diffusion and 

the following development is due principally to their work, 

as reported by Wheeler [12]. 

As in Part 1, for simplicity it will be assumed that 

the reaction can be represented by a first-order reaction 

rate law. Other assumptions which will be used are (1) the 

catalyst particle is a slab of thickness 2L with (2) uni

form diameter pores passing through it at right angles to 

the surface, and (3) the diffusion process in the pores can 

be represented by a form of Fick's Law of Diffusion. With 

these assumptions, the following development can now be 

made. 

Consider a pore as shown in the sketch which repre

sents a typical pore of circular cross-section. 

CAIZ. 
I I I T I I CA 1.• dz. 

CAl I I 
ZR I I 

z I ch I _i_ •I I-
I I 

-----2L 

If a material balance about the element dz is written, the 

terms which arise are the following: 

de 
In by diffusion: 

A 
dz 

z 

de 
Out by diffusion: 

A 
dz 

z + dz 

Out by reaction: - 2 7{ R dz rA 



where 

~eff effective diffusivity, 
2 -1 

cm sec 

R pore radius, cm. 
-3 

cA reactant concentration, g-mole cm 

z = distance down pore, cm. 
-2 -1 

rA = rate of reaction, g-mole cm sec 

14-6 

If the above terms are combined into the material balance 

equation (in - out = accumulation), Eq. (7) is the result. 

2 
0 ( 7) 

Up to this point, no assumption has been explicitly made 

concerning the nature of the surface rate expression. 

However, unless the rate can be represented by a first

order, or at worst by an n th order e xpression (of the type 

r = kcAn), the differential equation (7) is extremely 

difficult to solve by analytical methods. For demonstra

tion purposes, it will be assumed, therefore, that the 

reaction, which includes steps 3, 4, and 5, can at least 

be represented by a first-order rate law. Thus 

where 

k 
s 

= k C s A 

-1 
surface rate constant, cm min 

(8) 

Eq. (7) then becomes, upon substitution of Eq. (8) into it 

2k 
s 

0 (9) 
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The general solution of Eq. (9) may be written in the form 

~ 
= A s inh (1--::-,}i- z) 

R..u ef f 
+ B cosh ( ;;;;;._ z) 

R eff 
(10) 

The constants A and B may be evaluated from the boundary 

conditions of the problem. For the present situation the 

boundary conditions are (1) cA = cAi at z = 0, and (2) 

dcA/dz = 0 at z = L. The application of these boundary 

conditions to Eq. (10) yields the result 

C cosh[h(l - ~)] 
A L 

(11) = 
cAi cosh h 

where 
h = L 4 ( 2ks/R-tl eff) . 

The quantity his known as the "Thiele modulus." While 

Eq . (11) does describe the concentration profile along the 

length of the pore, it itself is not the most useful result 

of the foregoing development. What is desired is how this 

concentration profile affects the rate of the reaction. 

The actual rate of reaction, per pore, is equal to the 

amount of reactant that diffuses into the pore, i.e., 

2 
= - 2 1f R gt) eff 

he . 
A1. 

tanh h 
L 

(12) 

The factor 2 is necessary to account for the fact that 

reactant diffuses into both ends of the pore. If the 

total pore area were available to the reactant, the rate 
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of reaction would be 

r = 2 J(R(2L)k c . 
poss s Ai 

( 13) 

Thus, the fraction of area available to the reactant is 

obtained by dividing Eq. (12) by Eq. (13). 

r 
act 1 

r h = tanh h = t ( 14) 
poss 

The quantity tis known as the II effectiveness factor." 

From Eq. (14) it is apparent that 

(15) 

and since r = k cA., it follows that poss s 1 

( 16) 

Eq. (16) shows that a first-order surface reaction will 

still appear as a first-order reaction under conditions 

where pore diffusion affects the rate. The change is that 

the first-order rate constant is not as great as it would 

be under conditions where pore diffusion is not a rate

influencing factor. 

For reactions other than first order, Thiele [9] 

showed that the approach is identical to the above, with 

somewhat different results. He showed that, for a rate 

expression of the type 

(17) 



the Thiele modulus and effectiveness factor are given 

respectively by 

~k c _n-1 
h = L 1 ..:.; s Al 

R eff 

1 
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( 18) 

( 19) 

Thus, for reactions of order higher than unity, pore 

diffusion will have an influence on the reaction order 

such that the observed order will be less than the true 

order. This is seen e xplicitly upon substitution of Eqs. 

(18) and (19) into Eq. (15): 

where 

r 
act = 

cm 

1 

n+3 
2 

/ R,&eff 
2k 

s 

n + 1 
2 

g-mole 

n-1 
2 

n
k C ' s Al 

-1 
sec 

n-1 
2 

( 20) 

Ex perimentally, the reaction may be carried out over 

catalysts of different particle sizes in order to determine 

whether or not intraparticle diffusion influences the re

action. This follows from the fact that {. is a function 

of hand that his directly proportional to L, the pore 

half length, which is proportional to the size of the 

catalyst pellet. 
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As L becomes smaller, h becomes smaller and [ becomes 

larger. Consequently, as one goes down in particle size, 

a pellet size should eventually be reached at which there 

is no change in the rate of reaction. This is the size 

at which one assumes that i n traparticle diffusion is no 

longer playing a significant role in influencing the re

action rate. Keeler, et.al., [7] performed this work for 

a study of the forward reaction. They found that the 

reaction rate was no longer affected by particle size 

below 30-50 mesh. 30-50 mesh particles were used in the 

present investigation. 

In a later publication, Roberts and Satterfield [8] 

explored in detail the solution to Eq. (4) when rH is 

given by a Langmuir-Hinshelwood rate expression of the 

type shown in Eq. (21). 

where 

adsorption equilibrium constants for 

species A and Q, respectively. 

Q = reaction product for reaction A-+- Q. 

( 21) 

Solution of the equation which results when Eq. (21) is 

substituted into Eq. (7) was carried out numerically by 

Roberts and Satterfield [8]. The results of their calcu

lations are a series of plots in which effectiveness 

factor is plotted against a modified Thiele modulus for 

various values of the parameter KApA. Their modified 

Thiele modulus is defined by Eq. (22). 



where 
k 

k' 

1 + L K . [ p . + ( CA }J. 
l lS S l 

l 

where 

1 any species other than A. 

.8 
effA)] 

.<9 effi 
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(22) 

(23) 

y. 
l 

= stoichiometric coefficient for species i. 

j) eff, i = 

C 
A,s 

effective diffusivity for species i. 

surface concentration of species i. 

Roberts and Satterfield show that for a given value of 0M, 
his lower as the value of KAPA is lowered. This condi

tion occurs at lower reactant particle pressures. Using 

the data of Hutchinson [6] for the reverse reaction,values 

of 0M and KApA were calculated. The results of these cal

culations showed that under the present conditions the re

action is essentially outside the range where pore diffusion 

significantly influences the reaction rate [l]. Geddes [5], 

in his study of the structure of the iron oxide catalyst, 

r e ported the same findings, although his approach was 

based upon a first-order rate law. Since effectiveness 

factors greater than 0.9 were obtained by all of the above 

mentioned workers who studied, the ortho-parahydrogen re

actions, it is concluded that pore diffusion is not a 

serious factor in influencing the reaction rate under the 

present set of e x perimental conditions. 
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APPENDIX D 

Space Velocity Curves from 

Langmuir Rate Equations 
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FIGURE 24. Predicted and Observed Space Velocities 

from Langmuir Rate Equation for Runs 60 

and 61 
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FIGURE 25. Predicted and Observed Space Velocities 

from Langmuir Rate Equation for Runs 65 
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