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ABSTRACT 

The effects of ex te rna l and in t e rna l par t ic le m a s s t ransfer 

r e s i s t ance , and of solvents on the r a t e of hydrosfenations c a r r i e d out on 

finely divided ca ta lys ts in s lu r ry r e a c t o r s a r e t rea ted . 

A method is developed for est imating ex te rna l par t ic le m a s s 

t rans fe r res i s t ance from ra te measu remen t s and is demonstra ted 

experimental ly. The magnitude of m a s s t ransfe r resis tance of the 

reac tants i s determined by calculating the t r anspor t factors for the 

reac t ions . It i s shown that sys tems that exhibit superficially s imi lar 

behavior may have thei r r a t e s controlled by different combinations of diffusion 

and kinetic r e s i s t ance . The existence of react ions with negligible 

in t e rna l diffusion and significant ex terna l diffusion res is tance in s lur ry 

r eac to r s i s modelled theoret ical ly and demonstra ted experimental ly. 

The heterogeneous hydrogenation of acetone on Raney nickel 

in the so lvents benzene, cyclohexane, and isopropanol is studied at 25°C. 

It i s observed that both the ra te and acetone surface concentrat ion 

inc rease with the acetone activity coefficient, in comparing the t h r ee 

sys tems . Neither ra te nor the acetone surface concentrat ion could be 

cor re la ted with the acetone activity coefficient for the t h r ee sys t ems , 

however. The finding that the rank of the " r a t e " is the same as that of the 

"acetone adsorbed" t e s t s experimental ly the qualitative notion of 

Wauquier and Jungers that the differences of hydrogenation r a t e s in 

different solvents a r e due to differences in adsorption. 
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NOTATION 

NOMENCLATURE 

a gas-liquid in ter fac ia l a rea per unit volume of 
2 3 

liquid, cm / c m . 

a external par t ic le surface a rea per unit m a s s of 
P 2 . 

catalyst , cm / g . 

2 
A to ta l in ter fac ia l a r ea , cm . 

2 
A ex te rna l surface a rea per par t ic le , cm . 

A. ., B. . V a n L a a r constants in equations (IV-8) and (IV-9). 

A , B , C constants in equation (IV-1). 

b distr ibution coefficient used in equation (2-5). 

b . constant defined by equation (111-4). 

B. . Po r t e r equation constant used in equations (IV-4) and 

(IV-5). 

B , C. . Margules equation constants in equation (IV-6) and 

(IV-7). 

C concentration, mol/X 

C~ , C->, C constants in equation (IV-2). 
1 <- J 

C to t a l number of catalyst active s i t es . 

d par t ic le d iameter , m i c r o n s . 
P 

2 
D bulk diffusivity, cm / s e c . 

2 D effective diffusivity within catalyst pa r t i c l e , cm / s e c 
e ' 

f function of. 
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defined by equation (II- 7.1). 

2 
acclerat ion due to gravity, c m / s e c . 

excess Gibbs free energy for a mix ture of components 

i and j . 

Thiele diffusion modulus. 

normalized Thiele diffusion modulus defined by 

equation (3-16). 

Thiele pa ramete r defined by equation (3-2 5). 

Henry ' s law constant, a tm 

Henry ' s law constant defined by equation (II-X 2). 

kinetic ra te constant. 

equil ibrium constant. 

gas-l iquid m a s s t ransfe r coefficient, c m / s e c . 

particle-liquid m a s s t rans fe r coefficient, c m / s e c . 

zero order react ion constant based on volume. 

constant defined by equation (III-lXj. 

molecular weight. 

constant defined by equation (111-10). 

2 
molar flux, mol / (sec) (cm ). 

3 2 2 

Grashof number , L p (3 g Dt/|j. . 

Reynolds number , Dup/(j.. 

Schmidt number , [j./pD. 
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Np, Sherwood number, k d /D. 
Sh p p' 

P pressure, mm Hg, atm. 

r rate of reaction per unit mass of catalyst, 

mol/(sec) (g Ni). 

r rate of reaction per particle, mol/sec. 

r rate of reaction per unit volume of liquid, mol/(sec 

r normalized extinction length, used in Appendix I. 

R universal gas constant. 

R mean particle radius, microns. 

Q< intrinsic reaction rate per unit internal area of 
2 

catalyst, mol/(sec)(cm ). 

3 
R rate per unit volume of catalyst, mol/(sec) (cm ). 

S specific surface area per unit mass of catalysts, 
2 / cm /g . 

t time, sec, min, hr. 

T absolute temperature, °K. 

u a constant used in equation (3-7). 

U_ effective velocity arising from velocity gradients 

E 
in the neighbourhood of particle surface, cm/sec. 

Uc slip velocity arising from the differences in inertia 

between the particles and the fluid, cm/sec. 

U terminal velocity of the particles, cm/sec. 

v slip velocity defined by equation (II-6. 2). 
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3 
V volume, cm , X 

V initial volume of hydrogen read on the burets, cm . 

3 

V volume of gas dissolved to saturation, cm . 

W mass of the catalyst, g. Ni. 

x mole fraction in the liquid phase. 

GREEK LETTERS 

Sh/12 0 h . 

a defined by equation (111-13). 

(3 defined by equation (111-14). 

Y activity coefficient in the liquid phase. 

T| internal effectiveness factor. 

-p refractive index. 

9 internal void fraction of catalyst. 

u viscosity, poise. 

p density, g/cm . 

p apparent density of a single catalyst particle. 
IT 

T tortuosity factor 

J transport factor 

SUBSCRIPTS 

A substrate, acetone. 

A-* adsorbed acetone. 
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adsorbed surface complex. 

product of acetone hydrogenation, i sopropanol . 

bulk liquid or bulk gas . 

hydrogen. 

adsorbed hydrogen 

component i. 

component j . 

liquid phase. 

number of components. 

mixture proper ty . 

n-th order react ion. 

par t ic le . 

par t ic le ex terna l surface; solvent; solution. 

adsorbed solvent. 

z e ro -o rde r react ion; in i t ia l value in case of 

concentrat ions. 

first order react ion; component 1. 

equil ibrium value for concentra t ions , active catalyst 

s i te . 



SUMMARY 

Objectives of th is Study 

There a r e two main objectives of this work. F i r s t , to study 

the m a s s t ransfe r effects during the heterogeneously catalysed hydrogenation 

react ions in the liquid phase and to develop and apply the theory of a 

new technique to m e a s u r e the par t ic le- l iquid m a s s t rans fe r coefficients. 

The second, to study the kinetics of the liquid phase hydrogenation of 

acetone in different solvents and to investigate the causes of solvent 

effects on the react ion r a t e s . 

Mass Transfer Effects 

In a th ree phase react ion system, such as a s lu r ry r e a c t o r , the 

r a t e of t ransfe r of gas from gas phase to the bulk liquid i s governed by 

the product of the gas absorption coefficient and the 2as -liquid in terfacia l 

a r ea . The reac tants dissolved in the liquid phase must overcome fluid-

par t ic le m a s s t rans fe r res i s t ance ar is ing from the boundary layer surrounding 

the par t i c le . Finally, within a porous catalyst par t ic le t he re i s a kinetic 

r e s i s t ance and in t rapar t ic le diffusion r e s i s t ance . To obtain an appropr ia te 

kinetic r a t e express ion for a reac tor design, the kinetic and in t r apa r t i c l e 

diffusion r e s i s t ances cannot be ignored. The par t ic le surface concentrat ion 

of the r eac tan t s , needed to develop a kinetic express ion, can be calculated 

only if the quantity k a is known. Numer ica l values of the fluid 

par t ic le m a s s t rans fe r coefficients can be calculated by using the t e r m i n a l 

velocity for unhindered settling of the catalyst pa r t i c l e s . S e v e r a l m o r e 

sophist icated cor re la t ions have been advanced. These cor re la t ions have 

s e v e r a l shortcomings such as a_ they a r e most ly useful for r e a c t o r s 

of s tandard configurations, b the average par t ic le d iameter is needed to 

calculate the effective part icle-f luid slip velocity and to compute the 
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ex te rna l surface a rea of the pa r t i c l es , £ par t ic les tend to agglomerate 

in liquids to an unknown degree , and d none of the methods accounts for 

the in t rapar t ic le diffusion r e s i s t ances . Because of these reasons the 

available methods in the l i t e ra tu re a r e not p rec i se for obtaining p a r t i c l e -

liquid m a s s t ransfe r coefficients for situations such as react ions in 

s l u r r i e s . 

Theory of a method is developed for est imating the ex te rna l 

par t ic le m a s s t ransfe r res i s t ance from rate measu remen t s and is 

demonst ra ted experimental ly. 

The hydrogenation of a l ly l alcohol and fumaric acid over a Raney 

nickel catalyst in the solvents water and ethanol a re chosen as model 

reac t ions . Reactions a r e conducted in a s lur ry reac tor developed in 

these l abora to r i e s . The apparatus is found to be excellent for 

obtaining p rec i se exper imenta l data for liquid phase hydrogenations. 

The react ions a r e conducted in the t empera tu re range 24. 5°C to 

35.3° C, most runs being at 25°C. The p a r t i a l p r e s s u r e of hydrogen 

ranged from 100 - 73 0 m m Hg. 

The hydrogenation react ion ra t e s obtained from the hydrogen 

absorpt ion r a t e s , a r e found to be first order in hydrogen for a l ly l 

a lcohol in water and approximately one half order for allyl alcohol and 

for fumaric acid in ethanol. in a l l the th ree c a s e s , the r a t e i s 

approximately zero order in subst ra te at high subst ra te concentrat ions 

and first o rder at very low subst ra te concentrat ions . 

The exper imenta l values of the par t ic le- l iquid m a s s t r ans fe r 
3 

coefficients obtained a r e 20. 0 and 13. 3 cm / s e c - g , for the sys tems 

a l ly l a lcohol in water and a l ly l alcohol in ethanol, respect ively . These 

values ag ree closely with values calculated using a published cor re la t ion . 
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The t ranspor t factors for the reac t ions a r e calculated and 

a r e used to de termine whether or not the measu red ra t e is ffiven by the 

in t r ins ic ra te express ion, and to determine the magnitude of m a s s 

t rans fe r res i s t ance of each reactant . It i s shown that the t h r ee 

sys tems that exhibit superficially s imi lar behavior - - zero order in 

subs t ra te at high concentrat ions, f i rs t order at low concentrat ions - -

a r e seen to be ra te controlled by different combinations of diffusion 

and kinetic r e s i s t ance . For the sys tem a l ly l alcohol - water , t he re 

is significant m a s s t ransfe r r e s i s t ance over the ent i re concentrat ion 

range. For the system al ly l alcohol in ethanol, m a s s t ransfer effects 

a r e negligible for C grea te r than about 0. 04 mol/X For fumaric 

acid sys tem, the measured ra te is given by the intr insic ra te express ion 

over the entire concentration range. 

A ra te express ion is obtained in the case of a constant volume 

batch reac tor in which a zero order react ion is taking place with ex te rna l 

and i n t e rna l diffusion r e s i s t ances . This is done for the asymptotic 

region and the calculated values for the sys tem al ly l a lcohol in ethanol 

a r e compared with exper imenta l data. The resu l t s show that an apparent 

change from zero order to first order kinetics may be due to a z e r o -

order react ion passing from negligible ex te rna l r es i s t ance to ex t e rna l 

diffusion controll ing. 

The existence of react ions with negligible i n t e rna l diffusion 

and significant ex te rna l diffusion res i s t ance in s lu r ry r eac to r s is modelled 

theoret ica l ly and demonstra ted experimental ly. 
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Solvent Effects 

The importance of solvents in the liquid phase hydrogenation 

react ions has been recognized for a lon£ t ime but the actual ro le played by 

them during the react ion is not very wel l understood. Very few 

investigations a r e available where the main emphasis was to a s s e s s 

the solvent effects. 

Waquier and Jungers found that the differences of hydrogenation 

r a t e s in different solvents were due to differences in adsorpt ion, not 

in the kinetic constants . They suggested qualitatively that the differences 

in adsorpt ion could be explained by degree of non-ideality of acetone in 

the solvent. In this work the qualitative notion of Waquier and Jungers 

on the effects of subst ra te activity in the solvent a r e tes ted quantitatively. 

Heterogeneous hydrogenations of acetone at 25°C in solvents 

benzene, cyclohexane, and isopropanol a r e studied over Raney nickel 

catalyst . Hydrogen solubility data for the pure components and the 

solvent-acetone binary sys tems a r e obtained experimental ly. These 

data a r e needed to calculate both gas absorption res i s t ance and 

the liquid phase concentration of hydrogen. The binary solubility 

data a r e cor re la ted by thermodynamic models for predicting 

mixed solvents Henry ' s law constants . The Van Laar model fits the data 

best and is used to interpolate the solubility data. The vapor p r e s s u r e -

composition data for the b inar ies acetone - cyclohexane and acetone -

i sopropanol a r e obtained at 25°C ; data for acetone - benzene binary 

a r e taken from the l i t e r a tu re . These data a r e needed to es tabl ish acetone 

activity as a function of concentration for purposes of investigating 

adsorpt ion i so the rms and react ion ra t e s in different solvents as a 

function of acetone activity, and to obtain hydrogen p a r t i a l p r e s s u r e s from 

the t o t a l sys tem p r e s s u r e s . 
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The ra te of hydrogenation is zero order in acetone at high 

acetone concentrat ions and first order at low acetone concentra t ions . 

The order of react ion with respect to hydrogen p r e s s u r e is approximately 

one half in a l l the th ree sys tems . The activation energies obtained in 

the zero order region a r e approximately 5 K ca l /g m o l for a l l the t h r ee 

sys tems . 

The steady state hydrogenation react ion ra t e s a r e obtained in 

a l l the th ree solvents over a composition of acetone from 0 to 100 

percent . A mechanism for the liquid phase hydrogenation of acetone is 

postulated and ra te equations a re developed for the kinetic controlled 

s teps . It is observed that the ra te determining step is probably the 

react ion of adsorbed acetone with atomic hydrogen. 

The effect of solvent on the react ion ra t e s i s studied in the 

first order region. The reason for choosing this low concentrat ion of 

acetone is that the quantities of acetone involved in the liquid phase 

a r e very s m a l l and the amount of acetone adsorbed on the catalyst i s 

sufficient to cause a measurab le change in the bulk concentrat ion. Thus 

by knowing the to ta l quantity of acetone introduced in the sys tem and 

analysing the quantity in the solution, the amount of acetone adsorbed 

can be calculated by simple m a s s balance. A Sas chromatoSTraphic 

technique is used for the liquid phase analys is . 

Before proceeding to the kinetic s tudies, it i s first es tabl ished 

that the exper imenta l r a t e s obtained in the first o rder region a r e only 

kinetically controlled. This i s done by two methods. One is by 

extrapolating the value of k a obtained in the previous section and 
P P 

calculating the surface concentrat ions of the r eac tan t s . The ra t ios of 
surface concentrat ions to bulk concentrat ions were found to be m o r e 

than 0. 9 for both acetone and hydrogen. In the other method the 

effect of hydrogen p r e s s u r e on the react ion in the f irs t o rder region 
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i s studied and the theory developed in the previous section is used to 

check the absence of mass t ransfe r r e s i s t ances . 

Exper imen ta l data a r e obtained for the acetone concentrat ion 

on the catalyst surface when the react ion is in p r o g r e s s . These data 

give the distr ibution of acetone between the liquid phase and the catalyst 

phase. For these experiments both ra te and acetone surface coverage 

increased with the acetone activity coefficient, in comparing the th ree 

sys tems . Neither ra te nor acetone surface concentration could be 

cor re la ted with the acetone activity coefficient for the t h r ee sys t ems , 

however. 

It is observed in this work that the rank of the " r a t e " i s the 

same as that of "acetone adsorbed" . The s imi la r i t i es in the activation 

energies obtained for the hydrogenation react ion in the t h r e e solvents tend 

to show that t h e turnover frequency is independent of the solvent. 
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I . INTRODUCTION 

1. 1 Slurry Reactors 

Indus t r ia l chemical p rocesses involving heterogeneous ca ta lys is 

in the liquid phase often employ severa l different types of operat ions in o rder 

to obtain the des i red contact between the th ree phases . They may be 

grouped into two main c l a s s e s : the fixed beds of the catalyst pel lets and 

the suspended catalyst par t ic les in l iquids. Slurry r e a c t o r s fal l in the 

second category. Reactions like polymerization and hydrogenation a r e 

c a r r i e d out in s t i r r ed autoclaves. Recently, in teres t has been shown in 

other types of s lu r ry r eac to r s employing mixing by gas lift, c i rculat ion 

of the liquid phase through an ex terna l heat exchanger etc. , for wider 

applicat ions, such a s , r emova l by adsorption and absorption with chemica l 

react ions of gaseous pollutants (SO NO , H S , and hydrocarbons) , 

hydrogenation and hydrodesulfurization of the pet roleum fract ions. S lur ry 

r e a c t o r s have also been applied to the continuous operations of the 

F i s h e r - T r o p s c h react ions and for various other p rocesses of possible 

c o m m e r c i a l in te res t (1-4). 

S lu r ry r e a c t o r s have s e v e r a l potential advantages over fixed beds , 

par t icu lar ly for the la rge scale petroleum and pe t rochemica l p r o c e s s e s , 

where thei r use is not present ly widespread. A s t i r r ed s lu r ry reac tor 

can be kept at a uniform t empera tu re throughout, el iminating the "hot spo t s" 

that hinder the possible attainment of high selectivity of catalyst in 

th ree phase fixed bed operat ions. In s lu r ry r e a c t o r s , the exothermic 

reac t ions a r e m o r e easily controlled, and heat recovery i s possible with 

good coefficients of heat t r ans fe r . For the same react ion r a t e s , the 

r eac to r volume requi red by a s lur ry reac tor may be much smal le r than the 

one requi red by a fixed or t r i ck le bed, provided the conditions for the 

react ion a r e such that a low effectiveness factor is encountered in the 

- 1 -
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la t ter case . Catalyst can be regenera ted continuously by removing 

sma l l pa r t s of s lur ry , regenerat ing, and returning to the r eac to r . 

In spite of these m e r i t s , the overa l l use of the s lu r ry r e a c t o r s 

i s l imited by the inadequate published data for the design purposes , 
(4) 

for example, data on allowable space velocity a r e very l imited 

Easy and efficient techniques for handling the catalyst suspensions have 

not been developed as yet. In many cases it i s very difficult to select 

a solvent in which the reactants a r e soluble, which does not adverse ly 

affect the react ion r a t e s , and is stable at the conditions of the r eaction. 

1. 2 Mass Transfer Effects in Hydrogenations in Slur ry Reac tors 

A s lur ry reac tor used for the hydrogenation react ions consis ts 

of solid catalyst par t ic les suspended in the liquid to be hydrogenated 

ei ther as such or dissolved in some inert solvent. Gaseous hydrogen 

used is bubbled in the s lurry to provide s t i r r ing in addition to the 

mechanica l s t i r r e r s . The ra te of t ransfe r of hydrogen from the gas 

phase to the bulk liquid phase is governed by the product of gas absorpt ion 

coefficient and gas-liquid in ter fac ia l a r ea , k_ a. To reach the exter ior 

surface of a catalyst par t ic le , reactants dissolved in the liquid phase 

must overcome fluid-particle m a s s t ransfer r e s i s t ance ar i s ing from the 

boundary layer surrounding the par t ic les . Finally, within a porous 

catalyst par t ic le there is a kinetic r e s i s t ance , and an in t rapar t i c le 

diffusion r e s i s t ance . 

For a sufficiently slow react ion, it can readily be verified that 

the reactant concentrat ions throughout the in ter ior of the catalyst a r e 

the saturat ion value for hydrogen, and the bulk value for the subs t ra te . 

In th is case the measu red ra te gives the kinetic ra te d i rect ly . The 

situation is m o r e complicated in cases which a r e in te rmedia te between 

negligible kinetic r e s i s t ance and complete kinetic control . If the 
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contents of the reac tor a r e we l l mixed and the quantity L a is known, 

the bulk hydrogen concentration can be calculated from the measu red 

react ion r a t e s . However, in pract ice the surface concentration of hydrogen 

needed to develop a kinetic expression can be calculated only if the 

f luid-part icle m a s s t ransfer coefficient, k TT a , is known. 

p , H p 

A conservat ive value for the fluid par t ic le m a s s t r ans fe r 

coefficient can be calculated using the t e r m i n a l velocity for unhindered 

settling of the catalyst par t ic le . More accura te cor re la t ions have been 
(5-7) 

advanced for par t ic les in an agitated sys tem . The cor re la t ions 

requ i re knowledge of agitation power delivered to the liquid, which 

is frequently difficult to m e a s u r e . It i s necessary to es t imate an average 

par t ic le diameter to calculate the effective part icle-f luid slip velocity 

and to compute the ex te rna l surface a rea per unit m a s s of catalyst . Since 

finely divided catalyst par t ic les tend to agglomerate in liquids to an 

unknown degree , any average diameter used is likely to introduce e r r o r s 

in the values of m a s s t ransfe r coefficients and ex te rna l surface a r e a s 

obtained. 

It would be useful in kinetic studies with finely divided catalyst 

par t ic les in solution to be able to determine k a for the catalyst in 
P P 

the state of agglomerat ion it exhibits during react ion. 

1. 3 Solvent Effects in Hydrogenations in Slurry Reac tors 

Solvents a r e widely used in liquid phase catalytic hydrogenation 

reac t ions . The r a t e , products of react ion, and somet imes extent of 

react ion depend on the proper choice of solvent. In highly exothermic 

reac t ions , solvent i s useful for controlling the t empe ra tu r e r i s e resul t ing 

from the react ion. It has been experimental ly establ ished by s e v e r a l 

authors " that the ra te of a catalytic reduction depends on the solvents , 

but it has not been fully ascer ta ined why. Very few genera l i t ies a r e 
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a v a i l a b l e in the l i t e r a t u r e which could be u sed a s a guide in choos ing 

s o lvent s. 

A so lvent m a y inf luence t h e c o u r s e of r e d u c t i o n in s o m e sub t l e 

w a y , t h e d e t a i l s of which can u s u a l l y be only i n f e r r e d . T h e s e w a y s 

m a y b e c o m p e t i t i o n b e t w e e n t h e r e a c t a n t s and t h e s o l v e n t s for t h e a c t i v e 
(9 12) 

c a t a l y s t s i t e s ' , complex f o r m a t i o n b e t w e e n s o l v e n t s and 
(13) 

i n t e r m e d i a t e s , and con t ro l l i ng diffusion of h y d r o g e n t o t h e c a t a l y s t 
r (14-15) 

s u r f a c e 

T h e m o d e l of c o m p e t i t i v e a d s o r p t i o n h a s b e e n u s e d in s e v e r a l 

s t u d i e s ' b e c a u s e it l e a d s to a L a n g m u i r - H i n s h e l w o o d type of 

equa t ion which i s known to be app l i cab l e t o l iqu id p h a s e c a t a l y t i c 

3 expl; 
(18) 

(17) 
h y d r o g e n a t i o n s . The concep t of c o m p l e x f o r m a t i o n i s u s e d to exp la in 

d i f fe ren t p r o d u c t s a r i s i n g f r o m the h y d r o g e n a t i o n of a s ing le s u b s t a n c e 

The ava i l ab i l i t y of h y d r o g e n on the c a t a l y s t s u r f a c e h a s b e e n l i nked t o 

t h e s e l e c t i v i t y in the n a t u r a l fa ts h y d r o g e n a t i o n s . The r o l e of so lvent 

in t h e l a s t c a s e i s m o s t l y in hydrogen t r a n s p o r t . 

F o r r e a c t i o n s y s t e m s w h e r e s ing le h y d r o g e n a t i o n p r o d u c t i s 

f o r m e d and w h e r e t r a n s p o r t effects a r e t o t a l l y a b s e n t , a so lven t m a y show 

i t s effect by a l t e r i n g t h e d i s t r i b u t i o n of t h e s u b s t r a t e b e t w e e n t h e 

c a t a l y s t and the l iqu id p h a s e and by affect ing t h e r e a c t i v i t i e s of t h e a d s o r b e d 
(8) 

s p e c i e s on t h e c a t a l y s t s u r f a c e . W a u q u i e r and J u n g e r s conc luded 

f r o m t h e i r s tudy of so lvent effects on h y d r o g e n a t i o n of a m i x t u r e of 

a c e t o n e and c y c l o h e x e n e and R a n e y n i c k e l c a t a l y s t t h a t t h e so lven t 

a f fec t s only t h e d i s t r i b u t i o n of s u b s t r a t e s b e t w e e n t h e c a t a l y s t and so lven t 

p h a s e s and h a s no effect on the r e a c t i o n r a t e c o n s t a n t s . E c k e r t 

m i s a p p l i e d t h e i r da ta in a t t e m p t i n g to show t h a t t h e effect w a s m o s t l y 
(17) 

on t h e r e a c t i o n r a t e c o n s t a n t s . B a l a n d i n o b s e r v e d t h e effect on 
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both the distr ibution coefficient and the react ion ra t e constant and 

pointed out that in cer ta in situations these effects may be in opposite 

direct ions and thereby the effect of solvent may even not be observed. 

It wi l l be worthwhile to study a simple hydrogenation react ion 

in different solvents and to study the effect of solvent on react ion ra t e s 

to see if it affects the distribution coefficients or the react iv i t ies of the 

adsorbed species or both. It wi l l also be of in te res t to study the 

influence of bulk activit ies of substra te on the react ion r a t e s and on the 

distr ibution coefficients. Such a study wil l be of in te res t not only 

from theore t i ca l point of view but may also be useful in predicting 

react ion r a t e s in different solvents. 

1. 4 Objectives of the Study 

Based on this background, a r e sea rch p rog ram for this work 

was pursued. The main objectives of the work a r e two-fold.. The 

f irst i s to develop and apply the theory of a new technique to m e a s u r e 

m a s s t rans fe r coefficients between the liquid and catalyst pa r t i c l e s . 

Such a technique must have sound theore t i ca l foundations, and yet it 

mus t be simple enough to permit easy determination of m a s s t r ans fe r 

coefficients. The second objective is to study the kinetics of liquid 

phase hydrogenation of a simple reaction in different solvents, to forward 

react ion mechanism and ra te equations, and to establish from exper imenta l 

observat ions the causes for the effect of solvent on the react ion r a t e s . 

In this part of the study it i s necessa ry to be assu red that ex te rna l and 

i n t e rna l m a s s t r ans fe r effects a r e negligible; there fore , it has to follow 

the first par t ,namely, the m a s s t ransfe r study. 

These objectives have been accomplished by designing an 

appara tus to study the hydrogenation react ions using a s t i r r e d s lu r ry 



- 6 -

r eac to r , and studying the hydrogenation react ions of fumaric acid, 

a l ly l alcohol, and acetone, in different solvents over Raney n icke l 

catalyst . Theore t ica l models developed have been demonstra ted 

experimental ly. 



2. PREVIOUS WORK 

2 .1 Par t i c le -L iqu id Mass Transfer 

Mass t ransfer can occur from liquid to suspended par t ic les by 

any of the th ree modes forced convection, free convection, and 

r ad i a l diffusion. When a difference in motion or velocity exis ts between 

the solid and the fluid phases , it produces a laminar boundary layer in 

the fluid at the phase interface. The effective thickness of this film 

depends on the magnitude of velocity difference or slip velocity. It 

i s th is laminar film which offers a major res i s t ance to m a s s t r ans fe r . 

The ra t e of m a s s t ransfer depends on the molecular diffusivity of the 

solute and the laminar film thickness . 

In a s lur ry reac to r , usually a slip between the solid par t ic les 

and the circulat ing liquid is encountered. For given agitation conditions 
k d and fluid p rope r t i e s , the Sherwood number, p p , approaches 2 as 

D 
the par t ic le d iameter dec rea se s . There a r e s e v e r a l cor re la t ions in 
the l i t e r a tu re which re la te m a s s t ransfer coefficients with different 

•] 

(7) 

(19) 
p r o c e s s var iables and solution p roper t i e s . Harr io t t has given an 

excellent review of such corre la t ions up to 1961. Reviews by Mil ler 
(5) 

and by Levins and Glastonbury deal with later developments. 

No attempt i s being made h e r e to discuss the individual contr ibutions. 

However, it wi l l be of in te res t to briefly look at the bas ic approach 

adopted by s e v e r a l authors . 

Fr ied lander showed that for Stokes law flow, Sherwood 

number is a function of Schmidt number. Under the convective condit ions, 

ei ther n a t u r a l or forced, the following relat ion may be obtained theore t ica l ly 

from the equation of motion. 

- 7 -
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NSU • f < N Re ' N
G r ' N S c ' < 2 ' 1 ) 

T h e def in i t ions of the d i m e n s i o n l e s s n u m b e r s u s e d in equa t ion (2. 1) 

a r e g iven in t h e N o m e n c l a t u r e s ec t i on . 

U n d e r forced convec t ion c u r r e n t s , w h e r e N i s u n i m p o r t a n t , 

equa t ion (2 .1 ) b e c o m e s 

N_, = f ( N p o , N ) (2 .2 ) 
Sh Re Sc 

T h i s i s t h e s t a r t i n g equa t ion for m o s t of t h e e x p r e s s i o n s a v a i l a b l e in 

t h e l i t e r a t u r e . 

(21) (22) (23) 
E q u a t i o n s of F r o s s l i n g , G a r n e r , R a n z and M a r s h a l l , 

(7) and M i l l e r a r e r e p r e s e n t a t i v e of the v a r i o u s e x p r e s s i o n s a v a i l a b l e 

i n t h e l i t e r a t u r e . The g e n e r a l f o r m of t h e e x p r e s s i o n i s 

N S h = 2 + B N R e ' 5 N S c ° ' " ( 2 - 3> 

Dif fe ren t v a l u e s of B h a v e b e e n r e p o r t e d by t h e a u t h o r s for t h e cond i t i ons 

of t h e i r e x p e r i m e n t s . 

T h e ve loc i ty u s e d for c a l c u l a t i n g R e y n o l d s n u m b e r i s t h e s l ip 

v e l o c i t y , which c a n be c a l c u l a t e d in s e v e r a l d i f fe ren t w a y s . L e v i n s and 
(5) 

G l a s t o n b u r y c o n s i d e r e d it t o c o n s i s t of t h r e e t y p e s of v e l o c i t i e s . 

T h e y w e r e a ve loc i ty U a r i s i n g f r o m ve loc i ty g r a d i e n t s in t h e n e i g h b o u r h o o d 

of t h e p a r t i c l e s u r f a c e , t e r m i n a l ve loc i ty U , and a ve loc i ty U a r i s i n g 

f r o m t h e d i f f e r e n c e s in i n e r t i a b e t w e e n t h e p a r t i c l e s and t h e f luid. T h e 

r e s u l t a n t ve loc i ty w a s r e p r e s e n t e d t o a n a p p r o x i m a t i o n by t h e r u l e of 

add i t i on of o r t h o g o n a l v e c t o r s , r e s u l t i n g in 

2 2 2 i 
v = (U + U + U )* (2 .4) 
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(24) . (19) 

A s imi la r equation was suggested by Br ian et a l . . Harr io t t 

suggested the use of the t e r m i n a l velocity to calculate the min imum 

value of the coefficient. 
(19) Har r io t t observed that the scat ter in the data and l a r g e 

differences in effects reported make published cor re la t ions uncertain. 
(5) 

Levins and Glastonbury pointed out that the lack of agreement in 

different publications may be to some extent because of using dimensionless 

numbers consisting of var iables which may have theo re t i ca l objections. 

One such example can be the use of s t i r r e r diameter instead of par t ic le 

d iameter in both Sherwood number and Reynolds number . There has 

not been a unanimous agreement on the use of the exponent of Schmidt 

number. Some corre la t ions requi re the knowledge of the power del ivered 

to the liquid as power input per unit m a s s or volume, which is frequently 

difficult to m e a s u r e . Corre la t ions by which agitation power can be 

calculated from reac tor and agitator geometry, fluid p rope r t i e s , and 

agi tator speed a r e available for some standard configurations. The 

utility of these cor re la t ions is reduced if m i x e r s of non standard 

configurations a r e used. 

A l l the corre la t ions descr ibed above use an average par t ic le 

d iameter to calculate effective par t ic le fluid velocity and to compute 

the ex te rna l surface a rea per unit m a s s of the solid pa r t i c l e s . In 

p rac t i ce , s l u r r i e s consist of par t ic les over a wide range of s i zes . 

Use of an average diameter introduces inaccurac ies in measur ing both 

the specific a r e a and the m a s s t ransfe r coefficients. F u r t h e r , finely 

divided catalyst par t ic les tend to agglomerate in liquids to an unknown 
(3) 

degree . Sherwood and Fa rkas have pointed out that t h e r e i s probably 

m o r e uncertaini ty in determining the par t ic le d iameter t o use than in 

calculating the m a s s t ransfe r coefficients for a par t ic le of a given s ize . 
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(2 5) Furusawa and Smith studied adsorption of benzene in aqueous 

s l u r r i e s of activated carbon. They in terpre ted thei r exper imenta l data 

by supposing a th ree step model involving m a s s t rans fe r of benzene 

from bulk liquid to part ic le surface, in t rapar t ic le diffusion, and 

adsorpt ion at an inter ior si te. They found thei r r esu l t s to be in agreement 
(24) 

with those obtained from dissolution data . It was pointed out that a 

significant in t rapar t ic le diffusion res i s tance in s l u r r i e s was observed, 

even for the smallest par t ic les of 161 mic rons . 

A method of obtaining m a s s t ransfer coefficients under react ion 

conditions where both par t ic le agglomeration and in t rapar t ic le r e s i s t ances 

could be accounted for would be of in te res t to the engineers engaged in 

the designing of s lu r ry r e a c t o r s . 

2. 2 Effects of Solvents on Heterogeneous Hydrogenation Reactions 

The effect of solvent on homogeneous react ion ra t e s has been 

given extensive t rea tment in the l i t e ra tu re ' . Much l e s s 

attention has been given to the a rea of heterogeneous reac t ions . In 

genera l , it i s believed that in case of heterogeneous reac t ions , solvent 

may affect the react ion ra tes by competing for the active s i tes on the 

catalyst surface and thereby changing the surface coverage by the 

reac tan ts on the catalyst surface. Some workers have suggested that 

a solvent may in terac t significantly with the reac tants both in the 

solution and in the adsorbed phases , in addition to adsorbing on the 

catalyst . Extent of different interact ions in a par t icu la r sys tem depends 

on the na ture of the subs t ra te , solvent, and the catalyst . 

Much of the l i t e r a tu re on react ions in organic solvents deals 

with studying the effect of a number of solvents on a pa r t i cu la r hydrogenation 
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react ion and l ist ing the solvents in the order of r a t e s observed. Phys i ca l 

or s t r uc tu r a l p roper t ies of the solvents giving higher react ion r a t e s a r e 

given as p a r a m e t e r s in selecting solvents, which a r e used as guides for 

choosing solvents for other subs t ra tes . 

Some of the important work reported in the l i t e r a tu re which 

leads to a be t ter understanding of solvent effects in heterogeneous 

hydrogenations in non-electrolyte solutions is d iscussed h e r e b r i e f ly . 

2. 2. 1 Solvent Selection for Heterogeneous Hydrogenations 

A solvent for liquid phase heterogeneously catalyzed hydrogenation 

is often chosen for i ts ability to dissolve the compound to be reduced 

and /o r reduction product. Any solvent that i s available in pure form 

may be considered if it is known that it wi l l not reac t with the subs t ra te 

or product, and wi l l not itself react under the conditions of react ion. 

Other des i red proper t ies of a solvent a r e low vapor - p r e s s u r e , high 

boiling point, stability at high t empera tu re , and low viscosi ty. 

Ecker t pointed out that the analysis of a react ing sys tem 

shows that the best solvent for a given case i s one which is as highly polar 

as possible , or perhaps one with the lowest possible cohesive energy 
(29) density. However, for heterogeneous react ions Shutt and Winterbottom 

gave another point of view. They pointed out that solvents with e lec t ron 

r ich groups can interact with the m e t a l and r e t a rd react ion r a t e s . The 

d ie lec t r ic constant or polarity of a solvent seems to influence the 

r a t e attained in a solvent. This they at t r ibute to the influence of solvent 

polari ty on the formation and dissociation of m e t a l carbon bond. 

Somet imes it is advisable to use solvent mix tures which have be t te r 
(28) 

p rope r t i e s than the pure solvents 
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Way and Sa t t e r f i e ld m a d e t h e g e n e r a l i z a t i o n t h a t p o l a r 

c o m p o u n d s a r e m o r e s t rong ly a d s o r b e d t h a n t h e n o n - p o l a r c o m p o u n d s 

by p o l a r so l ids and v i c e - v e r s a . An a d s o r b i n g so lven t c o m p e t e s wi th 

t h e s u b s t r a t e for t h e ac t ive s i t e s on t h e c a t a l y s t s u r f a c e and t h u s 

c a u s e s r e d u c t i o n in r e a c t i o n r a t e s . 

C a t a l y s t p a r t i c l e s should show a low d e g r e e of a g g l o m e r a t i o n in 

t h e c h o s e n so lven t . A highly a g g l o m e r a t i n g c a t a l y s t c a n r e d u c e r e a c t i o n 

r a t e s by r e d u c i n g the effect ive s u r f a c e a r e a of t h e c a t a l y s t . The i m p o r t a n c e 

of t h e s t a t e of a g g r e g a t i o n in the k i n e t i c s of t h e r e a c t i n g s l u r r i e s h a s b e e n 
(31) 

d i s c u s s e d by P o l i n s k i i and Huang 

A solvent should not h a v e v e r y d i f ferent c h a r a c t e r i s t i c s t h a n 
(32) 

t h e s u b s t r a t e , a s in t h o s e c a s e s , F a s m a n and S o k o l ' s k i i po in ted 

out t h a t s o m e t i m e s po i son ing of t h e c a t a l y s t m a y o c c u r . T h i s i s one 

of t h e r e a s o n s t h a t in c e r t a i n c a s e s , t h e spec i f ic r e a c t i o n r a t e p a s s e s 

t h r o u g h a m a x i m u m when t h e c o n c e n t r a t i o n of u n s a t u r a t e d compound 

i s v a r i e d . 

(29) 
Shut t and W i n t e r b o t t o m ru l ed out t h e d i f f e r ence of h y d r o g e n 

so lub i l i ty a s t h e c a u s e of t h e r a t e d i f f e r ences in d i f fe ren t s o l v e n t s , 

s i n c e low r e a c t i o n r a t e s a r e often o b s e r v e d in s o l v e n t s t ha t h a v e the 

l a r g e s t a m o u n t of h y d r o g e n d i s s o l v e d in t h e m . 

2 . 2 . 2 H e t e r o g e n e o u s H y d r o g e n a t i o n of A c e t o n e in So lu t ions 

E f fec t s of so lven t s on the h e t e r o g e n e o u s h y d r o g e n a t i o n s of 

a c e t o n e h a s b e e n a sub jec t of i n t e r e s t t o s e v e r a l a u t h o r s . R u i t e r 
(33) 

and J u n g e r s s tud ied h y d r o g e n a t i o n of a c e t o n e o v e r n i c k e l c a t a l y s t . 

T h e y o b s e r v e d tha t m e t h a n o l i nh ib i t s t h e r e a c t i o n , e t h a n o l i s s a t i s f a c t o r y , 
(34) and s a t u r a t e d h y d r o c a r b o n s a r e the b e s t . O r i t o et a l . found t h a t 

s a t u r a t e d h y d r o c a r b o n s p r o m o t e t h e r e a c t i o n , bu t p r i m a r y a l c o h o l s 
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(9) 
and amines inhibit the react ion. Kishida and Teranish i in te rpre ted 

the i r resu l t s obtained in s e v e r a l solvents by a ra te equation based on 

L angmuir-Hinshelwood mechanism. It was assumed that hydrogen, 

acetone, and solvent were adsorbed competitively on the catalyst 

surface. They pointed out that the scheme of competit ive adsorption 

does not hold for a l l ca ses . The difference between ra t e s in various 

solvents was explained on the bas i s of different adsorption s t rengths . 

Iwamoto et a l . proposed a react ion mechanism of acetone hydrogenation 

and developed ra te equations for the react ion steps to be ra te controll ing. 

They concluded that solvent had no effect on the adsorpt ion of hydrogen 

and that the variations in the in i t ia l r a t e s in different solvents were not 

caused by competitive adsorption of the solvent but by the change 

in the ra te constants . 

In the presence of non-react ing substances , Wauquier and 

Jungers s tar ted with the following genera l expression for calculating 

the effect of substra te concentration on the ra te constant and the ra t io 

of distr ibution coefficients. 

b C 
r = k T b ~ c — <2- 5> 

1 1 

H e r e C ' s a r e t h e c o n c e n t r a t i o n s of v a r i o u s c o m p o n e n t s in t h e so lu t ion 

and b ' s a r e t h e i r d i s t r i b u t i o n coe f f i c i en t s , r e s p e c t i v e l y . The d i s t r i b u t i o n 

coef f ic ien t d e t e r m i n e s t h e d i s t r i b u t i o n of r e a c t a n t b e t w e e n t h e l iquid 

and t h e a d s o r b e d p h a s e s . 

F o r a m i x t u r e of two r e a c t a n t s A and B , t hey ob ta ined 

rA d C . kA b A CA 

A A A A A 
(2 .6 ) r B d C B k B b B C B 
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which was integrated to give 

k A b A l Q g C A,Q - l Q g C A ( 2 > ? ) 

k B b B ^ C B , 0 - l 0 g C B 

Here C . and C ^ a r e the in i t ia l concentrat ions and C. and C_, 
A .O B , 0 A B 

a r e the concentrat ions at any t ime of sampling of reac tants A and B, 

respect ively. The left hand side of equation (2. 7) called the react ivi ty 

ra t io , is determined by the corresponding ra te constants and distr ibution 

coefficients. The ratio of distribution coefficients could be calculated 

when the ra te constants or their rat io was known. It may be pointed 

out he re that the distribution coefficients obtained from kinetic exper iments 

bear no direct relat ion to the coefficients of phys ica l adsorption. 

Wauquier and Jungers used equation (2. 7) to determine the 

effect of solvent on the ra te and selectivity of hydrogenation of a mix ture 

of acetone and cyclohexene in s eve ra l solvents over Raney nickel 

catalyst . The solvents chosen were the ones which do not reac t with 

ei ther the reactant or the catalyst . Wide variat ions (from 1. 3 to 18) 

were observed in the value of the react ivi ty ra t io for different solvents . 

It was suggested that the effect of a solvent on the reactivity ra t io may 

be due to i ts effect on the adsorption coefficient, as we l l as to the change 

in the react ion ra te constant. In thei r study, they observed that the 

change in the react ivi ty ra t io in different solvents was due to the effect 

of solvent on the distr ibution coefficients of the reac tan t s . To prove 

this they studied the hydrogenation of pure cyclohexene and of i ts 

solutions with benzene, isopropanol , and cyclohexane and of acetone 

in the las t two solvents. Almost ident ica l react ion r a t e s were obtained 

in a l l solutions of cyclohexene. The max imum deviation in the value of the r a t e 
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was 10 percent for 30 measuremen t s made at different composit ions of 

cyclohexene. It was thus concluded that these solvents a r e not the adsorbinS 

type and do not affect the ra te constant. The ra t io of ra te cons tants , 

k / k . , , was est imated to be 0 .4 . 

acetone' cyclohexene 

It was noted by Wauquier and Jungers that the effect of solvents 

on the reactivity of cyclohexene and acetone var ies inverse ly as the i r 

affinity for these compounds. This can be found from the thermodynamic 

behavior of the solvent-substrate binary. For example, acetone forms 

a highly non idea l solution with cyclohexane, while cyclohexane and 

cyclohexene form an idea l solution. Consequently, acetone is a t t rac ted 

to the catalyst and cyclohexene is retained in the solutions so that the 

react ivi ty of cyclohexene is diminished and that of acetone i n c r e a s e s . 

The r e v e r s e is observed when dioxane is used as a solvent. This means 

that solvent changes the reactivity by changing the distr ibution coefficients. 

It was argued that if solvent is capable of changing the adsorption of 

the reac tan t s , it should also change the adsorption of inhibi tors . To 

prove this s tatement , the effect of inhibitors like aniline, methylanil ine 

and dimethylaniline in cyclohexane or i sopropanol on the hydrogenation 

of cyclohexane was studied. The adsorption coefficients of a l l the 

investigated amines were higher in cyclohexane than in isopropanol , 

thus confirming the above observation made about the solvent effects 

in heterogeneous hydrogenations in solutions. 
(17) 

Sokol 'skii pointed out that Wauquier and Jungers ignored 

the adsorption of hydrogen on the catalyst surface and did not d i scuss 

the effect of solvent on the amount of hydrogen on the surface, the 

energy of i t s bond with the surface, and the r a t e of i t s rep lenishment . 

He repor ted the effect of solvent on the amount of hydrogen adsorbed 

on the catalyst surface in different c a s e s . For example, in the case of 
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P t O ? , the amount of hydrogen adsorbed on the surface var ied with the 

pH of the medium. A similar behavior was observed in the case of 

n icke l catalyst . 

(17) 
F r o m the resu l t s of Balandin , it seems that the conclusions 

of Wauquier and Jungers a r e applicable only for substances of s imi lar 

chemica l na ture , so that the effect of solvent on the r a t e constants of 

both the reac tants is identical, leaving their ra t io almost constant. 

Balandin pointed out that for mixtures containing substances of 

d i s s imi la r unsaturated groups e. g. acetylene and ethylene, the solvent 

may have opposite effects on the ra te constants in different c a s e s . Thus 

the ra t io of the ra te constants may also vary with the nature of the 

solvent. 

In spite of these discrepancies a r i s ing from the works of 

Sokol 'skii and Balandin, the work of Wauquier and Jungers is not 

without value. Their work was the first at tempt to explain the solvent 

effect on the bas i s of surface coverage by the subs t ra tes and they 

explained the phenomenon from the liquid phase interact ions between 

solvent and subs t ra te . Fu r the rmore , in pract ice situations a r e usually 

encountered where hydrogen adsorption is near ly independent of the 
,. (16) medium 

In summary , Wauquier and Jungers found that the differences 

of hydrogenation ra t e s in different solvents were due to differences 

in adsorpt ion, not in kinetic constants . They suggested qualitatively 

that the differences in adsorption could be explained by the degree 

of non ideality of acetone in the solvent, for non- idea l solvents . In 

th is work, the notions of Wauquier and Jungers were examined m o r e 

quantitatively through knowledge of the activity of acetone in the solvents. 



3. THEORETICAL 

3. 1 Mass Transfer in Slurry Reac tors 

Consider a simple hydrogenation react ion, A 4- H -• P , 

being ca r r i ed out in a s lurry reac tor . The two ex te rna l diffusion 

s teps , namely ; gas-liquid and l iquid-par t ic le m a s s t r ans fe r of hydrogen, 

act in s e r i e s with the diffusion and react ion step within the catalyst . 

The ra t e s of the th ree steps must be equal under steady state conditions 

and can be wri t ten as 

r v = k L a - ( C H , * - C H , b » 

= k p , H V ( C H , b - C H , S » W 

= S ^ < C H , S , C A , S ) W » • « 

Here ($ (C„ „ , C „ _) is the intr insic react ion ra te when both reac tan ts 
^ H,S A,S 

a r e at the concentrat ions existing at the outer surface of the catalyst 

par t ic le . 

For an active catalyst it i s frequently observed that the par t ic le 

surface concentrat ion of hydrogen is nearly ze ro , or m o r e p rec i se ly , 

CTT , >> C c . In this case the ra te is controlled by the two ex te rna l 
H, b H, o 

diffusion s teps . Since the ra tes of both steps a r e l inear in the 

concentrat ion driving force, the specific ra te is given by 

C H , * / r v = ( k p | H . p W ) + O ^ a ) « - 2 > 

The sa tura ted hydrogen concentration, C , , i s usually calculated 
H, v 

using a Henry ' s law constant and the hydrogen p a r t i a l p r e s s u r e . It 

- 17 -
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has long been known that under these conditions a plot of 1/r ve r sus 

1/W where only catalyst loading is changing gives a straight l ine. 

Sherwood and Fa rkas in thei r s lu r ry reac tor studies calculated le. a 

• «,- (3) 
m this manner 

In the m o r e genera l case the kinetic and in t rapar t ic le diffusion 

r e s i s t ances cannot be ignored, and knowledge of an appropr ia te kinetic 

r a t e express ion is required for reac tor design. For sufficiently slow 

reac t ions , the reactant concentration throughout the in te r ior of the 

catalyst a r e the saturation value for hydrogen, and the bulk liquid 

value for the subst ra te . In th is case the measu red ra te gives the kinetic 

r a t e direct ly. 

In the cases which a r e in termediate between negligible kinetic 

r e s i s t ance and complete kinetic control , the par t ic le surface 

concentration of hydrogen needed to develop a kinetic express ion can 

be calculated only if quantity k a i s known. No information about 
p,H p 

the relat ive res i s t ances to react ion due to fluid par t ic le diffusion, 

and the in t rapar t ic le p rocesses of diffusion and react ion, can be gained 

by changing the m a s s of the catalyst as can be seen from equation (3.1) . 
In the following pages a method for est imating k a from react ion 

P P 
r a t e data is presented. 

3 . 1 . 1 Calculation of Fluid Pa r t i c l e Mass Transfer Coefficients from 
Reaction Rates 

Satterfield et a l . have considered in te rna l diffusion r e s i s t ance 
(35) in heterogeneously catalyzed hydrogenation react ions in solution 

They show that it is neces sa ry in gene ra l to consider effectiveness 

factors for both reac tan t s . Because the concentration of the subs t ra te 
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is usually much greater than the dissolved hydrogen concentrat ion, 

often both ex te rna l and in te rna l diffusion r e s i s t ance for the liquid 

reactant is negligible. In that case the concentration of the subs t ra te 

i s the same in the bulk liquid, at the outer surface of the catalyst 

par t ic le , and within the par t ic le . To calculate diffusion r e s i s t ance 

for hydrogen, the substrate concentration that appears in the kinetic 

r a t e expression may be combined with the kinetic r a t e constant to 

give a ra te express ion having dependence only on hydrogen concentrat ion. 

This pseudo-one component kinetic ra te express ion i s used to calculate 

the effectiveness factor for hydrogen in the conventional manner . 

In th is study, a case opposite from that just descr ibed for 

the re la t ive magnitudes of the concentrat ions of subs t ra te and dissolved 

hydrogen is considered. By making the concentration of subs t ra te 

sufficiently small , the concentration of dissolved hydrogen can be made 

essent ia l ly constant in the bulk liquid and at the surface of and within 

the catalyst par t ic le . In this case any ex terna l or i n t e rna l diffusion 

r e s i s t ance that occurs i s due to the subs t ra te . A pseudo-one component 

kinetic ra te express ion can be developed for the subs t ra te , by combining 

the kinetic dependence on hydrogen concentration with the kinetic ra te 

constant. 

An express ion s imi lar to equation (3. 1) can be wri t ten considering 

the concentrat ion of the subst ra te as the driving force for react ion. The 

ra t e per catalyst par t ic le i s : 

r = k . A . (C. , - C . ) = V p S n f ? ( C T T , CA ) 
p p ,A p A , b A , s ' p ^p ' I * * H , s ' A , s 

( 3 .3 ) 
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E q u a t i o n (3. 3) i s r e a r r a n g e d to get an e x p r e s s i o n of t h e f o r m of 

equa t ion (3. 2) , s ince t h i s would p e r m i t t h e d e t e r m i n a t i o n of k A . 

T o do t h i s i t i s n e c e s s a r y tha t t h e e x p r e s s i o n s for t h e r a t e in equa t ion 

(3 . 3) h a v e a l i n e a r dependence on t h e c o n c e n t r a t i o n d r i v i n g f o r c e of 

t h e s u b s t r a t e . Two p o s s i b i l i t i e s p r e s e n t t h e m s e l v e s . If C . , > > C . , 
r c A , b A , s 

t h e n t h e t e r m involv ing the i n t r i n s i c r e a c t i o n r a t e i n equa t i on (3 .3 ) 

need not be c o n s i d e r e d , s ince it offers a neg l ig ib l e r e s i s t a n c e t o 

r e a c t i o n . T h i s i s the c a s e of e x t e r n a l diffusion c o n t r o l , and t h e r a t e 
would b e given by r = k . A C , . S y p p , A p A , b 

T h e o the r pos s ib i l i t y i s tha t t he k ine t i c r e s i s t a n c e canno t be 

n e g l e c t e d . Then to get an e x p r e s s i o n of t h e f o r m of equa t ion (3 . 2) i t i s 

n e c e s s a r y tha t t he r a t e show a l i n e a r d e p e n d e n c e on t h e c o n c e n t r a t i o n 

of s u b s t r a t e at t h e c a t a l y s t p a r t i c l e s u r f a c e , C . . The c a s e wi th 
' r A , s 

a p p r e c i a b l e k ine t i c r e s i s t a n c e i s c o n s i d e r e d f i r s t . 

I . Cond i t ions for t h e R e a c t i o n R a t e t o b e a L i n e a r F u n c t i o n of C 
A , s 

F r e q u e n t l y t h e d e p e n d e n c e of the i n t r i n s i c r e a c t i o n r a t e on h y d r o g e n 

c o n c e n t r a t i o n c a n be w r i t t e n a s a power law e x p r e s s i o n . 

$ = k C H
m f ( C A ) (3 .4 ) 

At a suff ic ient ly slow r e a c t i o n r a t e , t h e h y d r o g e n c o n c e n t r a t i o n 

e v e r y w h e r e wi th in a c a t a l y s t p a r t i c l e would a p p r o a c h t h e va lue of C 
H , b 

T h i s s t a t e could b e a c h i e v e d , at l e a s t in p r i n c i p l e , by u s i n g a suf f ic ient ly 

s m a l l va lue of C . t o m a k e t h e r a t e a s s m a l l a s r e q u i r e d . T h e 
A , b 

e x t e r n a l and i n t e r n a l diffusion r e s i s t a n c e s of h y d r o g e n would b e 

n e g l i g i b l e , but i n g e n e r a l t he s a m e would not b e t r u e of t h e s u b s t r a t e . 

Wi th t h e a s s u m p t i o n tha t equa t ion (3 . 4) a p p l i e s , t h e r e a c t i o n t e r m in 

e q u a t i o n (3 . 3) c a n be w r i t t e n 
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' P = V p " P
S k C H , b m ^ C A , S > £ ( C A , S » ( 3 - 5 ) 

H e r e i t i s a s s u m e d tha t t h e e f f ec t i venes s f ac to r for h y d r o g e n i s un i ty . 

T h e t e r m r\ (C ) i s t h e e f f e c t s 
J\, s 

g e n e r a l i t s va lue i s a function C 

T h e t e r m n ( C . ) i s t h e e f f ec t ivenes s f ac to r for s u b s t r a t e , and in 
A , s 

A , s 

In o r d e r for the r a t e t o be l i n e a r i n C . , i t i s n e c e s s a r y t h a t 
A , s ' 

i n equa t ion (3 . 5), 

1 ( C A , S > £ < C A , S > = C A , s < 3 - 6 ) 

Cond i t ions u n d e r which Equa t ion (3. 6) ho ld s a r e now c o n s i d e r e d . 

I r r e v e r s i b l e h e t e r o g e n e o u s l y c a t a l y z e d r e a c t i o n s often exhib i t 

r a t e e x p r e s s i o n s of t h e L a n g m u i r - H i n s h e l w o o d f o r m 

$ = krr C . c i / a + E K . n C . n ) U (3 .7) 

The exponen t s u and n in equa t ion (3. 7) a r e a lways p o s i t i v e n u m b e r s . 

In r a t e e x p r e s s i o n s of t h i s f o r m , for a suff ic ient ly s m a l l r e a c t an t 

c o n c e n t r a t i o n , t e r m s in which it a p p e a r s m a k e a neg l ig ib ly s m a l l 

c o n t r i b u t i o n t o the d e n o m i n a t o r . A s m e n t i o n e d e a r l i e r , t h e c o n c e n t r a t i o n 

of s u b s t r a t e m u s t be kept low if t he diffusion r e s i s t a n c e of h y d r o g e n 

i s t o b e m a d e n e g l i g i b l e . Under t h e s e c o n d i t i o n s , equa t i ons (3 . 4) and 

(3. 7) s impl i fy t o a power l aw e x p r e s s i o n for t h e i n t r i n s i c r e a c t i o n r a t e . 

g = k C H
m c / ,3. 8) 

The c r i t e r i o n for the r a t e t o b e l i n e a r i n C , a s e x p r e s s e d in equa t ion 
A , S 

(3 . 6) i s s imp l i f i ed to 

1 , C A , . ' C A , " = C A , s <3-9> 
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Equation (3.9) applies for react ions f i r s t -o rde r in subs t ra te 

concentrat ion. The exponent n = 1, and the effectiveness factor i s 

independent of C . Assuming hydrogen diffusion res i s t ance is 
A. , S 

negligible, the intr insic ra te express ion is 

<2 = k C H , b m C A <3-*» 

To calculate the effectiveness factor for subs t ra te , a pseudo-f i r s t -

order ra te constant i s defined 

i 
m 

k l = k C H , b < 3 " m 

If the catalyst par t ic les a r e considered to be spheres , the express ion 
(4) for the effectiveness factor for a f i r s t -o rde r react ion is 

^ A ^ ^ l [ t anhh 1 " ~h^~ } (3.32) 

where the Thiele modules h~ is 

PP_SV 
D N = R J - ^ — (3.B) 

e 

The effectiveness factor i nc reases with decreas ing h , being equal 

to 0.9 5 at h = X 0. For h < 1. 0, equation (3. 5) i s closely given by 

r = V p S k C m C . (3.14) 
p p r p H,b A, s ' 

Fo r la rge h. , r| . approaches the asymptotic relat ion T| . = 3/h 

the agreement being within 10 percent at h = 10. In th is case equation 

(3. 5) becomes 
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r „ = V „ JD„ P~ S k C r T v / " C A (3 . 15) m 
p " ' p \ J~e ' 'p ~ " ~ H , b " A , s 

When equa t ion (3.15) a p p l i e s , r i s p r o p o r t i o n a l to C . F o r 
p H , b 

v a l u e s of h b e t w e e n 1. 0 and 10 t h e r e i s no s i m p l e r e l a t i o n giving t h e 

d e p e n d e n c e of r a t e on C , , but t h i s i s a r e l a t i v e l y s m a l l i n t e r v a l i n 
H, b 

t h e r a n g e of a l l p o s s i b l e v a l u e s of h . 

I I . Cond i t i ons for t h e R e a c t i o n R a t e t o b e E x t e r n a l Diffusion 
C o n t r o l l e d in S u b s t r a t e 

T h e c a s e w h e r e for suff icient ly s m a l l v a l u e s of C . , t h e r a t e 
1 A , b 

b e c o m e s e x t e r n a l diffusion c o n t r o l l e d in s u b s t r a t e i s now c o n s i d e r e d . 

T h i s s i t u a t i o n i s sought in s y s t e m s with k i n e t i c s g iven by equa t ion (3 . 8) 

w h e r e n / 1 . It i s a g a i n a s s u m e d tha t t h e r a t e c a n b e m a d e suff ic ient ly 

s m a l l t h a t diffusion effects for h y d r o g e n can be n e g l e c t e d . It i s t h e n 

p o s s i b l e t o def ine a p s e u d o - n ' o r d e r r a t e c o n s t a n t in s u b s t r a t e 

c o n c e n t r a t i o n , k ' , s i m i l a r t o t ha t g iven in equa t ion (3.11) for n = 1 . 

F o r t h e p u r p o s e s of a n a l y z i n g diffusion effects of t h e s u b s t r a t e t h e k i n e t i c 

e x p r e s s i o n u s e d i s \< - k ' C . 

n 

P e t e r s e n h a s shown for power l aw k i n e t i c s of t h i s f o r m t h a t w h e n 

t h e following e x p r e s s i o n i s u s e d for t h e T h i e l e m o d u l u s h , t o a good 

a p p r o x i m a t i o n t h e e f f ec t i venes s fac to r i s the s a m e funct ion of h 

r e g a r d l e s s of p a r t i c l e shape o r r e a c t i o n o r d e r V 

n A \ 

(n + 1) p S k ' C 
LP. £__? 
2 D 

e 
(3.16) 

T h i s def in i t ion h a s t h e a d d i t i o n a l c o n v e n i e n c e of y ie ld ing t h e a s y m p t o t i c 

r e l a t i o n T] = 1/h for l a r g e h (h > ~ 3 ) , wi thout a p r o p o r t i o n a l i t y 

f a c t o r . In t h e a s y m p t o t i c r e g i o n , e s s e n t i a l l y a l l r e a c t i o n o c c u r s in a 
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thin shell near the catalyst surface. The depth of the sheXL is small 

compared to the radius of curvature of the particle, so the catalyst 

particle can be treated like a flat plate regardless of its shape. 

A transport parameter "J for substrate A is also defined, 

^A = CA / C . , (3.17) 
Â A, s7 A,b 

For *J\ approaching zero, the rate is external diffusion controlled in 

A. For a reaction in the asymptotic region it is possible to develop 

an analysis originally suggested by Frank-Kamenetskii to evaluate the 

transport factor, *̂J . The object is to express "J. in terms of 

constants and the bulk concentration, C . The catalyst particles 

will be assumed to be spherical, so the Sherwood number is 

Sh = 2 k R/D (3.18) 

The rate of reaction per particle can then be expressed as 

r
P= -f i r - A

P
cA,b- ( 1 - ^ <3-19> 

Since reaction is assumed to be in the asymptotic region with respect 

to r\ > the rate can also be expressed as 

V p S k • CA * < n / h (3.20) 
p Kp n A,b JA * n v ' 

r = 
P 

Equations (3.19) and (3. 20) are combined to yield an expression for f̂ . 

ah n H' - - ^ J 2 D e Pp S kn ' (n - l)/2 rf (n+3)/2 
S h ( 1 " ?A) ~ D V n + l CA,b J

A 

(3.21) 
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Equation (3.21) cannot be solved for ^ for a rb i t r a ry power n, but 

one can show that the dependence of rt> on C as C approaches 
-'A A , b A , b 

zero i s of th ree different types depending on whether n is e q u a l t o , 

g rea te r than, or l e s s than unity. 

Fo r react ion in the liquid phase the effective diffusivity D 

•within a catalyst par t ic le appearing in equation (3. 16) i s re la ted to 

the bulk diffusion coefficient D in equation (3.18) as D G = ( 8 / T ) D. 

For f i r s t -o rde r reaction, equation (3.21) can be simplified and solved 

for 4 . 

rSA = — (n = D (3.22) 
6 0h 

Sh + — 

The right hand side of equation (3. 22) is independent of C , so for 
J\, b 

f i r s t - o r d e r react ion the relat ive magnitudes of in t e rna l and ex te rna l 
r e s i s t ances in the asymptotic region a r e also independent of C 

A , b 

For the case of react ion order grea te r than one a m o r e general 

re la t ion for rf that does not assume the asymptotic relat ion of 
n to h can be wri t ten. 
' A n 2 

2 R p S k ' 

! - t f A ° 3DSPh " l A C A , b ° " ^ A n < 3 - "> 

For C . , sufficiently s m a l i t h e right hand side of equation (3. 23) tends 
A , b 

to ze ro , so that 

lim rJA = 1 (n > 1) 

C - 0 < 3 - 2 4 > 
A , b 
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for reaction orders greater than unity. From equation (3.16) it is seen 

that h also decreases with decreasing C , so that r\ A tends toward 
n A , b A 

unity. Thus as C approaches zero the reaction becomes kinetically 

controlled. It is not possible to determine k A by measuring the 
P P 

dependence of rate on C. when the order with respect to A is greater 
A, b 

than one. 

For the reaction order n less than unity, as C is reduced 

sufficiently the reaction becomes external diffusion controlled. It 

is noted first that in this case, for C. sufficiently small the reaction 
A, b 

will be in the asymptotic region with respect to internal resistance, 

as can be seen from equation (3.16). Equation (3. 21) is therefore 

applicable. Incorporate C in a parameter h defined analogously 

to the Thiele parameter. 

V / (n + 1) P k ' C n " 1 

h = - J ? - / P—£ ^ (3 25) 
n A \ / 2 D P ' Z b ) 

p v e 

Equation (3. 21) becomes 

-<i-*A>-3i*» V + 1)/2 

For order n = 0, this gives a quadratic equation in *f , 

2 2 2 
T Sh -i 2 j - / T Sh N , _ - ! . - , r T Sh -i 

xTe^j ^A - |2 ( lH1i—) +1J ^ [ u r E r ] =0 

O - 1 l - v O - 1 L_ o -' 

(3.27) 

Let a - - 2 r̂— • Solving for rj and taking the smaller root since 

7A< 1 } 
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f = 2 * + 1
7 ^ 4 ° 2 - ^ - (3.28) 

A 2 a 

The quantity a approaches zero as C approaches zero. By use of 

L 'Hopital's rule *-f is evaluated in the limit of vanishing a. The 

result is 

lim ^ = 0 (n < 1) 

(3.29) 
•'A 

A,b 

In this case as C. , approaches zero the rate becomes external 

diffusion controlled, and the quantity k A can be determined. 
P P 

Equation (3. 3) is now rearranged to put it in the form of equation 

(3. 2). Assuming the intrinsic rate is given by equation (3. 8) and mass 

transfer resistances for hydrogen are negligible, the result is 

C A , b / r p = V < V A A p » + V ( V p P
P

S , l A k C H , b m > <3"30» 

To utilize equation (3. 30) to determine k A A , the left hand side is 
p,A p 

plotted as ordinate with the reciprocal bulk hydrogen concentration 

to some power as abscissa. The intercept of such a plot would be 

(k A A ) - 1 . 
p . A p ' 

T o s u m m a r i z e t h e c a s e s in which equa t ion (3 . 3 0) c a n b e u s e d : 

I n t r i n s i c r a t e f i r s t - o r d e r i n A ; k ine t i c c o n t r o l 

H e r e r\ . = X and t h e o r d i n a t e i s C 
M A H , b 

I n t r i n s i c r a t e f i r s t - o r d e r i n A ; r\ ^ g iven by a s y m p t o t i c r e l a t i o n 

In t h i s c a s e , it i s s e e n f r o m equa t ion (3. 15) t h a t t h e d e n o m i n a t o r 

of t h e s e c o n d t e r m on t h e r i g h t h a n d s ide of equa t i on (3 . 30) i s 
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V V/D p S k C , m . Thus the ordinate i s CTT " m / 
p V e r p H,b H ,b 

Intr insic ra te of order l ess than unity in A; C approaching 
A, b zero 

H e r e , the left hand side of equation (3.30) i s independent of 

C , so the ordinate w i n have a constant value r e g a r d l e s s of the 
H, b 

function of bulk hydrogen concentration used as the absc i s sa . 

Equation (3.3 0) was developed by considering the flux of the 

subs t ra te to a par t ic le catalyzing react ion at the steady s ta te . An 

analogous development considering hydrogen flux leads to the equation 

C H , b A p = V ( k p , H Ap» + V ( \ Pp S »1 H k C A ) b " | (3. 31} 

provided that C = C throughout the par t ic le , and that the ra te is 
A , b A 

l inear in CTT 

H, s 

Equation (3. 30) is thought to be more useful than equation (3. 31) 

for two main r easons . It has been observed experimental ly for a 

number of compounds that the hydrogen dependence in the in t r ins ic 

r a t e express ion is to the one-half power, making equation (3. 31) unusable 

for these compounds when the ra te i s kinetically controlled. The one-

half o rder i s likely due to hydrogen molecules dissociat ing on the catalyst 

surface, a phenomenon that does not occur with the subs t ra te . The 

other reason for prefer r ing equation (3. 30) i s one of exper imenta l 

convenience. When the react ion is ca r r ied 'ou t in a constant volume 

batch r eac to r , the r a t e is measurab le from the dec rease in subs t ra te 

concentrat ion with t ime . The left hand side of equation (3. 30) can thus 

be evaluated with a semi- log plot of C. . ve r sus t ime as C . , 
A ,b A ,b 

approaches zero . The quantity C , appearing on the right hand side 
r i , b 

of equation (3. 30) is conveniently controXLed by varying hydrogen p a r t i a l 

p r e s s u r e . 
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3 . 1 . 2 Ex te rna l and In terna l Resis tance with Z e r o - O r d e r Reaction 

P e t e r s e n has studied the problem of the re la t ive s izes of 

ex te rna l and in t e rna l r es i s t ances to react ion in a catalyst par t ic le . 

He showed that for a f i r s t -o rder react ion, r\ < *J a lways, and by 

extension this resul t applied to other react ion o r d e r s for gas-so l id 
(3 6̂  

reac t ions . Thus his finding was that it i s possible to encounter the 

situation where ex terna l diffusion res i s tance is negligible and in te rna l 

r e s i s t ance i s appreciable , but the converse would not occur. The 

dependence of ^f on react ion order in the region where CA is 
A ^ ^ A , b 

s m a l l enough that h< < 1 for n > 1, and h > > 1 for n < 1 was noted 
n 

in the previous Section. It is worthwhile to investigate if P e t e r s e n ' s 

finding is valid for ze ro -o rde r react ion under conditions that obtain 

for hydrogenation in solution on finely divided catalyst . 

Considering the catalyst par t ic les as spheres , it is once again 

noted that the ra te of react ion per par t ic le can be expressed by 

equation (3.19) and for a ze ro -o rde r react ion by 

r = T) V p S k (3.32) 
p p p o \ ' I 

Equations (3.19) and (3.32) a r e combined and simplified. The resu l t , 

when solved for !jf, i s 

t f = (3.33) 

If the two p a r a m e t e r s 0 / T and Sh a r e fixed, equation (3. 33) gives " J a s 

a function of the Thiele pa ramete r h , since r\ i s a lso fixed by h 
o ' ' o ' 
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For la rge h , the effectiveness factor is given by r\ = 1 /h 

Therefore the asymptotic values of "J and r\ a r e equal for 

( 9 / T ) (1/Sh) = 1/12 (3.34) 

For values of the pa rame te r s such that the product in equation (3. 34) 

i s g rea te r than 1/12, TT wiXibe less than r| for a l l h . The max imum 

possible value of the product is obtained when the Sherwood number has 

a value of 2, corresponding to diffusion in a stagnant medium. The 

quantity 9 /T covers a considerable range for var ious ca ta lys t s , but a 

value close to the maximum to be expected is 0. 5/2 = 1/4. Plots of 

"J and r| for a spher ica l par t ic le with ze ro -o rde r react ion a r e given 

in figure 3 - 1 . 

For given agitation condition and f lu id p rope r t i e s , the Sherwood 

number approaches 2 as the par t ic le d iameter d e c r e a s e s . Levins and 

Glastonbury measu red Sherwood numbers for solid copper spheres of 

61. 2 mic rons diameter in an agitated v e s s e l and found some values 
(5) 

l e s s than 4 ..- Since catalyst par t ic les used in s lu r ry r e a c t o r s a r e 

often smal le r and less dense than the copper spheres used, the region 

between the graphs of if for ( 9 / T )(1/Sh) = 1/8 and 1/16 r ep re sen t s 

rea l izab le conditions in a s lu r ry reac to r . 

3 . 1 . 3 Exper imen ta l P r o g r a m 

Based on the theore t i ca l developments in th i s section an 

exper imenta l p rog ram can be developed. The mode l react ions chosen 

h e r e a r e the hydrogenation of a l ly l alcohol and fumaric acid in aqueous 

and alcoholic solutions. The hydrogenation reac t ions a r e : 
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°T *(e/r)(i/sh) = 

0-2 = 1/16 

o-|L J I 1 
01 0-2 0-4 0-6 0-8 10 

ho 

7J Vs ho 

2-0 
J L 

4-0 6-0 8 0 100 

Fig. 3 .1 Effectiveness factor and t r anspor t factor for a z e r o - o r d e r react ion in a 
sphe r i ca l porous catalyst par t ic le . 
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cat. 
CH : CH. CH, OH + H. - CH . CH CH OH 

2 2 2 $ Lt CM 

allyl alcohol 1- propanol 

HOOC - CH o CH - COOH 
II +H2 cat. | 2 

HC - COOH - GH2 - COOH 

fumaric acid succinic acid 

These reactions have previously been studied and the basic 
(38,39) 

properties of them are listed below 

(i) There are no measurable side reactions when pure 

chemicals are used. 

(ii) The reactions are irreversible at a temperature in 

the vicinity of 2 5°C. 

(iii) No reaction takes place in the absence of catalyst. 

(iv) The reaction rates are easily measurable at 25°C and 

one atmosphere hydrogen pressure. 

(v) The rate of hydrogenation of aXLyl alcohol is several times 

that of fumaric acid 

The experimental program consists of studying the characteristics 

of the hydrogenation reactions such as orders with respect to hydrogen 

and substrate. Concentration ranges are then established experimentally 

where reaction rate is first order with respect to substrate concentration. 

Reaction rates are measured in this region at different hydrogen 

pressures and data obtained are plotted in accordance with equation (3. 30), 
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to obtain the exper imenta l values of k a . Hydrogenation r a t e s 

a r e a lso measu red as a function of subst ra te concentration over a wide 

range of concentrat ions, covering the region from zero order to f irs t 

o rder with respec t to the subst ra te . These resu l t s a r e used to 

study the in te rna l and ex te rna l m a s s t rans fe r effects. Activation 

energy is obtained both in the first order region and zero order region 

for a l ly l alcohol in ethanoX Hydrogen concentrat ion data a r e obtained 

from the hydrogen solubilities in the various solvents. 

3. 2 Solvent Effects in Heterogeneous Hydrogenation Reactions 

3 . 2 . 1 Rate Equation for Acetone Hydrogenation 

The hydrogenation of acetone on Raney nickel in various solvents 

is taken as a mode l react ion to study the solvent effects. 

CH CH 

° = < C H + H 2 " H O - H C - C H 
3 cat. 3 

acetone isopropanol 

The cha rac t e r i s t i c s of this reaction a re the same as those l is ted 

e a r l i e r in section 3 . 1 . 3 . The additional reasons for choosing this 

react ion were i ts widespread use in the solvent effects studies and 

ease of handling. 

Fo r a catalyst with homogeneous active s i t es , mechan ism for 

acetone hydrogenation assumed h e r e is ident ica l to the one used by 

Iwamato et a l . Assumed features of the react ion a r e : 
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(i) a c e t o n e and solvent a r e a d s o r b e d on t h e c a t a l y s t a c t i v e s i t e s , 

(ii) h y d r o g e n u n d e r g o e s d i s s o c i a t e a d s o r p t i o n , 

(iii) a d s o r b e d a c e t o n e and a d s o r b e d h y d r o g e n f o r m a c o m p l e x 

via s t eps (i) and ( i i ) , 

(iv) t h e c o m p l e x i s t r a n s f o r m e d to 2 - p r o p y l a l c o h o l 

T h e c h e m i c a l equa t ions c o r r e s p o n d i n g t o e a c h of t h e above s t e p s 

c a n b e w r i t t e n a s 
k 

(i) A + * ^ ^ A A - * , K 
k A 
ks 

S + * £c— S - * , K 

- s b 

(ii) H + 2 * ^ " 2 H - * , K 

(iii) A - * + H - * — ^ A - H - * + * , 

- k l 

A - H - * + H - * ^ — ^ A - 2H - * 

* 2 

= 

= 

= 

K 

+ 

k 3 
(iv) A - 2H - * ^ = ^ A - 2H + * , K 

k '. 
- 3 

k A 

k c 
S 

k s 
k H 

^ H 

1 " 

-

\ 

* 1 

K 2 

k 3 

^ 3 

* 2 

H e r e A r e p r e s e n t s an a c e t o n e m o l e c u l e and * i s a v a c a n t a c t i v e 

s i t e . KA , K_, , and K a r e t h e a d s o r p t i o n e q u i l i b r i u m c o n s t a n t s of 
A o H 

a c e t o n e , so lven t , and h y d r o g e n , r e s p e c t i v e l y . K and K a r e e q u i l i b r i u m 

c o n s t a n t s for r e a c t i o n s in s t ep ( i i i ) . 
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In the above mechanism it is assumed that the adsorption 

steps (i) and (ii) a r e much faster than the react ion steps and hence a r e 

not r a t e controlling. This assumption is justified in light of the previous 

work available in the l i t e ra ture ' . Also the adsorption of hydrogen 

and unsaturated compounds on Raney nickel catalyst has been shown 

to be instantaneous 

The ra te equations corresponding to the above mechanism steps 

can be wri t ten as 

r A = k . C . . C - k . C , 
A A A ,b * - A A - * 

= k A < C A , b C * - T h C A - * > <3-35> 
A 

r = k C C, 2 - k c j ^ 
H H H,b * —H H - * 

= k H , C H , b C ' - £ - C H - * » ( 3 - 3 6 ) 

H 

rs = k s c s c * - k s c s - * 

- *s (Cs c* - i b c
s - *> < 3 - 3 7 > 

Tl=\CA-*CH-*-hCA-H-*C* 

\ { C A - * C H - * - -KT C A - H - * C * > ( 3 ' 3 g ) 

r 2 " k2 C A - H - * C H - * " - 2 C A - 2 H - * C = 

k 2 ( C A - H - * C H - * _ K j " °A - 2H - * C * } 

(3.39) 
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r 3 = k 3 °A - 2H -* " k - 3 C A-2H C * (3. 40) 

Assuming the first react ion in step (iii) to be ra te controlling, the r a t e 

i s given by 

r = k l C A - * C H - * ( 3 " 4 ^ 

For steps (i) and (ii) at equil ibrium, equation (3-41) becomes 

r = k. KA CA , /K CT T , C , 2 (3.42) 
l A A , b ^ | H H , b * 

The value of C , is obtained from the to t a l number of active si tes on the 

catalyst . At any t ime , in this case 

C t = C * + C A - * + C H - * + C S - * + C A - 2H - * 

(3.43) 

Substituting from equations (3.3 5), (3.36), (3.3 7) and (3.39) into 

equation (3. 43) and simplifying, 
C 

t 

1 + K A C A , b < 1 + \ K 2 K H C H,b> + ( K H CH,^ + K
S

C
S 

(3.44) 

where C is a charac te r i s t i c property of the catalyst , independent of 

p rocess var iables and p r imar i ly depends upon the catalyst m a t e r i a l and 

i ts method of prepara t ion . 

Substituting from (3.44) into (3. 42) one gets 
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r =
 k l K A C A , b ( K H C H , b ) i C t 2 

C1 + KA CA,b ( 1 + K 1 K 2 KH S i . b * + (KH C H , b ^ + KS CS1 ' 

(3 .45 ) 

If in equation (3. 45), the term K C in the denominator is much 
A A , b 

larger compared to the other terms, then equation (3. 45) shows that 

the reaction rate is zero order in acetone and one half order in hydrogen. 

If the second reaction is step (iii) is the rate determining step 

then the reaction rate is given by 

r = k 2 C A - H - * C H - * ( 3 ' 4 6 ) 

Assuming again that all other steps are in equilibrium and proceeding 

in an identical manner as above, one gets from equation (3. 46) 

k 2 C t 2 K l K A K H C A , b C H , b 

[ 1 + KA C A,b ( 1 + K l \ / K H C H , b > + \ / K H C H , b + KS S I ' 

(3.47) 

Equation (3.47) is identical to equation (1) of Iwamoto et al . 

If the quantity K. C is much larger than the other terms in the 
A A, b 

denominator, then equation (3. 47) shows that the hydrogen dependence 

of rate is of first order. 

Since hydrogen concentration in a solution is directly proportional 

to the hydrogen partial pressure over that solution, in the above equation, 

the concentration term CTT , can be replaced by PTT, introducing an 
H,b r 7 H & 
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a d d i t i o n a l c o n s t a n t for each s y s t e m . A l s o a s s u m i n g t h a t t h e v a r i a t i o n s 

i n t h e p a r t i a l p r e s s u r e of h y d r o g e n a r e not m u c h for t h e d i f fe ren t r u n s , 

t h e quant i ty K P i s t a k e n a s a c o n s t a n t . T h u s upon r e a r r a n g i n g 
H H 

equa t ion (3. 45) one get s 

i i 
/ C P 3 . g 
( A , b H ) = 

r 

1 + taPH , K A + K 1 K 2 K A K H P H 
( 

K
s 

(3.48) 

w h e r e 

K'I=\KAKC\ <3-49) 

The r e l a t i o n b e t w e e n CA , and C„ i s now i n t r o d u c e d a s s u m i n g t h a t 
A , b S s 

t h e r e i s no v o l u m e change on mix ing 

M A C A b M S C S 
A A ' b + S . S = 1 . 0 (3 .50) 

PA P S 

H e r e M and p a r e , r e s p e c t i v e l y , t h e m o l e c u l a r weigh t and t h e 
A A 

spec i f i c we igh t ( g / l i t e r ) of a c e t o n e , M and p r e f e r t o t h o s e of t h e 

so lven t . E q u a t i o n (3 . 48) t h e n c a n b e w r i t t e n a s a funct ion of a c e t o n e 

c o n c e n t r a t i o n a s 
I i 

C P s s 
^ f ^ ) = K ' 3 C A , b + K 2 <3-51> 

w h e r e K and K a r e a new se t of c o n s t a n t s ob ta ined by c o m b i n i n g 

v a r i o u s c o n s t a n t s t o g e t h e r . 
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A similar t rea tment to equation (3. 47) wi l l lead to the equation 
l 

C P 2 

A , b *M = K C + K _ (3. 52) 
r / 3 A, b 2 

II II 

where K and K a re a different set of constants . Equation (3. 52) 
(9) i s ident ica l to equation (9) of Kishida and Teran ish i , who used 

this equation to represent their data of acetone hydrogenation in liquid 

phase in different solvents. 

Exper imenta l data can be plotted in a manner suggested by 

equations (3. 51) and (3. 52) to determine which of the two models be t te r 

represen ts the data. 

3 . 2 . 2 Rate Equation in the F i r s t Order Region 

At very low concentrations of acetone in solution where f irs t 

o rder behavior is observed, equation (3. 45) can be simplified in 

the l imit CA , - 0 as 
A , b 

..b'KV k_ C 2 KA CA 
1 * A A ' - - (3.53) 

(WKHCHlb
 + KB-£P-)2 

If the solvents used for the hydrogenation react ion a r e relat ively 

non-adsorbing and if it i s assumed that the p roper t i es of adsorbed 
(16) 

hydrogen a r e independent of the solvents , then equation (3. 53) 

for a constant hydrogen pa r t i a l p r e s s u r e can be wri t ten 

r = K k l K A C A , b <3 '5 4> 
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2 c." Jk„ c. 
where K = t V H J j ^ b (3> 5 5 ) 

( 1 + \ / K H C H j b + K s ^ S _ ) 
M s 

An ident ica l t r ea tment to equation (3.47) a lso r e su l t s in an equation 

simiXar to equation (3. 54). 

Equation (3. 54) r ep resen t s the kinetic behavior in the first 

order region for constant hydrogen p a r t i a l p r e s s u r e . It consis ts of 

two t e r m s , the kinetic constant, k., and the adsorption equil ibrium 

constant, K , which a r e affected by the solvent. Also if in equation 

(3. 54), the concentration t e r m , C , i s replaced by the activity 

of A in the bulk, a , then the new equation wouXd show the effect of 

bulk activity on the react ion r a t e . 

For different solvents, surface coverage of acetone can be 

obtained experimental ly in the first order region where kinetic equation 

(3. 54) is applicable. The react ion r a t e s obtained can be c o r r e c t e d 

with surface coverage and liquid phase interact ions to r e v e a l the solvent 

effects. 

3 . 2 . 3 Exper imen ta l P r o g r a m 

An exper imenta l p rog ram can be drawn in view of the above 

d iscuss ions . The solvents to be used in this par t of the study a r e benzene, 

cyclohexane, and isopropanoX These solvents a r e selected with the 

considerat ion that they should be non-adsorbing and thei r chemica l 

na ture be different so that the i r in teract ions with acetone faXl on a 

wide range of values. P r e l i m i n a r y considerat ions show that ace tone-
(41) i sopropanol binary behaves like a regular solution , acetone -
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cyclohexane fo rms a highly non- ideal solution , and acetone-benzene 
(43) i s a modera te ly non-ideal binary . Other considerat ions of solvent 

selection were same as discussed in section 2 . 2 . 1 . 

The exper imenta l p rogram consis ts in studying the order of 

acetone hydrogenation react ion with respec t to hydrogen pa r t i a l p r e s s u r e 

and acetone concentrations in different solvents. Pseudo-s teady state 

r a t e s of hydrogenation react ions a r e obtained for acetone concentration 

from 0-100 percent in the th ree solvents. The regions of concentrat ion 

a r e established experimentally where the react ion is f irst o rder in 

acetone, and ra te is tested for its being only kineticaTiy controlled in 

th is region. For these Xow acetone concentrations in the solution the 

quantity of acetone adsorbed on the catalyst surface i s appreciable 

compared to the to ta l quantity of acetone in the sys tem. Thus the amount 

of acetone on the catalyst surface can be obtained by knowing the t o t a l 

quantity of acetone present in the sys tem and at any instant measur ing 

the concentration of acetone in solution by analyzing the liquid samples 

by gas chromatography, 

Hydrogen solubility data for the pure components and the solvent-

acetone binary sys tems a r e obtained experimental ly. These data a r e 

needed to calculate both gas absorption res i s tance and the liquid phase 

concentrat ion of hydrogen. 

The vapor p ressure - l iqu id composition data for acetone-benzene 

binary a r e taken from the l i t e r a tu re , and those for acetone-cyclohexane 

and ace tone- isopropanol b inar ies a r e obtained experimental ly since these 

data a r e not available in the l i t e r a tu re . Thermodynamic data a r e 

needed to establ ish acetone activity as a function of concentrat ion for 
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purposes of investigating adsorption i so therms and react ion r a t e s in 

different solvents as a function of acetone activity. Also, the hydrogen 

p a r t i a l p r e s s u r e in the gas phase is obtained by using vapor p r e s s u r e -

composition data for binary sys tems . 



4. EXPERIMENTAL 

4 . 1 Introduction 

The exper imenta l portion of this work was suggested by the 

need for a comprehensive set of react ion ra tes and gas solubility 

data for different systems at different p r e s s u r e s , t e m p e r a t u r e s , and 

subst ra te concentrat ions. For this purpose, the apparatus adopted 

was a modification of the gas solubility measu remen t s apparatus used 
(44) by Ben-Naim and Baer . Changes were made in the design of the 

solubility cell , bu re t s , and the manometer . The apparatus could 

successfully fulfil the requi rements des i red in a laboratory s lu r ry 

reac tor for p rec i se work. These requi rements were ; p rec i se t e m p e r a t u r e 

c o n t r o l , p rec i se measu remen t s of the system p re s s u re ,ga s absorption 

r a t e s , versa t i l i ty of the apparatus to work at different sys tem p r e s s u r e s 

and t e m p e r a t u r e s , and thorough suspension of the solid catalyst in the 

liquid phase. 

A wide variety of exper iments were performed in this study. 

They included measur ing hydrogen solubility in liquids and liquid 

m i x t u r e s , obtaining data to calculate hydro gen-liquid m a s s t rans fe r 

coefficients, measu remen t s of react ion r a t e s , studying the effect of the 

hydrogen p r e s s u r e and subst ra te concentration on the react ion r a t e s , 

effect of t empera tu re to obtain the apparent activation energy of reac t ions , 

and simultaneous measu remen t s of react ion ra tes and the catalyst surface 

concentra t ions . The exper imenta l procedure for mos t of these 

m e a s u r e m e n t s was s imi la r . It mainly consisted of th ree s teps . The 

f irst was to degas the liquid which was to act as the medium for the 

react ion, then to t r ans fe r the liquid from the degassing appara tus to 

the react ion cel l , and finally to m e a s u r e the hydrogen absorpt ion r a t e s . 

Detai ls of the appara tus used, exper imenta l p rocedures , and ana ly t ica l 

techniques a r e given in the following pages . 
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4. 2 Equipment 

4 . 2 . 1 Unit for Liquid Degassing 

The apparatus used for the liquid degassing was s imi la r to the 
(45) one repor ted by Clever et a l . . It consisted of a 500 m l bottle 

which was externally heated with an e lect r ic heating tape, the voltage of 

the power supply to which was controlled with a var iab le autotr ansformer . 

The top of the bottle was connected to the vacuum pump through cold 

t r a p s . A 1 me te r long, 2. 5 cm diameter glass column was connected 

at the bottom of the bottle with a 8 m m glass tubing. A 2 m m high vacuum 

stopcock was provided between the bottle and the column. At the 

opening of the 8 m m glass tube in the coXumn, a fine glass nozzle was 

connected to spray the liquid passing through it into fine drople ts . 

The top of the column was also connected to the vacuum system. The 

bottom of the column was connected to a tygon tubing, through a 2 m m 

stopcock. The other end of the tygon tubing was connected to a 10/30 

glass joint which could be connected to the solution flask. 

4 . 2 . 2 Solution Flask 

The solution flask was used to c a r r y the degassed liquid under 

vacuum f r o m the degassing appa ra tus to the s lu r ry r eac to r . It 

consisted of a 1 l i te r round bottomed pyrex flask. At the opening of 

the flask a 1 45/50 male joint was connected. The female part of the 

joint was provided on the top of the male joint as a cap on the flask. 

Through this were made two connections, one with a "$ 10/30 female 

joint connecting a 8 m m glass tubing through a 2 m m high vacuum 

stopcock. This served to connect the solution fXask with the liquid 

degassing unit. The other end of this connection was about 3 cm 
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inside the cap. The second connection to the flask was a liquid del ivery 

tube, consisting of a 8 m m glass tubing extending to the bottom of the 

flask. The other end of this tubing was connected to a ma le part of a 

£ 10/5 b a l l and socket ground joint through a 2 m m high vacuum stopcock. 

The flask was provided with a the rmomete r we l l to m e a s u r e the 

t empera tu re of the liquid in it. A side tube was provided with a 2 m m 

high vacuum stopcock to bring the apparatus to a tmospher ic p r e s s u r e . 

The flask was externally heated with an electr ic hea te r ; t empera tu re 

was controlled by controlling the voltage of the input supply. 

4 . 2 . 3 Reactor Set-up 

The apparatus used for the measuremen t s of the react ion r a t e s 

and the gas solubilities in the liquids is schematically shown in figure 

4 - 1 . The apparatus can be divided for discussion purposes into t h r ee 

main segments . They were the bubbler or the sa tura tor , the buret -

manometer sys tem, and the react ion c e l l . 

The Bubbler 

The bubbler A contained a solution of the same composition 

as in the react ion ce l l and served to sa turate hydrogen gas taken in 

the bure t s with the liquid vapors . 

It consisted of a glass container 4 cm d iameter and about 30 

cm long, the bottom being closed and the upper end having t h r e e different 

connections. The one in the center was a 10 m m glass tube extending 

to the bottom of the container . At the bottom end was connected a 

fritted glass tube of a size 2 cm long and 1 cm diameter for d ispers ing 

the gas in the liquid. The other two connections served as inlet for 

the liquid to the bubbler and the outlet for the gases , respect ive ly . 
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The gas outlet was connected to the bure t s . A 6 m m glass tube was 

provided near the top of the bubbler, which had a ground joint cap of 

J 10/3 0 s ize . This was used to syphon the liquid from the inside of the 

bubbler when replacement of the liquid was des i red . 

The Buret -Manometer System 

The bure t -manometer system consisted of two distinct p a r t s , 

the gas buret and the manometer . The gas buret B consisted of t h r ee 

a r m s , one made up of seven bulbs of known volumes connected with 

each other with a fine capil lary tubing, the other a 10 m l fine bore bure t 

with the smal les t calibration of 0. 02 m l . The th i rd a r m consisted of 

a straight column of uniform in te rna l d iameter , divided into t h r e e p a r t s . 

The upper ends of the bure ts were joined at a common junction which 

was split into th ree branches , connected to the m e r c u r y r e s e r v o i r of the 

manomete r , vacuum system, and to the react ion cel l , respect ively . 

The react ion c e l l connection had a th ree way high vacuum stopcock; 

the two exits of the stopcock were connected to the bubbler and to 

the react ion cel l , respect ively. The bottoms of the bu re t s were a lso 

connected to a single junction through separa te stopcocks of 2 m m bore . 

The m e r c u r y r e se rvo i r was connected h e r e with a tygon tubing. 

The manometer C was absolute differential type with a m e r c u r y 

bulb at i t s lower end and i ts upper end sealed under vacuum. It was 

made of a 2 m m uniform bore capi l lary of a height of 80 cm, with 

m e r c u r y bulb of about 100 m l volume. 

The Reaction CelL 

The react ion c e l l D is shown in F igure 4 -2 . Its ma in body had 

a volume of about 2 50 m l with dimensions approximately 14 cm long and 
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5 cm diameter . Two capi l lar ies h and k of i n t e rna l d iameter 2 m m 

were connected to the vessel , one on the top center and the other on 

one of the sides near the top. The capi l lar ies acted as the entrance 

and the exit of the liquid and the vapors , respect ively . The upper ends 

of these capi l la r ies were connected to a bulb of about 10 m l capacity. 

Two outlets connected to this bulb served to connect the react ion v e s s e l 

to the bure t -manomete r system and to the solution flask, respect ively . 

These connections were made with 110/5 grounded ba l l and socket 

joints . A side a r m was provided to the v e s s e l with a sealed rubber 

septum, where the desired quantity of the subst ra te could be injected 

into the react ion vesse l or a sample of the liquid could be withdrawn 

with a syringe. A teflon coated magnetic ba r , roughly 2. 5 cm long 

and 0. 62 cm in diameter was placed inside the v e s s e l D, which served 

as a s t i r r e r . 

The whole apparatus was constructed inside a la rge plexigXass 

tank provided with a sealed box in it to place a motor for rotating the 

magnetic s t i r r e r ba r . A Colora ul t ra the rmos ta t , mode l N, was used 

to c i rcula te water in the tank and to maintain it at a constant t e m p e r a t u r e . 

A high speed s t i r r e r was provided inside the tank to keep the water in it 

at a uniform t empera tu re . The t empera tu re inside the tank was 

measu red with a cal ibrated thermopile by measur ing the voltages with 

a L eeds-Nor thrup , type K-3 , Universa l potent iometer . The thermopi le 

was cal ibrated against a PXatinum res i s tance t he rmomete r cal ibrated 

by the National Resea rch Council of Canada. The express ion cor re la t ing 

E M F with t empera tu re is given in appendix I I -9 . The height of the 

m e r c u r y in the manometer was read using a kathetometer . P r e s s u r e 

in the apparatus was kept constant during the absorpt ion of hydrogen with 

the help of a var iable speed motor ized elevator that r a i s ed the m e r c u r y 



- 50 -

l eve l in the bu re t s . The quantity of the liquid contents in the react ion 

v e s s e l were determined by weighing. 

4. 3 P rec i s ion of the Measurements 

The t empera tu re inside the tank was maintained within 

+ 0.05°C of the set t empera tu re . The uniformity of the t empe ra tu r e 

in the tank was confirmed by measur ing t empe ra tu r e at s e v e r a l 

'different locations. The precis ion of the p r e s s u r e measu remen t s was 

of the order of + 0. OlTorr. The measuremen t s of gas volumes was 

of a precis ion bet ter than +_ 0. 01 m l . The quantities of the liquid 

were weighed within +_ 0. 0 5 g. 

4. 4 Calibration of the Burets 

The volumes of the three bure ts were determined at 25°C by 

filling them with mercu ry and then weighing the amount of m e r c u r y 

contained up to the specific marked heights of the bure t s or the bulbs. 

The m e r c u r y employed in these determinat ions was cleaned with weak 

sodium hydroxide and nitr ic acid solutions before being disti l led under 

vacuum. The resu l t s of these determinations a r e presented in table 4 - 1 . 

Since most of the exper imenta l work was done in the vicinity of 25° C, 

volume variat ions with t empera tu re were neglected. 

4. 5 Testing of the Vacuum for the System 

A Prec i s ion Scientific Company vacuum pump was employed 

for evacuating the apparatus before a run was to begin. The pump was 

protected from the ca r ryover of harmful vapors by inser t ing a Xiquid 

ni trogen cold t r a p between the apparatus and the pump. A McL eod 

gauge was connected to the mainline of the apparatus for determining the 
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BURET 

TABLE 4-1 

Calibration of Burets 

BULBS 

COLUMN 

No. of Bulb 

1 

2 

3 

4 

5 

6 

7 

Section of Column 

-t-

Average volume 
m l 

9.48 

9.29 

9.64 

10.48 

10. 03 

10. 64 

10.47 

Average volume 
m l 

I 7. 54 

II 11 . 73 

III 15.09 

Average e r r o r of the buret cal ibrat ion over the 

readings marked is 0. 67% 

* Average of t h r ee measu remen t s 
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p r e s s u r e inside the appara tus . In prac t ice , the sys tem including the 

bure t s and react ion ce l l could be evacuated to 2 or 3 m ic rons very 

quickly. A 75 hour leak tes t of the reaction vesse l and the bure t s under 

vacuum indicated a leak ra te of 0. 05 m i c r o n s / h r . This was considered 

quite acceptable since in operation the system was most ly in the 

vicinity of a tmospher ic p r e s s u r e and most of the runs took only 3 - 4 hou r s . 

4. 6 Mater ia l s 

The various ma te r i a l s used during the course of this study 

included hydrogen gas, Raney nickel catalyst , and s e v e r a l unsaturated 

compounds and solvents. The quality and the sources of these m a t e r i a l s 

a r e given below. 

4. 6 .1 Gases 

Except for the runs which were made to tes t the performance of 

the apparatus in which oxygen gas was used, a l l other exper iments 

w e r e performed using hydrogen gas. The oxygen used was of ul t ra pure 

quality obtained f romMatheson of Canada Ltd. The hydrogen gas was 

obtained from the liquid carbonic Canada Corporat ion Ltd. , and was of a 

guaranteed minimum purity of 99.97 percent . Before introducing hydrogen 

gas into the appara tus , it was passed through a Deoxo catalytic purif ier to 

remove any t r a c e s of oxygen present and then through a bed of " D r i e r i t e " , 

obtained from W. A. Hammond Dr ie r i t e Company, Ohio, to absorb any 

mois tu re present in it. 

4. 6. 2 Subst ra tes 

Certif ied grade aXlyl alcohol was obtained from F i s h e r Scientific 

Company. Fumar ic acid was 99 percent pure from Matheson, Coleman 

and BelX Acetone used was "Reagent g r ade" (99.9 percent assay) 

from J. T. Baker Chemica l Company. A l l these subs t ra tes were used 
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without any further purification. In the solvent effect s tudies, where 

the liquid phase was analyzed by Gas Chromatographic method, GC -

Spectrophotometric quality of acetone was used. 

4. 6.3 Solvents 

The solvents used in the m a s s t r ans fe r studies were distiXLed 

water and 99.9 percent ethyl a lcohol obtained from Canadian Indus t r i a l 

Alcohols and Chemicals Ltd. Those used in the studies of solvent 

effects were benzene, cyclohexane and i so-propanol . AX1 these were 

"Reagent Grade" obtained from J. T. Baker Chemica l Company. 

Solvents used in the chromatographic studies were GC - Spectrophotometr ic 

quality, obtained from J. T. Baker Chemical Company. Al l solvents 

were used without any further purification. 

The purity of the chemicals used was confirmed by measur ing 

thei r densit ies and refract ive indices and comparing them with the 

l i t e ra tu re data. These data a r e presented in table 4-2 . 

4. 6. 4 Catalyst 

The Raney nickel catalyst used in this study is designated No. 28 

Standard Active Nickel by the manufacturer , W. R. Grace and Co. , and 

cor responds to a W - l catalyst . The catalyst was stored at 10° C. AX1 

experiments were conducted over a period of 2 years during which t ime 

no systematic change in catalyst activity occurred . A h i s togram supplied 

by the manufacturer based on the Sieve analysis yieXded a Sauter mean 

d iameter of 16 mic rons . In calculations the in t e rna l void was taken as 
(ft 7\ 

0. 50. This value is repor ted by F r e e l et a l . for a s imi la r Raney 

nickel catalyst . The BET surface a rea of the catalyst was de termined 

at the Energy Mines and Resources Branch in Ottawa. The average value 
2 

of the duplicate runs was 5 8 . 1 m / g . 
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TABLE 4-2 

Phys i ca l P rope r t i e s of P u r e Solvents at 25° C 

Acetone Benzene Cyclohexane Isopropanol 

.78554 .8735 . 77291 .78092 

. 78508 <48» . 87368 , 4 8» . 77375 < 4 8 > .7809 ( 4 8 ) 

1.3566 1.4979 1.4233 1.3744 

1.35662 (48> 1.4979 , 4 8 ) 1.4233 <4 8 ) 1.3743 <49» 

Density g /cm 

Exper imen ta l 

L i t e r a t u r e 

Refractive Index 

Exper imen ta l 

L i t e ra tu re 
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4 . 7 P rocedure 

Genera l P rocedure 

The procedure described under this head covers the gene ra l 

s teps which were common in aXlthe measu remen t s made with the setup 

descr ibed above. For specific exper iments , the p rocedures have been 

outlined separate ly . 

4. 7 .1 P repa ra t ion of a Run 

Before proceeding with a run it was necessa ry to evacuate the 

appara tus . In order to protect the vacuum pump from the vapors of the 

solvents, the cold t r ap was cooled with liquid nitrogen. Before start ing 

the vacuum pump the mercu ry levelling r e se rvo i r was set in a proper 

position and aXlthe th ree stopcocks, Nos 2, 3 and 4 , were closed. The 

vacuum pump was then star ted and the entire sys tem including the 

sa tu ra tor , bu re t s , and the react ion ce l l were evacuated. The water 

bath was set at the desired t empera tu re of the m e a s u r e m e n t s . 

4. 7. 2 Degassing of the Solvents 

About 400 m l of the solvent was charged into the bottle of the 

degassing unit and the e lect r ic heating tape was turned on. Depending 

on the nature of the solvent, the heat load was adjusted by varying the 

voltage of the e lec t r ic supply. After a li t t le in i t ia l heating the p r e s s u r e 

in the v e s s e l was reduced by connecting it to a vacuum pump through 

two cold t r a p s , the first containing crushed ice (in cer ta in c a s e s liquid 

nitrogen) and the second liquid nitrogen, to recover the vapors of the 

solvents. The vacuum pump at the same t ime was evacuating the column. 

After boiling liquid under vacuum for about 20-30 minu tes , during which 

t ime about 20 percent of the solvent evaporated, the liquid was sprayed 

through the nozzle into the column. Liquid, par t ly in smaXl drople ts and 
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part ly in the form of mis t , flowed down to the bottom of the column 

where it was collected into a previously evacuated flask. Time taken 

to collect a volume of 250 - 300 m l of degassed solvent was roughly 

3 0 - 4 0 minutes . 

The to ta l quantity of the absorbed gases removed from the 

liquids is expected to be m o r e than 9 7-98 percent ^ 

4. 7. 3 Introduction of Solvent into Reaction Vesse l and Saturator 

The solution flask after disconnecting from the degassing 

apparatus was connected through a baXl and socket joint to the main 

appara tus , which was already under vacuum. The connecting l ines 

were then evacuated by opening stopcock number 10. The liquid 

contained in the flask was heated with an electr ic hea ter so as to 

establish p r e s s u r e inside the fXask. Stopcock numbers 9 , 10 and XL 

were then opened to connect the flask with the react ion cell . The liquid 

flowed from the flask to the ce l l without coming in contact with air and 

was filled in the ceXLto a l eve l about 2 cm from the top. During a l l th is 

operation the vacuum pump was cut off from the appara tus . Solvent 

was also introduced into the sa tura tor in an ident ical manner . The 

leve l of solvent in the sa tura tor was mostly about 4-5 cm above 

the upper end of the fritted gXass tube. 

Liquid was allowed to stand in the react ion v e s s e l and in the 

sa tura tor for 15-20 minutes to bring it to the t empe ra tu r e of the sys tem. 

4. 7. 4 Introduction of the Gas 

Hydrogen gas from the gas cylinder was taken with a two step 

p r e s s u r e regulator with the output p r e s s u r e of 50 psi . To this was 
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connected, in s e r i e s , a low p r e s s u r e regulator the output of which was 

adjusted to 1-2 psi . The gas after passing through a "Deoxo-catalyt ic 

pur i f ie r" and a bed of " D r i e r i t e " was introduced into the sa tura tor 

through a needle valve. Gas was bubbled in the liquid at a very slow 

ra te so as to give it a maximum residence t ime in the liquid for a 

be t ter saturation. This gas was then taken into the bure t and the 

react ion celX Since in the design of the present setup, gas stays in 

contact with the liquid during the whole period of m e a s u r e m e n t s , it 

was assumed that eventually the gas was fully saturated with the solvent 

vapors . Sufficient amount of the gas was introduced into the sys tem tiXl 

the p r e s s u r e inside was reached to the des i red value which was indicated 

by the mercu ry leve l in the manometer . The te lescope of the kathatometer 

was then set at that position. 

4. 8 Specific P rocedures 

4. 8. 1 Determinat ion of the Gas-Liquid Mass Transfer Coefficients 

Steps 4. 7. l t o 4. 7. 4 were performed as explained above. The 

te lescope on the cathetometer was set at a height which corresponded to 

approximately one a tmosphere p r e s s u r e in the sys tem. The in i t ia l 

reading on the bure t s were read and the magnetic s t i r r e r was turned on. 

The m e r c u r y l eve l in the bure t s was continuously adjusted to mainta in 

constant p r e s s u r e in the appara tus . The volume of gas absorbed was 

recorded as a function of t ime . Ini t ial absorption ra t e data were plotted 

in a manner as given in Appendix II for the determinat ion of the gas -

liquid m a s s t ransfe r coefficients. The quantity of the liquid was obtained 

by weighing the contents of the c e l l . 
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4. 8. 2 Determination of the Gas Solubilities 

Exper imen ta l procedure was ident ical to the one outlined above 

with the exception that the amount of the gas absorbed did not need to be 

recorded as a function of t ime . Gas was absorbed in the liquid unt i l 

the m e r c u r y l eve l in the manometer was constant for about one hour . 

The final readings on the bure t s were noted. The difference between 

the in i t ia l and the final readings represented the quantity of the gas 

absorbed. The quantity of the liquid was obtained by weighing the contents 

of the c e l l . 

4. 8. 3 Determination of the Reaction Rates (Low Substrate Concentration) 

Steps 4. 7. l t o 4. 7. 4 were performed as explained above, with the 

exception that in this case an approximately known quantity of the catalyst 

was introduced in the react ion v e s s e l before connecting it to the appara tus . 

The catalyst was introduced with a 2 m l syringe having a 22 cm long needle 

of approximately 0.15 cm inner d iameter , through the side a r m of the 

react ion c e l l . The solvent and the catalyst were then sa tura ted with 

hydrogen by turning the magnetic s t i r r e r on. A known quantity of 

subst ra te was injected into the sys tem through the rubber septum 

provided on the side a r m of the react ion v e s s e l . Vigorous s t i r r ing was 

continued. The hydrogen absorption ra te was m e a s u r e d as a function of t i m e . 

These data were then us ed to determine the reaction r a t e s . The quantity 

of catalyst in the react ion system was est imated using a spect rophotometer , 

as descr ibed in section 4. 9 . 1 . 

4. 8. 4 Determination of Reaction Rates (High Substra te Concentration) 

In th i s , s teps 4. 7. l t o 4. 7. 4 were performed as above with the 

exception that the catalyst was introduced into the c e l l before the liquid, 

and the liquid introduced consisted of a solution of the subs t ra te and the 
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solvent. The solutions were made by degassing the subs t ra te and the 

solvent separately and then mixing the known quantities in the solution 

flask. The liquid mixture and the catalyst were first allowed to sa tura te 

with hydrogen for 20-30 minutes and then the react ion r a t e s were me a s u red . 

The two p r o c e s s e s , gas absorption and the chemica l react ion, s ta r ted 

simultaneously in this case . It was thus e s sen t i a l to use s m a l l quantit ies 

of the cataXyst so that the reaction ra tes were slower than the gas 

absorption r a t e s . In that case it could be assumed that after some t ime 

the solution was saturated with hydrogen and the hydrogen being absorbed 

was only used for the chemica l react ion. Data t r ea tment to obtain react ion 

r a t e s is outlined in Appendix II. 

4. 8. 5 Simultaneous Measurements of Reaction Rates and Surface 

C oneentrations 

Steps 4. 7. l t o 4. 7. 4 were performed, except the catalyst taken 

in the react ion v e s s e l was dried under vacuum before the solvent was 

introduced. Drying of catalyst removed any t r a c e s of different solvents 

which could have been introduced into the sys tem by the liquid c a r r i e d 

with i t . These smaXL quantit ies, however, had no effect on the react ion 

r a t e s but coul i hinder the analysis of the liquid phase by chromatography 

when analyzing very dilute solutions of acetone. 

Catalyst and solvent were saturated with hydrogen by s t i r r ing 

the contents of the ce l l for about one hour. A known quantity of acetone 

was then injected into the ce l l through the rubber septum. The volume 

of hydrogen absorbed was recorded as a function of t ime . At known 

in te rva ls of t ime , liquid samples were taken from the c e l l with the heXp 

of a hypodermic syringe with a long fine needle. These samples were 

analyzed by gas chromatography, details of which a r e given under a 
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separa te heading. The changes in the volume of the sys tem caused by the 

r e m o v a l of these samples were immediately measu red by m e r c u r y 

displacement in the buret and was accounted in the volume of the gas 

reac ted . The quantity of acetone on the catalyst surface was then obtained 

by simple m a s s balance in the reacting system. 

4. 9 Analyt ical Techniques 

4. 9. 1 Analysis of Nickel 

The quantity of Raney nickel catalyst used was determined as 

g rams of nickel with a Unicam Atomic Absorption Spec t romete r , 

Model SP 90A. Catalyst contained in the react ion v e s s e l was dissolved 

in hydrochloric acid and the solution was diluted to a known volume. A 

s tandard solution of Nickel p repared from the me ta l obtained from J . T. Baker 

Chemicals Company was diluted to make th i r teen s tandard solutions of nickel 

concentration varying from 1 ppm to 15 ppm. These solutions were used to make a 

cal ibrat ion curve for the spec t rometer . A typ ica l cal ibrat ion curve is 

shown in F igure VI - 4. The operating conditions for the spec t rometer 

used in th is analysis were as follows; 

slit width 0.15mm 

lamp current 10 (xA 

wave length 232 m.|j. 

a i r flow ra te 5 1/min 

acetylene flow g Q 

ra te ' m m 

Under these conditions, the sensitivity of the spec t romete r was 0. 8 ppm 

Ni. 
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The spect rometer was cal ibrated every t ime before analyzing 

the samples . The range of duplicate measu remen t s was within 

4 percent of the mean. 

4 . 9 . 2 Analysis of Acetone 

The quantity of acetone was determined in the liquid phase while 

the react ion was in p rog re s s . The analysis was done with a F i sher Gas 

Chromatograph, Ser ies 2400, using a flame ionization detector . Nitrogen 

was used as a c a r r i e r gas. 

Acetone in Benzene and Isopropanol 

Acetone was analyzed in solutions of acetone-benzene and 

acetone- isopropanol b inar ies using a 10' x 0.125 " , s ta inless s t ee l 

column with 10 percent Carbowax 600 on chromosorb W, acid wash, 

of mesh size 60/80. The operating conditions for the chromatograph 

w e r e : 

column t empera tu re 45°C 

injector t empera tu re 150°C 

detector t empera tu re 150°C 

nitrogen flow rate 25 m l / m i n 

hydrogen flow ra te 2 5 m l / m i n 

air flow ra te 2 50 m l / m i n 
-12 

range 10 a m p s / m v 

Five standard solutions of each acetone in benzene and acetone 

in isopropanol, were made in the concentration range of acetone from 

0. 001 to 0. 01 g mol /X These samples were run in duplicate into the 

chromatograph using samples of 2 JJ.X A Repro- jec to r , automatic 
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sample injector obtained from Shandon Scientific Company Limi ted , 

was used for injection purposes . Reproducibility of the chromatograph 

was within 1 percent of the mean. Reproducibili ty of ana lyses from 
duplicate hydrogenations was within 2. 5 percent of the mean . 

Chromatograms were recorded on a Ser ies A-25 , Varian 

Aerograph Strip Chart Recorder using a Ser ies 200 Disc in tegra tor . 

Calibrat ion curves were made using both the a r ea s of the peaks and 

the peak heights . More rel iable analysis was obtained by using the 

peak heights than peak a r e a s , because peak heights could be determined 

with grea te r accuracy than peak a reas in the case of smal le r peaks. 

Typical chromatograms a r e shown in F igures VI-5 and VI-9 and the 

cal ibrat ion curves in Figures VI-6 and VI-10. 

Acetone in Cyclohexane 

On a Carbowax 600 column, for an acetone-cyclohexane mix tu re , 

cyclohexane peak appeared first and hence separat ion was not possible 

for very dilute solution of acetone. Severa l other columns were t r i ed 

and Squalane column was accepted for this analysis . The c&lumn used 

was 25 ' x 0.125" copper column with 4 percent SquaXane on Chromosorb 

G, acid washed, of a size 80/100 mesh . The operating conditions for 

the chromatograph w e r e : 

column tempera tu re 82°C 

detector t empera tu re 150°C 

injector t empera tu re 150°C 

nitrogen flow rate 18 m l / m i n 

hydrogen flow rate 25 m l / m i n 

a i r flow ra te 250 m l / m i n 
-12 

range 10 a m p s / m v 
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Isopropanol, which was the product of the react ion, and acetone 

peaks overlapped on the chromatograms obtained. The a rea of the 

individual peak was obtained by using the relat ion : 

\ 
F i r s t peak a rea = — x Tota l a rea 

Vh2 
where tu and h a r e the heights of acetone peak and i sopropanol peak, 

respect ively. 

The caXibration curve obtained from the standard solutions is 

presented in Figure VI-7. A typica l chromatogram obtained is shown 

in Figure VI-8. 

4.10 Per formance Test 

Solubility of Oxygen in Disti l led "Water at 25° C 

To tes t the performance of the equipment, the accuracy and the 

reproducibil i ty of the measu re me n t s , oxygen solubility data in dist i l led 

water was measu red . These data were obtained in accordance with the 

procedure outXined in section 4. 8. 2. The average value of the Bunsen 

coefficient obtained was 0. 0283; the value recommended by Battino 
(47) 

and Clever to be used as a comparison standard is 0. 02847. The 

standard deviation based on seven repl icate runs was , in the units of 
-4 

Bunsen coefficients, 2 x 10 . The scat ter in the data a r e thought due 

principally to imperfect degassing of water . 



5. RESULTS AND DISCUSSIONS 

In accordance with the objectives in section 1. 4, this chapter 

is d i scussed in two pa r t s . F i r s t , the resu l t s obtained from the m a s s 

t r ans fe r studies a r e discussed, and then solvent effects on hydrogenation 

of acetone a r e presented. The genera l method of calculations and 

some of the sample calculations a r e presented in Appendix II. Hydrogen 

solubility data a r e discussed in details in Appendix IV. In Appendix 

V and VI a r e given the experimental data used in this chapter . In 

Appendix VII calculations a r e given to show that the t empera tu re difference 

between the catalyst par t ic les and the solution was negligible. Complete 

exper imenta l and calculated data covering al l phases of the work done 

in this study a r e with the Department of Chemical Engineering, Universi ty 

of Ottawa, Ottawa. 

5.1 Mass Transfer Effects 

The model react ions used in the m a s s t ransfer studies were 

the liquid phase hydrogenation of allyl alcohol in the solvents water 

and ethanol and of fumaric acid in the solvent ethanol on Raney nickel 

catalyst . React ions were conducted in the t empera tu re range 24. 5-35. 3°C, 

mos t runs being at 25°C. Hydrogen par t ia l p r e s s u r e ranged from 

100-730 m m Hg. 

5. 1. 1. Cha rac t e r i s t i c s of Hydrogenation Reactions 

For al l three sys tems, the ra te was approximately z e r o - o r d e r 

in subs t ra te at subst ra te concentration g rea t e r than about 0. 01 m o l / l . 

The react ion order for hydrogen in the regions z e r o - o r d e r with r e spec t 

to subs t ra te was m e a s u r e d and a r e shown in figure 5. 1. The absc i s sa 

in figure 5. 1 is the par t ia l p r e s s u r e of hydrogen that would be in 

equi l ibr ium with the m e a s u r e d C u , . The reac t ion o r d e r s calculated 
Jti, b 

from the slopes of figure 5. 1 a r e 0. 96 for allyl alcohol in wa te r , 0. 42 
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for a l ly l alcohol in ethanol, and 0. 53 for fumaric acid in ethanoX 

By use of C or equivalently P to investigate the effect of 
H,b H, b 

hydrogen p a r t i a l p r e s s u r e on ra t e , the effect of gas absorpt ion 

r e s i s t ance has been eliminated. The plots yield no information, 

however , about possible m a s s t ransfe r r e s i s t ance involving the 

catalyst pa r t i c l e s . 

The effect of substrate concentration on react ion ra t e i s shown 

in figure 5. 2, where the portion of the figure at the right i s an enlargement 

of the region where the abscissa approaches unity. The quantity 
CA is the ini t ia l substrate concentration for a react ion. The figure 

A, o & 

i s meant to show that for a l l t h ree sys tems the ra te i s near ly z e r o -

order in subst ra te over a sizable range in subs t ra te concentrat ion, and 

that at sufficiently low substra te concentration the r a t e i s f i r s t - o rde r 

in subs t ra te . The high concentration portions of the plots for the 

sys tem containing al lyl alcohol do not look to be z e r o - o r d e r , but it 

should be noted that passing from an absc i s sa value of zero to 0. 95 

r e p r e s e n t s a 20-fold concentration change. When these data a r e plotted 

on a log-log graph the measured order is -0 . 08 for ally 1 alcohol in 

water and 0. 15 for a l ly l alcohol in e thanol . Fumar ic acid in ethanol 

shows zero o rder . These data a r e shown in figure 5. 3 

5 . 1 . 2 Determination of Mass Transfer Coefficients 

To obtain the par t ic le- l iquid m a s s t rans fe r coefficients, reac t ion 

r a t e s were m e a s u r e d for the th ree sys tems at a number of hydrogen 

p a r t i a l p r e s s u r e s in the region of sufficiently low C that the r a t e s 

were f i r s t - o rde r in subs t ra te ; only for the fumaric acid sys tem was 

the quantity C / r a function of C Since the r a t e in the fumaric 

acid sys tem was found to be one half o rder with respec t to hydrogen, 
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the data are plotted in the manner suggested by equation (3-30) with the absc i s sa 
0 5 

being l / p ,* . The data are shown in figure 5. 4. Since the ordinate used in 
H, b 

the plot employs ra te per unit m a s s of catalyst , r , the intercept predic ted by 

equation (3-30) is the quantity (k . a ) 

The r ec ip roca l intercepts of the plots for the sys tem allyl alcohol in 
3 

water and allyl alcohol in ethanol are 20. 0 and 13. 3 cm / s e c - g , respec t ive ly . 

These values were obtained by assuming that the graphs for the data of both 

sys tems had zero slope. Aleas t squares fit of the data for the two sys tems 

yields a slightly negative slope in each case . A negative slope implies an in ­

v e r s e corre la t ion of ra te with hydrogen p r e s s u r e , which was not observed in 

any other exper iments . It was therefore decided that the slightly negative slopes 

were due to experimental e r r o r , and the y- in te rcept for each sys tem was 

calculated as the mean of all the m e a s u r e d C . , / r va lues . Again, a leas t 
A, b 

squares slope of the data for fumaric acid in ethanol yields a value for k a of 

16.2 cm / s e c - g . The concentration of reac tants for all exper iments whose 

r e su l t s are shown in Figure 5. 4 were ext remely dilute. It i s therefore expected 
that only the solvent should affect the value of k a . For this r ea son the i n t e r -

P P 
cept of the data for fumaric acid is shown as equal to that for allyl alcohol in 

ethanol. 

For seve ra l reasons it is believed that the values of k a in the water 
3 P p 

and ethanol solvents were 20 and 13 cm / s e c - g , respect ive ly . F i r s t , they are 

reasonable based on published corre la t ions on k for pa r t i c les in agitated l iquids. 

Using a mean par t ic le diameter of 16 m i c r o n s , and assuming liquid agitation 

was "mild", calculated values of k a using the corre la t ion of Levins and 
(5) & P 

Qlastonburyv were 20 and 17 cm / s e c - g for the solvents water and ethanol, 

respec t ive ly . Detailed calculations of these are p resen ted in Appendix I I -6 . 

It should be admitted that the intensity of agitation used in these calculat ions 

was chosen to give the best agreement . Levins and Glastonbury define t h r ee 

levels of a&itation intensity based on exper iments in baffled tanks . There is no 

obvious way to de termine agitation intensity in the exper iments pe r fo rmed in 

this work, where agitation was by a magnet ic s t i r r i ng bar in an unbaffled cell . 

The r ec ip roca l in tercepts for the allyl alcohol sys tems in figure 5. 4 

a re apparently k a also because the theory leading to equations (3-29) and 
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(3-30) desc r ibes the two sys tems. If the reac t ions were .either kinet ical ly 

controlled or in the asymptot ic region of in ternal par t ic le r e s i s t a n c e , the 

r a t e s would have shown a dependence on P . In the al lyl alcohol ethanol 
rl , b 

system the range of P was 108-677 m m Hg, a 6. 3 fold change. Assuming 
H, b u_ the in t r ins ic ra te express ion depends on P J , the expected range of C . , / r 

would have been 6. 3 ^ = 2. 5 if the react ion were kinetically 

controlled. If the react ion were in the asymptot ic region of in terna l 
l 

par t i ca l r e s i s t a n c e , the expected range of C / r would have been 6. 3 4 = 1. 6. 
J\f o 

No such dependence on P was observed. If the in t r ins ic r a t e express ion 
' 1.0 

for allyl alcohol in water depends on P , an even grea te r dependence on 
H 

P would be predicted, which again was not observed. Fur the r evidence 
H, b 

that k . a has been measured , based on activation ene rg ies , is p resen ted h e r e . 
p , A p 

5.1. 3 Use of -J to Detect Significant Diffusion Res is tance 

The experimental ly m e a s u r e d values of k . a were used to 
p ,A p 

verify that the external par t ic le diffusion r e s i s t ance for hydrogen was 

negligible for react ions in which C / r was m e a s u r e d , as is r equ i red 

for equation (3-30) to apply. It was assumed that k . a and k ,. » 
p, A p p , H p 

are re la ted as the rat io of the diffusivities of allyl alcohol and hydrogen 
in the solvent, to the first power. A t ranspor t factor for hydrogen *T 

H 

is defined analogously to *J in equation(3-17). For the solvent ethanol 

^ was grea te r than 0. 9 for all allyl alcohol and fumaric acid concentra t ions , 

indicating negligible external par t ic le diffusion r e s i s t ance . For the solvent 

water , *J was g rea te r than 0.9 only for allyl alcohol concentrat ions 
-4 

l ess than 2 x 10 m o l / l . Though the concentration is smal l , the r a t e could 
st i l l be m e a s u r e d in this region. The possibil i ty of significant in te rna l 
par t ic le diffusion r e s i s t ance to hydrogen was checked by application of 

(50) 
the W e i s z - P r a t e r c r i te r ion ' . The c r i t e r ion is given in Appendix II-7 

and the numer ica l values calculated for the application of th is c r i t e r i a 

a re p resen ted in Appendix V. These values indicate that the in t e rna l 

diffusion r e s i s t ance was negligible when ^f >0. 9. Thus data for which 
H 

^f >0. 9 could be used to p repare a plot of equation (3-30). 
H 

The t r anspor t factors f̂ and *J" for a reac t ion can be used to 
A H 

de termine whether the m e a s u r e d r a t e is given by the in t r ins ic r a t e 



- 72 -

express ion, or if not, what is the magnitude of m a s s t r ans fe r r e s i s t ance 

of each reactant . In figure (5. 5) values of *J are shown for the reac t ions 

presented in figure (5. 2). Data a r e not shown for the sys tems in which 

^/ > 0.9 over the entire concentration range. These include J 

and *y for the fumaric acid sys tem, and '-~f for the a l ly l aXcohol -
** H —'H 

ethanol sys tem. Fo r the system aXlyl a lcohol-water , t h e r e i s 

significant m a s s t ransfer res i s tance over the ent i re concentrat ion range . 

For the sys tem a l ly l alcohol-ethanol, m a s s t r ans fe r effects a r e negligible 

for C grea te r than about 0. 04 m o l / l . In this range the measu red 

r a t e is given by the intr insic ra te expression. For the fumaric acid 

sys tem, the measured ra te is given by the in t r ins ic ra te express ion 

over the ent i re concentration range. The kinetic constant for the r a t e 

express ion f i r s t -o rde r in fumaric acid could be calculated from the 

slopes of the graph in figure (5-2). 

5 . 1 . 4 E x t e r n a l and In te rna l Diffusion Res i s tances in S lur ry Reac to r s 

The possibil i ty of encountering zero order react ions with 

significant ex te rna l diffusion and negligible in t e rna l diffusion r e s i s t ance 

in s lu r ry r eac to r s was shown theoret ical ly in section 3 . 1 . 2. In th is 

case the ra te of react ion would be unchanged from i ts value when aXLthe 

m a s s t r ans fe r r e s i s t ances were negligible, even though J"was significantly 

l e s s than unity. It is seen from figure 5. 2 that the r a t e of the aXlyl 

aX:ohol-ethanol sys tem is essential ly zero order in a l ly l a lcohol down 

to the a l ly l a lcohol concentration given by the absc i s sa equal to 0. 97. 

F r o m figure 5. 5 for the same sys tem J - 0. 57 at the a b s c i s s a equal 

0.9 7. This finding is compatible with the t heo re t i ca l values of ^f and 

r\ shown in figure 3 . 1 . It is possible to have a value of J of about 

0. 6 with negligible in t e rna l diffusion res i s t ance (r\ > 0 .9) . 
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It was pointed out in section 3 .1 .2 that P e t e r s e n has stated that 

as a ru le "H < J for heterogeneously catalyzed reac t ions . The gene ra l 

utility of th is reXation is little diminished by the finding that it does not 

always hoXd for the react ions conducted in s lu r ry r e a c t o r s . In order 

for J< n , as was found in this work, th ree conditions mus t be fulfilled 

a) Reaction order l e s s than unity 

b) Reaction in the liquid phase 

c) Finely divided catalyst 

Point a has been t rea ted at length. The importance of point b i s that 

the effective diffusivity within the porous catalyst i s calculated using the 

molecular diffusivity, and is therefore l e s s than the diffusivity in the 

bulk phase by the factor 6 /T . If Knudsen diffusion occurs within the 

catalyst , as is frequently the case in gas phase reac t ions , the in t e rna l 

effective diffusivity i s 9 / T t imes the Knudsen diffusivity, which in tu rn 

i s typically an order of magnitude l e s s than the molecular diffusivity. 

Point c i s significant because for par t ic les of the size used in s lu r ry 

r e a c t o r s , the par t ic le Sherwood number frequently approach the l imiting 

value of 2 even though the bulk liquid is in motion due to agitation or 

pumping. For pelleted or otherwise prepared cata lys ts of at leas t 

s e v e r a l m i l l ime te r s diameter the Sherwood number is usually much 

grea te r than 2 when the bulk liquid is in motion. 

5 . 1 . 5 Integration of Rate Equation with In te rna l and E x t e r n a l 
Diffusion Res is tances 

The r a t e equation for a constant volume batch r eac to r in which 

a z e r o - o r d e r react ion i s taking place with ex te rna l and i n t e r n a l diffusion 

r e s i s t ances can be integrated analytically only when n can be expressed 
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by the asymptotic reXation, r| <C"? . This was done to show that an 
"•o 

apparent change from ze ro -o rde r to f i r s t -o rde r "k ine t i c s " may be due 

to a z e r o - o r d e r react ion passing from negligible ex te rna l r e s i s t ance 

to ex te rna l diffusion controlling. 

The numer i ca l values obtained were compared with the exper imen ta l 

data for hydrogenation of aXlyl alcohol in ethanoX Initially the react ion 

was ze ro -o rde r in a l ly l alcohol, and it was taken through the concentrat ion 

change in which the t rans i t ion from zero order to f irs t o rder occur red . 

The pseudo-ze ro -o rde r ra te constant needed for the n u m e r i c a l solution 

was obtained from ra te measuremen t s in the z e r o - o r d e r region, and k . a 
5 p , A p 

from measu remen t s in the f i r s t -o rde r region. There remained the need 
2 

to de termine the value of a pa ramete r •, R T / 9 , containing quantities not 

measurab le experimental ly. The value of th is pa rame te r was chosen 

such that the best agreement possible between the data and the 

calculated values was obtained over the concentration range including 

ze ro -o rde r and f i r s t -o rde r ra te dependence. 

The resul t is shown in figure 5. 6 for a react ion spanning a near ly 

3-decades change in substra te concentration. Detailed calculat ions a r e 

presented in Appendix III. The points in figure 5. 6 r ep resen t data and 

the curve is the analyt ical solution. The first data points, plotted 

ar i thmet ica l ly ; show that the ra te is zero order in aXlyl aXcohol down to 
2 -6 

a concentration of 0. 064 mol/X In the analyt ical solution, R T/9 = 4. 0 X 10~ 
2 

cm was used. The value of the pa ramete r is physically reasonab le ; 

it can be generated, for instance,with par t ic le radius value of R = 8 m i c r o n s , 

and T / 6 = 6. 25. Agreement between the exper imenta l and calculated 

values is as good as can be expected, considering the approximations 

involved. The catalyst does not exist as sphe res , but as aggregates of 

smal le r pa r t i c l e s . Also, when m a s s t r ans fe r r e s i s t a n c e s a r e important 
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in a react ion with a distribution of par t ic le s i z e s , as was t rue in this 

case , r i gorous ra te calculations cannot be made using a single average 

par t ic le s ize . 

5. 1. 6 The Apparent Activation Energy for Reaction 

Reactions of allyl alcohol in ethanol in which the order with 

respec t to allyl alcohol passed from zero to f i rs t were performed at 

four t empera tu re s in the range 24. 5° - 3 5 . 3°C. In the zero order 
I 

region, the ra te is given by the express ion, r = k P 2 , . The values 
o H ,b 

of the constants k and k . a were evaluated from ra te data in the 
o p, A p 

zero and f i r s t -o rde r regions, respect ively . Arrhenius plots for both 

constants are given in figure 5. 7 and data are presented in table V-4. 

The apparent activation energy associated with the constant k is 19. 0 
+0. 7 K ca l /g mol . Its magnitude is evidence that k is indeed a kinetic 
— o 

ra te constant, as was concluded after showing that 3 . a n d 1L. were both 

near unity in this concentration range. The apparent activation energy 

associa ted with the t e r m k A a is - 5 . 3 +3. 5 K ca l /g . mol . If t e m -
p,A p 

pera tu re var ia t ions of k were given by that of the diffusivity of allyl 
P ' DLL 

alcohol in ethanol to the first power, and if the group —£— is considered 
constart, the expected activation energy associa ted with k . is 3. 8 K 

p, A 
ca l /g mol . Thus, if it is assumed that the m e a s u r e d activation energy 
for k a has a Gaussian distribution, the m e a s u r e d value, - 5 . 3 K ca l /g . 

p p ' 

mol , is significantly different from 3. 8 K ca l /g mol at the 95 percent 

confidence level . The observed negative value of activation energy 

may be due to exper imenta l e r r o r . Another possibil i ty is that the t en ­

dency of the par t ic les to agglomerate is also t empera tu re dependent, 

the mean par t ic le size being la rger at higher t e m p e r a t u r e s . For the 

par t ic le Sherwood number equal 2, k a is proport ional to the inve r se 
ir ir 

square of the mean par t ic le d iameter . A reduction in the mean p a r ­

t icle d iameter of 19 percent between the t empe ra tu r e 24. 5° - 3 5.3°C is 
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needed to account for the observed negative activation energy. In 

ei ther case , the smal l magnitude of the activation energy associa ted 

with k „ a is evidence that this constant is associa ted with a 
p ,A p 

m a s s t ransfer operation, not chemical kinet ics . 



- 80 -

5. 2 Solvent Effects in Heterogeneous Hydrogenations 

5 . 2 . 1 Concentration Dependence of the Rate 

The liquid phase hydrogenation of acetone on Raney nickel 

catalyst was studied at 2 5°C. The solvents used in this study were 

benzene, cyclohexane, and isopropanol . A l l the measu remen t s were 

made at approximately one a tmosphere to t a l p r e s s u r e . The p a r t i a l 

p r e s s u r e of hydrogen in the gas phase was obtained by subtracting the 

vapor p r e s s u r e of the liquid from the to ta l p r e s s u r e . The hydrogen 

absorption ra te was controlled bythe choice of the amount of catalyst used 

so that the hydrogen concentration in the buXk was not m o r e than 5 

percent different from the saturat ion value. 

The hydrogen concentrations in the liquid phase were calcuXated 

from the hydrogen solubility data. These data were obtained experimental ly 

at four or five different compositions of.the liquid phase for each of 

the th ree binary sys tems - acetone - benzene, acetone - cyclohexane, 

and acetone - i sopropanoX The solubility data expressed as Henry ' s 

law constants were corre la ted with the additive excess free energy models 

for predicting gas solubility in the mixed solvents. Thr Van Laar model 

represen ted these data best and was used for calculating gas solubili t ies 

for known solution mix tures for which the react ion ra t e s were m e a s u r e d . 

Hydrogen solubility data in pure solvents and in acetone - solvent binary 

mix tures a r e presented in Appendix IV. 

The equil ibrium vapor p r e s s u r e s for the various liquid composi t ions 

were obtained from thermodynamic equil ibrium data at 25°C for aXl 

the th ree binary sys tems . Data for acetone - cyclohexane and acetone -

i sopropanol sys tems were obtained in these l abo ra to r i e s , detai ls of 
(51) 

which can be found elsewhere . Equi l ibr ium data for the acetone -benzene 
(43} sys tem were taken from the l i t e ra tu re . 
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For a l l th ree solvents studied the r a t e was approximately z e r o -

order in acetone at acetone concentration g rea te r than about 0. 06 

mol/X The react ion orders for hydrogen at this acetone concentrat ion 

were measured and a r e shown in figure (5-8). Here the m e a s u r e m e n t s 

were done at such ra tes by choosing quantities of catalyst such that the 

hydrogen concentration in the bulk, C , was in equil ibrium with 
H, b 

the p a r t i a l p r e s s u r e of hydrogen; thus,the effect of gas absorption 

res i s t ance was eliminated. The react ion o rde r s calculated from the 

slopes of the lines in figure (5-8) were 0. 53 for acetone in benzene, 

0. 57 for acetone in cyclohexane and 0. 62 for acetone in isopropanoX 

The data used in figure (5. 8) a r e plotted in figure (5-9) as a function 

of hydrogen concentration in the bulk liquid. F igure (5-9) shows that 

for the same concentration of acetone and hydrogen in t h r e e solvents , 

the react ion ra tes obtained a r e highest in isopropanol and lowest in 

benzene, cyclohexane being in termedia te . This means that the differences 

in the react ion r a t e s shown in figure (5-8) a r e not due to the difference 

in the hydrogen solubilities in the different solvents. 

The ini t ia l hydrogenation react ion ra t e s were measu red , 

after a pseudo-steady state was achieved, at a number of acetone 

concentrat ions in each of the th ree solvents. The ra te data as a function 

of bulk acetone concentration a r e presented in figure (5-10). These data 

were used to fit the react ion ra te models represen ted by equations (3. 45) 

and (3. 47). To do th is , the data were plotted in accordance with 

equation s (3. 51) and (3. 52) which a r e based on models r ep resen ted by 

equations (3.45) and (3.47), respect ively. The plots of equations (3. 51) 

and (3. 52) a r e shown in figures (5. XI) and (5.12). Both models (3-45) 

and (3-47) were found to r ep resen t the exper imenta l data. The agreement 

between the simplified models and the exper imenta l data a r e as good as 
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could be expected in light of the simplifications made in obtaining 

equations (3. 51) and (3. 52). In aXlthe cases data at higher acetone 

concentrat ions show more scat ter . The data for solvents benzene and 

cyclohexane show almost ident ical slopes whereas i sopropanol data 

show a different slope. The ident ical behavior shown by the two models 
l 

a r e because they differ only by a factor of P . ^ in the ordinate , the 
iri 

absc i s sa being the same. The units of p r e s s u r e chosen for these plots 

were a tmospheres , and since the hydrogen p a r t i a l p r e s s u r e in a l l the 

cases was in the vicinity of one a tmosphere , the effect of p r e s s u r e is 

not revealed in the two models . It was shown ea r l i e r that the ra te was 

approximately one-half order in hydrogen, thus the mode l r ep resen ted 

by equation (3. 45) which shows half order dependence on hydrogen, was 

believed to represen t the data be t te r . 

At an acetone buXk concentration of approximately 0. 06 m o l / l , 

the apparent activation energies were obtained by measur ing the 

react ion ra t e s at t h r e e or four different t empe ra tu r e s in the range of 

25° to 35°C. Here , the ra te express ion was assumed to be r = k PT"s . 
o H 

The values of constant k obtained were plotted in the form of an 

Ar rhen ius plot and a r e shown in figure (5-X3). The apparent activation 

energies obtained from the slopes of the l ines in the above mentioned 

plot, calculated by a least squares fit along with the i r s tandard deviations 

a r e ; for acetone-benzene 4. 94 + 0. 47 K ca l /g m o l . , for ace tone-

cyclohexane 4. 91 +_ 0. 25 K ca l /g m o l . , and for ace tone- i sopropanol 

4. 69 +_ X 25 K ca l /g m o l . These values cannot be considered to be 

s ta t is t ical ly different from each other. The closeness of these values sug 

that the mechan ism through which hydrogenation react ion takes place in 

different solvents is the same. 
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5.2 .2 Solvent Effects on Hydrogenation of Acetone . 

An attempt was made to descr ibe the solvent effects by 

measur ing the surface coverage of acetone and the acetone-solvent 

interact ions in the liquid phase. The react ion r a t e s were m e a s u r e d at 
-3 -4 

very low acetone solution concentrations of the order of 10 and 10 

m o l / l where the ra tes were found to be first order with respec t to 

acetone concentration. The advantage of working in th is range was 

that a very simple kinetic equation couXd be used to r ep resen t the react ion 

r a t e s . AXso, as was discussed ea r l i e r in section 3 . 2 . 3 at these low 

concentrat ions of acetone, a gas chromatographic method of analysis 
could be used to determine the quantity of acetone adsorbed on the 
catalyst surface. 

Acetone concentration in different solvents at which the react ion 

r a t e s would be first order in acetone were obtained experimental ly . 

The upper values of the acetone concentrations in the bulk where the 
_3 

first o rder behavior s t a r t s we re ; acetone in benzene = 7. 8 x 10 m o l / l , 
_3 

acetone in cyclohexane = 9. 5 x 10 mol / l , and acetone in i sopropanol = 
-3 

3. 8 x 10 mol /X These concentrat ions were obtained from the l inear 

port ion of the semi- log plots of C . , ve r sus t ime as C . , approaches 
A, b A, b 

zero . 

In a separate set of exper iments , the catalyst surface concentra t ions 

at the onset of f i r s t o rder region were determined to es t imate the surface 

coverage. This was done at bulk concentrat ions of acetone lower than 

the upper range where first o rder region begins . The data a r e given 

in Appendix VI and a r e shown in f igu resVI - l to VI-3. The values 
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obtained w e r e ; for benzene = 2. 46 x 10 mo l /g cat. , for cyclohexane = 
-4 -4 

5. 98 x 10 mol /g cat. , and for isopropanol = 2. 92 x 10 m o l / g cat. 

These values correspond to the first order behavior observed with 

respec t to the surface concentrations read from the plot of surface 

concentrat ion versus t ime on a semi- log plot. The amount of acetone 

needed to form a monomolecular layer on the catalyst surface was 

calculated by assuming spher ica l molecules . These calculations a r e 
-4 

presented in Appendix I I -8 . The value obtained was 3 . 1 x 10 m o l / g cat. 

In cases of acetone in benzene and in isopropanol , the surface coverage 

by acetone is about 80-90 percent of the monolayer value. The quantity 

obtained for cyclohexane is higher than the monolayer concentrat ion. 

This i s most likely because of the exper imenta l e r r o r s which shaXlbe 

discussed l a te r . 

5 . 2 . 2 . 1 Testing for the Absence of Mass Transfer Res is tance 

To establish that the react ion ra t e s were kinetically 

controlled in the first order region, two different methods were 

used. 

In the first approach, l iquid-par t ic le m a s s t r ans fe r 

coefficients obtained ea r l i e r in section 5. X 2 were used along 

with the diffusivity data to obtain the m a s s t r ans fe r coefficients 

in the new situations. It was assumed that the m a s s t r ans fe r 

coefficients were related to the diffusivities to the f irs t power. 

The diffusivity data obtained from the l i t e r a tu re and the caXculated 

values of m a s s t rans fe r coefficients a r e presented in tables II-2 

and II-3 in Appendix IX These values were used to obtain the 

surface concentrat ions of hydrogen and acetone in var ious solutions 

using the measu red react ion r a t e s . The values caXcuXated as 
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*-+ and r-f a r e found to be m o r e than 0. 99 in a l l the cases 

when ra t e s were measured in the first o rder region . This 

indicates that the par t ic le diffusion res i s tance is negligible 

and hence the ra tes measured were only being controlled by the 

reaction kinetics. 

In the second method acetone hydrogenation r a t e s were 

measured in the t h r ee solvents at two or th ree different 

hydrogenation p r e s s u r e s . The concentration of acetone in the 

buXk was so chosen that the r a t e s were first order with respec t 

to acetone. In aXlthe th ree sys tems studied, the quantity 

C A i V r w a s a function of P . Since the ra te in the th ree sys tems 
A, b H 

was found to be approximately one half order with respec t to 

hydrogen, the data were pXotted in the manner suggested by 
. l 

equation (3.30), as C . , / r ve r sus P s # These data a r e shown 
A , D Jri 

in figure (5.14). The plot shows that for a l l the t h r ee sys tems 

the l ines joining the data points, when extrapoXated, pass through 

the origin. Since the intercept at the ordinate of this plot i s 

a m e a s u r e of the m a s s t rans fe r r e s i s t ance , it is inferred that 

the m a s s t rans fe r res i s t ance is negligible in these m e a s u r e m e n t s . 

F r o m the above discuss ions it i s concluded that in the 

present case , the react ion r a t e s in the first o rder region at 

25°C and one a tmosphere to ta l p r e s s u r e a r e kineticaXly control led. 

5. 2. 2. 2 Activity of Acetone in the Solutions 

The activity of acetone in the liquid phase was obtained 

from the vapor-l iquid equil ibrium data for the t h r ee binary 

sys tems . The binary equil ibrium data were used to calculate 
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the liquid phase activity coefficients, taking into considerat ion 

the vapor phase non-ideality. The liquid phase activity coefficients 

thus obtained were cor re la ted by the Redl ich-Kis ter th ree 

constant equation. The activity coefficients of acetone in dilute 

solutions were then caX;ulated using the above cor re la t ions . 

F igure 5.15 shows the relat ive magnitude of the activity of 

acetone in various solvents used. It can be seen from the plot 

that for the same concentration of acetone in the var ious solvents 

used, the activity of acetone in cyclohexane is roughly 4-5 t imes 

that in benzene and i sopropanol . 

Details of the thermodynamic data used h e r e can be 
j •, •, (43,51) 

found elsewhere 

5. 2. 2. 3 Distribution of Acetone Between Solvent and Catalyst 

In the first order region the acetone distribution between 

solvent and catalyst was determined by knowing the acetone 

concentrat ions in reaction solution and on catalyst surface , at 

various stages of the hydrogenation react ion. The former 

was obtained by analyzing the react ion solution using a FID Sas 

chromatograph and the corresponding concentrat ion of acetone 

on the catalyst was est imated using the following acetone m a s s 

balance relat ion. 

A = A - (A + A ) 
surface to ta l solution reac ted 

where 

A = amount of acetone on the cata lys t surface . 

A = the t o t a l amount of acetone injected init ial ly. 
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A . . = the amount of acetone in solution determined 
s olution 

using FID gas chromatograph. 

A n = the amount of acetone reacted which is 
reacted 

determined from the volume of hydrogen 

consumed. Before injection of acetone, 

and at the end of the react ion, the catalyst 

surface and the solvent were saturated with 

hydrogen. 

The acetone concentrations (as hydrogen volume equivalents) 

in the solution and on the catalyst thus obtained were plotted 

against reaction t ime on a semi- log graph (figures V l - l t o VI-3 in 

Appendix VI). In each case a straight line gave the best fit 

for the data, indicating that the react ion ra te i s l inear in both 

bulk and surface concentrat ions. This analysis further 

shows that the surface concentration, 

C . , and the bulk concentration, C . , , should bear a constant A , s A ,b 
ra t io , and the plot of C ve r sus C should pass through the 

A, s A, b 
origin. 

A plot of surface concentration versus bulk concentrat ion 

is shown in figure 5-16 for aXlthree solvents. The solid l ines 

r ep resen t the best l inear fit, where the dotted l ines r ep resen t 

the best curves passing through the origin. The l inear plots 

show a zero surface concentration for a finite solution concentrat ion. 

This may be because the es t imated values of the surface 

concentrat ions were higher than the ac tua l concentrat ion. This 

observat ion is consistent with the ea r l i e r r esu l t s where the 

surface a rea of catalyst computed on the bas i s of acetone adsorbed 

was found to be g rea te r than the a rea measu red using BET method. 
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It seems that the e r r o r in the measu remen t s i s introduced 

because of the fast in i t ia l r a t e s . Immediately upon injection 

of acetone, in the neighbourhood of 1-2 m l of hydrogen were 

consumed in a period of l ess than one minute , a r a t e of hydrogen 

consumption much higher than the pseudo-steady ra t e which 

subsequently established. If the r a t e s were measu red right from 

the point of acetone injection, the e r r o r in the volume of hydrogen 

absorbed was of the order of 8-10 percent . An a l te rna te approach 

was to measu re the react ion ra tes after attaining a pseudo-steady r a t e , 

and to compute stoichiometricaXly the volume of hydrogen required 

for the complete reaction from the amount of acetone injected. 

The e r r o r in this method couXd be up to 4 percent due to some 

possible inaccurac ies in volume measu remen t s of acetone 

injected. The la t te r method was considered m o r e accura te and 

thus used. The volume of hydrogen consumed in the in i t ia l 

periods could be est imated by subtracting the experimental ly 

m e a s u r e d volume from the to t a l volume of hydrogen requi red 

for the acetone consumption. To tes t the validity of th is approach, 

a run in solvent cyclohexane was made where the volume of 

hydrogen consumed in the in i t ia l period was m e a s u r e d ve ry 

carefully. The est imated volume of hydrogen used in the 

in i t i a l period was about 2.40 m l compared to the experimental ly 

observed volume of 2. 04 m l Since it was expected that the 

exper imenta l voXume would be lower, and the magnitude of the two 

volumes were not ve ry different from each other , the approach 

adopted seems reasonable . Although, it seems that the vaXues 

of surface concentrat ions obtained a r e higher than the ac tua l 

concentra t ions , they represen t the best es t imate of the surface 

concentrat ions obtained by the exper imenta l set up used in th i s work. 
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The different values of distribution r a t ios , C . / C , 
A, s' A , b 

obtained in the various solvents a r e believed to be most ly due 

to the differences in the liquid phase interact ions between 

acetone and solvents. It is known that acetone and i sopropanol 

form an almost regular solution, acetone and benzene show 

non-ideal behavior , and acetone and cyclohexane form a highly 

non-ideal solution. Because of this acetone molecules a r e l e s s 

strongly bound in cyclohexane than in isopropanol, hence they 

a r e more freely available for the catalyst surface giving higher 

surface concentrations in cyclohexane. 
(52) 

Komarov and Ermalenko have summar ized the 

effect of deviations from Raoult's law on competit ive adsorption. 

They stated that if the soXution shows negative deviations from 

ideality, the component present in excess is selectively adsorbed ; 

if the solution shows positive deviations, the component present 

in lower concentration i s selectively adsorbed. Since in the 

present study, a l l the th ree solvents show positive deviations 

from Raoult's law, and acetone is in lower concentrat ion, acetone 

wi l l be expected to be selectively adsorbed on the catalyst . 

F u r t h e r m o r e , r esu l t s show that the degree of selectivity i n c r e a s e s 

with the inc rease in deviations from RaouX's law. The acetone 

molecule a lso has a l i t t le preference of adsorption over the solvent 

molecule because of its smal le r size in compar ison to the size 
(53) 

of the solvent molecule 
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5 . 2 . 2 . 4 Evaluation of the Solvent Effects 

It is seen from the ra te studies in both z e r o - o r d e r 

and f i r s t -o rde r regions that solvents affect the react ion r a t e s . 

A synopsis of a few typica l runs both in ze ro -o rde r and f i r s t -

order a r e presented in table 5-X For ze ro -o rde r regions , 

the ra te constant has the highest value for isopropanol , followed 

by cyclohexane, and benzene has the lowest. A look at the 

corresponding activit ies of acetone in the liquid phase shows 

that no t rend is being followed. Thus from the z e ro -o rde r r e su l t s 

no conclusion about the solvent effects can be a r r ived at. In 

the f i r s t -o rder region, where both liquid phase act ivi t ies and 

the acetone surface concentrations a r e known, the effect of solvents 

on the reaction ra tes can be evaluated. Here , both ra te and 

acetone surface concentrat ions increased with acetone activity 

coefficient in comparing the t h r ee sys tems (table 5-1). If 

the liquid phase interact ions between acetone and solvent a r e 

assumed to be the controlling factor then it is seen that the 

more non- ideal soXution a solvent forms with acetone, the 

higher values of both surface concentrat ions and react ion ra t e 

constants a r e obtained. Neither ra te nor acetone surface 

concentration couXd be cor re la ted with the acetone activity for 

the th ree sys tems , however. 

Also, for the ra te determining react ion between 

adsorbed acetone and atomic hydrogen, it is necessa ry to know 

the surface concentration of hydrogen as well , which was not 

measu red in the present work. Hence the effect of solvent on 

the turnover frequency could not be studied. It i s , however , 

found experimental ly that the rank of " r a t e " is the same as 

that of "acetone adso rbed" . The s imi la r i t i e s in the activation 



TABLE 5-1 

Hydrogenation Data for Acetone in Zero and First Order Regions at 2 5°C 

S olvent Zero Order Range 

Run No. 

First-order Range 

mol acetone mol 
o i activity 1 

g = sec=atm° 

Run No. 
\ 

1 acetone ^A, SC 1 
i activity C. , g 

;-sec-atmE , , . . L A , b & 

coefficient 

o 

Cyclohexane 

Benzene 

Isopropanol 

2-1-E X 44x10 

3-1-E 

-6 

1-2 -E 0.60x10 

2. 28 x 10 
-6 

0.43 2-3-E B.3 x 10 
-5 

0.11 1-1-SE 2.0x10 

0.09 3-1-SE 1.0x10 

4.10 

1.67 

1.44 

1.20 

0.37 

0.13 

a r = k PT 2 
o H 

b r = k. CA P "s 
J- A H 

c obtained from figures Vl-lto VI=3 in Appendix VI. 
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energies obtained for the t h r ee sys tems were repor ted 

in section 5. 2.X This observation indicates that the turnover 

frequency for the reaction is independent of the solvent. 

In summary, this study indicates that the effect of 

solvents on acetone hydrogenation r a t e s is due to thei r 

effects on the adsorption of acetone. This thus experimental ly 

verifies the qualitative conclusion of Wauquier and Jungers . 



6. CONCLUSIONS 

6.1 Mass Transfer Effects 

1. For a l l t h e th ree sys tems studied the r a t e i s approximately 

ze ro -o rde r in substra te at concentrat ions grea te r than 0. 01 

m o l / l and first order at very low concentrat ions . 

2. The react ion order for hydrogen in the region of zero order 

with respect to substra te is approximately one for a l ly l 

alcohol in water , and one half for aXlyl alcohol in ethanol 

and fumaric acid in ethanol . 

3. The utility of the method proposed for determining k a 
c P 

has been shown in the interpreta t ion of ra te data obtained 

using a s lur ry r eac to r . The values of k . a obtained 
p,A p 

from exper imenta l data for a l ly l aXcohol in water and a l ly l 
3 

alcohol in ethanol a r e 20 and B . 3 cm / s e c - g , respect ive ly . 

4. Three sys tems that exhibit superficially s imi lar r a t e 

behavior were seen to have ra te controlled by different 

combinations of diffusion and kinetic r e s i s t ances . For the 

sys tem a l ly l alcohol - water the re is significant m a s s 

t ransfer res i s tance over the entire concentrat ion range. 

Fo r the a l ly l aXoohol-ethanol sys tem, m a s s t r ans fe r effects 

a r e negligible at higher concentrat ions . Fo r the fumaric 

ac id-e thanol sys tem, the measu red ra te i s kineticaXly 

controlled over the entire concentrat ion range . 

5. The possibili ty of encountering z e r o - o r d e r reac t ions with 

significant ex terna l diffusion and negligible i n t e rna l diffusion 

res i s t ance in s lu r ry r eac to r s i s shown theore t ica l ly and 

observed experimental ly. 

- 102 -
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6. For a l ly laX;ohol in e thanol , the apparent activation energy 

associated with k is 19. 0 K ca l /g m o l . and with k a is 
o p,-"- P 

- 5 . 3 K ca l /g m o l . 

6. 2 Solvent Effects 

X Reaction ra te is one half order in hydrogen p r e s s u r e at 

higher acetone concentration for a l l the th ree solvents. 

2. The ra te is l inear in surface concentrat ion of acetone for 

the region where it is Xnear in bulk concentration. 

3. In the first order region the ra te determining step is 

probably the react ion of adsorbed acetone with atomic 

hydrogen. 

4. For a given concentration of acetone in the first o rder 

region the following t rends a r e observed; 

Solvent Acetone Acetone Reaction 
activity adsorbed r a t e 

cyclohexane highest highest highest 

i sopropanol lowest lowest lowest 

benzene middle middle middle 

5. In the first order region,, the rank of " r a t e " i s the same 

as that of "acetone adso rbed" . 
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APPENDIX I 

Effectiveness Factor and Transpor t Fac tor fo r„Zero -Orde r 

Reaction in Spher ica l Porous Catalyst Pa r t i c l e 

Numer ica l data for the effectiveness factor and t r anspor t factors 

for the ze ro -o rde r reaction in spher ica l porous par t ic les used in 

figure (3-1) were obtained as follows: 

Effectiveness factor 

For ze ro -o rde r react ions in spheres , without volume expansion, 
(54) 

Weekman and Gorring derived a reXationship between effectiveness 

factor, n , and the Thiele p a r a m e t e r , h. They stated that if h < J~6~, 

then r\ = 1. 0. For h >\J6, the effectiveness factor is given by 

r\ = 1 - r / ( J-l) 

where r is the normalized radius at which the concentration of reac tant e 
becomes zero. The Thiele pa ramete r in t e r m s of r i s wri t ten as 

e 

, 2 3 
h = (r-2) 

( 1 - r ) r i ( l - r ) - r 1 e L s e e J 

In the present calculat ions, a modified Thiele pa rame te r is 

used which is re lated to the Thiele pa ramete r defined above by the 

relat ion 

, , n + 1 \°- h 
h 

o 
/ n + 1 \°- h 
("~~2—) T <J-3> 
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Values of h and n a r e calculated for various values of r and a r e 
o ' e 

presented in table I-X 

Transpor t factors 

The t ranspor t factors a re calculated using the data obtained in 

table I - l and equation (3.33). The various values of the group ( 9 / T ) 

(1/Sh) taken were 1/8, 1/16 and 1/40. Values of t r anspor t factors 

corresponding to each of them a re given in table 1-2. Numer i ca l values 

presented in th is table were used in prepar ing figure (3-1). 
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T A B L E I - l 

t i v e n e s s f a c t o r s for z e r o o r d e r r e a c t i o n in 

p o r o u s c a t a l y s t p a r t i c l e 

0.99 
0 .95 
0 . 9 0 

0. 85 
0. 80 
0. 75 
0. 70 

0. 65 
0. 60 
0. 55 
0. 50 

0 . 4 0 
0. 30 
0 . 2 0 
0 .10 
0. 0 1 

0. 0297 
0.143 
0 . 2 7 1 

0.386 
0.488 
0. 578 
0.657 

0. 725 
0. 784 
0. 833 
0. 875 

0 .936 
0 .973 
0 .992 
0 .999 
1.0 

33.4 
6. 78 
3.45 

2.34 
1.79 
1.46 
1.24 

1.09 
0.97 
0. 885 
0. 816 

0. 717 
0. 652 
0. 610 
0. 585 
0. 577 

3 3 . 1 
6. 57 
3 . 2 3 

2 . 1 1 
1 .56 
1 .23 
1 . 0 1 

0 . 8 6 
0. 74 
0 .652 
0. 583 

0 . 4 8 1 
0 . 4 1 4 
0 . 3 6 1 
0 .342 
0 .333 
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TABLE 1-2 

Effectiveness and Transpor t factors for a z e ro -o rde r react ion 

in spher ica l porous catalyst par t ic le 

7 

1/8 1/16 1/40 

i 3 . 4 
6. 78 
3 . 4 5 

2 . 3 4 
1 . 79 
1 .46 

1 . 2 4 
1.09 
0 .97 

0 .885 
0. 816 
0. 717 

0. 652 
0. 610 
0. 585 

0. 577 
0. 500 
0 .400 

0 .300 
0 .200 
0 . 1 0 0 

0. 0297 
0 .143 
0 . 2 7 1 

0 .386 
0 .488 
0. 578 

0 .657 
0. 725 
0. 784 

0. 833 
0. 875 
0 .936 

0 .973 
0 .992 

0 .999 

1 . 000 
1 . 000 
1 . 000 

1 .000 
1 .000 
1 .000 

0. 0197 
0 . 0 9 2 1 
0 . 1 7 1 

0 .240 
0 .299 
0 . 3 5 1 

0 .398 
0 .437 
0 . 4 7 4 

0. 506 
0. 533 
0 . 5 8 1 

0 .617 
0. 644 
0 . 6 6 1 

0 .667 
0. 727 
0. 806 

0 . 8 8 1 
0 .930 
0 .985 

0. 0387 

0 .169 
0 .292 

0 .387 
0 . 4 6 1 
0. 520 

0. 569 
0 .608 
0 .643 

0. 672 
0 .696 
0. 735 

0. 763 
0. 787 
0 .796 

0. 800 
0. 842 
0 .893 

0 .937 
0 . 9 7 1 
0 .993 

0. 0915 
0 .337 
0. 508 

0 .612 
0. 6 8 1 
0. 730 

0. 767 
0.79 5 
0. 818 

0 .836 
0 . 8 5 1 
0. 874 

0. 890 
0 . 9 0 1 
0 . 9 0 7 

0 .909 
0 .930 
0.9 54 

0.9 74 
0 .988 
0 .997 



APPENDIX II 

Methods of Calculations 

II-I Calculations of Gas-Liquid Mass Transfer Coefficients 

For the stirred reactor used in this study, the quantity, le. a , 

which is product of the mass transfer coefficient at the gas liquid 

interface and the interfacial surface area, was determined for aXlthe 

solvents by plotting data for gas absorption without reaction according 

to the integrated form of the rate equation for unsteady state absorption. 

A derivation of such an equation is presented here. 

The rate of mass transfer at the gas-liquid interface is given 

by the equation 

- - 3 T = 1 ' L A < C H . . - C H . b > 

' L ' ^ V . - W (U-1-:U 

Expressing the hydrogen concentration in the liquid phase in the form 

of Henry's law constant, 

/ 
C H , * = P H H ( n-^ 2) 

Where H is the Henry's law constant expressed in the units mol/1-atm. 

Assuming ideal gas behavior one can write 

(V° - V) P 
_ _ N K ' H 
CH,b = ~v~ = RTV (H-1.3) 

L L 
o 

where V and V are the initial volume and volume at any time as read 

on the burets, respectively. For an infinitesimal smalltime, 

equation (II-1. 3) can be written as 

- XB -
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J1N_ =
 F H _dV_ ^ 

dt RT dt 

Substituting from equations ( I I - l . 2), ( I I - l . 3) and ( I I - l . 4) in equation 

( I I - l . l ) , and rea r rang ing , one gets 

dV 
dt 

+ k a V + k a [V HRT - V°] = O ( I I - l . 5) 

This i s a first order differential equation solution of which under 

the boundary condition 

V = V° at t = 0 

is - (V - V - V HRT) exp (k a t) = V HRT ( I I - l . 6) 

r ea r rang ing equation ( I I - l . 6) one gets 

/ V° - V v 
- Xn ( 1 - ——j-*- ) = L a t ( I I - l . 7) 

V HRT 
L 

F r o m equation ( I I - l . 7), a plot of the left hand side ve r sus t ime 

would give a straight line which passes through the origin and has a 

slope equal to k^ a. 

Expe r imen ta l values of k_ a were thus obtained from the gas 

solubiXty ra te data in various l iquids. These resu l t s a r e presented 

in table I I - l . As an example, in figure I I - l , is shown the data used to 

obtain k, a for the case of hydrogen in water . 
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TABLE I I - l 

Expe j r imenta l VaXues 

St i r r ing Rate at 2 5° 

of 

C 

' k̂ . a for 
L 

for Appr 
the ce 

Various S 

oximat< 

:X\ 

,ly 

ystems for a ] 

220 m l liquid 

Pixed 

in 

3 -1 
System k. a x 10 sec 

(average value) 

Hydrogen - water 7. 9 

H ydrogen - ethanol 22. 2 

Hydrogen - benzene 17. 3 

Hydrogen - cyclohexane 17. 6 

Hydrogen - isopropanol 7.2 

Hydrogen - acetane 23. 0 

The magnetic s t i r r e r setting was fixed at a point just l e ss than 

that causing instability of the magnet ic s t i r ba r . 
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200 400 
TIME sec* 

600 

Figure II-I Plot of unsteady state absorption of hydrogen in water at 
2 5°C for a fixed stirring speed. 
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I I -2 C a l c u l a t i o n of S a t u r a t e d and Bulk H y d r o g e n C o n c e n t r a t i o n 

T h e r a t e of h y d r o g e n t r a n s f e r a t t h e g a s - l i q u i d i n t e r f a c e i s g iven 

by 

^ V ^ H , * " ^ (II-2-1) 

H e r e , k i s t h e m a s s t r a n s f e r coef f ic ien t , a t h e i n t e r f a c i a l a r e a , and 

C ^ and C a r e the h y d r o g e n c o n c e n t r a t i o n s a t t h e g a s - X q u i d 

i n t e r f a c e and i n t h e bu lk of so lu t ion , r e s p e c t i v e l y . T h e e q u i X b r i u m 

c o n c e n t r a t i o n of h y d r o g e n in so lu t ion , C =,c, i s ob ta ined f r o m t h e gas 

so lubiXty da ta of h y d r o g e n in t h e so lven t , w h e n t h e so lven t i s fully 

s a t u r a t e d with the g a s . 

1000 x 273.15 V g , s X P H . ., /TT , ^ 
C H , * = 7 6 0 x 2 2 4 0 0 X V x T g " ^ ^ ' ^ ^ 

L 

w h e r e V i s the m i l l i l i t e r s of the gas d i s s o l v e d in V. m i H i X t e r s of 
g> s 6 L 

l i qu id a t a h y d r o g e n p a r t i a l p r e s s u r e P m m Hg and s y s t e m t e m p e r a t u r e 
H 

of T ° K . 

If V m i l l i X t e r s of h y d r o g e n t r a n s f e r t h r o u g h t h e gas-Liquid 

i n t e r f a c e in t s e c o n d s , t h e n t h e r a t e of h y d r o g e n t r a n s f e r i s g iven by 

_ 1 0 0 0 x 2 7 3 . 1 5 V g X F H g m o l 
7 6 0 x 2 2 4 0 0 t x T x VT (1) ( sec) ^ " ^ ^> 

L 

C H,!> = C H , * - < n " 2 - 4 > 

F r o m E q u a t i o n (II-2.1) one ge t s 

_N 

Knowing t h e v a l u e s of C >1<7 N, and le a, h y d r o g e n c o n c e n t r a t i o n in 

t h e bu lk , CTT n , c a n be c a l c u l a t e d f r o m equa t ion ( I I - 2 . 4 ) . 
H , b 
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The departure of bulk concentration from the saturation 

concentration, (C - C„ , ) /C , can then be calculated. The 
H,* H,b ' H, * 

magnitude of this number is a measure of the mass transfer resistance 

offered to hydrogen at the gas-Xquid interface for a given stirring speed. 

For most of the experiments in this study, the concentration difference 

between the bulk liquid and the saturation concentration at the interface 

was kept not different from each other by more than 5 percent. It can 

thus be said that the mass transfer resistance at the gas-Xquid interface 

was negligible in this study. In various calcuXations, the concentration of 

hydrogen used was C or a hypothetically equivalent value of hydrogen 
H, b 

partial pressure, P , representing that valie of hydrogen partial 
H, b 

pressure in the gas phase, which will produce a value of concentration 
C , when there exists no concentration difference between the gas-

H, b 
liquid interface and the bulk of liquids. 

II-3 Calculations of the Reaction Rates 

The reaction rates were obtained by measuring the rate of 

hydrogen consumption. From the stoichiometry, of the reactions studied, 

one mole of hydrogen is required for one mole of substrate, the reaction 

rate, r, is thus given by 
V x P 

= 273.15 g H mol 
r " 760x22400 X t x T x w (sec) (g. Ni) ( " ' ' 

where w is the weight of the catalyst expressed as grams of nickeX 

For the experiments in the first order region, the value of C / r 
f A,b' 

was obtained from the slope of the plot of (V - V) versus t on a semi-
f 

log plot. Here V and V are the total volume of hydrogen consumed and 

volume of hydrogen consumed at any time, respectively. The theory 

of this plot is as follows. 
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The rate of reaction of substrate in the first order region is 

given by 

A , b 
dt A,b 

k' CA , (II-3.2) 

or d 3n C . , A , b 
dt 

k» ( I I - 3 . 3 ) 

d In C . , T . , T7.f _r. 
A , b _ d i n V - V 

_ _ _ ( n _ 3 . 4 ) 

t h e value of k1 i s given by the s lope of the Xne obta ined by plo t t ing 
f 

(V - V) v e r s u s t on a s e m i - l o g p lo t . T h e r e a c t i o n r a t e i s t h e n 

r = k ' 

A , b 
r 

C A , b 

1 
k» 

w 

w 

VL 

( I I - 3 . 5) 

° r " ' " _ - (II-3.6) 

Thus by knowing the slope of the above mentioned plot, weight of the 

catalyst used and the volume of the Xquid, the quantity, C / r , can 
xV , o 

be calculated. 

II-4 CaXculations of -J. and >--f 
H 

The transport parameters, defined as the ratio of the concentration 

on the surface to that in the buXk, were obtained from the rate data by 

knowing the particle -liquid mass transfer coefficients. These coefficients 

were measured experimentally for a few systems and for others were 

obtained by extrapoXating the measured values. Details of the extrapoXating 

procedures are given in section II-5. 
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The rate of reaction is given as 

r = k A a (C. , - C. ) (II-4.1) 
p, A p A, b A, s 

or r = k „ a (C - C ) (II-4. 2) 
p, H p H,b H, s 

from equations (II-4.1) and (II-4. 2) we have 

^ ~- ^tr'x' k r
a a c A „ , n - 4 - 3 » 

A , b p , A p A , b 

and ,-( = - ^ - 1 - r (U-4. 4) 
^H,b p,H p H,b 

Here k A and k. TT are particle-Xquid mass transfer coefficients for 
p,A p,H v H 

substrate and for hydrogen, respectively. 

II-5 CalcuXations of Particle-Liquid Mass Transfer Coefficients 

Particle-Xquid mass transfer coefficients for allyl alcohol in 

the solvents water and ethanol were obtained experimentally. For 

several other Xquid phases, the mass transfer coefficients were obtained 

by extrapolating the experimentally measured values of k a . I t 
r P 

was assumed that the mass transfer coefficient for a substrate-solvent 

system is reXated to that of the other as the ratio of their diffusivities, 

to the first power. Since the variations in the densities and viscosities 

of the various solvents used are not Xirge and their dependence on the 

departure of Sherwood number from 2 is only to the l/6th power, their 

effect is neglected here. Semi-emperical method of L evins and 

Glastonbury was also used to calculate particle-Xquid mass transfer 

coefficients and were used for comparison with those obtained above. 



- 1 2 1 -

Diffusivity data obtained from the Xtera ture a r e Xsted in 

table I I -2 . The calculated and exper imenta l vaXues of par t ic le-Xquid 

m a s s t ransfe r coefficients for different sys tems a r e l is ted in table 

I I -3 . The values presented in the column at the far right were caXculated 

ent i rely by the Levins and Glastonbury method assuming the same 

par t ic le size of 16 mic rons , and "mi ld" agitation conditions. A 

sample calculation explaining the method of L evins and Glastonbury 

is presented in section II-6. 

II-6 Sample CaX:uXttions of L evins and Glastonbury Method 

The m a s s t ransfer equation proposed by Levins and Glastonbury 

for forced convection conditions when a significant difference exists 

between the densi t ies of the par t ic les and the fluid is 

k d j . 0.38 

_ £ _ £ _ = 2 + 0 . 4 4 ( - ^ — f ( " 5 " ) ( n - 6 - 1 ) 

A typical example of calculations for aXLyl alcohol in water at 2 5°C 

is presented . Here 

d -4 
p = 16 x 10 cm 

-5 2 
D = X19 x 10 cm / s e c 

_2 
\i - 0 . 8 9 3 7 x 1 0 g / c m - s e c 
p_ = 0.99708 g / c m 3 

L 3 
p = 4. 5 g / cm 

P 

The sXp veXocity between the Xquid and the par t ic les is given 

by the equation 
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TABLE II-2 

Diffusivity Data 

Component 1 Component 2 T 
°C 

D 12 X 1 0 " 

c m ' /sec 

Ref. 

hydrogen 

hydrogen 

hydrogen 

hydrogen 

hydrogen 

aXlyl aX:ohol 

allyl aXc oh ol 

acetone 

acetone 

acetone 

ethanol 

water 

benzene 

cyclohexane 

isopropanol 

water 

ethanol 

benzene 

cyclohexane 

isopropanol 

20°C 

25°C 

25°C 

25°C 

25°C 

25°C 

25°C 

25°C 

25°C 

25°C 

15.1 

4 . 5 

4.85 

15. 1 

14.0 

7 .7 

1.19 

1.06 

2.78 

2.08 

1.0 

61 

60 

55 

55 

56 

60 

60 

5 7 , 5 8 

58 

59 
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TABLE II-3 

Par t ic le -Liquid Mass Transfer Coefficients 

k . a or k. XT a 
p,A p p , H p 

System from diffusivity data 

acetone-benzene 

acetone-cyclohexane 

ac et one -i s opr opanol 

- I s 

a l ly l aX:ohol-water 
* 

a l ly l aX: oh ol-ethanol 

hydrogen-benzene 

hydrogen-cyclohexane 

hydrogen- isopropanol 

hydrogen-water 

hydrogen-ethanol 

46.2 

34.9 

16 .8 

20. 0 

13.3 

253. 7 

190. 0 

129.4 

75. 6 

223. 8 

42 .4 

32.2 

16 .3 

20. 0 

17. 0 

3 cm 
(g) (sec) 

by L evins and 
Glastonbury 

method 

* Exper imen ta l resu l t s 
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v = (LT 2 + ul +U 2)i ( H - 6 . 2 ) 
ill t s 

Since the contribution because of U arising from the difference 
s 

in inertia between the particles and the fluid is usually the least, and 

is neglected. 

From figure (15) of L evins and Glastonbury assuming "mild" 

stirring conditions, one gets 

UF = 0.18 cm/sec 

The particle terminal velocity, U , is obtained from the 

Stokes law 

(II-6.3) u t = 

= 

d p 2 (Pp -p.) g 

18 u 

0. 05 cm/sec 

thus 
I 

v= [(0.05) +(0.18) ] 2 = 0.1868 cm/sec 

Substituting the numerical values of different variables in equation 

(II-6.1) one obtains 

k d 
- ^ = 2.995 (II-6.4) 

For a particle diameter of 16 microns, the ratio 

Surface 6 0„^ 2 , 
Weight = T -^ = 8 9 3 c m / i <n-6- 5) 

KP p 
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from (II-6. 4) and (II-6. 5) one obtains 

k a- = 19.9 . C m , . . P P (sec) (g) 

II-7 CalcuXations of Weisz and P r a t e r P a r a m e t e r 

The Weisz and P r a t e r c r i te r ion is used to a s s e s s whether 

in t rapar t ic le t ranspor t r a t e s have influenced the measu red overa l l 

react ion r a t e s . The cr i te r ion for i so the rma l react ions on a flat slab 

is based upon the observation that r\ is of the order of unity when h 

is of the order of unity. The c r i t e r ion is 
2 

( ^ ) R B 
f ( 9 ) = D C < 1 (U-7.1) 

e s 

If the value of f(9) is l e s s than unity, the react ion ra te is controlled by 

the surface react ion and the in t e rna l t r anspor t p rocesses need not be 

considered in the analysis . In equation (II-7.1) 

R = the experimental ly determined ra te per 
unit volume of catalyst 

V = volume of pellet (soXd + in ter ior void) 

A = ex te rna l surface 
P 

D = effective diffusivity 
D$_ 

While calcuXating the volume of the catalyst , the i n t e rna l void 

was taken as 0. 50, as repor ted by F r e e l et a l . for a s imi la r Raney 

n icke l catalyst . The vaXue of T/Q was taken to be 6. 0. This value 
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was arrived at on the basis of the numerical solution of a set of data of 

aXlyl aX: oh ol hydrogenation in ethanol. In that set the experimental data 
2 -6 2 

and the numerical values agreed for a value of R T/9 = 4. 0 x 10 cm . 

For particles of 16 microns diameter, this gives a value of T / 9 = 6. 25, 

which is physically reasonable. 

The values of f(Q)TT and f(9 ) calculated for the various systems 

are presented in table V-5. 

II-8 Calculations of Acetone Concentration on Catalyst Surface for a 

Monomolecular layer 

Molecular volume of acetone = 79. 4 ml/g mole 
79.4 

Volume of one molecule = 
6. 0238 x 10 3 

= 16.18 x 10"23 cm3 

= X3X 8° A3 

Assuming molecule to be spherical and the surface area covered 

on the catalyst to be the projected area of this sphere, then 

6 V3 
diameter of one molecule of acetone = (X3X 8 x — ) 

TT 

= 6.31°A 

2 2 
Projected area of one molecule =~^7~ x (^.31) "A 

= 3X 31°A2 

The surface area of catalyst per gram 

(determined experimentally at the EMR 

laboratories) = 58.1m 
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Amount of acetone adsorbed per unit m a s s ^ 
5 8 . 1 m . . 

of catalyst = 3 y 3 1 o A 2 molecuXar 

5 8 . 1 x l 0 2 ° ,, moles 
3X 3 x 6. 02 x 10 

-4 
3 . 1 x 10 moles 

Hence the quantity of acetone needed to form a monomolecular layer 
_4 

on the catalyst surface is equal to 3 . 1 x 10 m o l / g cat. 

II-9 Thermopile Calibration Express ion 

The expression used to calcufe-te t empera tu re by knowing the 

EMF measured is 

E = A x T + B x T 2 + c x T 3 (II-9.1) 

Where E is EMF in volts and T is t empera tu re in °C. The 

values of constants A, B and C a r e : 

A = 0. 0001948470 

B = 0.0000002X30 

C = -0. 0000000010 

The tables of EMF versus t empera tu re for t e m p e r a t u r e in te rva l s 

of 0. 001°C a re made by using equation (II-9.1) and values of constants 

A , B , and C. For a par t icular value of EMF generated by the the rmopi le , 

the t empera tu re is read from these t ab les . 



APPENDIX III 

Integration of Rate Equation with Internal and External Diffusion 

Resistances 

The integration of rate expression with internal and external 

diffusion resistance was performed in the asymptotic region and 

experimental data were fitted by the expression obtained. For the non-

asymptotic region which covered only a smaller portion of the data, 

this solution was an approximation, however; the agreement between 

the calculated and experimental values obtained was reasonably good. 

The derivation of the analytical expression is presented here. The 

calculated data for experimental run No. 515 are presented in tables 

Ill-land III-2. 

The rate of hydrogenation reaction is given by the equations: 

r = k . a (C. , - CA ) 
p,A p A,b A, s 

= k c ! , b " 

V dC. . 

= - ^ - £ - b (m-j) 
w dt 

Here k is the particle-Xquid mass transfer coefficient and k is 
p, A 

the kinetic constant. The kinetic expression has a power of one half 

to the hydrogen concentration because the order of reaction with 

respect to hydrogen was found to be approximately one half. 

The effectiveness factor, r\ , is obtained from the Thiele 

parameter, h, which for a zero order reaction is given by 

- 328 -
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I 
i 1 "5 

K C 2 

h = R r v H > b 1 ( i n _ 2 ) r v -H»Q -1 

LCA D J 
*- A, s e -1 

Here K is the zero-border react ion ra te constant based on volume and 
v 

D is the effective diffusivity given by 

e r 

where 9 is the void fraction and T is the tor tuosi ty factor. 

For asymptotic region let r\ - d/h, where d i s a constant. 

Substituting from equation (III-2) in (III-l) one gets 

r=kCH*b n = * C* jb - f -

or 

r = 

" i i 
k C e c . D 2 

H,b r A , s 

r-] R L. K C 
v H,b 

" i i 
k r c , C ? D 1 2 

L A , s ^ H , b eJ ^ „ i R = b l C A , s ( I I I - 3 ) 

" i l 
k [CSH,b De1 

where b . = (III-4) 
i. is. 

Substituting the value of C . from equation (III-3) into equation (III-l), 
A j s 

one gets 

CCA,b"(x) ] p,A p L A ,b 

rea r rang ing equation (III-5), a quadratic equation is obtained 

2 2 2 
k a r + b., , r - k . . a b . C A 1 = 0 (III-6) 

p , A p 1 p . A p l A . b K ' 
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The va lue of r i s obta ined f r o m equa t ion ( I I I -6) , t a k i n g t h e p o s i t i v e r o o t , 

' A , b V, d C . , - b 2 +v/bf + (2 b, k T a ) 2 C 
1 V 1 1 _L 

w 
p , A y> A , b 

d t 
2 k- . a 

p , A p 

(in-7) 

r e a r r a n g i n g equa t ion (III-7) 

d C 
A , b w 

dt 
2 k A a. V 

p , A p L 
[ b? -Jb4, + (2b, K A *Jc

Ath] -L p , A p 

(in-8) 

o r d C 
A , b 
dt 

n -Jn + m C A , b (in-9) 

w h e r e 

a n d 

w b . 

n = 2 k A a . V 
p,A p L 

m = 

b w 2 

V-) 

(111-10) 

(iii-iD 

Equa t i on (111-9) i s of the f o r m 

dx 
dt 

-\ja.Z + e x 

which on i n t e g r a t i o n g ives 

X i x + 2 J l + ~ x + Xi 
a 

1 + ? x - 1 

1+- x + 1 
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Thus equation (III-9) upon integration gives 

2 A , b 
— [ i n c . + 2 1 + ^ c + l n » 1 
m I A,h M n 2 A , b | 1 + _m_ Q J 

j£ .A., D 

n 

(111-32) 

Defining pa rame te r s a and 6, using equations (111-10) and (III-ll) 

(in-33) 
1 
a 

(3 = 

n 
m 

m 
2 

n 

v i 
2 k . a w 

P.A p 

2 k . a 2 
f P .A .p i 
v t t 1 j 

and 

Equation (111-12) now can be wri t ten as 

J 1 + P C A . b + 1 
A,b 

using the boundary condition 

a t t = 0, C A ) b = C A j 0 , one gets 

a t = In - ^ + 2 [ J l + P C A i - J U P C ] 
A , b ' 

(111-14) 

/ J l + P C - 1 
at = X i C A j b + 2N | l+ B C A j b + ln , (111-15) 

( \ / i + P C 0 - D ( J i + p c +1) 
+ In r V A ' ° M A > b 1 (111-16) 

- ( J l + p c A f 0 + i ) ( • N / i + s c A j b - i ) -

Equation (111-16) i s the r a t e equation which was used to fit the expe r imen ta l 

data obtained in Run 515. Initially, the a l ly l a lcohol hydrogenation reac t ion 
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was ze ro order in a l lyl alcohol and was taken through the concentrat ion 

change in which the t ransi t ion from zero order to f irs t order occured. 

The pseudo-zero-order ra te constant was obtained from ra te 

measu remen t s in the zero-order region. The part icle-Xquid m a s s 

t ransfe r coefficient k . a. was obtained from the data in the f i r s t -
.p,A p 

order region. 
1 

Exper imenta l data were plotted in the form C? ve r sus t 
-A , D 

to obtain concentration range of C . in which the curve was Xnear. 
. A , D 

This portion of data was considered to be in asymptotic region and 

the ra te the re was used to calcu3ate first es t imate of by In asymptotic 

region r = b- C j£ . Value of r is evaluated graphically in the region 
Xnear in C? , . Concentration C. for that value of t is obtained 

A ,b A , s 
from the graph of C /C» , > and hence then quantity b. i s obtained. 

.A , S .A-, D JL 

In the solution of equation (111-16), the exper imenta l and calculated 

data agreed for a T/9 values equa l t o 6. 25 for par t ic les of 16 mic rons 

d iameter . F r o m the first order region of data the value of k a 
3 P. A p 

was obtained to be 9.48 cm /(g-cat) (sec), and the zero order region 
-5 

gave the value of constant k = 3. 98 x 10 moles /(g-cat) (sec). These 
values were used to obtain calculated data. The exper imenta l and 
calculated data a r e presented in tables (III-l) and (III-2). 
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T A B L E I I I - l 

E x p e r i m e n t a l Da ta of H y d r o g e n a t i o n of A l l y l A l c o h o l in E t h a n o l 

(Run No. 515) 

687 m m Hg 

25°C 

. 0 3 8 6 g 

209 . 5 m l 

T i m e V 
(sec) 2 

(ml) 

0 
6 1 
110 
145 

183 
240 
282 
325 

372 
424 
515 
583 

658 
732 
815 
89 5 

983 
1068 
1177 
1310 

0 
2 . 3 3 
4 . 4 3 
6 . 0 1 

7. 65 
10 . 68 
1 2 . 3 6 
1 4 . 1 0 

1 5 . 8 0 
17 . 70 
2 1 . 0 8 
2 3 . 08 

2 5 . 2 8 
2 7 . 2 8 
2 9 . 3 8 
3 1 . 3 1 

3 3 . 3 7 
3 5 . 1 1 
3 7 . 1 1 
3 9 . 3 1 

9 5 3 . 5 
912. 5 
8 7 5 . 4 
847. 5 

818. 6 
765. 1 
735. 5 
704. 8 

674. 8 
6 4 1 . 3 
581 . 7 
5 4 6 . 4 

507. 6 
4 7 2 . 3 
43 5.2 
4 0 1 . 2 

3 6 4 . 8 
334. 1 
298 . 8 
2 5 9 . 2 

con t inued 

H 
T 

w 

VT 

C A , x 10 A , b 
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Table I I I - l (continued) 

Time 
(sec) \ . 

(ml) 

4 1 . 64 
44 . 07 
4 5 . 9 7 
4 7 . 9 8 

4 9 . 2 5 
50 .23 
50. 86 
5 1 . 88 

52. 76 
53 .23 
5 3 . 4 3 
53 .69 

53 .90 
54. 05 
54. 05 

_n8 m o l . 
C . , x 10 

A , b m l 

2 1 8 . 9 
176 . 1 
142 . 5 
1 0 7 . 3 

84. 7 
6 7 . 4 
56. 3 
3 8 . 3 

22 . 6 
14 . 5 
1 0 . 9 

6 . 3 5 

2 . 6 5 
0 
0 

1447 
163 5 
1813 
2025 

2215 
2390 
2510 
2790 

3125 
3360 
3530 
3900 

4200 
4600 
5000 
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TABLE III-2 

Calculated Data of Hydrogenation of Allyl Alcohol in Ethanol (Run 515) 

Time C . , x 10 mo! 

-10 
1 3 1 
2 8 1 
443 

618 
806 

1013 
1243 

1400 
1632 
1932 
2213 

2683 
3440 
3730 
413 0 

962.0 
870. 0 
775. 0 
678. 0 

581.0 
484.0 
390. 0 
300. 0 

248.0 
182.0 
120. 0 

77. 0 

37. 0 
12 .0 

7 .0 
3 . 5 



APPENDIX IV 

Hydrogen SolubiXty Data 

Hydrogen solubiXty data in the various solvents and acetone-

solvent binary mixtures were needed to calculate concentrat ion driving 

force for gas absorption and Xquid-part icle m a s s t r ans fe r . 

Exper imen ta l data for hydrogen solubiXty in water , e thanol , 

benzene, cyclohexane, isopropanol, acetone, and in the binary mix tu res 

of acetone-benzene, acetone-cyclohexane, and acetone- isopropanol were 

obtained in the 3aboratory. For the binary solutions, hydrogen soXibiXty 

was determined at four or five different compoisit ions of the Xquid phase 

and was cor re la ted with models for predicting mixed solvent Henry ' s 

3aw constants . The mode l which represen t s the data best was then 

used to interpolate the solubiXty data at known Xquid composition. 

IV-1 Exper imen ta l 

The solubiXty data were measured at 25°C and approximately 

one a tmosphere to ta l p r e s s u r e . SolubiXties were determined by 

equiXbrium volumetric method which has been d iscussed ea rXer in 

section 4. 8. 2. 

When hydrogen solubiXties were measu red in the binary Xquid 

m i x t u r e s , approximately known volumes of the two Xquids were mixed 

in the solution flask, after the Xquids were individually degassed. These 

solutions were then analyzed by measur ing the i r refract ive indicies at 

25°C with a Bausch and L omb Abbe 3-L re f rac tomete r . Refractive 

indicies measu red with in +_ 0. 0000 5 for the binary samples of known 

composit ion were cor re la ted by the equation 

- 136 -
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* D = X l * D + X2 ^ D2 + X1X2 ( A X 1 + BX2 " CatlJC2) 

(IV-1) 

Here T).—., and T| _̂ _ are the refractive indicies of the pure components. 

The constants A, B, and C were obtained by the method of least 

squares. These constants are presented in table IV-1 for the three 

systems studied. The caXbration data were corre3ated with an average 

percent deviation of 0. 02 for acetone-benzene system, of 0. 03 for 

acetone-cyclohexane system, and of 0. 004 for acetone-isopropanol 

system. 

Density data, needed for the binary mixtures to obtain the 

volume of the Xquid, were also correlated by an equation identical to 

equation (IV-1). The constants of correlation and the percent deviations 

of the experimental data from the calculated data are presented in 

table IV-2. 

The partial pressure of the Xquid vapors in the gas phase were 

obtained by knowing the composition of the Xquid phase, by using 

equation 

PM - P l V P2 X2 + X l X2 [ ° 1 + C2 (2X1 " X) 

+ C3 (2Xl - l)
2 + ] (IV-2) 

where P., P and P are the vapor pressures of the components 1, 2 , 

and of mixture, respectively. Thermodynamic vapor pressure-composition 

data were used to obtain constants C , C C,. . . etc. , for the various 

binary systems. These constants along with the vapor pressures of 

the pure components are presented in table IV-3. 
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IV-2 R e s u X s and D i s c u s s i o n s 

E x p e r i m e n t a l da ta for h y d r o g e n solubiXty in p u r e and m i x e d 

s o l v e n t s a r e r e p o r t e d a s Ostwald coef f ic ien ts and a s H e n r y ' s 3aw 

c o n s t a n t s in t a b l e s I V - 4 and I V - 5 . 

F o r b i n a r y Xquid s o l u t i o n s , t he H e n r y ' s 3aw c o n s t a n t s w e r e 

c o r r e l a t e d by t h e add i t ive e x c e s s f r ee e n e r g y mode3s for p r e d i c t i n g 

gas so lub iXt i e s in m i x e d s o l v e n t s . De ta i l ed d i s c u s s i o n h a s b e e n p r e s e n t e d 

e l s e w h e r e . Of the s e v e r a l m o d e l s u s e d , four giving t h e b e s t 

r e s u l t s a r e p r e s e n t e d h e r e for the s i t ua t ion when i / j . 

(1) I d e a l M o d e l : T h i s i s t he s i m p l e s t c a s e w h e n t h e b i n a r i e s 

f o r m i d e a l m i x t u r e s . H e r e , H e n r y ' s 3aw c o n s t a n t for m i x e d 

so lven t s i s given by t h e K r i s c h e v s k y equa t ion 

m 
3n H_ = £ x . I n H . (IV-3) 

1, m . _ l l , i 

(2) One Cons tan t M a r g u l e s E q u a t i o n M o d e l : 

H e r e , one cons t an t M a r g u l e s equa t ion i s u s e d t o 

r e p r e s e n t b i n a r y so lvent v a p o r - X q u i d e q u i X b r i u m da ta 

E 

B . . x . x . ( IV-4) 
RT ij i j 

U s i n g equa t ion ( IV-4) , P r a u s n i t z and O'ConneXl d e r i v e d t h e 

fol lowing equa t ion 
m m m 

^ HT m = S X i ^ H l i " * S S B i i X i X i ( I V = 5 ) 

l , m . = 2 i 1 , 1 B . = 2 j = 2 ij i j 

(3) Two Cons tan t M a r g u l e s E q u a t i o n M o d e l : 

When e x c e s s f r ee e n e r g y of the s o l v e n t - s o l v e n t b i n a r i e s 

a r e e x p r e s s e d with a two c o n s t a n t M a r g u l e s equa t ion 
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-%- = B , + C . (2x -1) (IV-6) 
x . x . R T iJ ij 1 

i J 

The result ing equation for the mixed solvent Henry ' s law constant 

was recommended by BoubXk and Ha3a for use with non-elect rolyte 

sys tems 
m m m 

* H l , m = £ Xi ̂  H l , i - * f_z f_2 I B i j + 2 C i j ( 2 x i " 1] 1 X i Xj 

(IV-7) 

(4) V a n L a a r Model: A further possibiXty is to express solvent-

solvent binary excess free energy by the v a n L a a r equation. In 

this case only two body interact ions a r e considered, but the 

effective mola r volumes, q. , a r e considered as p a r a m e t e r s . 

The resul t is 
t 

m m m x A 
In H. = £ x. In H_ . - i £ £ J _ £L 

1, m . _ i 1, i £ . _ . _ x. A ' . , x. 2 
' " • 1=2 i - , i i l 
i=Z ' i=2 > 2 J 1+ , ^ i 

B ' . . x. 
U J 

(IV-8) 

Here A ' . , and B ' . . a r e the V a n L a a r constants using the 
1J 1J (67) 

CarXson and Co3burn convention 
E 

g ;- A1.. B'.. x. x. 

RT A'., x. + B.' x K v y ' 

Equation (IV-8) was used for the first t ime by P u r i and Ruether . 
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A comparison of exper imenta l and predicted mixed solvent 

Henry ' s constants for the four models is shown in table IV-6. ResuXs 

of the th ree sys tems measured experimental ly a r e a lso shown in 

Figure IV-X Of the models tes ted, equation (IV-8) based on V a n L a a r 

corre la t ion of solvent-solvent non ideaXty was the bes t , but was only 

marginal ly be t ter than equation (IV-3). Thus , for the present study, 

V a n L a a r mode l was adopted for the interpolation of the gas solubiXty 

data for various b inar ies used. 
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0-2 0-4 0-6 0-8 

MOLE FRACTION ACETONE 

1-0 

Figure IV-1 Henry ' s constant for hydrogen in organic b ina r i e s 
at 25°C. Solvents: I ace tone- i s opr opanoX II 
acetone-cyc3ohexane; III acetone-benzene. 
Curves : 1 Equation (,IV-8); 2 Equation (IV-5); 3 
Equation (IV-7). 



TABLE IV-1 

Refractive Index - Composition Data Corre3ation at 2 5°C 

^DM = X l ^ D, + "211 D, + X1X2 ( A X 1 + B X 2 " C x l X 2 ) 

System •n D, Tl D. 
B % Dev. 

Acetone (1) -
benzene (2) 

1.3566 1.49 79 0.0294546 0.0190779 -0.0080656 0.020 

Acetone (1) -
cyclohexane (2) 

1.3566 1.4233 0.0060214 0.0329934 0.0528160 0.011 

Acetone (1) - 1.3566 
isopropanol(2) 

1.3747 -0.0065806 -0.001043 1 0.0004512 0.001 



T A B L E IV-2 

D e n s i t y - C o m p o s i t i o n Data C o r r e 3 a t i o n at 25°C 

P M = X 1 P 1 + X 2 P 2 + - 1
x

2 ( A x 1 + B x 2 - C X l x 2 ) 

S y s t e m P l 
g / m l g / m l 

B % Dev . 

A c e t o n e (1) -
B e n z e n e (2) 

A c e t o n e (X -
c y c l o h e x a n e (2) 

A c e t o n e (1) -
i s o p r o p a n o l (2) 

0 . 7 8 5 5 0 . 8 7 3 5 0 .025433 0 .012004 - 0 . 0 1 1 1 4 8 

0. 7855 0. 7729 

0. 7855 0. 7809 

= 0 .058753 - 0 . 0 3 9 6 8 1 - 0 . 0 3 0 8 9 0 

•0 .014116 - 0 . 0 1 2 5 9 7 - 0 . 0 0 0 8 5 6 

0 . 0 9 1 0 

0.0039 

0 . 0 0 6 1 



TABLE IV-3 

P r e s s u r e - Composition Data Corre3ation at 25°C 

P M = P 1 X 1 + P 2 X2 + X 1 X 2 L C l + C 2 ( 2 X 1 " 1} + C 3 ( 2 X 1 " ^ ' • • 3 

Sys tem P P 2 ^ C £ C 3 C 4 C 5 % Dev. 

m m Hg m m Hg 

113.2077 -68 .5211 70.2712 -67.3838 - 0. 62 £ 

373.8838 -182.3288 272.1202 -185 .7301 323.7346 0.13 

125.3636 -83.7920 43.0225 -93.7373 - 0.86 

Acetone (1) -
benzene (2) 

Acetone (1) -
cyclohexane (2) 

Acetone (1) = 
i sopropanol (2) 

226.50 95.00 

229.55 97.77 

229.55 44.02 
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TABLE IV-4 

SolubiXty of Hydrogen in Different Solvents at 25°C 

_, - Bunsen coefficient 
Solvent 

exper imenta l Xtera ture 

water 

ethanol 

0172 

0783 
0783 

.0174(68» 

.0784(69» 
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TABLE IV-5 

SolubiXty of Hydrogen in Pure and Mixed Solvents at 25°C 

x 
mole fr. of 

acetone 

1.0000 
0. 8536 
0. 6381 
0.4255 
0.2233 
0.0000 

1 
Ostwald 
coefficient 

Exper imenta l L i t e r a tu r e 

Acetone-Benzene 

0. 0943 
0. 0919 
0. 09 52 
0 .0890 
0. 0847 
0 .0756 

R a t m 

Henry ' s L aw 
constant 

0.0756 
0 . 0 7 1 

(69) 
(70) 

2416 
2473 
2366 
2502 
2649 
3156 

Acetone-Cyclohexane 

1.0000 0.0943 
0.8282 0.0929 
0.7769 0.0900 
0.5406 0.1028 
0.3914 0.1058 
0.2466 0.1030 
0.0000 0.0953 0 .092 

(70) 

2416 
19 79 
2032 
2014 
1977 
2023 
2041 

Ac etcsne -Is opr opanol 

1.000 0.0943 
0.736 0.1016 
0.655 0.1038 
0.486 0.1038 
0 . 3 5 1 0.1023 
0.122 0.0920 
0.000 0.0845 

2416 
2355 
2414 
2560 
2719 
3201 
3539 



TABLE IV-6 

Measured and Predic ted Values of Henry ' s Constants in Mixed Solvents 

Sys tem No. of data 
points 

Average Absolute Deviation 

Eqn (II-3) Eqn (II-5) Eqn (II-7) Eqn (H-8). 

Hydrogen-Acetone" 
Benzene -9.6 +4. 1 7. 5 1 .5 

Hydrogen-Acetone-
Cyclohexane 

H ydrogen-Ac et one-
is opr opanol 

•11.9 

-12.4 

21 . 7 

+8.9 

22. 0 

+ 8.3 

6 . 6 

2.3 

Deviation 
H - H 

exp c a l 
H 

x 100 
exp 

+ indicates positive deviation 

indicates negative deviation 

No sign indicates both positive and negative deviations 



APPENDDC V 

Exper imenta l and Calculated Data for AXlyl Alcohol and 

Fumar ic Acid Hydrogenation 

TABLE V-I 

Reaction Order with Respect to Substrate 

Concentration at 2 5° C 

P . . C . „ x l 0 5 H l £ - r x l 0 5 j n o 1 

H A , 0 m l (sec) (g-cat) 
m m Hg 

Al ly l Alcohol in Water (Run No. 232) 

713.6 0.673 3.506 
714.0 2.018 3.299 
714.3 3.368 3.219 

714.8 6.055 3.136 

714.2 8,746 2.757 

Al lyl Alcohol in Ethanol (Run No. 504) 

685.5 6.700 3.695 
685.5 13.400 4 . 1 7 1 

685.5 20.100 4.354 

Fumar ic Acid in Ethanol (Run No. 306) 

707.5 11.48 0.657 
707.5 7.74 0.657 
707.5 4 . 0 1 0.657 
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T A B L E V-2 

R e a c t i o n O r d e r with R e s p e c t to H y d r o g e n P a r t i a l 

P r e s s u r e at 25° C 

-p t- -m8 E12+ T-, 1 n 6 m o l 
-̂ XT O T T , x 10 P „ , r x 10 H H , b m l H , b (g -ca t ) ( sec) 

m m Hg m m Hg 

A l l y l A l c o h o l in W a t e r (Run No. 205) 

714. 5 
607. 5 
512. 5 
4 2 3 . 8 

683 . 7 
436 . 7 
2 8 7 . 6 
1 3 8 . 2 

6 9 2 . 0 
458 . 5 
3 0 7 . 3 
2 2 1 . 5 

49 . 5 1 
4 2 . 0 3 
35 . 53 
2 9 . 1 3 

»l(Run No. 

305 . 7 
194. 1 
126 .9 

59 .9 

L (Run No. 

316. 5 
2 0 9 . 4 
140. 1 
1 0 0 . 7 

307) 

514) 

4 8 0 . 8 
408 . 1 
345 . 0 
2 8 2 . 8 

6 6 4 . 3 
4 2 9 . 8 
275 . 7 
1 3 0 . 2 

6 8 7 . 7 
455 . 0 
3 0 4 . 4 
2 1 8 . 8 

3 0 . 3 0 
2 5 . 8 5 
2 1 . 7 1 
1 8 . 2 7 

6 . 3 5 
4 . 8 5 
3 . 9 4 
2 . 6 6 

3 8 . 1 2 
3 3 . 4 8 
2 8 . 2 0 
2 4 . 6 0 
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TABLE V-3 

Reaction Rates with Linear Dependence on Bulk 

Concentration at 25°C 

H 
m m Hg 

-0 5 
( P H > b ) x l O 

(mm Hg) 0. 5 
A , b (g-cat) (sec) 
r m l 

Allyl Alcohol in Water (Run No. 210) 

731.4 
671.6 
628. 8 

594.4 
427. 5 
277. 9 

251. 1 
337. 0 
149. 0 
182.9 

0.3698 
0.3859 
0.3988 

0 .4101 
0.4838 
0. 5999 

0. 6309 
0. 5446 
0.8190 
0. 7396 

0. 05615 
0.05555 
0. 05437 

0. 0449 1 
0.04963 
0. 05140 

0.04668 
0.04963 
0.04728 
0. 04963 

Allyl Alcohol in Ethanol (Run No. 506) 

677. 1 
488.3 
372.9 

292. 2 
206. 0 
108. 1 

0.3843 
0.4525 
0. 5178 

0. 5851 
0.6968 
0.9615 

0.08867 
0.08509 
0. 07151 

0.06932 
0.07236 
0.06655 

Fumar ic Acid in Ethanol (Run No. 302) 

705. 7 
655. 5 
531.4 

0.3765 
0.3906 
0.4338 

0.4993 
0. 5053 
0. 5366 

379.7 0.5133 
261.9 0 .6181 

0. 6324 
0. 7989 
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TABLE V-4 

Data for Apparent Activation Energy for Al ly l A3cohol 

in Ethanol 

y - x X T (°K) ± 3nkQ 

or In k. . a 
P,A p 

(Run No. 52 8) 

Ze ro order region 

24.5 3.359 3.19 
28.6 3.314 3.67 
32.2 3.275 4 .04 
35.3 3.242 4 . 3 1 

F i r s t order region 

24.5 3.359 2.68 
28.6 3.314 2.34 
32.2 3.275 2.53 
35.3 3.242 2.27 



T A B L E V-5 

E x p e r i m e n t a l R a t e Da ta 

A l l y l A l c o h o l in W a t e r (Run No. 212) 

p 
H , m m Hg 

7 1 3 . 6 
7 1 4 . 0 
7 1 4 . 3 

7 1 4 . 8 
7 1 4 . 2 
7 1 4 . 4 

C . , m o l 
A , b 

c m l 
x 10 

0 . 6 7 3 
2 . 0 1 8 
3 . 3 6 8 

6 . 0 5 5 
8 . 7 4 6 

1 1 . 4 4 0 

C H , b • 

x l O 8 

60. 
6 1 . 
6 1 . 

62. 
63 . 
64. 

C A O 
V l 
w 

t 

m o l 
m l 

8 
.3 
9 

3 
6 
4 

= 3 X 4 4 x 10 

= 218. 5 m l 

= 6. 23 x 

= 25°C 

m o l . 
r 

g - s e c 
x l O 6 

35. 06 
3 2 . 9 9 
3 2 . 2 0 

3 1 . 3 6 
27 . 57 
2 5 . 3 6 

10 " 3 

-

m o 3 / m l 

g. 

C A O " ° A 
C A O 

0 . 9 4 1 
0 . 8 2 4 
0 .706 

0 . 4 7 1 
0 . 2 3 5 
0 . 0 

«. A , s 
JA C A , 

A , b 

0 .739 
0 . 9 1 8 
0 .952 

0 . 9 7 4 
0 . 9 8 4 
0 .989 

a 
f (8) A 

1.06 
0 . 2 7 
0 . 1 5 

0. 08 
0. 05 
0. 03 

J ] 

C 
H, s 

H _ C H , b 

0 . 2 3 8 
0 . 2 9 2 
0 . 3 1 3 

0 . 3 2 4 
0 . 4 2 7 
0 .479 

a 
f < e > H 

i 

9 . 6 5 K 
7 . 3 4 , 
6 . 6 2 

6 .19 
4 . 0 4 
3 . 2 7 

a : Def ined by equa t i on I I - 7 . 1 



A l l y l A l c o h o l in W a t e r (Run No. 206) 

- 5 / 
C = 11. 44 x 10 m o l / m l 

AO 

P H 
m m Hg 

704. 7 

c ] 

C A , b 

x l O 6 

2 . 6 8 

2 . 1 3 

1 .63 

1 . 1 4 

0. 5 1 

m o l 
m l 

m o l 
H , b m l 

x l O 8 

67. 8 

6 7 . 9 

69 . 1 

6 9 . 8 

7 1 . 0 

V l = 

w = 

t 

m o l 
r 

g - s e c 

x l O 6 

2 4 . 4 0 

2 4 . 4 0 

1 7 . 7 6 

1 4 . 4 9 

7.89 

229. 0 m l 

3 . 4 8 x I f f 3 g 

25°C 

C A O " C A 

C A O 

0 .9766 

0 . 9 8 1 4 

0 .9858 

0 .9900 

0 . 9 9 5 5 

c. 
A C . , 

A , b 

0. 545 

0 . 4 5 5 

0 .363 

0 .222 

f (9) 
A 

2. 52 

3 . 6 1 

5 .27 

1 0 . 5 

* H 
H . s 

C H , b 

0. 524 

0 .660 

0 . 7 2 5 

0 .853 

f , e , H 

2. 73 

1 . 55 

1 .14 

0. 52 

1 



AXlyl Alcohol in Water (Run No. 210 A) 

_5 
C. _ = 11.44x10 mol/ml 

V = 220. 0 ml 
-3 

w = 33. 0 x 10 g 

t = 25°C 

731.4 

c A _ - C . C » CT mol mol mol AO - A . A, s ^ H, s 
PH C A,b ml CH,b ml g-sec C A Q ?A ~ C A b

 f (6 ' A ^H " CR
 f % 

" ^ ^ , 6 xlO8 xlO6 

x 10 

K 

0 . 9 6 6 

0 . 6 3 7 

0 .420 

0 . 2 2 5 

0 .075 

6 6 . 5 

6 9 . 5 

7 1 . 5 

73 .3 

74. 6 

1 9 . 3 2 

1 2 . 7 3 

8 . 4 1 

4 . 5 1 

1 . 50 

0 .9916 

0 .9944 

0 .9963 

0 .9980 

0 .9993 

0. 00 

- 0 . 0 0 1 

- 0 . 0 0 1 

- 0 . 0 0 2 

0. 00 

00 

-3010 

-2510 

-1372 

00 

0. 603 

0 . 7 3 8 

0 .827 

0 . 9 0 7 

0.9 69 

^ 

1 . 1 5 ' 

0. 73 

0 . 4 7 

0 .25 

0 . 0 8 



F u m a r i c Ac id in E t h a n o l (Run No. 306) 

C A Q = 1 X 4 8 x 1 0 * m o l / m l 

P H 
m m Hg 

680 . 1 

6 9 7 . 4 

c rno^ 
A , b m l 

5 
x 10 

4 . 0 1 
7. 74 

1 1 . 4 8 

0 . 2 7 5 
0 . 1 7 8 

0. 073 
0 . 1 1 4 
0. 024 

P m o l 
H , b m l 

x l O 8 

3 0 3 . 8 
3 0 3 . 8 
3 0 3 . 8 

3 1 9 . 6 
3 1 9 . 8 

320 . 1 
3 1 9 . 9 
320 . 5 

V l 
w 

t 

m o l . 
r 

g - s e c 

x l O 6 

6. 57 
6. 57 
6. 57 

= 21X 5 m l 

= 3 8 . 4 x 1 0 

= 25°C 

C A O " C A 

C A O 

0 . 6 5 1 
0 . 3 2 6 
0 .00 

-3 
g 

JA 

F u m a r i c Ac id in E t h a n o l (Run 

C A O = 
V l = 

w = 

0. 670 
0. 566 

0 .379 
0 . 4 6 1 
0 .180 

11. 4 8 x 1 0 " m o 

228 . 0 m l 

5 3 . 7 x 10~3 g 

0 . 9760 
0 . 9 8 4 5 

0 . 9 9 3 6 
0 . 9 9 0 1 
0 .9980 

• I / m l 

A , s 

C A , b 

0 . 9 8 8 
0 . 9 9 4 
0 .996 

No. 309) 

0 . 9 8 1 
0 . 9 7 6 

0.9 57 
0 .969 
0 . 9 4 4 

f (9 ) f •• 
A H 

. 0306 

.0159 

. 0 1 0 7 

. 0463 

. 0607 

. 1 0 1 2 

. 0 7 8 1 
J.X487 

H , s 
C H , b 

0 . 9 9 0 
0 .990 
0 .990 

0 .999 
0 .999 

0 .999 
0 .999 
0 .999 

f (9) 
H 

. 0 2 5 £ 

. 025 ^ 

. 0 2 5 ' 

. 0 0 2 5 

. 0 0 2 1 

. 0 0 1 4 

. 0 0 1 7 

. 0 0 0 7 



F u m a r i c Ac id in E t h a n o l (Run No. 307) 

CA _ = 11. 48 x 1 0 " 5 m o l / m l 
AO ' 

V = 229. 6 m l 
=3 

w = 4X 6 x 10 g 
t = 25°C 

PT T CA , - ^ C , ^L m o l c - C . C . C 
H A , b m l H , b m l r A O A K A , s H , s . . . . 

g-sec — J = — f ( 9 ) 7 =-- f(9) 
n^Hg x ] f l 5 x l 0 8 x l 0 5 C A O A C A , b 

6 8 3 . 7 3 . 6 5 3 0 5 . 7 6 .315 0 .682 . 9 9 1 . 0 3 2 6 . 9 9 1 . 0 2 4 7 

F u m a r i c Ac id in E t h a n o l (Run No. 315) 

C A O = 1 L 4 8 X 1 0 " 5 m o l / m l 

V = 2 0 6 . 3 m l 
1 _3 

w = 2X 6 x 10 g 

t = 25°C 

ON 

6 8 4 . 0 2 . 0 8 3 1 1 . 4 4 . 2 5 8 . 8 2 0 . 9 9 4 . 0 3 8 5 . 9 9 4 . 0 1 6 3 



A l l y l A l c o h o l in E t h a n o l (Run No. 504) 

C = 20. l x 10° m o l / m l 

V = 219. 3 m l 

w = 2 . 52 x 10" g 

t = 25°C 

p C A , *£&• C - 2 3 ^ m o l C . - C . CA C 
H A , b m l H , b m l r AO A ^ A , s , . . . H , s f / n \ 

x 10 
» m H « - I D 5 x l O 8 , 6 C A O J A ^ C A , b l % V C H > b H X 

6 8 5 . 5 6 . 7 0 3 1 2 . 5 3 6 . 9 5 0 . 6 6 7 0 . 9 5 8 . 119 0 . 9 4 7 . 1 4 8 

0 .0940 . 169 

6. 70 

1 3 . 4 0 

2 0 . 1 0 

3 1 2 . 5 

3 1 1 . 8 

3 1 1 . 6 

3 6 . 9 5 

4 1 . 7 1 

4 3 . 54 

0 . 6 6 7 

0 . 3 3 0 

0 . 0 0 

0 . 9 5 8 

0 . 9 7 7 

0 . 9 8 4 

. 119 

. 0 6 6 

. 0 4 6 0 . 9 3 1 . 1 7 7 



Allyl Alcohol in Ethanol (Run No. 506A) 

C . = 20.10 x 10"5 m o l / m l 

AO ' 

V1 = 217. 2 m l 

w = 15. 2 x 10° g 

t = 25°C 

H 
m m Hg 

m o l 
'A, b m l 

x l O 5 

m o l 
' H , b m l 

x l O 8 

m o l 
g-sec 

AO 

AO 
?A= ^ f ( 9 ) A ^ 

A ' b C H , b 
f (9) 

H 

677. 1 0.1370 

0.0746 

0.0612 

0.0357 

0. 0149 

301.8 

306.2 

307.2 

309. 0 

310. 5 

18 .25 

9.92 

8.40 

4. 75 

1.98 

0.9932 

0.9963 

0.9969 

0.9982 

0.9992 

0001 

0002 

0320 

0004 

0008 

.9 73 

.986 

.988 

.993 

.997 

.074 

.039 

.037 

.018 

.003 



A l l y l Ale oho l in E t h a n o l (Run No. 531) 

CA ^ = 20. 10 x 10" m o l / m l 
AO 

Vĵ  = 219.3 m l 

w = 10. 0 x 10 g 

t = 25°C 

P H 

m m Hg 

6 7 8 . 3 

C . , m o l 
A ' b m l 

5 
x 10 

0 . 9 5 4 

0. 585 

0 . 4 2 5 

0 . 3 2 6 

0 . 2 7 1 

0 . 1 4 7 

0 . 0 5 8 

c mo1 

H , b m l 

x 10 8 

3 0 0 . 4 

3 0 0 . 4 

302. 7 

304 . 7 

305 . 8 

3 0 8 . 9 

3 1 0 . 3 

r a o l 
r — • -•- • 

g = sec 

x 106 

3 3 . 2 3 

3 3 . 2 3 

2 6 . 6 4 

2 0 . 9 8 

1 7 . 9 9 

9 . 1 2 

5 .07 

C A O " ° A 
C A O 

0 . 9 5 2 5 

0 .9708 

0 .9788 

0 . 9 8 3 8 

0 . 9 8 6 5 

0 . 9 9 2 5 

0 .9970 

?A = 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

C A , 

C A , 

738 

573 

529 

516 

5 0 1 

534 

343 

s 

b 
f (9) 

A 

0 . 9 8 

2. 07 

2 . 4 7 

2 . 6 0 

2 . 7 5 

2 . 4 3 

5 . 2 8 

w» H , 

J H " C H , 

0 . 9 5 1 

0 . 9 5 1 

0 . 9 6 1 

0 .969 

0 . 9 7 4 

0 . 9 8 7 

0 . 9 9 3 

s 

b 
f (9) 

H 

i 

. 1 3 8 ' 

. 1 3 8 

. 1 0 8 

. 0 8 4 

. 0 7 2 

. 035 

. 0 1 9 



APPENDIX VI 

Exper imen ta l and Calcu3ated Data for Acetone Hydrogenation 

TABLE VI-1 

Hydrogenation Reaction Rate Data of Acetone at 25°C 

Run No. 
m o l 

A , b 
H 

x 10' 
m o l 

(min) (g) (atm) 

1 
P . 2 A , b H H 

C P s 
A , b H 

Sys tem: Acetone-Benzene 

1-2-E 
1-3-R 
1-5-R 

1-7-R 
1-10-R 
1-11-R 

1-12 -R 
1-13-R 
1-14-R 

0.06 
3. 63 
6 . 4 1 

9.29 
13 . 89 

2.87 

1.47 
5. 58 
8.33 

3.85 
15.03 
13.12 

12.89 
17.42 
12.42 

10.10 
13.06 
12.67 

39 .5 
155.0 
221.0 

268.0 
311.0 
152.0 

120.6 
207. 0 
256.0 

41.6 
166.0 
238. 7 

291. 0 
342.3 
162.0 

127. 0 
222. 0 
278.0 

Sys tem: Acetone-Cyclohexane 

2-1-E 
2-5-R 
2-6-R 
2-7-R 

2-8-R 
2-10-R 
2-11-R 

2-12-R 
2-14-R 
2-16-R 

Sys tem: 

3-1-E 
3-2-R 
3-3-R 
3-5-R 

0. 06 
6. 73 
7. 78 
9. 51 

11.26 
10. 59 
12.24 

13.89 
2 .05 
4 .92 

Acetone- isopropanol 

0.06 
2 .18 
4 .63 
6. 77 

9.30 
20.15 
14.32 
12. 51 

14.24 
10.68 
13.76 

16.69 
17.30 
19 .11 

14.20 
8. 81 

13 . 50 
18. 60 

25 .4 
183.0 
233.0 
275. 0 

281.0 
315.0 
298.0 

288.0 
108 .8 
160.0 

20. 5 
157.0 
185.0 
19X 0 

26 .8 
203.9 
260. 0 
307.6 

313.8 
351. 0 
333.0 

316. 0 
119 .6 
178 .3 

21 .7 
163.0 
196.0 
204.0 

continued 
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Run No 
A h T I-

H 

1 ^ i 1 
S C P 2 g 

m o l r , 5 m o l / A^b H \ / A , b H 
m o l __r 5 m o l / A , b H \ / A . b H \ 

° A , b 1 P u
 X (min) (g) (atm) { r M r J 

Sys tem: Acetone Isopropanol 

3-6-R 8.73 
3-7-R 10 .11 
3-8-R 11.78 
3-9-R 13.89 

1 8 . 
18 . 
19 . 
20 . 

98 
78 
60 
37 

214.0 
232.0 
245.0 
261 .1 

231 .1 
2 51.4 
267.3 
286.9 
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TABLE VI-2 

Data for Reaction Order with Respect to Hydrogen 

P r e s s u r e at 25°C 

Acetone concentration = 0. 015 m o l / l 

m o l m o l 
-LL' _ C-* H H,b 1 (sec) (g-cat) 
m m Hg 

x 10 x 10 

Sys tem: Acetone-Benzene (Run No. 1-2-E) 

652.0 3.04 55.13 
566.0 2 .64 54.27 
419.0 1.9 5 42.74 

Sys tem: Acetone-Cyclohexane (Run No. 2-1-E) 

652.0 3.86 133.7 
567.0 3.36 116.2 
431.0 2 .55 93 .7 
276.0 1.63 92 .5 

Sys tem: Acetone- isopropanol (Run No. 3-1-E) 

746.0 3 . 4 1 220.3 
623.0 3 . 0 1 194.3 
422.0 2 .04 157.0 
299.5 1.45 130.0 
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TABLE VI-3 

Data for Apparent Energy of Activation for 

Hydrogenation of Acetone 

Run No. T°K Xi k 
m o l 

(min) (g-cat) ( m m H g ) 2 

System: Acetone-Benzene 

1-1-E 
1-3-E 
1-4-E 
1-5-E 

298.15 
300.65 
303.15 
307.15 

13.843 
13.792 
13.692 
13.606 

System: Acetone-Cyclohexane 

2-1-E 298.15 
2 -2 -E 300.65 
2-3-E 303.15 
2-4-E 307.15 

1 2 . 6 6 1 
12. 601 
12.524 
12. 545 

System: Acetone- isopropanol 

3-2-E 298.15 
3-3-E 300.65 
3-4-E 303.15 
3-5-E 307.15 

13.268 
13.227 
1 3 . 0 8 1 
13.054 
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TABLE VI -4 

Data for Effect of Hydrogen P r e s s u r e Dn Rate in the Linear 

Region at 2 5° C 

slope / 
c p - ° ' 5 

°A,b PH 

System: Acetone-Benzene (Run No. 1-1-RA) 

V_ = 180 m l 
L 

w = 0. 85 g 

5400 25.5 .039 
6410 30.3 .047 
8240 38.9 .064 

System: Acetone-Cyclohexane (Run No. 2-3-RA) 

VT = 198 m l 
IJ 

w = 0.18 g 

5700 5.18 .039 
6372 5.79 .047 
8655 7.87 ,060 

System: Acetone- isopropanol (Run No. 3-2-RA) 

VT = 207 m l 

w = 0. 75 g 

27190 98.5 .038 
31129 113.0 .044 

1 
is the r e c i p r o c a l of slope of the Xne on a semi- log plot of slope 

f 
V - V ve r sus t. 
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200 

I0O 

8-0 

6 0 

4 0 

2 0 

10 
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"~~^°^ - - ^_ Surface 

O ^ - ^ 

1 i 1 

^ - \ 0 

1 

8 16 24 

TIME X 10 sec 

Figure Vl-1 F i r s t order plot for bulk and surface concentrat ion 
for acetone-benzene sys tem at 25°C. 
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TIME XlO sec 

Figure Vl-2 F i r s t order plot for bulk and surface concentrat ion 
for acetone-cyclohexane system at 25°C. 
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TIME X 10 sec 

Figure VI-3 F i r s t order plot for bulk and surface concentrat ion 
for ace tone- isopropanol system at 25°C. 
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Figure VI-4 Absorbance versus n ickel concentration in solution. 
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Figure VI-5 Concentration versus peak height for acetone-benzene sys tem. . Attenuation = 64. 
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- - : • • |v T »' ' J I ' A " ' " 71 - n o ? 1 9 7 - 0 0 

Figure VI-6 A typ ica l acetone-benzene chromatogram. Run 
1-1-SE, sample 2, concentrat ion of acetone = ? 05 
x 10-3 m o l / l . *" UD 
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AREA 

Figure VI-7 Concentrat ion v e r s u s peak a r ea for ace tone-cyclohexane 
sys tem. Attenuation = 16. 
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1 'r> A P 7 1 - 0 1 3 1 ° 7 - 0 3 

Figure VI-8 A typ ica l acetone-cyclohexane chromatogram. Run 
2-3-SE, sample 3, concentration of acetone = X 4 1 x 10"^ m o l / l 
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012 -

010 -

006 -

004-

002 -

4 0 0 8 0 0 
PEAK HEIGHT 

120.0 

Figure VI-9 Concentrat ion ve r sus peak height for acetone-
i sopropanol sys tem. Attenuation = 64. 
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F igure VI-10 A typ ica l ace tone- i sopropanol chromatogram. Run 
3-1-SE, sample 6, concentrat ion of acetone = 2.90 x 10"-5 

m o l / l . 



TABLE VI-5 

Surface Concentration Data in F i r s t Order Region at 2 5° C 

Sample 
number 

T ime 
s e c 

Hydrogen 
reac ted 

m l 

C A x 10 
A 

Solution 

4 m o l 
1 

Surface 

C A , s X 10" 

mo l /g . cat 

Volume of H 
2 

Equivalent to 
surface cone. 

Sys tem: Acetone-Benzene (Run No. 1-1-SE); P = 654 m m Hg 
H 

1 
2 
3 

4 
5 
6 

500 
3500 
7000 

11000 
15400 
21800 

27600 
33600 
38000 

17. 59 
15.48 
13.32 

1 1 . 3 9 
9 . 3 8 
7 .26 

5 .68 
4 . 4 5 
3. 79 

Sys tem: Acetone-Cyclohexane (Run No. 2-

1 
2 
3 

4 
5 
6 

7 
8 
9 

10 
11 

1000 
3000 
5000 

7500 
10000: 
13000 

17000 
21000 
26000 
31000 
36000 

13 .69 
11.42 

9 . 9 0 

8.23 
7.12 
6.17 

5.09 
4 .03 
2 .74 
2.12 
1.36 

20. 5 
17 .8 

15 .4 
13. 0 

9 . 8 

8. 0 
6. 5 
5.6 

5.44 
4. 52 

3.69 
2. 72 
2.37 

1. 52 
0.96 
0. 75 

•3-SE); P = 645 m m Hg 
H 

13. 5 
14. 1 

11 .7 
12. 0 
11.2 

8.6-
6 .3 
5. 5 
5.3 
4 . 2 

6 . 0 1 
2 . 8 1 

2.36 
0.16 
~ 0 

~o 
0. 58 
~ 0 
~ 0 
~ 0 

2 . 4 8 
2 . 0 6 

1.68 
1.24 
1. 08 

0.69 
0 . 4 4 
0 . 3 4 

1 2 . 3 8 
5. 79 

4 . 86 
0 .33 
~ 0 

~ 0 
1.19 
~ 0 
~ 0 
~ 0 

3 . 2 5 
2 . 7 0 

2.20 
1.62 
1 . 4 1 

0.9 1 
0. 57 
0 . 4 5 

3. 52 
1.64 

1 .38 
0 .09 
~ 0 

~ 0 
0 . 3 4 
~ 0 

H 
- J 



Sample 
number 

Sys tem: 

1 
2 
3 

4 
5 
6 

7 
8 
9 

10 

Time 
sec 

Hydrogen 
reac ted 

m l 

Acetone- i sopropanol (Run No. 

0 
500 

3 500 

6500 
10000 
15400 

20000 
25200 
31000 
42800 

28 .44 
27. 87 
2 6 . 2 1 

24. 59 
21. 82 
1 9 . 2 1 

17 .18 
15.18 
13.26 

9 . 9 1 

C A 

Solution 

3-1-SE) ; 

«=, 
50.0 
38.0 

35.0 
31.2 
29.0 

26. 5 
24. 5 
22.0 
17 .0 

x 10 

P H = 

1 1 1 VS_I_ 

1 

Surface 

= 706 m m Hg 

« 
0 . 0 
8 . 8 1 

8.92 
7. 77 
5 .31 

4.19 
2 . 6 1 
1.68 
0. 70 

CA x 10 
A, s 

m o l / g . cat 

= 
-

3.35 

3.39 
2.96 
2. 02 

1.59 
0.99 
0. 64 
0.27 

Volume of H 
2 

Equiva3ent to 
surface cone. 

c 

= 
4 .93 

4.99 
4 .3 5 
2 .97 

2 .35 
0.46 
0.94 
0.39 
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APPENDIX VII 

Catalyst Particle Temperature Calculations 

Heat and mass are transferred between solid and fluid by 

similar mechanisms,and data for heat transfer in fixed beds are 

correlated in the same way as data on mass transfer (4). For particles 

in stirred tanks both heat and mass transfer coefficients to particles 

were measured by Brian, Hales and Sherwood (24). They equated 

the function jHN to jDN by plotting N T N^ " ' and N_. N_ " ' J Re J Re ; r 6 Nu Pr Sh Sc 
as a function of a dimensionless power dissipation factor. 

For heat and mass transfer, Chilton and Colburn suggested 

the following relationship: 

k p 2 / , 
- ? - N ' = f ( N ) (1) 

G £>c Re 

Where G is the mass flow rate. The group on the left hand side is 

usually symbolized by jD. 

A similar relation can be written for the heat transfer, usually 

symboliz;ed as jH: 

h 2/3 

where 

h = T
 q_ T (3) 
s o 



- 178 -

and 

C 
N p r = _ R _ K - ,4 , 

Here h is the heat t ransfer coefficient, q is the heat flux per unit 

pellet surface a r e a , Cp is the heat capacity per unit m a s s of fluid, 

T i s the par t ic le surface t empera tu re and T is the fluid s t r eam 
s o 

t empera tu r e . 

For many geomet r i e s , jH is approximately equal to jD (4, p83). 

Therefore from equations (1), (2) and (4) 

k 2 / 3 

h = k p C i * ^ ) (5) p p \ c p D ; 
ir 

To obtain the t empera tu re of the catalyst par t ic les in the 

s lu r ry , a typical system of acetone hydrogenation in isopropanol is 

considered. The data for this system a r e : 

k a (for acetone in isopropanol as repor ted in table II-3 ) 
P>A P .. 3 

= 16.8 cm /(sec)(g), giving k = 0.01881 c m / s e c . 
p = 0.7809 g / c m 3 P 

C = 0.625 ca l /g - °C 
p
 _A 

k = 4 . 1 2 x 1 0 cal/(cm)(sec)(°C) 
-5 2 

D Hydrogen in isopropanol = -7. 7 x 10 cm / s e c (table II-2) 

2 / The surface a r e a of the catalyst was repor ted ea r l i e r to be 58. 12 m / g . 

The heat of this hydrogenation react ion is obtained from the 

heat of formation data obtained from Chemical Engineers Handbook (5th ed. ). 
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Heat of formation of hydrogen = 0. 0 Kcal 

Heat of formation of acetone = -74. 32 Kcal 

Heat of formation of isopropanol = -59. 32 Kcal 

Therefore, heat of hydrogenation reaction is obtained as 

= 15. 0 Kcal. 

The highest temperature which a catalyst particle may attain 

during the reaction would correspond to the highest reaction rate 

encountered during this study. 

_5 
The highest reaction rate was = 6. 3 1 x 10 moles/(sec)(g cat. ) 

-13 
= 5. 69 x 10 moles/(sec)(particle) 

-13 
Heat flux q = 5. 69 x 10 x 15000 

_q 
= 8. 54 x 10 cal/(sec)(particle) 

From equation (5): 

4 12 xlO"4 2 / 3 

h = 0.01881 x . 7809 x . 625 I : - — j 
V 0.625 x . 9809x7.7x10' ' 

= 0.0389 cal/(sec)(cm2)(°C) 

= 2.-04 x 10"4 cal/(sec)(particle)(°C) 

From equation (3), the temperature difference between particles and 

solution is given by: 

q 8. 54x 10'9 . , -5 „„ 
T - T = , = T = 4.2 x 10 ° C 

s ° h 2.04 xlO"4 

Hence the temperature difference between the catalyst particles 

and solution was negligible. Since the plysical properties of the various 

systems studied in this work were of the same order, it is assumed 

that the temperature difference between catalyst surface and solution was 

negligible in all the cases. 


