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- ABSTRACT

When a column of 1iqu1dki; made to oscillate vertically,
gas bubbles are entrained and carried to the bottom of the
column, where they aggregate and form a large slug which, in
turn, rises to the top. Large volumes-of_gas are entrained
and the fluid becomes highly agitated. A study of the solid-
liquid mass transfer and of an heterogeneous catalyzed reaction
in this equipment aﬁd the kinetic analysis of the hydrogenation
of acetone over Raney nickel have been carried out.

A large increase in the mass transfer coefficient for
solid-liquid systems in the vibrating liquid column over those
reported in a stirred tank has been observed.

Two correlations for the Sherwood number as a function of
thg'Reynolds, Schmidt and Froude numbers and the relative
ampiitude of oscillation have been found, one corresponding to
the case no bubble cycling occurs and the other to the case it
does.

In the kinetic study, a Langmuir-Hinshelwood type equa-
tion to represent the rate of hydrogenation'of acetone in
n-octane, isooctane, isopropanol and water and a correlation
for the hydrogen solubility in different solvents and their
mixtures have been developed. Activation energies and the
order of reaction with respect to hydrogen have been determined.

Finally, the behaviour of the vibrating column of liquid as
an heterogéneous slurry reactor has been analysed by using two
Raney nickel catalysts of different average particle size in the
hydrogenation of aqueous acetone. -The effect the,diffusional
fesistances play in the overall rate of reaction and the vélue

of the tortuosity factor of the catalyst have been determined.
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CHAPTER 1

INTRODUCTION

Many industrial chemical processes involve heterogeneous
gas-liquid catalyﬁic reactions, the catalyst being a solid
substance. The rate of reaction is generally affected by one
or several mass transport steps. Different types of reactors
have been developed in order to improve the coﬁtact between
the different phases and therefore obtain higher reaction rates.

Fixed beds, where the solid catalyst particles remain in
a fixed position to one another and the fluid passes over the
particle surface, are widely used in semicontinuous processes,
They must be shut down periodically to regenerate the catalyst.
When the feed consists of both a gas and a liquid, the latter
is allowed to flow down over the bed of catalyst, while the
gas flows up or déwn through the empty spaces between the
wetted pellets. These are called trickle bed reactors and
have béen introduced in the petroleum industry during the last
15 yearé.

The possibility of operating continuously was made easier
with the fluidized bed reactors. The ﬁluid'is passed upwards
through a bed of solids at a rate high enough to suspend the
particles, which can be pumped into and out of the éystem like
a‘fluid. The high turbulence and heat transfer rates enable
a remarkably uniform temperature throughout the reactor to be
maintained.

Slurry reactors, in which the solid catalyst is suspended

in a liquid in the form of fine particles, are used particularly



in cases where £hreefphases, gas, liquid and solid catalyst,
must be brbught into intimate cgntact. At present, they are
used in the chemical industry, mainly for hydrogenation.

The slurry reactor has several advantages over the fixed

or trickle beds:~

a) the agitation of the liquid, while ensuring the total
suspension of the solid particles, keeps a uniform
temperature throughout the reactor and increases the

selectivity that can be achieved,

b) the large mass of liquid is a safety factor in the

cases of exothermic reactions,

c) the small particles reduce diffusional resistances and,

at the same time, the cost of pelleting is avoided,

d) heat recovery is possible because of the large heat

transfer coefficient of the liquid slurry,

e) the catalyst can be regenerated continuously by with-

drawing a side stream from the reactor.

However, the handling of catalyst‘suspensions and the
design of continuous slurry reactors are two fields where
information available is inadequate.

Several versions of slurry reactors have been developed
up to now, each involving a different contacting method. The
simplest is a stirred autoclave used in batch processes. A
system resembling a fluidized bed, for the reactant gas enters

through the bottom of a column and mixes its contents, is also
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found. A more sophisticated one uses a pump to circulate the
slurry through an external héaé exchanger, and at the same
time provides agitation to the reactor,

| It has been found that in all these systems the mass
transfer rate is generally controlling: This is due to the fact
that the reactants and products are gases or liquids, and they
are. transported to or from the catalyst surface at a relatively

slow rate. The path involved may be described in the following

general terms:-

(i) diffusion of the gas from the bubbles to the gas-liquid
| interface, |
(ii) diffusion éf the gas from the gas—liquid‘interface to
 the bulk liquid,

(1ii) diffusion of both dissolved gas and reactant from bulk
liquid to the catalyst surface, which may involve dif-
fusion into the catalyst pores,

(iv) surface reaction, involving adsorption of reactants

| and desorption of products,

(v) diffusion‘of products from the catalyst surface to the
bulk liquid or gas phase, including eVentually diffusion

from the catalyst pores.

Therefore the performance of slurry reactors can be
.improved if both the gas~liquid and liquid-solid fesistances
are reducea.

Vibrations, which have been found to satisfy the above
conditions in general (Baird ~ 1966), and the resonant bubble

- contactor, developed for gas absorption (Buéhanan'et al - 1963,
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Jameson - 1966b), will be considered as solutions to this
problem. —

The experiments performed with the resonant bubble con-
tactor on gas absorption showed that much higher interfacial
areas are p;oduced than in more conventional devices. To
improve knowledge of the behaviour of this contactor in mass
transfer processes, the liquid=-solid diffusional resistance
has been studied in Part I. A description of the apparatus
and experimental techniques used is given in Chapter 3, and
the results and correlations for the solid-liquid mass transe
fer coefficient are given in Chapter 4, where a discussion
is also included.

| The reéction chosen to analyse the performance of the
resonant bubble contactor as a slurry reactor is the hydro-
~genation of liquid acetone catalyzed by Raney nickel.
Although there are several studies of this reaction in the
literatufe, it has always been assumed that the concentration
of hydrogen in the liquid phase is only proportional to the gas
pressure., In Part II the effect of the solvent on hydrogen
solubility is taken into account, and the parameters in the
kinetié equations are estimated. The apparatus and technigues
used in these experiments are described in Chapter 5. The
results and their discussion are given in Chapter 6.

Finally, daté obtained in the operation of the slurry
reactor is.presented in Part III. Chapter 7 deéls with the
experimental set up, while the analysis and discussion of
the results are given in Chapter 8. The general conclusions

are given in Chapter 9. ' i
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CHAPTER 2

BACKGROUND

No pfevious studies on mass transfer to or from suspended
solid particles or heterogeneous catalysis in a vibrating
column of liquid have been found in the iiterature. However,

a series of experiments on gas-liquid absorption has been
carried out in the same equipmenﬁ. Because of the very large
interfacial areas produced, the efficiency of gas absorption
is substantially increased.

Many studies have been concerned with the influence of
vibrations and pulsations on the performance of chemical
engineering processes and were reviewed by Baird (1966).
Several experimental and theoretical studies have been carried
out in order to analyse the increase in the rate of heat or
mass - transfer fromva solid when it is oscillating with simple
harmonic motion, and a few analysed the behaviour when the
solid is fixed and the liquid is pulsating. In all these
cases a considerable improvement in the performance was reported.

Because this thesis deals with a new type of equipment to
be used in mass or heat transfer from éuspended particles and
in heterogeneous catalysis, a literature survey on the behaviour
of stirred tanks in both processes is included. A comparison
-of the results obtained here with those obtained in more con-
ventional equipment will be carried out.

At the same time, those works in the literature studying
the hydrogenation of liquid acetone over Raney nickel are dis-

cussed in detail.
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2.1 Resonant bubble contactor

Only in the last decade interest was developed to study
the effects of vibrations and pulsations on gas absorption.
| A small gas bubble in a vibrating_column of liquid is
under the action of the buoyancy force and a downwards force

generated by the vibration (Jameson and Davidson - 1966,

Jameson =~ 1966a). It was found experimentally that if
n*A25h

——Ln = 1+5 2.1.1
2 gPbP

where P is the total pressure, the bqbble will remain séem-
inély stationary in space.

However, if the frequency of vibration is increased‘up
to a poin£ where equation 2.l.1 is transformed into an inequa-
lity, the bubble will be forced to move downwards. Hence, if
the surface of the liquid becomes unstable, air bubbles will
be formed and caught in the liquid motion. As soon as these
bubbles come under the influence of the downward force, they
begin to move and tend to aggregate at the bottom of the con-
fainer. They finally form a large slug, whose volume increases
above the resonant volume, and the gas slug rises to the top
- of the liquid pulsating violehtly. The cycle repeats itself
from the beginning, with a period which depends upon the con=-
ditions of_viﬁration. The resonant bubble contactor is based
on this phenomenon. |

In experiments where the rate of absorption of oxygen
from air in solutions of Na;SO3 (Buchanan et al - 1963) and

of pure oxygen in the same solution (Jameson - 19€6b) were



measured, unusual high values in comparison with other con-
tacting methods were reportea. The production of very high

interfacial areas seems to be the main factor.
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2,2 Mass transfer to and from aﬁ’oscillating'solid

The earliest experimentél work on vibration-assisted
heat transfer to liquids was done by Martinelli and Boelter
(1938) using an electrically heated tube oscillating in water.
An improVement in natural convection of up to 400 per cent was .
reported, but correlation of the results was impossible.

Lemlich (1961), Fand and Kaye (1961) and Richardson (1967a)
have published comprehensive reviews on the subject.' An ana-
lysis of previous experimental work and new data for mass trans-
fer from an oscillating cjlinder was given by Sugano and
Ratkowsky (1968). They covered a fairly wide range of para-

meter values, .and found that the results were correlated by

. : . L
Sh = 0-178 Re "633 Sc¥ (a/R)-243 2.2.1

where ReV = nAd/v.

Using redox systems, Noordsij and Rotte (1967) studied
the mass transfer to a vibrating sphere, and fourd the

correlation
% %
Sh = 2 + 0:096 ReV Sc . 2.2,2

but the range of applicaﬁility is rather narrow.

Richardspn (1967b) studied the heat convection from.a
circular cylinder oscillating in a fluid. His analysis was
based on ﬁhe convection by acoustic streaming, thch is induced
by the movement of the cylinder. Neglectiﬁg budyancy effects,
he was able to derive expressions for the average Nusselt

number for three different cases:
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a) Convection by inner streaming, namely for large Prandtl

(or Schmidt) numbers

]0—‘

 Nu = 1.36 Re ¥ prT (a/m)E
. Nu = 1.36 ReOsc Pr> (A/R)° H 2.2.3

Q W

where Re___ = Y2 U, R/v, H, is a correction factor for
large inner boundary layers, and U, is the maximum rela-

tive velocity of the cylinder;

b) convection by outer streaming'(sméll Prandtl numbers) at

small streaming Reynolds numbers (ReS = Un2/nv)

. % % :
Nu _ 0-718 Pr- (3v/n)° 2.2.4
Re . R(1 + 1-6§(A/d)Pr )
with n( = 2rf) being the oscillation frequency, and
c) convection by outer streaming at large streaming Reynolds .
numbers

1 9 i
Nu R (1 + 095 CPr2(3v/n)2

o

) = 0-484 ReOS

2.2.5

Favourable éomparisons with previous experiments, where the
influence of natural convection is small, are presented.
Gibert and Angelino (1973) studiea the mass transfef
between a solid sphere and a liquid when each one is subject
to vertical oscillation. The difference between the two
series of results was less than 10%, When the sphere was

vibrating, the correlations

1
Sh = 0-489 (Re, (A/R)%)'538 Scd 2.2.6

for O+4<A/R<1:5
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and

1 .
Sh = 0.557 Rev'538 sc? 2.2.7
for 1-5<A/R

proved to be very accurate, They pointed out that by integrat-
ing, along half a period of oscillation,.the correlation

corresponding to a permanent flow around a sphere, namely
- .
Sh = 0+477 Re">38 5c3 for Re>1250 2.2.8

a mass transfer coefficient is obtained which is always 25%
smaller than the experimental one. They concluded that no
quasi-stationary staté can be assumed in the case of a vibra-
ting sphéfe.

A few authors studied the influence of the pulsating
motion of a fluid on the rate of mass tranﬁfer from a sus-
pended soiid. Bretsznajder et al (1963)'reported increases
in the value of the mass transfer coefficient of up to 13
times the value in the absence of pulsations. They covered
a wide range of conditions by working with solid-gas, solid-

liquid and gas-liquid systems.
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2.3 Mass transfer in’stirred tanks

The importance-of stirred tanks in the chemical industry
and the fact that many mass or heat transfer processes such
as heterogeneous catalysis, éasAabsorption, solvent extraction,
heat exchange and crystallization occur in it, have determined
that quite a large number of works are found in the literature.

More than fifty studies of transfer to or from particles
in baffled or unbaffled tanks have been reported. There are
several good reviews on this subject (Harriott- 1962, Sykes
and Gomezplata - 1967, Nienow - 1969, Brian et al - 1969,
Levins and Glastonbury - 1972a). In spite of the large num-
bet of reports, the large number of variables involved is one
of the reaeons for a wide divergence in results, opinions and-
correlations. |

One of the theories applied is the slip velocity theory
(Harriotb- 1962, Nienow - 1969), in which the Reynolds number
is calculated on the basis of an average slip wvelocity. Severall
methods have been pfoposed to obtain an appropriate value.
Harriott suggested the terminal velocity to be used, assuming for
light particles a density difference of 0.3 'g/cc. A mass trans-
_fer coefficient kz for falling particles is ebtained from the

Froessling equation
Sh =2 + 06 Re% Sck 2.3.1

An enhancement factor is then calculated, for the agitation
conditions and particle size, to correct the above result.
This method will accurately predict a minimum value for the

mass transfer coefficient.



Lately, special empﬁasis has been put on trying'to
correlate experimental results:as a function of power input
per unit volume. Kolmogofoff's theory of local isotropic
turbulence (Brian et al - 1969, Levins and Glastonbury -
1972b) postulates that the kinetic eneigy is transferred from
the large primary eddies generated by the stirrer to slow
moving -streams producing smaller eddies of higher frequency
and so on, until fihally the smallest disintegrate and dissi-
pate the energy viscously. As the smaller eddies are iso-
tropic and independent of the bulk motion, the turbulence
Vgénerated is only a function of the power input per unit
volume and the kinematic viscosity of the fluid. Brian et
al (1969) did correlate their and other mass and heat trans-
fer results in terms of Kolmogoroff's theory. However, some
reports (Levins and Glastonbury - 1972b) suggest that it is

not generally applicable.
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2.4 Hydrogenation of acetone over Raney nickel

The use of Raney nickel as.catalyst in organic reactions,
mainly in hydrogenations, bggan in the 1930's. Although the
basic technique to obtain it is simply to dissolve the alu-
minium of a 50:50 nickel-aluminium alloy with a concentrated
solution of sodium hydroxide, variations in the catalyst
activity and surface area are observed according to the expe-
rimental conditions and the storage solvent (Orito et al -
1965, Kubomatsu and'Kishida - 1965); the product is extremely
pyrophoric in air.

Early'experiménts showed (Adkins = 1937) that complete
hydrogenation'of acetone could be obtained even at room tem—.
perature and low pressure after only 11 hours. However,
almost all the first studies of this reaction were carried
out at high témperature (100-200°C) and/or pressure (10-50
atm) (de Ruiter ahd Jungers - 1949, Van Mechelen and Jungefs -
1950, Heilmann ahd de Gaudemaris - 1951, Kiperman and Kaplan -
1964). |

Over Raney nickel, acetone and other non-cyclic ketones
yield the secoﬁdary alcohol selectively (Anderson and MacNaughton
- 1942, Adkins - 1937). The promdtivé and poisoning effec£
of several compounds on the catalyst have been extensively
studied (Sokol'skava et al = 1966). The influence of the pH
has been interpreted as a result of the formation of an inter-
fécial electrical double layer on the surface of the catalyst
(Watanabe - 1962). This expiains the greater stability of
adsorbed hydrogen and the increase in the rate of reaction

when alkali is added to the system., It has also been shown
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that the addition of HCl deactivates the Raney nickel,

The poisoniné effect of"cérbon dioxide (Adkins and
Billica - 1948), carbon disulfide (Kishida and Teranishi -
1969), oxygen and halogen compounds (Pattison and Degering -
1951) has also been.réported. i

The first kinetic study on the hydroéenation of liquid
acetone on Raney nickel at room temperature and atmospheric
pressure was done by Freund and Hulburt (1957).. They measured
volumetrically the ubtake of hydrogen at constant pressure
with isopropanol as a solvent.‘ The apparent order with respect
tb hydrogen ﬁas determined to be %, while the apparent-actiVa—
tion energy of only 8 K-cal/g~mole. 1In fheir experimental
conditions (particle diameter = 50u) it was shown that internal
diffusion was controlling and therefore the actual reaction
order with respect to hydrogen was zero and the activation
energy of 13 K~cal/g-mole.

Kishida and Teranishi (1968) put forward a Langmuir;
Hinshelwood type kinetics to explain the influence of the
solvent on the rate of reaction. The rate.of consumption of
hydrogeﬁ Qas measured over a wide range of concentrations of
acetone in n~héxane, cyclohexéﬁe, methyl alcohol and isopropyl
alcohol at 10°C, but maintaining the hydrogen pressure constant.
The influence of the temperature was studied when n—hexaneiwas
used as a solvent. From the maximum apparent activation enerqy
obsérved (i? K-cal/g-mole), they concluded that no diffusional
process was cOntfolling. All their results were correlated by
assuming that the surface reaction between hydrogen and acetone

is the controlling step, and that the rate of reaction constant
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is the same in the different solvents. This is debafeble since
it is known that the solvent"affects the rate of reaction
(Amis - 1962).

Iwamoto et al (1970) extended this study by analysing
the effect of a series of solvents on Ehe‘rate of hydrogenation
at 10°C and varying the concentration of acetone as above and
the -hydrogen pressure up to 70 cm Hg. Hexane, methanol,
ethanol, 1- and 2-propanol and 1- and 2-butanol were used as
solveﬁts. With the first two the rate determining step was
found to be the reaction between adsorbed hydrogen and the
half hydrogenated acetone. With the remaining alcohols, the
desOrption of isopropyl alcohol was controlling, The true
activation energy was feund to be dependent on the solvent and
varied between 74 and 10:-3 K-cal/ g-mole, whilevthe apparent
heat of hydrogen adsorption was approximately constant (2.7
K-cal/g-mole). They tried unsuccessfully (Iwamoto et al - 1971)
to find a correlation between the reaction rate constant and a
characteristic parameter of the solvent.

However, neithexr of the above studies have taken into
account the.change in hydrogen solubility with the composition
of the solution. It must be pointed out that the solubility
in acetone is % of that in saturated hYdrocarbons and more than
10 times the value in water.

In the present work, a correlation for the solubility of
hydrogen iﬁ mixtures of solvents is developed, and kinetic
expressions of the Langmuir-Hinshelwood type are applied to

represent the experimental results.
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2.5 Mass'transfer effects in slurry reactors

The chemical industry has introduced the slurry reactors
in some processes involving heterogeneous catalysis, where
one of the reactants is in the gas phase, and the other in
the liqﬁid one. Up to now, it has been mainly‘used in small
scale batch reactions, such as hydrogenations and in certain
continuoﬁs operations of the Fischer-Tropsch reaction
(Sherwood and Farkas - 1966).

Although diffusional rate limitations are found both in
trickle bed and slurry reactors, very few studies have been.
.carried out on this subject. An early report by Milligan and
Reid (1925) on the hydrogenation of cottonseed oil}catalyzed-
by nickel in a stirred reactor, showed that mass transfer was
the coﬁtrblling rate, since it increased with the rate of
stirring.

The hydrogenation of a-methylstyrene in the presence of
supported or black palladium was investigated in different
siurry reactors. Johnson et al (1957) showed that the mass
transfer of hydrogen through the liquid was controlling énd
analysed the effect the rate of bubbling and stirring had on
it. Both the resistances to mass transfer from the bubbles
to the bulk liquid and from it to the catalyst surface were
considered.

Sherwood and Farkas (1966) used a reactor where the
stirring was obtained by the bubbling of hydrogen through
a fritted gléss disc at the bottom of the column. By analysing
the effects of catalyst loading and temperature, they conclude&

that mass transfer to the solid catalyst was the rate deter-
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miﬁing step.

Satterfiela et al (1968) cérried out a more complete
study on this same reaction. The catalyst (0-5% palladium
on alumina) was used in three different physical forms:-

a) finely crushed pellets (d = 50u); bf whole pellets
(317 mm by 3+17 mm) and c) pellets cut in half (3:17 mm
by 1-27 mm),

The kinetics of the reaction was first established with
the ppwdered catalyst. Even in the experiments with whole
pellets, the mass transfer resistance between liquid and solid
was negligible, hence it was possible to determine the effec-
tiveness factor. Values of approximately 0.10 were found for
the two types of pellets used. Their experimental results wére
satisfactorilv correlated aséuming that a—methyl—styrene wasr'
not limiting the process and that the tortuosity factor had
a value of 3.9,

Snyder et al (1957) studied two catalyzed reactions, one

heterogeneous (hydrogenation of nitrobenzene to aniline wit

~

5% palladium on charcoal as a catalyst), and the other homo-
geneous. (oxidation of an agueous sodium sulphite solution in
the presence of cupric ion). Several types of bench scale
reactors were used. They differed mainly in the way they
were agitaﬁed (shaking, rocking, dashing). The influence
of the catalyst concentration and rate of mixing on the rate
of reactioﬂ was reported.

The hydrogenation of cyclohexene in the presence of 5%
'platinum on activated alumina was analysed by Price and

Schiewetz (1957). They used a semicontinuous slurrv reactor where
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the gas bubbled through the solution agitated mechanically.
Mass transfer effects were studied by varying the hydrogen
pressure, flow rate, stirring rate, temperature and reactor
shape. With palladium black as a catalyst, Sherwood and
Férkas (1966) reported that the rate of hydrogenation was
controlled by the diffusion to the catalyst particles.

They also analysed the experimental results obtained .
by Kolbel and Maennig (1962), who studied the hydrogenation
of ethylene over Raney nickel suspended in paraffin oil,
Due to the small size of particles (d = 5u), the chemical
reaction was found to be controlling.

Kenney and Sedriks (1972) carried out a similar study
to the one reported by Satterfield et al (1968), but with
the hydrogenation of crotonaldehydé bvef commercial palladium
on alumina catalysts. The metal was confihed to a thin layer
ét the surface of the pellet. An effectiveness factor of
010 and a mean value for the tortuosity factor of 1.6 were
estimated;

. Recently, Ruether and Puri (1973) studied the mass trans-—
fer éffects on the hydrogenations of allyl alcohol in water
and ethanol, and of fumaric acid over Raney nickel., They
- worked in such conditions thatnot hydrogen but the substrate
diffusion was controlling. Liquid-solid mass transfer coeffi-
cients were determined from the rate of reaction measurements.
It is néinted out that for reaction orders.less than one,
it is possible to work in such conditions that there is exter-
nal mass transfer control even with an effectiveness factor

equal to 1.
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From the above review, it is seen that mass transfer
processes play an impcrtantAfoie in the performance of a
slurry reactor. In the present work, a new type of.reéc-
tor is introduced. The higher mass transfer rates obtained
with the resonant bubble contactor form the basis for the
development of the Vibrating slurry reactor, The effect of
the operational conditions on the overall reaction rate

will be determined.
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PART I : MASS TRANSFER
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CHAPTER 3

APPARATUS AND EXPERIMENTAL TECHNIQUES

There have been some experimental studies on the influence
of vibrations of liquid columns on solid-liquid mass transfer.
However, in all the céses the solid Qas a.single particle main-
tained fixed. 1In the present work, mass transfer to suspended
solid particles in a vibrating liquid column will be studied.
Since considerable increase in gas absorption has already been
reported with this contacting device in comparison with a
étirred tank, a similar behaviour is expected in solid-liquid
mass transfer.

In the following sections of this chapter, a description
of the equipment and techniques used to obtain experimental
results will be given. For particle diameters less than 1 mm,
the mass transfer coefficient was obtained from the diffusion
controlled neutralization of NaOH with acid ion exchange resins
in water and glycerol solutions. For larger sizes of particles,
“the dissolution of spheres of pivalic acid in water was studied.

In both cases, conductivity measurements were done.
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3.1 Description of the apparatus

Mass transfer experiments were performed in a 7+3 cm
i.d. aluminium cylinder. A jacket was built around it to
maintain the liquid temperature constant throughout the
experiments by circulating water from a constant tempera-
ture bath. The cylinder was bolted to a platform which
oscillated in fhe.vertical plane by the action of an eccen-
trically mounted wheel. A 1 hp motor, coupled through a
variable gear and a V-belt, supplied the required power;
The whole apparatus was mounted on a 60 cm sqﬁare double
‘plate 5 cm thick, which in turn rested in rubber cushions.
A rubber bung, with several inlets for the adding of solids
and liquids, and from which hung a conductivity céll, was
ihserted in the top-of the cylinder.,

The frequency of oscillation, measured by a étroboscope,
was varied duringvthe experiments from 650 to 1900 rpm. The
amplitude of the motion was kept at 0+467 cm, and was

measured by a cathetometer.



3.2 Experiments with pivalic acid

After sizing, a weighed quantity of spheres of pivalic
acid, average diameter of 0:-368 cm (see Appendix I), was
dispersed in the cylinder contéining distilled water at 7°C,
and immediately the motor was switched on and the variable
gear adjusted to obtain the desired frequenéy of oscillation.
The parﬁicle dissolution was followed By measuring the elec-
trical conductivity with a Philips direct reading conductivity
measuring bridge PR9501. Readings were taken every 1O seconds.
The conductivity cell was kept immersed in the liquid, and .
oscillated tdgether with the c¢ylinder. It was verified that
the vibratidn did not interfere with the conductivify read-
ings. lNeither did the aluminium of the'cylinder.

As soon as the conductivity stopped changing, namely
when the solid was completely dissolved, a sample of the
solution was takeﬁ and titrated with a standard solution of
NaOH in order to determine the final concentration of pivalic
acid and therefdre the cell constant.

It was not possible to obtain stable readings when bubble
cycling occurred in the system. In this case, the conductivity
cell was placed together with a thermameter in an external
fecycle of solution, which was pumped by means of a peristaltic
pump. Particles were prevented from entering this recycle by
filtration of the solution with giass wool. Results obtained
Qith this disposition were corrected for the amount of solu-
tion being extracted from the cylinder.

The temperature of the system was measured by a thermo-

couple connected to a potentiometer, or simply by a thermometer.



- 31 -

It was verified that it did not change more than * 0-+5

throughout any experimental run.
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3.3 Experiments with ion exchange resins

%e0 Carb 225 (4.5% DVB), a strong acidic ion exchange
resin was used in these experiments. Several batches of the
resin of different diameters were treated to regenerate the
hydrogen form as it is described in Appehdix I. -Volume and
diameter of the swollen resin, in water and solutions of
glycerql,were determined as a functibn of its dry weight and
its diameter when in equilibrium with saturated air (see
Appendix TI).

A known volume of O;l N NaOH solution was added to the
cylinder contdining a weighed amount of resin beads dispersed
.in the solvent. The mdtor was switched on to produce the
oscillations at a g;éaetermined frequency. The neutralization
was followed by meésuring the electrical conductivity of the
solution, as described earlier. The temperature was measured
during the neutralization, and no change of over 0-5°C was
detected.

o Water and two solutions of glycerol, one 30% and the
other 67% by weight}Were used as solvents. No éxternal cir-
cuit was necessary for the glycerol solutions when bubble
cycling occurred in the cylinder, because the oscillations
in the conductivity readings were short and spaced in time
as to allow to obtain a stable value in between. In the case
of bubble cycling in water, no filtration of the solution was
possible, because the fine particles determined a large pres;
sure drop in the filter and a very iow flow rate in the
external'circuit. Therefore no external circuit was used,

but the frequency of oscillation was reduced at intervals of
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30 seconds in order to stop the bubble cycling and make the
readings possible. As soon as the conductivity was measured,
thefrequenqywas restored to its original value. 'The error

introduced was estimated to be less than 5%.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter the resﬁlts of the experimental work
on mass transfer are given and discussed.  The experiments
were performed to study the influence of the vibration on
the liquid-solid mass transfer and to analysé the effects
of the bubble cycling on the behaviour of the system.

A summary of the physical properties of the substances
" used is given in Table 4.1. Densities of the ion exchange
resins and glycerol solutions were determined experimentally
(sée Appendix I). Viscosities were measured with a Ferranti
rotating concentric cylinders viscosimeter and the remaining
data was taken from the literature (Hales - 1967, Harriott-

1962) .
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4.1

Physical properties

System T

°p

p

(°Cl (g/cc) (g/cc)

Pivalic acid

7
in water

NaOH + resin 20
in water

NaOH + resin 20

in 30% glycerol

NaOH + resin 20

in 67% glycerol

1-22

y  Dxl0S  Sc Cgq
(cp) (cm?/s) (=) (g/cc)

1+45 0°513 2830 0°025

- 1+00 1-93 518

2+35 0°+965 2290

179 0°+142 107500
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4.1 Mass transfer from pivalic acid spheres

For a weak acid the dissociation constant at a certain

concentration c can be expressed as

-

sz
= C
N Ny2 -

4.1.1

i

where A, is the equivalent conductivity at infinite dilution.
Since the conductivity of a solution is related to its con-

centration by

cAc
K = 9600 4.1.2
it follows that
c = Cx? 4.1.3

Hence, the rate of dissolution of pivalic acid will be

expressed by

dc dx
dt dt 4.1.4
The derivative of conductivity with respect to time

was determined by fitting a polynomial

1 1 1 2 .5
kK = a e /6 4+ a, t /3 4 az t /2 4 a, t /3 4 ag t /6

4.1.5
to the experimental results and differentiating it analy-

tically. In the above expression, k represents the conduc-
tivity of the resulting solution corrected for the solvent
and t, the'corresponding time.

From é mass balance between a dissolving sphere and its

surrounding solution, we can establish that

&R .V de

kL(c - ) = 4.1.6

-p
S P at rd2 N dt
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where V is the volume of solution, N, the number of spheres,
d, the instantaneous diameter, énd the subscript p represents
properties of the solid.

Expressing equation 4,1.6 as a function of the mass of'

spheres, the mass transfer coefficient iesults

3 .
k _ gp dO ve k_dk/dt
L 3 m, a2 (c_ - Cx2) . 4.1.7
where
< A5 4.1
d‘d,o(-l'(?g’}, ' , .1.8.

Kg being the final conductivity of the solution.
The corresponding Sherwood number for each particle
diameter will be given by
'kL d

Sh = -H | 4.1.9
D

where D is the diffusion coefficient of pivalic a®d in
water. , ' {

In order to estimate the correction term when an exter-
nal reqycle was used, a simple model was assumed where the
flow in the recycle was considered to be plu§ flow (see
Figure 4.1). |

From a mass balance in the system, it follows that

vi S8l ok a2n (o - c(t)) + B (ol - Vp/F ) - clt) )

4.1,10

By expanding the last term in Taylor's series, we obtain

an expression for the mass transfer coefficient:



‘conductivity

' cell
: : | ;
Ly
0 O

4.1 Model of vibrating liquid column with external recycle

_88-—
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; |
o Pp ot V) [dc(t)__y_g_ v, d2c(t)

L - 5 } 4,1.11
2 -
6d mc(cS c(t)) \dt F_V,+V, dt

Substituting equation 4.1.4 in the above

2 { 2
3 (V. 4V K - V2 V2 a¢ 1 | de ]
k — pp do ( 1+ Z)C' K { dt Fy Vi +V, ( dt ¢ U dt J) :

L

3 m

2 2
¢ df(eg = Cc%) 4 1,12

The volume of the external circuit was always less than
1/7 of the total volume and the mean residence time in it was
approximately 5 seconds. As the rate of change of conduc-
tivity with time was not very high, the correction term was
~generally less than 10% of the uncorrected value of the
coefficient. |

Several values for the mass transfer coefficient and the
Sherwood number were obtained at various stages in each experi-
ment on the dissolution of pivalic acid. A typical plot of
the conductivity of the pivalic acid solution as a function
of time is represented in Figure 4.2. Both the initial and
final values in each experiment were neglected, the former
because of thé inaccuracy in the fitting of the polynomial
at' the :initial times, and the latter due to irreproducibility
of the results.

Values of the Sherwood number for different freguencies
were plotted in Figure 4.3 as a function of the particle dia-
meter. Series of results were obtained with and without
bubble cycling. The'results are compared with those obtained
by Brian et al. (1969) in a conventional stirred tank. An
increase.of up to 25 times the previous values is Observed,
showing the'importance of vibrations and bubble cycling in

improving the performance of mass transfer processes.
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Figure 4.3 shows that the yibrational frequency has

relatively greater effect when no bubble. cycling occurs.
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4.2 Mass transfer to ion exchange resins

. -

Helfferich.(lQGS) and Blickenstaff et al (1967) studied
the kinetics of neutralization of a strong acid ion exchange
resin by stroné bases. From the analysis of f£ilm and par-
ticle diffusion a criterion was established to determine
which one is.controlling., It was shown that when the ratio
'Gﬁa/kLcR, where the symbols with over bars denote properties
in the interior of the ion exchanger, is very much greater
or much smaller than one, the control is by film-diffusion
or particle~diffusion, respectively;

For film-diffusion control and for cV < cV, namely when
the resin is in excess over the alkali, the fractional approach

to equilibrium is given by

: GkL v
F(t) = 1 - exp [ - - t] o 4,2,1
4 av
but in this case it also represents the fractional consumption
of alkali, hence

Fleg) = 1 - SlEL
c(ty) 4.2.2

Then, the mass transfer coefficient for NaOH is obtained-

from

k= -Y¥Yd 1n (e(to)/x(t1))
6V ty, =ty

4.2.3

since for a strong electrolyte the conductivity of very

dilute solutions is given by
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where k 1is correctedAfor the conductivity of the solvent.

A éémi~logarithmic plot\of the ekperimental results of
conductivity as a function of time was-found to be linear
for c/cy> 0;20,‘and tﬁe slope was used in eéuation 4.2.3 to
calculate a value for the mass transfe%icqefficient.

The experimental results obtained for the mass transfer
to ion exchaﬁge resins are summarized in Appendix III, while
a typicalbsemi-logarithmic plot of the measured conductivity
as a function of time can be seen in Figure 4.4.

Sherwood numbers were obtained by applying equation

4,1.9 with the diffusion coefficient of NaOH being given by

4

+ -—
op. t b
p = Na O | 4.2.5
DPnya  *+ Dom

Values for the Sherwood number for different frequencies
were plotted as a function of the particle diameter. The
data is presented in Fiqure 4.5 with and without bubble
cycling. Comparing these with the results obtained by
Harriotk (1962) with similar reactants but in a stirréd tank,
a considerable increase in the rate of mass transfer is

observed, although not as large as with the pivalic acid

spheres. o B

— *

Tonic diffusion coefficients were obtained from -the

literature (Int. Crit., Tables — 1929).
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ion éxchange resin in glycerol 67%,

n = 1550 rpm, no bubble cycling

1.0

KX '1_04 179 cm)]

0.7 b

o
P
O
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4,4 Conducﬁivity measurements during neutralization of NaOH



1000

[ no bubble cycling I . bubble cycling o
~ i | 0
i @ 1.
o
- 100 | ]
- o ]
[ © o q
" .. ...
i ]

/}O [ A B T W) SR ORI MU ST SN S ST B PRSP SR | — 1 § S N S

100 00 100 1000
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4.3 ' Correlation of experimental results

In order to cérrelate the experimental values of
Sherwood number obtained with the vibrating cylinder, it
is necessary to determine the parameters or group of para-
meters which mav influence the mass transfer.

An analysis bf the effects of transpiration and chang-
ing diameter on the mass transfer coefficient was carried
Out by Brian and Hales (1969). They showed that both effects
are nedgligible in the neutralization of ion exchange resins
and the dissolution of pivalic acid.

An analysis of the equation of motion of a partiéle in
a vibrating fluid derived by Tchen is given in Appendix II.
It follows thatlthe Sherwood number depends on five para-
meters:

a) Reynolds number, Rev‘= 2nAR/v

b} relative amplitude of oscillation, . H = A/R

c) Froude number, G = n2A/g

d). "density ratio, pp/p

e) Schmidt number, Sc = v/D

In the experiments, the relative density (ratio of par-
‘ticle'density to liquid one) did not wvary more than 10%, and
therefore it is not sensible to include that parémeter in a
correlation.'

In most of the research dealing with mass transfer to.
or from an oscillating solid, the correlations reported
include a dependence with Schmidt number to the power +

3

(see ‘Section 2.2). - Assuming this same dependence is valid
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in the present caée, the least squares method will be

applied to the logarithmic form of the equation

Sh - 2 « Re. B Y s . 4.3.1
SG3

in ordér to estimate the'values of the pgéﬁficients;

Two séries of experimental results were availdble, one
correspdnding to the éase #hen,no bubble‘cycling”bccurred' A
in the cylinder and the other when it did occur.
| Since in each experiment with inalic.aéid a sérieé'éf‘
values of thé Sherwood number is obtained (shrinking pérfidlé)l;
whiie‘in each’éxperiment:with ion;eﬁchange resins only one |
vélué, é_different weight should be given to each one of . |
thbse in fhé correlation. Assuming the erfor éffectingkeach
measﬁrement is the same, and since fhe.variance of the estimated
Sherwood number deéreases wheﬁ the number ofjﬁoints used fbv
calculate it increases,  a unit weight will bé given to ‘the
results obtained with ion ékcﬁhngé resins and a weight of 1/8-
tb.those'from“the pivalic acid diséoiutioﬂ;' |

: When no bubble cyciing:occurs in the sYstém, thé esti-
| mated‘valuéé 6f the parameters are.

& = 0.0132; B = 0.75; y = =0.25; ¢ = 1.42

7

~ the standard error belng 0. 026 (see Flgure 4 6).
When bubble cvcllng occurs in the svstem, the Froude
‘number G should not be included because the change 1n the

frequencv of 050111at10n is less than 20% Therefore we
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will look for a correlation of the Sherwood number with the
Reynolds end Schmidt numbersnand the relative amplitude of

vib:ation. A linear regression gives the values
a = 0-434; B = 0+85; y = =0-045 - 4,3.3

with a standard error of 0:010 (see Figure 4.7).
The dependence of the mass transfer coefficient on the
independent variables can be derived from the obtained

correlations. It follows that

kL - R'O \)'—0-’42 D0;67 . 4.3.4

when no bubble cycling occurs in the system, and that

Ky - R_o.lv—o-sz p0+67 ' 4,3.5

when the bubnle cycling does occur.

It is interesting to note that the dependence on Reynolds
number and felatiVe amplitude is almost the same in equations
4.3.2 and 4.3.3, which represent the cases when the bubble
cycling doesrand does not occur, respectively. If we compare
the effect of particle diameter, Viscosity and diffusion
coefficient (arising from Sherwood and Schmidt numbers)
observed in the experiments with those reported for mass
transfer in a stirred tank (Levins and Glastonbury - 1972a),
we conclude that it is very'similar to the average effect cal-
culated there.

In addition, we can point out that the influence of the
oscillation frequency when no bubble cycling occurs is reflec-
ted in an exponent of 3+59. In a qualitative way, We can say

that this variable has much less influence when the bubble

Cycling occurs in the system.
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4.4  Comparison with stirred tanks

Manylstudies of solid-liquid mass transfer have been
carried out in stirred tanks. In Chapter 2 we analysed the
corresponding literature. | ~

Harriott (1962) studied the mass transfer to ion
exchange resins in water and in several other more viscous
solutions. The exXperiments were carried out in a baffled
10 cm round bottom flask, and the impellers were six-blade
turbines, ranging from 4 to 18 cm in diameter. For the
larger impeller sizes, 20 and 54 cm baffled flat-bottom
tanks wefe used. The influence of the power input was deter-
mined and, in the correlation obtained, an exponent of 0.+15
was found to be the most appropriate. We have compared the
results obtained in the resonant bubble contactor with ion.
exchangé resins with those reported by»Harriott for a power
input of 0:024 m?s~3 (see Figure 4.5). For the system with
~ bubble cycling, an increase in the mass transfer coefficient
ranging froﬁ 4 to 10 times Harriott's values is observed.

A smaller increase results for the system without bubble
cycling. In other experiments, at higher power inputs,
Harriott obtained mass transfer coefficients up to twice
those found at 0:024 m? s~3, that is up to half those found
here. '

For the experiments with larger particles (pivalic acid
'spheres); the results reported by Brian et al (1969) were
taken as a comparison. They used both baffled and unbaffled
12 cm round bottom flasks. Two types of impeller, one a 6-3

cm diameter three-bladed marine type, and the other a four-
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bladed opeﬁ turbine were used, but only the first in the
mass transfer experiments. -Thé stirrer speed was varied
between 100 and 400 rpm. In figure 4.3, the results of
Brién et al for the mass transfer cdefficient from pivalic
acid spheres in the baffled stirred tahk are plotted. They
correspond to a stirrer speed of 300 rpm and a power input
of‘0-053um25;3.

In this case the resonant bubble cohtactor is up to
25 times more effective. |

These resglts are very encouraging for the further
developmeﬁt of this kind of contactor, since in many cases
the size of the equipment to be used is directly related to
the rate of mass transfer. At the same time, an increase

in the efficiency of the process will be observed.
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PART II : KINETICS OF ACETONE HYDROGENATION
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CHAPTER 5

- APPARATUS AND EXPERIMENTAL TECHNIQUES

The influence of the solvent on the hydrogenation rate
of liquid acetone catalyzed by Raney nickel was studied by
Kishida and Teranishi (1968), who explained their experi-
mental resulﬁs in terms of a rate equation derived from a
Langmuir-Hinshelwood type.mechanism.

A more complete study was carried out by Iwamoto et al.
(1970) in the same and other solvents. Different rate equé—
tions to the'previously reported were found to represent the
results. However, neither work took into account thaﬁ,for a
fixed hydrogen pressure, the hydrogen solubility changes when
the solvent composition changeé. |

Therefore the adsorption and rate of reaction constants
they determined are affected by this error. This fact and
the controversial reports on the influence of water on this
reaction (Watanabe - 1962, Sokol'skii and Erzhanov - 1953)
determined a study of the kinetics of acetone hydrogenation
in various sélvents to be carried out. Two nonpolar-n~octane
and 2,2,4-trimethylpentane (isoctane)-, one polar-isopropyl
alcohol~ ana one highly polar solvent- water- were chosen for
the experiments. |

A description of the apparatus and the experimental tech-
niques involved in measuring the consumption of hydrogen in a

stirred tank reactor is given in this chapter,.
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5.1 Description of the apnaratus

Hydrogenation rates wére measured in a stirred glass
reactor of half a liter capacity. It was kept immersed in
a constant temperature bath and was stirred with a magnetic
stirrer (see Figure 5.1). The reactor was connected to the
measuring system hy means of a glass joint. The measuring
system consisted of two gas burettes, one of 50 ml and the
other of 500 ml capacity, connected ip parallel.b By means
of a three-way stopcock, one or the other could be used at
any time during the expe;iments. The reaction rate was
determined at constant pressure by measuring the dibutyl
phthalate level in the gas burette.

The pressure sensing device consisted of an electric
cell attached to a mercury manometer, When a small change
in the mercufy (less than 0.1 mm) was detected by the cell,
a relay was activated and opened the solenoid valve, allowing
the dibutyl phthalate to flow from its reservoir and adjust
its level in the gas burette, so that the pressureAin the
system remained constant. The pressure in the reserQoir was
always 0-20 atm greater than the one in the system. Once the
pressure was restored to its original value, the relay closed
- the valve until a new cycle began. The pressure in the reac-
tor could be fixed at any walue up.to atmospheric pressuré,
and it was kept constant within an error of + 10~% atm. The
reactor had a vessel attached to it for the addition of

liquids.’
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5.2 Materials

The catalyst used was Raney nickel Nicat 102, Supplied
by Joseph Crosfield & Sons. It is obtained from a minus 200
mesh nickel/aluminium alloy and it is stored under water. |
A summary of its physical properties can‘be seen in Table
5.1. "The average particle size asrsuppliéd by the manufac-
turers is 21 u, but for the kinetic measurements, a sample
of the smallest particles was separated by'sedimenfation.

| An anélysis of the new particlersizéVdistribution was
done with the Coulter Counter Model A (Table 5.2), and the
averade silze was found to be 10 u., During the period. the
4ex§eriments were carried out, the catalyst was kept under
nitrogen atmosphere and at 5°C. ItS'activit§ was checked
at the beginning and at the end of the kinetic measurements
and no change was detected. All the experiments were carried
out over a period of three months.

Oxygen free hydrogen supplied by British Oxygen Co. Ltd.
was used for the reaction, while the organic solvents, acetone
and iSOpropyl alcohol were BDH ANALAR and n-octane and 2,2,4-
Atrimethylpentane, BDH pure reagents. The analysis by gas
chromatography showed that the percéntage of impurities in no
case exceedea 0+5%.

- The Qater used was distilled and passed through a column

of ion exchange resins.
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Table 5.1

Physical properties of Raney nickel catalysts

Nicat 102 Nicat 820
Nickel content 923 90%
Surface area, m2/qg : 50 -
Porosity ' 0-51 0-51
Apparent density, g/cm3 4.5 4-5

Average particle diameter, p 10 65
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5.3 Procedure

A sample of the aqueous slurry of the catalyst contain-
ing 0:5~1-0 g of nickel was transferred to the reaction
vessel, already weighed, and dried under vacuum’fof one hour
at room temperature. The mass df-Raney nickel was determined
by weighing the vessel with the dry catalyst. The reactor
was ‘then introduced into a glove box with a nitrogen atmos-
phere, where 20 to 50 ml of degassed solvent were added to
the catalyst, and finally, it was connected to the measuring
system. The whole apparatus was purged with hydrogen and
filled to the required pressure. To énsure that both the
solvent and the catalyst were saturated with hydrogen, the
1iqpid was stirred. Once the equilibrium was reached,
.degassed acetone was added to the reactor from the adjoining
vessel and the hydrogen began to be consumed. After the
dibutyl phthalate level'was adjusted to the bottom of the
burette and the electric cell to the appropriate level in
the manometer, readings of the volume consumed were made
everylls seconds. When the reaction was slow, the smaller‘
gas burette was connected.

Runs lasted for about 10 minutes and were made at tem-
peratures of 0, 7 and l4°C, except in the.case of 2,2,4-
trimethylpentane, when only experiments at 7°C were carried
out. The hydrogen pressure was varied from 60 to 10 cm Hg,
and the pressure in the dibutyl phthalate reservoir was
simultaneously reduced in order to keep a small pressure
difference. With this arrangement, the ievel in the gas

burette was automatically adjusted every 5-10 seconds.



The catalyst was reneﬁed daily and measurements of the
réaction rate at the same cdnditions at the beginning and
at the end of the day were carried out. No definite trend
was observed, and the values ébtained did not differ in
more than 5%. )

The stirring of the reacting solution ensured fhat
thé temperature was uniform throughout the reactor.

Preliminary experiments éhowed that no reaction occurred
in the absence of catalyst and that, when Réney nickel was
present, the only product of reaction was isopropanol. This
was checked in all the solvents by gas chromatographic ana-
lysis of‘the liquid, By comparing these results with the
consumption of hydrogen, it was found that the number of moles

formed and consumed were the same.



CHAPTER 6

" RESULTS AND DISCUSSION

.The present chapter deals with the determiﬁation of a
kinetic expression for the hydrogenationzof acetoné on
Raney nickel. The hydrogen concentratioh is calculated
from the correlation of solubility in solvent mixtures
developed in this thesis. A Langmuir—Hinshelwood type
mechanism is put forward and the corresponding parameters
are estimated by means of a non-linear regression. The

effect of the solvent on the rate of reaction is discussed.
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6.1 Hydrogen solubility in liquid mixtures

The difficulty in develgping a theory to understand
the solutions of nonreacting gases in liqﬁids and liquid
mixtures has been partially overcome by several attempts
to cdrreIate the values of solubility of the gas with the
properties of the solvents. A general review of this
aspect-has been done by Battiﬁo and Clever (1966). An
analysis of all the published data is included.

Shair obtained a good correlation for the solubility
of gases in'nonpolar systems (Hildebrand et al - 1970).
He derived for a gas A dissolving in a solvent 1 at tem—-

perature T and total pressure P the equation

L s 2

£, (at P) vy (8) - 86,0241
= ln Xp = 1n + -

q;A YA P Rg T

6.1.1
where fi is the fugacity (in atm) of pure "liquid A", Ua
the fugacity coefficient of A in the gas phase, Y its
mole. fraction, Va the molar volume of pure "liquid A",
¢, the volume fraction of the solvent, given by
b1 = x3v/(xyvy + XpVa) and §, and Sa the solubility para-
meters of the solvent and the condensed gas, respectively.

The solubility parameters are'proportional to the cohesive

energy densities of the liquids and are calculated from

v v 1
o= (ME)T - (alioRan )

6.1.2
where AE' is the molar energy and AH' the molar enthalpy of

vaporization (Int. Crit. Tables - 1929).
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At the normél operating conditions, namely pressﬁres
below one atmosphere and temperatures around 20°C, the gas
phase fugacity coefficient is equal to one (Reid and Sherwood
~ 1958) and the solubility is so low that the volume fraction

of the solvent approaches unity. Hence

, L ' _ 2
- 1n XA = In fA (at P) + Va (61 (SA) 6.1.3
Ya P Rg T

‘Since the liguid phase fugacity can be expressed as

v, (P - 1)
£, (at P) = £ (1 atm) exp|-—> ] 6.1.4
R _T
g
the solubility will be given by
In £2Y (1 atm) . v, (85 - 6,)2 . v, (B - 1)
A - Vp o \01. T Op - Vp o AE S
= Iln x, = + +
P R T T
Ia g Ry
6.1.5
In the above equation, three of the parameters - fﬁ, Va

and GA - must be obtained from solubility data. When the
gas phase contaihs only hydrogen and its pressure is one

atmosphere, equation 6.1.5 is reduced to

v ‘(51 e S .)2
- lnx, = In fi (1 atm) + -2 A 6.1.6
Rq ™

It caﬁ be seen that several sets of the above mentioﬁed
parameters'will be able to represent experimental solubility
data. Therefore we accept a priori the value of 2.1 for the
.solubility parameter of liquid hydrogen (Hildebrand and Scott

= 1950). By apprlying the least squares method to available’
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data for fluoroheptane, isooctane, n-octane, ﬁ—heptaﬁe,
toluene and benzene (Battino“aﬁd Clever - 1966) values of |
the remaining parameters, namely fi and Va ére obtained
at different temperatures ana summarized in Table 6.1.
The standard error of redression is O-blﬂ

But equation 6.1.6 holds only for soiutions of hydro-
~gen in nonpolar solvents and, since we are also interested
in estimating the solubility in polar solvents and their
mixtures, the solubility parameter will be modified in order
to extend the correlation. From solubility data in acetone,
isopropyl alcohol,vmethancl and water, a correction factor
arises and the solubility parameter for polar liguids with
§ > 9:0 is modified to |

§

§¢ = : 6.1.7
1772 log(s = 2+1) = 0+509

If we compare the estimated solubility arising.from
equations 6.1.6 and 6.1.7 with experimental values (Battino
and Clever - 1966), we find they agreéreasonablywell (see

Table 6.2).
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Table 6.1

Parameters in the solubility correlation’

TCC) ' In £ (atm) ' vg&(cm3/mole) 88, (cal¥/cm’/2)
o) 6° 246 22° 9 2+ 1
7 6174 | 24+ 1 2°1.
1 6+ 106 | 2542 P
25 | 5.982 26° 8 2+ 1
Table 6,2

Comparison between estimated and experimental

hydrogen solubilities in various solvents at 250C and 1 atm

Solvent Ay v 5 € X 210“ x.. x1o"

¥ THp Hp
(cal/mole)(cma/mole)(ca%/)(ca% ) (E?t | (-?

cm /2 cm /2

acetone 7604 73+3 9.8 9.2 2:545 2390

n-octane 9914 162+5 746 -  6+373  6+832
i-propanol 9790 7642 11:0 9.4 2+232 2173
2,2,4-trimethyl- 8395 165-1 6+9 - 8846  7-815
| pentahe '

water : 10481 18-0 23:4 12-7 0-152 0-142
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Up to now, we have only dealt with solutions of'gases
in pure liquids. For so6lvent mixtures (liquids 1 and 2)
Hildebrand et al (1970) suggest that a good estimation of

the solubility of the gas is obtained when the expression -

In XA,mix = ¢; In XA,1 + ¢, 1n XA,Q ~ VaBi12014,
6.1.8
with
....... 2
B1o 4= 82 6.1.9
Rg T

is applied. To extend this equation to polar solvents, the
solubility parameter to be used is the one corrected accord-
ing to equation 6.1.7._

When the gas pressure is no longer 1 atm, we can rewrite

equation 6.,1.5 as

L VA(Sl"" 62)2 VA.(P—l)
= Iinx, = 1n fA (1 atm) + + - 1n YaP

Rg T RgT

6.1.10

4The first two terms in the right hand side represent the
gas solubility when its pressure is 1 atm, and since the third
term is approximately 1073 (the pressure will always be less

than 1), it can be neglected. Therefore

Xy = xA(l aﬁm) Yo P = xA(l atm) Pa 6.1.11

and the solubility is proportional to the partial pressure

of gas,
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6.2 Mass transfer and thermal effects

For the reaction to take place, both the reactants,
acetone and hydrogen, must be transported to the catalyst
surface. Since the acetone concentration in the liquid
pPhase is more than 1000 times that of hydrogen, and their
diffusion coefficients are similar, the acetone concentra-
tion drop will be so small that the concentration inside
the solid will be the same,as.the one in the buik fluid.

We willAtherefore restrict our analysis to the transport
of hydrogen.from the gas phase toAthe solid surface. 4This
process méy be divided into three parts: dissolution of
hydrogen gas, transport frém bulk flﬁid to the outer sur-.
faée of particle ahd finaily, transport to the active
centres of the porous catalysf.

| In order to ensure that the first steps did ncot con-
trol the overall process, all the experiments were carried
out at such a stirring rate that the measured rate of reac-
tion was maximum., In this condition, the catalyst powder
was totallyiJisusbension.

The calculation of the concentration drop across the
boundary layer surrounding the catalyst particle clearly
shows that the external diffusion was not limiting the rate
of reaction.

Let us consider the highest rate of hydrogenation'in
the acetone-Water system, namely 1-2 x1073 mole/min g, which
corresponds to a temperature of 14°C and a mole~ fraction of
0+5. 1In this condition, the liquid density is 0.85 g/cm3,

its viscosity about 0:76 cp and the diffusion coefficient is
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estimated from Wilke and'Chang's correlation (Satterfield -
1970) as 9:9 x10™5 cm?/s. Thensolubility of hydrogen in the’
mixture is derived from equations 6.1.5 and 6.1.8 to be

2.7 x10"% mole/cm3,

‘The settling velocity of the cataiyst particles is

: 32 . 2(4.5 — O )
a = S_é__AE - (980)(01001) (4.5 0.85) _ 0.0261 cm/s
18 u ~(18) (0.0076)
6.2.1
Hence the Peclet number is
pe = & - (Q:0261)(0:001) _ 5 564  ¢.2.2
D 9.9 x1075

It follows NOw that the corresponding Sherwood number is 2.0
(satterfield - 1970). Assuming the actual value is twice
'the value for a free falling particle, we can calculate the
concentration drop around the sclid. The rate of mass trans-
fer to the solid surface can be expressed as

- Sh 6D (c - ¢

2 H
d 2
°p

N

a ) 6.2.3

Hy s

but it must be equal to the observed rate of reaction,

therefore )
2
Lo T ey _ (2.0 %1075) (0.001)2 (4.5)

°4, = 6 Sh D cy, (6)(4)(9:9 x107%) (2.7 x1076)

= 0-014 6.2.4
and the hydrogen concentration on the catalyst surface is, in
these extreme conditions, 0:986 of the value in the bulk

ligquid.
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To estimate the influence of the internal diffusion,
the effectiveness factor will be calculated for the same

conditions as above. The modulus o1, is given by .

. X op pd2

(2.0 x1075) (4.5) (0-001)
(36) (1-25 =x10~5) (2.7 x1076)

¢L : -
36 DEff CHZ

= 0.074 6.2.5

where the tortuosity factor is assumed to be equal to 4 and
therefore the effective diffusivity is eight times smaller
than the molecular one.

Since the order of reaction with respect to hydrogen
is % (see Section 6.3), the estimated value of the effective-
ness faétor is greater than 0:99, and no diffusional pro¢ess
is limiting the rate of reaction (Satterfield - 1970). This
conclusion is also confirmed by the observed value of the
activation energy of about 10 K—cal/mble (see Section 6.4.3),
which is very much larger than the one corresponding to diffu-
sional processes.

in order to determine whether the thermal effects are
significant inside the catalyst,'the'maximuﬁ temperature
difference that could exist between the partiéle surface and

the interior will be estimated from

chs(_AH) Deff

AT = 6.2.6
max A .

where AH is the enthalpy change of reaction and A the thermal
-conductivity of the catalyst. No data of thermal conductivity
of porous solids is available, but it can be estimated in this

case to be 10~3 cal/cm s °C (Satterfield - 1970), without
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introducing a large error. Since the enthalpy change of
reaction at 18°C is 19-2 K~cal/g-mole (Int. Crit. Tables -
1929), it follows that

AT _ (2:7 x 107%) (-19200)'(1-25 x 10~5)
max (10_3)

-~ 6.5 x 10°% °¢c 6.2.7

and the thermal effects in the catalyst are completely
2 4y
negllglble. Moreover, since By T . /R iy (1 0 x lO ) "

(6.5~x10_4)/(1.9875(287)2 = 4.0 x 10-5, it can be shown

that no drop in temperature occurs in the film surrounding'4¢«&ga?

the catalyst (Hlavacek and Kublcek - Chem. Eng. 801. 25

‘711761-1771 (1970)) o - . | T

P
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6.3 Mechanism of reaction

Anderson and MacNaughton (1942) studied the hydrogenation
of acetone on various catalysts using a mixture of hydrogen
and deuterium as reducing égent. They.were able to determiné
that at low temperatures and over Raney hickel the addition
of hydrogen occurs on to the keto form.

Previous kinetic measuremehts suggest that the reaction
mechanism can be described (Kishida andvTeranishi.— 1968, .
Iwamoto et al - 1970) according to the following steps, where
the hydrbgen dissociates during adsorption and its addition

to the acetone takes place in two stages,

A+ 32 = A
H, + 20 = 2Hg
AZfHZ= AHg + 2
AHZ-}-HR.= P
Py = P + 4 .

where A, AH and P descfibe the acetone, monohydrogenated
acetone and isopropvl alcohol, respectively, and & denotes
an‘acﬁive~site. |
Assuming Langmuir isotherms of adsorption for all the
components and that the first step in the reaction is the

controlling one, an expression for the rate of reaction is

obtained L L
_ kJ'KAKH CA cHIZ‘..““ T
T (1 + K,c, + K%c 3 + Koo (1 + 1/K‘R%c %) + K Cu)
» A~A H~H2 PP 2 H H2 S”S
where K oo is due to the adsorption of 6.3.2

the solvent on the catalvst.
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Simonikova et al (1973) studied the same reaction in
the gas phase over different”me£al catalysts (Cu, Pt, Pd and
Rh on kieselguhr), and foundvthat the adsorption constant of
hydrogen is between 10 and 100 times lower than that of acetone.
In addition, in the liquid phase the céncentration of hydrogen
is 1073 times iower than the acetone one, and therefore it is
reasonable to neglect the amount of adsorbed hydrogen in the

—

. ' . . . . A
denominator. At the same time, since the second reaction rgﬁmj

constant is greaterthan the first and the. monohydrogenated |

acetone is an intermediate product, its adsorbed concentration
will also be negligible. The expression for the rate of reac-

tion is reduced to

%
Cc,C o .
r = AR Al 6.3.3:
, 2
(1 + Kpcp Kpcp + Kscs)

K, K, K, ?

The apparént order with respeét to hydrogen resulfing from
this equation is verified by plotting the rate of reaction as a
function of the square root of the hydrogen concentration for a
fixed concentration of aéetone. It has been shown (Section 6.1)
that the hydrogen concentration is proportionél to its gas pres--
sure, and therefore, the straight line,obtained confirms that the
first step in the surface reaction is controlling (see Figure
6.1). On the contrary, by deriving the rate of reaction'eqﬁation
with the aésumption that the second step is controlling, an
‘apparent order of one with respect to hydrogen is obtained.

A kinetic equation deveioped on the assumption that the ace-
tone is adsorbed on two sites, as proposed by some authors (Bond
- 1962) did not repreéent the experimental results in a satisfac-

tory way. For any combination of parameters, the ratio between
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O e 56 o O

_ -solvent ’t Xp

water 7°C 0.7i6

iso-octane 77C 067 _
water oC 0.483
n-octane - 7C 0.651

iso-propanol 14°C 0516

1 1 1 1

2 ! 6 8
P, [em'*Hg)

6.1 Order of reaction with respect to hydrogen
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the maximum rate of reaction and the one corresponding to
pure acetone did not exceed a value of 2. 1In Figures 6.2,

6.3 and 6.5, this ratio is verv much higher.
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6.4  Analysis of experimental results

In order to estimate the values of thé parameters in
equation 6;3.3, which best represent the experimental results,_
a non-linear regression will be applied. Since the concentra-
tions of acetone and solvent in the reacting mixtures are

related by Xp = 1 - Xg v and accepting that the total molar

density of the solution changes linéarly with the concentration -

of acetone, it follows

(o]
. C
- o __S
cg = CS S cA 6.4.1
€a

o o . :
where Cg and c, are the molar concentrations for pure solvent

and pure acetone, respectively. Equation 6.3.3 becomes

' k;K,K € c 3 :
r = AH B H2 =5 ) . 6.4.2
(1 + Ksc + (KA - KSCA/CS) cA)<

Q

no

and redefining the parameters

C. C. %
r = A _H2 6.4.3
(a + b c‘A)2

L %

(1 + Kg )/(leAKH ) and b = (K, - Kscg/cg)/(leAKH

where a-

From the expression above, only two parameters can be esti-
‘ mated whlle in the original equation we have three, namely
leH ’ KA and KS. In the following section, a procedure to

estimate their values will be explained.

5%
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6.4.1 Isopropyl aicohol, n-octane and 2,2,4~trimethyl-

pentane as solvents

Several studies of metal catalyzed reactions involving
aliphatic hydrocarbons and of the adsorption on Raney nickel
(Limido and Grawitz - 1954, Bond - 1962,‘Kishida and Teranishi
- 1968) have concluded that their adsorption constants are
negligible- compared with that of acetone. When the regression’

is carried out with the results'obtained.in n-octane, K, will

S
be taken as zero, and therefore a = l/(leA‘KH%)!5 and
b = K,/(xK,K %)% It follows that

= fa/tkifpty ). otlio
¥ _ _ '
leH = 1/ab KA = b/a 6.4.4

Once the value of Ka at-a certain temperature has been obtained,
both the rate of reaction constant in isopropyl alcohol and

isooctane and their adsorption constants are obtained from

- 2
Kg = “a b/a. - k, KH!5 = %... ['l + Kch]
(@] o] (@]
(b/a)cg + cs/cA A a

6.4.5

In order to start the non-linear regression, it is neces-
sary to have an initial estimate of the values of the para-
meters. For this purpose, a linear regression of_the
experimental results is carried out with the‘rate of reacﬁion

equation in the form

%

%
[ €a°n, ]

r

= a+b CA: | 6.4.6

An estimation of a and b is obtained and used as initial
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Solvent

n-octane
n-octane

n-octane

isooctane
isopropanol
isopropanol
isopropanol
water

water

water

Table

6.3

Parameters estimated by nonlinear regression

14

14

- 4-04

31+10
23+67
17+70
21-18
21+63
10-44

b
L

gmole

1-41
0-383

0-+909

S(e)

gqmole
(retey”

7+76 x 10~ 2
3.92 x10°8

2+14 x 1078

1+87 x 1077
2*70;;10-40
2+05 x 10~10
5+81 x 10710
3:72x1072

190 x 10~8

2+48 x 1078

leH; y Ka

(2 gmole) L
min gr gmole
0-0472 0-830
0-0692 0-757
0+0816 0.515

Ks
0.140 0.:0523
0.0128 0+168
0.0225 0-159
0+0342 0.103
0+111 ' 0.098
0.234 0.146
0+239 0.048

_zg—
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guess for the'non—linear regression.

The concentration of dissolved hydrogen at a fixed gas
pressﬁre is a function of the solution cemposition‘and tem-
perature of experiment and is calculated with the cor:elation
developed in Section 6.1. -

The non-linear regression is carried out for each solvent

at the different temperatures and the sum
N .
s = Y (r . -1 (pj’e))2 6.4.7

Is minimized, where rej is the experimental rate of reaction,

pj the independent variable, @ the parameters of the equation,
and the subscript j denotes the j-th experiment. A computer
programme "Least squaree estimation.of non-linear parametersf,
based on an algorithm developed by Marquardt (1963), is used

and the results obtained are summarized in Table 6.3.

6.4.2 ~Water as solvent

When water is added to acetone, a very large inerease in
the rateﬂof hydrogenation is observed. Further increases in
the concentration ef water.decreases the meesured rate (see
Figure 6.5). Analysis of the solubility of hydrogen in acetone-
water mixtures shows that it decreases from pure acetone to pure

water, but this does not explain the effect observed in the

consumption of hydrogen.

The occurrence of a maximum in the rate of reaction at high
concentrations of acetone was not observed in any other solvent

(Kishida and Teranishi = 1968, Iwamoto et al - 1970) and the
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compensating effect of two factors may be its cause. We can
affirm that tﬁe final,decreasefin the rate of reaction is due
-to the depletion of acetone at the catalyst surface at high
concentrations of water.

Several authors have réported the-ppomotive effect of
water in the hydrogenation of acetone over Raﬁey nickel
(Sokol!skii.and Erzhanov - 1953, Selyakh and Dolgov.— 1965,
Tsutsumi et al - 1951). Moreover, Orito and-Imai (1961)
observed the same effect when Ni-kieselguhr and Co-Cr,0;-
kieselguhr are used as catalysts, but with Cu—Crzos—kieselguhr
an inhibiting effect is found. No definite explanaﬁion has
been proposed, but two likely possibilities arise from the
exXperimental evidence.

Selyakh and Dolgov (1965) suggésted thaﬁ the water pro-
-motes the enolization of the adsorbed acetone and, since the
double bond C=C is more readily hydrogenated than the carbdnyl
group, an increase in the rate'of reaction is to be observed.
No enolization of acetone is detected in agqueous solution in
the absence of a catalyst (Hine - 1956), but since in the
adsorbed state a rearrangement of electrons is occurring, the
existence of the enol form as substrate for the hydrogenation
is possible.

At the same time, it is widely accepted that hydrogen is
adsorbed on to the solid with two different stréngths, the
strongly bbund one being mainly responsible for the carbonyl
reduction (Watanabe - 1956, Sokol'skii and Erzhanov - 1953).
In a study of the hydrogenation of benzalacetone on Raney

nickel, Sokol'skii and Erzhanov (1953) found that both the
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hydrogenation of the ethylenic bond and the carbonyl group
éould be studied independenﬁlyxsince the ethylenic bond is
reduced first at a high rate, and only after this is completed,
the carbonyl group is attacked. The addition: of water
increases the second rate and an increase in the amoﬁht of
hydrogen adsorbed is suggested.to be its.cause. The observed
effect can also be attributed to a change in the ratio of the
two different forms of adsorbed hYdrogen, so that the strongly
bound one required for the carbonyl hydrogenation is favoured,
It follows that the addition of water changes the struc-
ture df the adsorbed substances and a detailed study on this
subject is necessary. However, sinée it is reasonable to
assume that changes in the adsorption and rate of reaction
constants occur only at high conceﬁtrations of acetone, in
order to determine a kinetic equation, we will 6nly consider
the data for acétone concentrations below 11 gmoles/l. A"
similar procedure to the one described in Section 6.4.1 is
applied here, The parameters obtained from a nonlinear

regression are summarized in Table 6.3.

6.4.3 Heats of adsorption and activation energies

The values of the adsorption constants of acetone,
isopropanol ana water determined at 14°C from the kinetic
measurements are: 0-515, 0-103 and 0:048 :/gmole, respectively
(seé Table 6.3). If we compare their ratio with the one
determined at 20°C by Delmon and Balaceanu (1957) from adsorp--
tion measurements, we find a reasonable agreement. for the

system acetone-water, the ratios are 10-7_and 21, while for
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acetone-isopropanol, 5-1 and’3, respectively.

The heats of adsorption can be determined from the slope of
the graph when the logarithm of the adsorption constant is
plotted as a function of the inverse of the absolute temperature
(Figure 6.6). The values for isopropanol, acetone and water are
5-5,.5;3 and 8.0 Kcal/gmole, respectively, and are higher than
those expected if the adsorbed spécies.were held by ordinary
dispersion forces. Kishida and Teranishi (1968) found a similar
value for acetone (4:3 Kcal/gmole) which suggests that chemisorp-
tion does not take place and the C = O bond is not broken during
the adsorption.

The apparent activation‘energyvis obtained from the slope

in Figure 6.7. This value can be related with the true one,.

d In k d 1n k; d 1n K
PP - d(1/RgT) d(1/RgT) d (1/R4T) /
6.4.8

where AHE represents the heat oOf adsorption of hydrogen. The
apparent activation energies determined with n-octane, isopro-
panol and water as solvents are 6-2, 11-0 and 8-6 Kcal/gﬁole,
respectiveiy. It can be seen that the maximum activation energy
corresponds to the case isopropanol is’the solvent.

In previous research work, similar values have been deﬁer—
mined. Freund and Hulburt (1957) obtained an apparent activation
energy of 8 Kcal/gmole for a molar fraction of acetone in isopro-
panol of 0-3. it must be pointed out that this result is low |
since it is affected'by the solubility of hydrogen and its

diffusion to and into the catalyst.
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Iwamoto et al (1970) found a value of 10-3 Kcal/gmole
for their results in isopropanél, but ‘they did not take into
account the change of solubility with concentration and tem-
perature. The same criticism applies to the value of 10-1,
founad by Kishida and Teranishi (1568) fo; their experiments
in n—hekane. In addition, they ignored the adsorption of
hydrogen on the catalyst. |

Several authors (Bond -  1962) have determined the heat
of adsorption of hydrogen from the gas phase on nickel.
They found initial values ranging from 20 to 30 Kcal/gmole.
Watanabe (1956) studied the adsorption on Raney nickel and
obtained an enthalpy of adsorption of 15 Kcal/gmole. No data
on the heat of adsorption of hydrogen from solution is avail-
able, but since dissociation of the molecule takes place during
the adsorption, it is expected not to be very much smaller than -
the values given above. The average value’for the heat of
adsorption reported by Iwamoto et al (1970) of 2-7 Kcal/gmole
is an apparent one, sinqe itAincludes the enthalpy change of
the surface reaction.

‘This justifies the rather low values obtained for the
activation energy, in particular in n-octane. The true values

will be about 7 Kcal/gmole higher than the apparent ones.
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PART III : SLURRY REACTOR
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CHAPTER 7 :

-~

APPARATUS AND EXPERIMENTAL TECHNIQUES

No studies of the behaviour of the resonant bubble
contactor as a reactor have been reported vet. Buchanan et
al (1963) and Jameson (1966b) found a very large increase in
the rate of gas absorption when using the mentioned equipment
instead of other more traditional contacting devices. 1In
Chapter 4, it was shown that the mass transfer to or from
solids in suspension is enhanced when the vessel containing .
them is oscillating at a high frequency, namely about 1500-
2000 rpm.

Since in heterogeneous catalysis mass ﬁransport generally
constitutes a rate determining step, the previous results
suggest that the development of a vibrating slurry reactor
is of practical inferest. Therefore én experimental study
of the hydrogenation of liquid acetone catalyéed by Raney
nickel will be carried out in the resonant bubble contactor.

A description of the equipment and experimental techniques
involved in the analysis of the behaviour of the vibrating

slurry reactor is given in this chapter.
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7.1 Desbription of the Apparatus

The rate of hydrogenation of acetone in a slurry reactor
was measured in the same cylinder used in the mass transfer
experiments. It was connected to the measuring system
described in Section 5.1 and had é rubber bung at its top
where a small vessel for the addition of acetoné,was attached.

The frequency of osciilation of the cylinder was varied
from 350 to 1600 rpm and the amplitude was the same as in

Section 3.1, namely 0-:467 cn.
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7.2 Materials and procedure

In the slurry reactor experiments, the catalysts used wyere
Raney nickel Nicat 102 and Nicat 820, manufactured by
Joseph Crosfield & Sons. The 1etter was sieved under nitro-
~gen atmosphere and the sample obtained had an average diameter
of 65 + 5y, determined with a microscope. 'The catalysts
phyeical properties are summarized in Table 5.1. The main
difference between them is their average particle.size, but
their activity is the same. The rate of hydrogenation was
determined in isopropanol with both catalysts in the stirred
veesel, and no difference was observed. To ensure that no
diffusional control occurred, experiments were carried out at
a low temperature. |

The same reactants as in Part II were used.

A sample of the wet cataiyst was initially transferred
to a weighed glass tube (see Figure 7.l1) where it was dried.
under vacuum and at room temperature. Nitrogen was admitfed
to the tube, and after weighing it to determine the mass of
Raney nickel, it was sealed off and the stopcock removed.

The tube was placed in the cylinder, which was partially
filled with water and connected to the vacuum pump in order
to degas the system., After 15 minutes it was purged with
hydrogen, and degassed acetone was added to obtain a solﬁtion
with a molev.fraction of acetone of 0:33. The hydrogen pres-
sure was adjusted as well as the dibutyl phthalate level in
the burette and the electric cell in the mercury manometer.

The tube containing the Raney nickel was broken by switching
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\_/

- 7.1 Diagram of the sampling tube
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" on the oscillating mechanism at a high frequency (approximately
1800 rpm) aﬁd'the reaction bégins to take place.

ﬁuns were carried out at a fixed concentration of acetone
in water, but varying the temperature (7 to 21°C), the hydrogen
pressure (10 to 55 cm Hg) and-the freqﬁency of oscillation (350
to 1600 rpm). When bubble cycling occurred in the cylinder,
fluctuations of the pressure of about 10 mm Hg were observed.
"In such conditions, the measuring system would not work. This
problem was solved by inserting a capillary tubing between the
vibrating cylinder and ﬁhe manomeﬁer, SO that pressure fluctua-
tions were damyed out. By reducing instantaneously the fre-
quency of oscillation, and theréfore eliminating the fluctuatiohs,
and bypassing the capillary tubing, it was checked that there was
novdifference between the measured value and the average of the
fluctuating pressure.

In preliminary experiments, it was verified that the
aluminium of the cylinder did not interfere with the measure-
ments. Several experiments were carried out with the catalyst
Nicat 102 and in the same conditions és in the stirred reactor,
and no difference in the raﬁe of hydrogenation was observed.

. No temperature gradients existed in the reactor throughout
the experiments; A thermocouple was placed in different posi-
tions in.the liquid, and the registered temperature did not vary

even at low frequencies of oscillation.
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CHAPTER 8

' RESULTS AND DISCUSSION

This chapter deals with,the analysis of the rates of
hydrogenation of acetone over Raney nickel measured in the
vibrating slurry reactor. Two grades of catalyst of differ-
ent average particle size are used, and the influence of the
diffusional resistances is studied. The value of the tortu-

oéity factor of the catalyst is determined.
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8.1 Diffusional effects

For a solid catalyzed reaction between a gas B and a liquid
A, the gas must first dissolve, and both reactants diffuse to
the internal surface of the catalyst where they will react. The
rate of consumption of B can generally bé expressed in terms of

the concentrations at the particle surface

l'-— - g-'ll.g = km cAm c P n = ]_(JL m C P
dt S Bs o
Ma . P

where km and kv are the.reactionifaté constants pef unit mass
and unit volume of catalyst, respectively, m and p are the
orders of reaction and n is the effectiveness factor and takes
Into account the resistance to the diffusion of the reactants
from the surface of the catalyst to the active sites. .If A and
B have similar diffusion coefficients (not verydifferent size
of molecules) and B is very little éolﬁble in the liquid phase,
the concéntrationvdrop of component A will belso small that it
can be assumed it approaches zero and the concentration inside
the solid is the same as the one in the bulk fluid. In such
conditions, the rate of diffusion of B'will‘be limiting and the
effectiveness factor will be that of B.

For hydrogen reacting with acetone; the assumption made
above is cérrect, since the ratio of diffusion coefficients
DHZ/DA is only of about 4, while the ratio of concentrations
cHz/cA is about 1073, This can be verified by applying equation
6.2.5 to the acetone for amolar fraction in water of 0.33 and

the grade Nicat 820 of catalyst. It follows that,.
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... r p a2 (20 x 1075) (4-5) (0-0065)2
= P = : = 3.5 x 10”3
. -6 -2
36 D gs ©a '(36)(3 0 x 1076) (10~2)

91,

8.1.2

and the modulus ¢L for the acetone is so low that its corres-
ponding effectiveness factor is unity (Satterfield - 1970).

It can also be shown that.the acetone concentration‘drop
around the catalyst particle is negligible eveﬁ if we consider
the lowest possible Shérwodd numbér.' By applying equation

6.2.4, it follows that

, o
r A, (2:0 % 1075) (0:0065)2 (4.5)

6 Sh D c (6) (2) (2*5 x 107%) (1072)

A

Il

1.3 x 1073 8.1.3

which confirms the assumption that the acetone concentration
is uniform throughout the system.
In Section 6.2 it has already been determined that thermal

effects inside the catalyst are negligible.
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8.2 " Rate of reaction in a slurry reactor

The rate of reaction in the slurry reactor will be affected
by the transport rate of hydrogen from the gas phase to the
catalyst active sites. This process can be divided into three

. steps:

a) dissolution of hydrogen in the liquid phase.' Since there
Is no other gas present, this can be reduced to the trans-

port of hydrbgen from the interface to the bulk liquid,

b) transport from the bulk liquid to the catalyst surface and
c) diffusion with simultaneous reaction into the catalyst
pores. | .

Since these are processes in series, the rate of consump-
tion of hydrogen per unit mass of catalyst can be expressed by

(Satterfield - 1970)

dn v 6

1 H
o —r = k'.a-—-(c__-c )=k"""""(C - C )
. ac L v CH; T °H, ‘LT, CH, T CHes
C = P
= et % .
= k' cy,2 8.2.1

where kL' and a& are the gas-liquid maés transfer coefficient
and interfacial area respectively, kL is the solid-liquid mass
transfer coefficient, k' the apparent rate of reaction constant,
n the effectiveness factor and the subscripts i and s denote the

gas-liquid interface and the solid surface, respectively.

Two extreme situations can be found:
a) the effectiveness factor is unity

b) the effectiveness factor lies. in the asymptotic zone.
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Let us consider in the first place the case when the con-
centration of hydrogen is uniform throughout the catalyst
particle, namely the effectiveness factor is unitv. We can

rewrite equation 8.2.1 in the form

ro ——Hei ” CHps | oo
. mc . N dpp HZS 8.2.2
]
kL a,Vv 6kL

and the mass transfer resistances can be evaluated from

- - ry 2

- < dpp : °H2i ~ ®H2s = CHai & (x/k!)
1

KL kL aVV GkL r r

8.2.3

where the apparent rate of reaction constant k' is known and

c is the solubility of hydrogen in the liquid phase.

H2i
On the other hand, when the Thiele modulus is large enoucgh

for the catalyst to operate in the so called asymptotic zone,

namely when the dohcentration of the limiting reactant is zero

in the centre of the particle, the effectiveness factor will

be given by (Petersen - 1965)

3
3 // 2 Deff cHgs 8.2.4
R p+1 k! ~ e

and equation 8.2.1 is transformed into

o -

C.,. . 3 .
_ H2i H2es _ ~ 2 ' %
L = ™ dp T / p+1 k' Dagg  Cgpg  8:2.5
: (o] + & R
1 ]
kLaVV GkL

and the apparent order with respect to hydrogen is increased
to 0:-75,with p = %
For an intermediate situation, the effectiveness factor will

be obtained from the corresponding graph (Satterfield - 1970).
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8.3 Analysis of experimental results

8;3.1 Calculation Qflﬂnagggéliquidmassvtransfer coefficient
We have already shown (Section 6.2) that the effectiveness
factor for the Raney nickel catalvst Nicat 102 is unity under
maximum agitation of the ligquid. It is possible to show this
is-true even when there is a droo in hydrogen concentration due
to Fhe diffusion controlled mass transfer. From equation 8.2.1

it follows that'

and the Thiele modulus can be evaluated from

51 K
5'
2 Dggg Oy

- R
by = 3

8.3.2
P

Knowing the relatiénship between the effectiveness.factor and
the Thiele modulus, the hydrogen concentration at the catalyst
sufface can be evaluated from thevexperimenfal rates of reac-
tion (Figure 8.1) by an iterative method, and the assumption
on the effectiveness factor can be checked. Values obtained
for Nicat 102 are summarized in Table é.l (a tortuosity factor
of 4 has been assumed). For frequencies of oscillation above
700 rpm, the internal diffusional control is negligible.

Since ‘the solid-liquid mass transfer coefficient k;, can
be calculated with the correlation obtained in Chapter 4, the
gas-liquid coefficient k;a_  is obtained as a function of the

Lv

oscillation freguency from
Me 1

ra = 5 — - 8.3.3
L°v \Y (cHzi cHZS)/r d?p/GkL |

k
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Table

8.1

-

Gas-liquid mass transfer coefficients in

n
(1/s)
367
5244
73+3
89.0
104.7
1l46.6

52.4

vibrating slurry reactor

r x 105
e
(gmole/cm3s)
0.225
0.623
1.17

2.46

5.10

7.83
10.8
12.1
11.8
13.0

13.5

n

0+80
0-93

0-99

1-00

1-00
1-00
0-92
0+98
1.00
1.00
1-00
0:86
0-:97
1.00
1.00
1-00
1-00
1.00

1.00

°n
(gmole/cm3)
1-67
1-67
167
1.67
1.67
1-67
1.66
l.66
l.66
166
1<66
157
1-57
1:57
1'57‘
1.57
157
1-57

157

. x106"
21 )

cstxlOG
(gmole/cm3)
0.0051
0.029
0.090
0.389
0-.967
1-45
0-052
0+162
0-+546
0+994
1-40
0-044
0225
0+495
0-938
1-18
1-12
136

147

k

Lav x 102
(1/s)
0.0256
0.0746
0.146
0.383
1.13
4-69
0-122
0-250
0643

1-52

269
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Table 8.1 summarizes the results obtained_at different tem-
peratures. 1In spite of the éaéalyst Nicat 102 wide particle
size distribution, no major error is introduced by using the
average particle diameter in the calculations, since the con-
centration drop due to the solid—liqui& mass transfer represents
only up to 3% of the hydrogen solubility. At the séme time,
the sensitivity of the effectiveness factor to variations in
the particle diameter is low at low Thiele moduli.

Assuming there is a linear relationship between the loga-
rithm of the mass transfer coeffiéient and the frequency of
oscillation, a linear regression of the experimental results
at all temperatures (7, 14 and 21°C) is carried out, and the

following equation is obtained
log kiav = =436 + 00260 T + 0-0198 n 8.3.4

where T is the temperature in degrees gentigrade, and n the
frequency of oscillation in cycles/sec. These results are

plotted in Figure 8.2.

8.3.2 Calculation of the tortuosity factor_

Since both the diffusional resistances have been esti-
mated, we can now calculate thé rates of reaction which are
to be observed in the slurry reactor when acetone is being
hydrogenated over the grade 820 of Raney nickel. The esti-
mated rate-of reaction will depend on the effective diffu-
sivity, and its value can therefore be determined from the
experiments as the one giving the best estimate of the rate

of reaction. Since the effective diffusivity is Dggeg = De/t
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and all the parameters. but the tortuosity factor are known,
the latter will be determined from the experimental results.
The concentration of hydrogen at the solid surface will

be given by
_ [ dpp "mc v
o] = Cup: = L + : ]
H2s H2i 6 kL kL aVV

8.3.5

and the Thiele modulus is calculated from equation 8.3.2.

The rate of reaction is obtained from

- 1/2
r k' o s n : 8.3.6

where the effectiveness factor n has been estimated from

its relationship with the Thiele modulus. Since in equation
8.3.5 the value of the rate of reaction is needed, an itera-
tive method must be applied. The calculation starts by assum-
ing ry = r_ , and after one iteration is completed we combare

st e

est with Tost * If they differ in more

than 1% we repeat the procedure by correcting the initial

the resulting value r'

guess according to

r —3

r
(- . —-est _
ast roep (1 + 0-01 [ = 1] } 8.3.7

est

until two successive values are equal within 1% error. A
very fast convergence is obtained and the sum
N

: = - 2
S(t) jél (rej r(r)) | 8.3.8

is calculated, where r(t) represents the estimated value of
the rate of reaction which depends on the assumed value of
the tortuosity factor.

The grid search method is applied in order to find the
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minimum ofvthe sum S{t). This is carried out by appiying

the iterative procedure descfibéd to all the experimental
results obtained with Raney nickel grade 820. The estimated
value of the tortuosity factor is 4.0, and is consistent with
values quoted in the 1itérature for similar catalysts
(satterfield - 1970). When the grid searéh method is applied
to each of the temperatures separately, the optimum values of
the tortuosity factor obtained are 3¢5, 3+6 and 4.5 at 7, 14
and 21°c respectively. In Table 8.2 both the experimental

and estimated values of rate of reaction are summarized.
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" Table 8.2

-

Comparison between experimental and estimated

rates of reaction with Nicat 820 catalyst

n

(1/s)

104.7
125.7
125.7
146.6
167.6
36.7
52. 4
- 78.5
89-0
89:0
104-7
115-2
136-1

1361

1466

r x 10°
e

(gmole/cm3s)

0-390
0-630
'1.02
1.70
1.79
1.33

0. 105

0-615

Of34

0.40
0.47

0.47

- 0.47

0.50
0.51
0.55
0.55
0.57

0.58

 0.23

0. 28
0-36
0-38
038

0+42

_
H2s

(omole/cm3)

0+187
0.358
0.675
0660
0-660
0.826
0-914
1.23
1-20
140
150
0+082
0-174
0+456 .
0+610
0+590
0852
04989
L+25
1425

0-+793

x 106"

5
rest x 10

(gmole/cm3s)

0+583
0+ 950
1-53
1-51
1-51
1-78
1-92,

2+40
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21

21

21
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146-6
1676

36-7

52-4

68-1

104-7

130-9

136+1
14646

167-6
1676
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Table 8,2 (Cont.)‘

x 10°

n

0-43
0- 46
0-48
0-20

0-24

0-28

0-35

0°39
0-38
0-40
0-+40

0-40

-

C

Hys * 106 Lot X 105
0-981 2:95
1+31 " 3.66
1-46 3.96

0093 0-694
0-188 1.18
0+328 1.79

_0+801 3.49
1+17 4.64
1-16 4.61
1-30 5}01
1-41 5.34
1+37 5.21
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8.3.3 Energies of activation

When the frequency of oscillation is high, both the
gas-liquid and liquid-solid mass transfer resistances are
negligible. In the experiments carried out with the cata-
1yst‘Nicat 102, the effectiveness factor is unity under this
condition and therefore, the rate of reaction can simplv be

expressed as
%

HZ 8.3'9

Differentiating the logarithm of this expressidn with respect
to the absolute temperature ana.multiplying by —RgTz, we
obtain

= E =—RT2[M+%M}=E;\

dln r
- 2
RgT dT appi1 g daT

8.3.10
where the heat of solution has been neglected. From the
correlation developed in Section 6.1, it is estimated to be
less than 0.5 Kcal/gmole.

On the other hand, the grade Nicat 820 operaﬁes in the
asymptotic zone of the effectiveness factor. Eqﬁation 8.2.5
will apply in this case with thethdrogén solubility as its
concentration oﬁ the catalyst surface. An expression for the
apparent energy of activation is obtained by the same proce-

dure applied to equation 8.3.9

1
= X = L
Eapp2 s Ep + % Ep L Eapp1 f L B

8.3.11

The activation energy associated with the diffusion of hydro-

gen is 2+8 Kcal/gmole (Int. Crit. Tables - 1929). In the
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experiments with Nicat 102 and 1600 rpm, the activation energy
is 10+1 Kcal/gmole (see Figuref8.4). From equation 8.3.11,

it follows that the apparent activation energy must be 6-4
Kcal/gmole when the internal diffusion is controlling. This is
in.good agreement with the experimentai yalue found for Nicat

820 of 5+7 Kcal/gmole (see Figure 8.4).
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8.4 Discussion

In the previous sections, an analysis of the behaviour
of a vibrating column of liquid as a slurry reactor has been
given. ‘The hydrogenation of liquid acetone over two Raney
nickel catalysts of different particle size was carried out.

It has been found that the solid-liquid mass transfer
resistance is negligible even at frequencies'of oscillation
as low as 350 rpm. But the gas-liquid diffusional resistance
is important and only above 1300 rpm the hydrogen concentratioﬁ
drop in the liquid phase.falls below 10%.

I£ must be pointed out that the internal diffusion, namely
the transport of reactants from the catalyst surface to the
active sites, depends fundamentally on the ﬁorous structure,
and an improvement in the agitation conditions will only help .
to increase the potential supply of reactants, but will not
affect the effectiveness factor considerably. 1In Table 8.2,
ﬁhe experimental rate of reaction increases its value 10 times
ffom the lowest to the highest oscillation frequency, while
the effectiveness factor only twice.

In sectién 2.5, a survey on the studies of slurry reac-
tors was carried out and in almost all'the cases, one of the
diffusional resistances was controlling. In Part I of this
thesis and in a previous work (Jameson - 1966b), it has already
been shown. that the resonant bubble contactor will improve'the
performance of mass transfer processes by reducing those

resistances.

If in the hydrogenation over the grade 820 of Raney nickel,

we assume there are no external diffusional resistances, and
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since the catalyst operates in the asymptotic zone, we can
calculate the rate of reaction by applying equation 8.2.5.

It follows that at 7°C

3
T

‘'r = 1-48 x 1078 (pHZ) gmole/cm3s 8.4.1

and that the coefficient at 14 and 21°C is 2-14 x 1075 and
2:93 x 1076, respectively.

‘We can now compare the experimental results when bubble
cycling occurs in the liquid with the rate of reaction calcu-
lated from equation 8.4.1, where  the hydrogen pressure‘is'the
one existing during_thé experiﬁent. At 7°C and 1800 rpm, a |
rate of 3+14 x 1075 gmole/cmBS was measured, while the esti-
mated one is 3-06vx 1075, At 14°Cc and 1400 rpm, the rates are
2:08 x 1075 and 1+96 x 10”3 gmole/cm3s, respectively.

| We hereby confirm that in the resonant bubble contactor,

both the gas-liquid and liquid-solid resistances are negligible

and the reaction rate obtained is higher than in any other type )

of slurry reactors.
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CHAPTER 9

CONCLUSIONS

Thé‘solid—liquid mass transfer and the hydrogenation of
acetone over Raney nickel have been studiéd in a wvibrating
liguid column. At the same time a kinetic study of the hydro-
genation in different solvents has been carried.out.

The following conclusions can be made frém the work
presentea in this thesis:

A large increase in the Sherwood number for solid-liquid
mass transfer over those reported. in a stirred tank is observed
in a resonant bubble contactor.

When no bubble cycling occurs in the liquid,. the mass
transfer coefficient depends on almost the fourth péwer of the
oscillation frequency, but when the bubbles begin to recycle,
this dependence is considerably reduced. In both cases, the
effect of particle diameter is negligible. The two series of
results are successfully correlated as a function of the
Reynolds, Schmidt and Froude numbers and the relative ampli—‘

tude. It follows that

Sh - 2

Sc%

= (434 Re 0°85 yg-=0-045 -
v
and

Sh - 2

Sc%

0+0132 Re 0°*75 g=0-25 gl-k2
v.

when bubble cycling does and does not occur, respectively.

In the kinetic study, rates of hydrogenation of acetone
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- in n-octane, isooctane and isopropanol are representéd with
good approximation by a Langﬁuir-Hinshelwood model, in which
it is assumed the surface reaction between adsorbed acetone
and hydrogen is controlling. It is shown that both external
and internal diffusional resistances wérevnot significant.

The developed model takes-into accouﬁt the dissolution
.0of hydrogen and its further adsorption and dissociation at
the catalyst suffaéé. A correlation for the hydrogen solu-
bility in polar and nonpolar solvents and their mixtures is
developed.. |

When water is added to acétone, a very large increasé
in the rate of reaction.is observed and attributed to elec-
tronic factors. The enolization of the adsorbed acetone
and the increase in the amount of the adsorbed hydrogen res-
ponsible for the carbonyl reduction are considered to be the
main reasons. In this case, the same kinetic model is applied
but only to the experiments with acetone concentrations below
11 gmoles/1. .

Apparent activation energies of 6-2, lioO and 8:6 Kcal/gmole
when n-octane, isopropanol and water, respectively, are used
as solvents, are determined. These values differ from the true
ones by the hydrogen heat of adsormntion. The order of reaction
with respect to hvdrogen is found to be 1/2,

Finally, the behaviour of the vibrating column of liquid-:
as a heterégeneous slurry reactor is studied. For this purpose
the hydrogenation of aqueous acetone is carried out over two
Raney nickel catalysts of different average particle size.

For the smaller particle, an effectiveness factor of one

is found in all the experiments carried out at frequencies of



- 119 -

oscillation above 700 rpm, whilg the concentration drbp of
hydrogen-in the liquid phasemis very low at frequencies above -
1300 rpm., The solid-liquid mass transfer resistance is neg-.
ligible %n all cases.

A tortuosity factor of 4:0 is detéimined from the -
measurements with the larger size of particle, which is found
to be operating in the asymptotic zone bf the effectiveness
factor. The value ébtéined is in agreement with published
Yesults for similar catalysts.

When bubble cycling occurs in the reactor, none of the
external diffusional résistancés.play any role in the observéd
rate of reaction. The apparent activation ehergy of the reac-

tion when the grades 102 and 820 of Raney nickel are used, are

101 and 5*'7 Kcal/gmole, respectively.

The results of this work show that a very large increaée
in the rate of mass transfer is obtained wheﬁ a vibrating
column of liquid is used instead of other more conventional
contacting devices such as stirred tanks. A marked improve-
ment in the efficiency of processes like ligquid-liqgquid
extraction, gas-liquid contacting, heat and mass transfer
and heterogeneoué catalysis - as it was shown here - is to
be obtained with the introduction of the resonant bubble

contactor.
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APPENDIX I

-

AI.l1 Preparation of pivalic acid spheres

Solid pivalic acid was melted in an,electrically heated
burette whose exit nozzle was bent to poiﬂflvertically upwards
in the bottom of a large column of water (see Figure AI.1l).
éool water circulated through the column jacket; and when the
acid was -allowed to flow, liquid drops were formed at the tip
of the burette which solidified during their rise in the‘column.

The solid spheres were collected at the top of the.column
in an inverted flask, immerséd in a water-ice bath. The spheres
were removed, filtered and driéd_in a room whose temperature
was  kept below 5°C. After.sizing,_they were kept in a refri-
gerator; Their mean size was detérmined and found to be

0+368 + 0:014 cm.
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ice-water bath

— electrically
heated burette
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-
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— pivalic acid

AI.l Apparatus for the production of pivalic acid spheres
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AI.2 Conditioning of acid ion exchange resins

Batches of several sizes of ion exchange resins were
placed in different columns and were treated with an excess
of 2M HC1 solution in such a way that the beads were always
covered by liquid and under a constant fibw rate, in this case
l ml/min. An excess of 2M NaCl solution was then passed
through the columns for séveral hours, Finaliy the resin
was regenerated with the same HCl solution used before, until
the influent and effluent concentrations were thé same. This
was checked by titrating both with NaOH solution.

The resin was then rinsed with distilled water unfil the
effluent was free of chloride ion, namely until ﬁo precipitate
was formed when treated with a standard solution of AgNOgj.

The wet resin was air dried until it was just free—-flowing.
Each batch was sieved and different bead sizes were obtained,
The moisture content was determined by drying a sample at

110°C for over 12 hours. During this prbcess there are always
some changes in the structure of the resin, as its colour
changes to dark brown or black. Hence only undried resins wefe

used during the experiments.

AI.3 Capacity determination

A small sampie of regenerated ion exchange resin was
placed in a column and an excess of 2M NaCl solution was passed
at a low flow rate. The effluent was collected and, when the
resin was totally converted to the sodium form, it was titrated

with a standard solution of NaOH to obtain the amount of H+
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displaced (Helfferich - 1962).

The'cépacity of the Zedxtérb 225 resin used in the
experiments was determined to be 4:9 meq/g dry resin.
AT.4 Valume and density determinatioﬁé .

rThe ion.exchaﬁge'resin was treated with a large excess
of the 'solvent and after equilibrium was reachéd, generally
between 30 and 60 min, the beads were transferred into a
specific gravity bottle and allowed to settle. After thermal
equilibrium was reached, it was weighed in the conventional
manner. | )

The resin was now transferred into a glass tube fitted
at one end with a sintered glass disc.. The‘tube was placed
in.a centrifuge tube containing a féw drops of the solvent
and was stoppered to avoid losses by evaporation. It was
centrifuged at 3000 rpm for 3 min. The glass tube was weighed
and the net weight of the resin was determined. The density
of the solvent was measured with the same specific gravity
bottle.

The volume V bf the ion exchanger in eguilibrium with

the solvent results

V = v, - 22— AT.4.1
and its density

e = O/V , ‘ AT.4.2

where Vi, is the volume of the bottle, Qb'the weight of the

bottle content, Q@ the nét weight of the ion exchanger and
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p, the density of the solvent.
In Taﬁle AT.1l, the measﬁré& values of the swollen
volume per gram of dry resin are summarized.
. The diémeter of the swollen resin was determined simul-
: taneousl§ by microscopy and agreed with the results oﬁtéined

from the volume measurements.
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Table AI.1l

Swollen volume of ion exchange resin

Solvent | V (ml/g dry resin) -
Water 2932
30% glycerol solution 2+885
67% glycerol solution 2+326 for d < 10Oy

2+928 for d > 10Oy
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'APPENDIX 1II

-~

Equation of motion of a particle in a vibrating fluid

; Dimensional analysis- .

In order to obtain the relevant parameters to be used
for the correlation of the mass transfer results in a vibra-
ting system, ﬁhe equation derived by Tchen (Hinze - 1959)
for the motion of a spherical particle in a fluid moVing with
variable velocity will be analysed in this Appendix. |

Under the following assumptions: |
(a) the turbulence of the fluid is homogeneous, steady and

extends indefinitely, |
(b) the particle is spherical and small compared with the

sméllest wavelength present in thé turbulence, and its
motion follows Stokes law of resistance,
(c) during the motion of the paréicle the neighbourhood will

be formed by the same fluid particles,

Tchen derived an expression which represents the motion of

the #article

. du du du
p.V —2 = 31pd (u - u) + pV du + %5 oV [ —_ - P2 }
PP at | P P at P lat .at
t .
du du . '
+ % d2v/ip wu [O [ — - —B ] At + (o _-0)av
at' at' / /et P P
AIT.1

The last of the assumptions is unlikely to be satisfied,

- because only if the elemeht of fluid containing a small,
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discrete particle could be considered an undeformable entity,
it -could be true (pfovided thag its size was larger than the
amplitude of the motion of the discrete particle relative to
the fluid). |

'Theifirst term on the right hand éidg of equation AII.1l
represents the viscous resistance force according to Stokes
law; Some authors used the above equation, but considering
the drag proportioﬁal to the équare of the relative velocity,
as was first proposed by Newton. This would correspond té
separated flow with a laminar boundary layer.

' The second term on the riéht of AII.1 is due to the
pressure gradient in the fluid surrounding the particle,
caused by the acceleration of the fluid. The third term is
'the'force to accelerate the apparent mass of the particle.
relative to the fluid (the virtual mass coefficient has been
considered equalvto ).

The foﬁrth term is the Basset term, which takes into
account the effect of the deviation of the fléw pattern around
the particle from that at steady state. It is a transient com-
ponent 6f the drag. As a result of experimental evidence, it
is possible for small particles to neglect the Basset term
witb respect tb the others in equation AII.l.

The last term on the right of AII.l gives the buoyéncy

forces on the particle.

Considering that u nA sin nt and introducing the

*
dimensionless variables u = up/nA and t = nt, we get

g *
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* : %
. p du . . du
B R . ocos t* = gﬂe (sinut* - ) + % cos t* - : }
o at* Re P at* J.
. v
p ‘ ' .
A + [—B - 1] < - _ AII.2
' p n2Aa s
where Re = nAd/v, H = 2A/d is the relative amplitude

of -oscillation, and the Basset term has been neglected.
Hence the dimensionless velocity of the particle can

be expressed as a function

u* = ‘u; (£, pp/p, g/n2a, Ré&, H)
"AII.3
From mass‘transfer studies involving translating solid
spheres in a fluid, it follows fhat the Shefwood number,
Sh = k;d/D, depends only on the Peclet number, Pe = u _d/D.
In the case of an oscillating fluid, we do not have an ana-
lytic expression fbr the relative velocity u.; moreover, it

is not constant in time. But we know that

. du ~ dnA
Pe = r = e——

v

D v D p
AITI. 4

Finally, averaging with respect to time, the Sherwood

number can be expressed as a function of the following

parameters:

sh = sh (Re,, H, g/n’A, pp/p, Sc) ~ AIL.S

o being the relative influence of each one determined by the

exXxperimental conditions.
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AppENDIX 111 .
FXPERTHENTAL RESULTS
PIVALIC ACID DISSOLUTION T
FXP. A= 1 B T - ’ » FXP., A= 2
n = 1660 apm T ;"'n;"i.“‘z,sss'g""' Tt T, s oamsavoaen T T mc' s 3.333 g
v o= 635 m1 v, =150 m ‘ ' ' v & 636nl v, =150 ml
F, * 600 ml/min T s 7.5°%C F, * 60V nl/nin T = 7,0°%
C s 0.469E+07 eq al en’/l Twp ow 1.877107 Yaen T T G 2 AAGKELO7 eq % /1 Ko 1,90 x107 nea
t ke x10* a . xp x10f ST k, x10°  sh
. min 1/nen cn cm/s _.oem.. —emfs ... —
- 0.353  0.46 0. 360  1.5% T 0y T T Tal354 T T2,y 2726 T
0,500 2,73 0.348 .79 . Y,87 0.340 . 310 3346 __ . ...
, 0,583 0,78 0. 348 1,71 1,07 . 0.324 3.41 3614 )
P 1,000 1,05 . 0.324 1.75 1.31. . -0.297 . 4,10 4065 - oo -
1,333 1,22 0.306  1.35 1,81 0.282 3.9z 3746 _
T 1,666 1,38 0.283 _ 2.04 1.9 60.268 3,63 . 3333. % .ol
2,000 1.48 n.265 2.00 1.59 0. 246 3.54 3044 )
2.500 1,59 06.240  _ 2.0n L V.66 0 - Q.233 . 2,97 2478 .oiommocnicy
3.000 1.70 0.205 2.23 1.48 0.222  2.27 1371
3,500 1,78 _ 0,167 2,54 .. o472 - 0.208 . 0 1.43. . 1249 ...
4,500 1.85 6.107 2.20 S o o o

=iz 5

= 1550 RPH (RUBRLE CYCLING) m; = 5,250 g

a 1700 aem

a3 m s 13y v, ® 135

s 600 mimin T = 7.5°C T "L_x T . ® 600 pmmin p  ® 10.0°C e
C & 0A70E407 eq 0 oyl \(f : 1.5x10% 1nen T ¢ = 0150F407 eq ol en/l ' Kos 1,76 x1074 1aen

4 102 ERI N B LA S 1

t - K x10 c-d kLIO - Bh - —— 1 X 17 -
0.500 0,46 n.360 1,28 wezs T T 7T R BPYY 0,58 0.354 2.32 2491
0,507 0,63 0.353 1,464 1602 B I i. 0.833 v,80 . 6,340 3.03 3253
0,353 v, 82 1,342 1.72 1875 ) 1.900 0.9y r,323 3,46 3005
1.000 0,93 N, 334 1.32 1944 o 1.107 1.21 €.295 4,13 4026
1.333 1,12 ©,3164 2.0 2059 1,138 1,32 [ 4R 3302
1,667 1,29 N 295 2.21 2118 1,500 1,63 0.853 4,33 3645
2.0 1,65 ,268 2.48 2172 1,407 1,49 &L TRY L. 03 1167
2.333 1,57 0,242 2.6% 207¢ 1,333 1,57 G.210 6.22 295y
2.5607 1,63 0.R23 L2439 1776 2.000 1,60 €.1¢7 3.71 2447
3. 000 1,69 6,202° 2.08 1426 2,250 1,63 0.183 2.84 1744
3,343 1,72 ,189 1,38 9219 2,500 1,606 3.165 2.16 1207
' 2,750 1,6¢ 0,158 1.33 7\

i
A
l -
i ]
i
PRI P B 0 e Y O O T LTI, S TV U S P el S A
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EXP. A= S L T o - EXP, Am 6
n = 1550 gon B m, % 6.561€ ) n = 1730 aen m, % 5.690 g
v = 7¢vml Vo = 0 ' ~ v o= #im v, =135 ml
p = 3.0° ) F, = #0Ual/min T 3 g§,5°%°¢
C = 0.2E407 egn® en’/l Ky = 2.06 x106™ 1/fcm ¢ = 0487 €407 eqnl eal Np o 1.912107% 1/ach
t wxol a. k, X10° . Sh e e % re x10* a x10°  sh
0.353 v, 38 (.364 3.52 419 0,500 0,52 n, 359 1.19 1324
0.667 0,51 1.369 3.32 383 . o 0,he? 0,67 4,352 1.35 1501
1.000 V,65 1,356 3,33 386 n,853 9,32 C.344 1,52 1669
1,500 0,76 4,35 . 3.33 . 330 __ 2T T 1 000 0,94 f,334 1.63 1754
2.900 0,38 6.344 3.45 331 ) 1,167 1,05 0,327 1.73 1824
_ 2,500 0,94 2.340 3,33 366 -7 T 1,383 1,14 0.318 1.3¢0 13350
3,000 1,0¢ 0,335 3.37 361 o - %,3500 1,22 0,309 1,86 1357 .
= 3,500 1,09 6,330 . 3.,39 . .359_ <. __ .7 7T 4,667 1,30 0.2%¢9 1.93 1873
4,000 1,16 0.324 3.46 359 1,833 1,36 n.291° 195 1345 L
4,500 1,2¢ 6. 38 . 3,51 358 . _TT 2,000 1,46 6,278 2.03 1384
5.000 1,27 n.31g 3.53 2,167 1,47 0,273 2,00 1781 - }
o 5,500 0 1,31 6,309  3.51. 2,333 1,51 0,264 1.99 1713
© 6000 1.3 0, 305 3.51 S2,500 1,58 0.25¢ 204 NPV
S 6,500 __ 1,40 . 2,300 . 3.57_ 2,687 1,66 . 0,236 2.3) 1771
7.000 1,64 6.29¢ 3.64 2,833 1,63 0,224 2.36 1734 T,
- _7.500 0 v 48 0,239 __3.70 . .. 3.000 1,74 0,215 2.37 1666
8.000 1,51 0.284 3.7 3,250 1,?7s 0,204 2.26 _ 1511
ST 9,000 31,58 . 0.274 7. 3.85 - 3,500 1,76 9.194 2.05 1324
10,7000 1,64 08,263 . 3,750 1,79 . 1133
Do 41,000 1,700 6,259 s 4, 00U 1,81
12.000 1.74% 0242 S v
13,000 " Y, 7?9 . _G.230_ =, -

EXR. A= 7

n = 1700 ReM (RUARLE ¢YCLING) “',,c

n = 100U ’PM

ST i.’_;.__'_

i Ty = SR o ; v " 992 g1 ’ v, ® 135 m )
- o VFv 3 609 nl/pin T = 9,0°C 7 B
C = 0206 E407.cq a” en’/1 Rp = 2.06 x307% 1/ncn = 0474 E+07 eq.0° en?/1 Ke = 1.70 x1074 1hen
t . w® x104 a kI; %102 Sh —-e - e e medsEes o g - Rgox10 —a- . kL x10% ~ 8 v e -
a.500 0,99 8,336 2,18 2345 ST T ausan s 0,355 2,49 2744
W, h67 1,25 £,314 3.2 3313 0,487 0,85 0.336 4,15 4397
0,333 1,386 A.3M 3,43 3N 0,333 1,07 o 3% 4,95 5030
1,060 1,49 n,284 3,58 3257 . 1,000 1.2¢ 5.289 6,92 4719
1,.2%0 1.60 ~, 268 3.35 2845 1.167 V1,37 &, 250 5.07 YA NA
1,500 1,69 A 2468 3.13 2486 : 1,335 1,45 v.238 4,50 3698
1.75%0 1.3v o, 219 3,61 2532 1,500 1,5¢ a1 4,25 3094
1,333 1,59 0.184 3.26 2014 .
2.167 1,66 0,159 3.40 1710

e s e

AR e s AT b e B SRR S s e oen O e e eettaamia cRh e b aieteed Seteresemad o f S il i e g e A Darent} b a1 e S - et o o e o -l e o R oo S B e Ve s
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EXP. A= 9 EXP, A=19 )
n® 14725 3pM (AUDKIE CYCLING) n, * 4,20 ¢ o o on = A7av RPH (RUBLLE CYCLING) n, = 5,717 g
v = 805 nl v, =135 nt ’ vV s veinml : v, = 135 ml
?, = 60U al/nin T« 9,0%¢ P. = 600 nl/nin T s B.0°%¢
¢ & 0.461E407 sqa® en/) Rp = 1,08 107 1hem C = 0AP3Ef eqn® e/l K, = 1.83 2207 ynca
t K x10? a x, x10° sn - - se-o g wxot - a ¥, x10°  sm -
0,333 0,56 ~_ 357 1.86 1700 0,333 u,5¢2 0,358 2,37 2382
0.500 v, 7y [IRTY 2.99 3159 o ¢, 500 v,?7 6,345 3.35 3599
0.667 1.0 4,329 3.62 3825 0,467 1.06 0,323 4,15 4373
0,833 .21 0.310 3.95 4016 . e el - 0,333 1.22 0.302 4,43 4438
1.000 1,39 0286 4.32 4099 1.006 1,37 5.280 4,63 L322
1,167 1,52 0,264 LB - 3935 . L _ Loz V482 1.5¢2 0.269 5.23 6323 .. _ . ..
1,333 1,63 n.233 4.69 3747 ) 1,333 1,61 0.224 5,33 4021 .
1,500 1.71 0,215 L.7¢ o 1,500 1,6/ 0.203 5,27 *. 3882 _ _..__..-.
1,667 1,76 0,196 4,60 1.4667 1,73 n, 174 5,63 3306
L 2,000 1,82 0,166 . 3.80 . 1,833 1.75 c.162 . 4,85 2665 . ...
2,167 1,86 8.153  3.20 2,000 1,77 0,147 4.17 2109
L 2,333 1,85 ’ 2,167 . 1,78 . _0.139_ . 3,09 . 14983 .. - -
2.500 1.86

" ExP,

h E 1530 /PN (BUBZLE CYCLImG) RPM (RUBDLE cvc’unc):";,,;,"";'“6';5753{}*'

TV W nesm T v, =s0m B AT E L
i —5;’“”.""',,(;{-' m’Jmi!r Tm T a7 g0 P g.v = 600 mlfmin =~ T =:"7,'5 ogTTTTT T “
o "C = 0.188E+07 eqn.z cm2/1 T uf= 'i.59x1q'4 lhen TT¢ T A 0.18QE 407 'e'qnz'"cmz)‘fjm;’z’ Rr 371,75 110"4'1’/.}1::3"“' N
t wx10t ST T L
0,667 0,75 0.338 3,24 ) i T0.300 0,55 0.355 2,03 2066
0,333 0,9¢ 0.3 3.75 4057 - Lo 0,667 0,80 n_340 2.96 313
1,000 1,09 n.298 4.50 4387 a,333 9,95 0,327 3.25 3410
1,167 1,22 0.273 6.74 305 . .. . . = ... 1,000 1,10 3.3 3.51 3565
1,333 1.3 0,252 485 3919 ) _ 1,167 1,28 n, 285 4,12 3473
1.500 1,39 0,227 4.59 3516 : P 1,333 1.37 0.268 G414 3486
1.A87 1,40 1,203 4,63 3n56 ' 1,500 1.46 7,247 4.23 3542
1.333 9,48 0.188 3.84 2444 . . f . 1,667 1,53 0.227 4,35 3326
2.000 1,51 n.t70 3.35 1955 1,383 1,62 0192 5.26 3420
2.2%0 1,53 0,154 2.3 1232 ! 2, nud V,64 3.182 L.65 2904
’ 2,333 1,68 0,157 3.74 2062
2,667 1,02 ¢.119 3.14 1357
|
; . ~
t .
ERTRN I s i
|
!
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EXP. A=13 ' ) FXP, A=34
n = 470U ]PH ’ n, w 4,523g n = 167> RPH o, * 5,598 g
v = 670 m v, ® 150 m1 v ®» "2/ v, ® 150 n1
P, * 600 ml/nin o« 72.5% ' P, ® 60U nl/ain T = 3,0°%¢
¢ = 021E+0¢ eqa’ o/l W = 1773107 Yaen C = 0A6SE 4/ eqa’ cn/l M, = 1.39 x10% 1noa
t  rxiot a Ky x10°  sho . et wx10° @ x = s
“o.seo 0,60 03537 1,61 a7aé T T 0,667  0.43 £.361 0.9 912
0,667 . 0,76 o344 1.82 1989 , 0,833 0.62 #3564 1.53 1666
1,060 1.0 ¢ 323  2.13 2268 1.000 U729 ¢.345  2.03 217
1,167 1,09 . 314 2,26 .2279 . 1,167 0,93 6.33% 2,39 2643
12353 1.ev #1298  2.52 2443 1.353  1.10 5.320 2,65 . 2735
1.500 1,29 n.286 2.6 2684 .. _ \,s00 1,28 5.306  2.85 2835
1.667° 1,38 n.273  2.73 2492 _ 1,667 1,36 0.288  3.10 2924
1,333 1,62 0,264 2.88 247 LT I . 1,833 .46 0,272 3.24 2899
2.000 1,49 6,245 3,07 2487 _ 2.000 1,58 6.258  3.24 2755
20407 1,52 0.236 3,03 2384 o o - -l 2,167 1,58 0.247 3.1 2539 -
2.333 1,58 0.218  3.25 2,333 1,83 ¢.234 3,04 2354 .
. 2.500_. 1.61 __ 0.205 _ 3.3p _ 2,500 1.68 3.219 3,02 2198 - .. .
2,667 1,64 5,192 3.39 2.750 1,76 0,156 2.93 1956
. 2,333 1,67 5,176 . __3.,38° . 3,000 . 1,78 .. 0,173, 2.82 _ 1631 ...
3,000 0 1,71 0,153 73,73 3.250 1,81 6.160 2.65 1424
3.250 . V.72 G.vAy 315

3,500_.....1,86 __ _&.137.__ 2.72..

A2S6_ e
0,119 2.65 . B

1,74

TTTExe. ARYS T T T , T
SR (87 mew iéuud[’s”&vtﬁndi‘"ﬁ:hi' Ny g n = 1900 men T
Y 2 mgemd T "v{"a'ﬁso ml Voe 63 m
TR, = gf0mlmin 0 ® E 8.0°¢ F, s 800 ml/min < ¢ =
TC e 0amEs0r eqaon/l | W, = 1.84x0 aea L ¢ = 0amieor e ey’
R rexto? 4.k x0?.. . T A . -
b - T - L = e A S Rixoh g
0,500 0,66 o, 35y ?.45 2466 ﬁ 0.500 0,31 G345
0,667 0,A9 033 3.35 3510 : . 0.567 0,99 6.332
0.333 1.0 fn, 317 4,03 4125 } 0,353 1,13 0,319
CYL.oug v, 2¢ $.295 L.40 A3V . el 1.000 1,20 6,305
1,167 1,42 0,279 %.95 4u?? o677 1,359 0,287
1.333 1,58 n,243 5.21 4343 S . 1,333 1,46 ¢.276
-1, 500 1.64 Q.21 5.83 4332 i 1,500 1,53 .263
1,567 1,70 0,194 5.94 3946 i 1.667 1,60 0,248
1,353 1.7¢ R E-B4 6.65 . 3?33 . 1.%33 1,695 o, 235
2,00 1,78 0,147 5.71 2989 . 2,000 1,70 .22
2,167 1,79 7,139 412 20953 2,250 1,77 £.,195
2,355 1,81 e, 117 2.9% 139¢ . 2.500 1.81 a.1?77
2,754 1,864 7 159
- - .
f i - .
[ v
ATV e o -vu.,»...'u-.ﬁ.za;..;»..:,....~..~~A.~...;\.‘..~, A e s e T e : " 2 - _— ISR LY SN A PRSP L 2y e wa P



.92 . . 0.280 . . 3.93 __
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+.320
0,309
8.296
0.286
0.275

. 0.268 _

0,255

L0260
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- [N )
T T e xR, Amt7 T T o i TExP, A=18
r n ® 1550 apm m, = 8,983 g n % 1720 pen
v e 744 ml v, s 0 ) ¥ a3 600 ml
T = 4,n°%
- 2 2 ' ' U I 2
C = 0,479€ 40/ eq 0° en/1 Ke = 2.57 x107" lnenm C u 0222E407 eqgn” e /1
s R L B S e P S k x20®
0.63 ° 0.360  5.19 599 T 0,333 9,55
0?7 . 0.357 4,27 488 e 04500 0,48
0,96 0.350 L.06 456 0,467 0,84
1,08 ¢ 345 3.98 440 aet . 0,833 0.9?7
1.23 6.337 4.27 462 1,000 1,08
©1,3s 6,330 4,49 _ 476 e e et 1,167 0 1,18
1.46 0.323 L. 487 1,333 1,28
1,56 0.316 4,83 _ 494 . - - J1.560 . 1,35 -
1,63 0.310 4.8 482 1,667 . 1.41
1,68 .0.306  _ 4.67 . 4S8 - =V eB33_ 1,45 -
1,77 0.297 4,76 453 2,000 1.51
V.82 0 6,292 0 4,52 .. 423 - e 2,280 1.57
1,87 0.284 4.25 390

<
[1]
3.5 %¢
Kp = 1.85 x107% 1nen
2

K x10° Sk o
1.20 . 1349
1.57 1765
1.8 . 2034,
2,02 2142
2,11 2170

A9 . 2173 .

32 2198

.35. 2167 . o

.37 2088 )
2.31...:.1987 e
2.42 1982
2.49__ - A%17 . _ R
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Coa .
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18

n

1700
1900
1700
1550

© 1550

1700
1900
1900
1700
1550

1900
1700
1550 ..

1900

1550

1700

1900

1900

1700 -

1550

1550

1700
1900
1900
1900
1700
15590
1550

. 1700

1900

1550 .

1700

1900

1559

1790

1909

1550

1700
1900

1550 -~

900
650

1200

650
900

1050

NEUTRALTZAT1ION

bubble

cycling

- Tpm -

NO
YES
YES

YES

NO
NO
'YES
YES
YES
_YES
YES
YES
YES

NO

" YES
YES
YES

NO
NO
NO
YES
YES
YES
NO

NO
YES
YES
YES

NO

NO

NO

YES
YES
NO
NO

NO.

NO
NO
. NO
NO

NO

NO .

NO -

YES

Kl

875

736

736

736
632
632
632

5438
548
136
136
136

- 134 -

OF

0,581

0,876
0.721
0,653
0,397
0,552
0.578
0.525
0.615
0,500
0,714

0,435
0,817 .

0,381

0.719

0.733

0,813

0.814

0,780 .. .

0.866

0,658

0.630

0.599
0,601 -
0.688

0.610

0.632

0,601

0.602

0.615
0.617
0.513
0.662
0,895
0.624
OI782
0.715
0,798
0,635
0.675
0,421
0,699
0,468
0.730
1.024

0,926

-

kx10°

cn/ 8

4480
3,110
5,920

4.970

0.168
0,334
0,974

0,893

0,949
0,454

17,100
19,400
. -10,600

0,981
.0,242
0,495

1,300

- 1,100 .

0,645
0,091
0,333
0,98
- 9,810
0,787
0,354
0.405
0,235

0,447

0,668
0,679
0,861
1.120
0.506
0,668
1,100
1.300
1.400

0,525 -

0,962

0,060

1,320
0,505
1.420
0,610

10N EXCHANGF RESINS
v solvent
ml - .
600 WATER
655 GLYCEROL 30%
655 - GLYCEROL 30
750 GLYCERPOL 30%
565 GLYCEROL 67%
515 GLYCEROL 67%
460 GLYCEROL 67% .
600 GLYCEROL 67%
685 GLYCERPOL 67%
685 GLYCEROL 67%
304 . WATER .
845  NATER
970 . WATER. .
600 GLYCERQL 67%

565 GLYCEROL 67% ..

515 GLYCEROL 677
470 GLYCEROL &67% ..
600 GLYCEROL 67%
625 GLYCEROL 67%°
685 GLYCEROL 6&7%
565  GLYCEROL 67%

515 - GLYCEROL 47%
461 GLYCEROL 67%.
499 WATER )
600 GLYCEROL 67%
675 GLYCEROL 67%
684 GLYCERQL 87Y%
565 GLYCEROL 67%
512 GLYCEROL 67%.
461 GLYCEROL &67%

. 684 GLYCEROL 677
641 GLYCERQL 67%
600 GLYCEROL 67%
565 GLYCERQL /7%
513 GLYCEROL 67%
461 GLYCEPOL 67%
684 GLYCEROL 47%
641 GLYCEROL 67%
600 GLYCERQL 67%
565 GLYCEROL &7%
508 WATER :
522 CMATER

_ 496 . WATER -

459 WATER
488 WATER
545 GLYCEROL 30%

0,737 .

217,5
665,0
486,00
408.,0

78,2

155.9

455,7.
419 .1
ha3,7 -
212 ,1
812,8

792.1.
- 504,30

635,5

2306 .

57,2

9.8 L

123,2 -
104,8
61,2

55,9 L0

207,2
607,92
Gt b
483,5

527,3

24L8,7
49,3
3.7

140,2

142,8.
180,8
2364,9
27,7
36,4
LB 4
59.9
66,3
73,9
33.8
27,3
17.0
"37.8
3.6

0.0 . -

8.9
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'o:;:.3:>:»:::o-q~4w-uxxv-qx:w-v~Jﬂ-v-JNLQxxv*q-qﬂiqﬂaw-vxxv-qxx1-43

(K2

14
14
14
14

14

WATER

_0.222

0N, 222
0.140

0140
0L AD
0140
N.140
0.140

1 0.230
0,230
0,230
© 0,230
0,225

N.225
n,225
0,225
N.225

N.225
n,225
De225

N,.231
0,23%1
s‘)_.231
"n,231
fi,231
0,231
0,231
N, 234
159
0159
’ ‘11159
N.159
0,159
0159

N,159 |

0,222
N222 ...
0,222 7L
0.222. ..

0eta0 -

00230 .

n,225 ..
N225
Ne225 .
n,225

n.225 ..

0,231 °

; cm Hg f
.43'5"“
51,8 -2.53.8

73.0 _
25,4 .

41 o'

59.4
45,5

59.1-
C71.5 .
28,1

2.6

. 57,7
71.1
59.0 ...

69,9

26,0 ...
o 40,3
55010

66.8

67.2.

67.9
43,5
68,5

68,7

69 .5

AR.0

69,1

59,19

A9 .2

69,2 .
69,2
84,9 .
643
65,6 ..

66,2

66,6 .

17.7
28.9
39.4
52.9
67.0
3.7
69.0
71.4
71,6
72.7

34,7

- = 135 - e

- _HYDROGENATION

0F

35 9

23
i 2_’{’ I

‘ 3 10
= 3402

_65.0

Cq7. 6T

33.0
251,
36, S

62,5
e & 2 e
33'6

. 48 . ? R

62.1%
49 .5 . -
60.4
16.5 .
. 30.8

60.8

_61 .2 —— e

60.4

- 61,0

60,0
60.5

60.1.

b0, Vi

59.7

59.7
61.1.
56,8
60,1
60,2
60,6
1.7
22,9
33.4
46,9
61.0

59.7 .

56,0
60,4 .
59,6
60,2

45,6
60 ..
60,0

59,7 - .

22,2 2

23
2% .-

23

223

23

23

23

23

23

23 ...

23

23 e

23

23

23

23

&3

23

P J

23

2%..

a3

23 L

23

23

23

a3 -

23
ch

24
24

24

26 ..

2h
2h
24

24 .

ah

24 ...

24

4.

24

. 26. o

2h

230 =

3,40

3.10

SR 10-f~
B.4a0

L__;ms 40.eo -

8,40
- BLLO
8.00
8. 40
8.40
0,506
... 0.50.
1.00
1,00
1.73
el P33
4,00
o 4.00
S A 1] |
6.54-
9.09
16 20
0,33
0.76
“1,51
2.16
3.03
3,03
3,03
.03
3.a3
0.29%
0,71
1.14
1.57
2,43
3,57 .
3.57

S i

0,716 L
0,716
- 1.000 - ..
“1.000

1,000 .

L .00 .

70,490
0,490

0.490

0,490 . ...

0,716

0,716

0,716 -0 -

0.716

1.000 ___

24,0000

0.134

.4.0 .,1 3 15 PSS N
0,237 _
0,237 .

0,350

0,350 .

0,555 .

0,670
0.739 .. ..
0.8%5 :
0,092 ...
0,190

0,312 . .. ..

0.401

0.483

0,483
0,483
0.483
0.483 .
0.0n81

. 0,181

0,327, ..
0,429

‘0,525 (..

0.525

0 » 71 6:.:':;':;?-_“

0-555 PRI
0.555
0,555 .

V63

4.83
3.13
2.638
. 2.46

3.37
0 3.08

. 2.88 .
2.8
0.96 .

0,85
1.08
2.00

2-05
2.79

m2,944Q;

4,33

4 88
.88

3.06

1.25 .

1.31
1.94
2.13

4,467
3.76
2.96
2.72
2.72
3.48
4.35
4,85
4,99

4.75 .

6 73

et o _6 S? o
O" 490555, 32:=

4.36..

0.92.

4,52 -
4.82

VS
4.38
3,92

2.63°

. :-_ . - el e _‘.' ;,_- -t - . PR, . - - 4_
S PHZ__;_ S N A/ms~ -d\f/dt _____ r x10™

, 'a 96.
0. 490__.g-4 23-=t_-a»38

7, 00

5.51

m;;_613

6.80.
w3, 88

5.07

1.40

3,22

3,32
4,56
- .4,85 .

7,15

8,06

8,11

6,43 "
7.0 .
1,33~

Ovaa

1,03
o119

Y

8.12

-..8.08
7.30
6,54
5.10
1.88
1.97
2.93
%.30
4,10
1.85
2.54
2.73
3.36
64.18
B3

16,20

11.75

12.14

11,72
7.93



. = 136 -

SOLVENT MATER - . R
Exp T m PRy T /g x, -av/at r xiot
WhLad 14 0.159 45,5 53.0 A 3.57 0,525 5.93 - 9.16
Va0 14 fn.159 54,5  42.0 264  3.57 0.525 . 5,65 10.08
W50 14 0,159 6.0 S.519,5 . 24 .. 3.57<: 0,525 7...5.11.%% 11.10 —
us1 14 0.159 72.7 60.2 26 3,57 .0.525 4,90 _  412.10 _
Ws 2 14 n,159 r2.7 b0.2 24 3.57 0.525 5,067 42.50 -
W53 14 0.159 72.7 b50.2 2h 3.57 0.525 4,67 11.54
W54 .14 0,159 T2,7.. 60,2 2h . . 3,57 0,525 4,79 ___._11.82...
Wuhs 14 N.159 2.7 60.2 24 3.57 0,525 4. 76 11.75
W56 0 0,270 270,20 63,2 2h -~ Ll 1.000 7= - .54 = -0, 78
S uaY 0 n,270 89,0 62.0 24 e BN ooo_ﬁm' 0.62 . _.0,85
W58 .0 N,270.. ..66,6 .59, 6 24 .- bb&_ §U-—_. 0.932;;m__1.86“;;1;2.48;:
Wws9 0 0,270 67,8 61 3 24 14,94 0.823 0 2.85 3,86
W60 D 0,270 . 66.6. 601 2b o 8.96;x_0.?35-_; ...... 3.37 A 49:E
U6 0 0.270 66,7 60.2 24 4_98 0,606 . 3.57  _ 4,76 _.
W62 .. 0. 0.270-.68,2 082,22 200 3 90000, 48500 D 60 i 3 54
Wwé3: 0 0.270 69,2 63.2 24 2.31% 0.417 2,86 3,94
SW6G . 0,270 65,6 .. 60,6 .24 . 103 . .0,262 . 2.34 .3 075
U6 é 14 0,223 73,959,924 .~ 4,000 .. 1,36 ___ - 2. b4 -
We7 14, 0,223 73,9 59,9 24 45.60 0,934 3,79 _ 6.79 _
W68 14.. 0,223 ...722,9:-59. 9. - 24 - 15.20:0,8246__ . 6.29 .- 14.10—=-
6o 14 0.223 72.1 60.1 . 24 4 _15 0.562ﬂfﬁ_,?t33 . .12.80
W7o . 14 223 72060 28 2 530,440 i .7,22._. 12.60 -
A4yZ1_mt1aﬂ__O.ZZSmtTZj;Jfﬁﬁpoiﬂt_,:ZAJ,,,41 63 .0, 335 e 6 16 10 60“_
SOLVENT  1SNPROPANQL _ L
Exp = T%°. m,. P ;Phé;: == Sy il X
P 7 0,466 63.9 60.0 25 0.17 0.147 1.32 0.96
P 2 7 0,466 63.6 58.6....25 0.33.. 0,256-- ...4.35 .0.99.:
P 3 7 0,466 65.9 59.0 - 25 0.67 0.408 - 1.35 21,01
P 4 7 D.466  AK5.0 58,0 25 1.00 0,509 1.37 1.03
PS5 4 0.466 66.8 58,3 25 1.67 0.633 1.30 1,00
P 6 ? n.h6h 66,3 57.8 25 3.00 0,756 1.32 1,02
T 0 0.by? - H1.6 60.1 23 0.né 0.056 n.71 0.59
P38 0 f,4y2 Hh6 L0 G40 23 .11 .0.105 0,59 n.53
N9 0 Ouiy? 65,5 62.5 33 0.47 0,150 0,58 0,51
P10 0 . 0,502 64,7 60,7 23 0.29 0,228 0.62 0.54
211 0 0,442 66.7 62.2 Q3 0.51 0,347 0.58 0.52
P12 0 0.402 5.5 60.0 23 1.03 0.516 . 0.58 0.51
P13 0 0.492 24.2  18.7 £3 1.03 0,516 0.89 0.29
P14 0 0,402  35.6 30,1 3 1.03 0,516 0n.66 . 0,32
P15 0 0,402 50.0 44,5 23 1.03 0.516 0.65 0,44
P16 14 0.%02 22.38 13.1 23 . %.03 0.596 3.29 .. . 41.01
“PA7 T 14 0.402 36,6 26,9 23 1.03 0,546 2.94 1,45
P13 14 0.%02 50.7 41.0 23 1.03 0,516 2.33 1,59
P1G 14 N, 4q2 63,0 53.3 23 1.03 0.516 2.23 - 4,89
P20 14 D.h02 74,9 65.6 . 23 . 1.03 0,516 2.01 2.01
P21 14 0,402 66.6 56.9 23 1.03 0.516 2. 11 1.89



<
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© SOLVENT  1SOPR OPAMOL - . __--':_ Al Tmenenoiliioo e e

Ep T oM PR T, ommy ox o Av/at x x1047
P22 T 7. 0,218 - 65,1060,V 025 20 0 47 0,326 70,68 . 4
P23 14 0.336 67,4 61,4 26 0.207 0,171 1,77 1
P24 14 D.336 9.2 60.7 . 26 - 0,50 0.341 - 4,86 2
P25 14 0,336 70,9 59,4 26 1.10 0,532 1.95 2.
P26 .. 14 0,336, 23,1600 -_..26 .. 3,100,782 .. A 72— ._?

P27 14 0,336 73,7 50vfm4mu26"fu””3.iQ“_“0.16%m_m_ 1 80 M.mﬂz

'SOLVFNT NmOCTANE”W

;__;;mé;;i;gépﬁéﬁigiP,,;;;;;T;;"g;;rp?';;;L;:;;;;x;;‘;avléﬁiir;r;ildig

§.
1
i

DOV ANV UGN -

N.347 61 o 56 5 24 o 14 0 21& , 6 93 7 20
0.397 .. A%, 256,40 24 . 0.21 .. 0,290 - . 6.69 Il 7,00iE
0,317 42, 9_ 57,4 24 0.28. 0.352 . 5,60 §.00
0,317 . 66,157 Ve = 24 cnw ) 41 20,450 052 4 892§, 3hiu
0,317 45,3  58.3 26 0,55 0,520 = 3.80_  4.23
0,377  &5.7 57,7 24 0.83 0,620 3,45 . 353
0,317 48,1 60,1 _ 24 . _0.83 0,620 3,15 3,65
0.317 . 46,4 57,9 .. 24 . 1,26 0,710 . 2,48 . 2,80 :
D312 63,90 5.0 23 0.30 0,374 3.48 3,81
0.392.... 64,0.---58,5 = e - 0,690,488 - 2.70 .. _.3,00.=
0,312 66,6  60.6 - 23 0.73 0,588 2.00 2.3
N.312 . h6,4 . 60,1 .-23 -~ 0,73 0,588 ... 2,17 .. 2,49
D342 66,3 59.8 23 1.09 0.682 1,74 2,00 .
0,342 .29, 400022, 6502 2% 4 09 0,682 02 1020, 06
0.312 39,2 32,7 23 1.09  0.682 2.10 1,43
Ne342 49,3 42,8232 1,09 0,682 -0 1,87 . 1,60
N.312 74,3 67.8 - 23 1.n9 0,682 1.40 1.80
013 14 G.340 60,2 .055,2....:.25 ... 0.08...0,130 .- . 9.13.:...- 8,70 -
019 14 N340 A3, 56.2 25 0.15 0.229 9.76 9,76
020 14 0,340 65,2 .. 57,225 ....0.23 .. 0,308 . ...7.91 . _8.16. .-
U2 14 N340 A8.9 59.9 25 0.30 0,373 6.33 6.90
022 14 N340 6£8.8 57.8 25 0.40 0,542 . 5.86 - 6.38 °
S u23 A N340 71,3 58,8 25 1.n6 0,675 4,19 4.73 ..
024 14 N340 0 71,9 58.9 25 1.51 0.750 373 4.25
02h ? n.179 63,2 58.2 26 n.14 0,220 4,21 7.97
2
1

oc

[
1

P
Lo

cooco

S
—
ODDODODDDDD NNNNNNNA

?

7 2.160 69.2 62. 26 0.57 0.530 2.06 6,79

? 0.160 70.6 42, 26 0.95 0,651 1.26 2,99
nz2oe 7 n.160 21.2 12.7 264 0.95 0,651 1.83 1.30

? 0,140 32.4 23,9 . 24 0.95 0.65% - 1.62 1,76

? N,160 45,5 36.0 26 0.95 0.651 - 1.3 2,00

7 0,166.. .59,9.. 59.4._.. 26 0,930,650 . 1,29 . 2.60.:=
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1SN0CTAUE .

m
c

0,328
N.328
0,323
0,328
. 0,328
i.784
0.18¢4 .
0'18‘Ib
0,184 .
0.184
2,184
0,184
0.184 ..
0,184
0,184
(],18/A
n. 184
0.1 41
R VAN
0,141

e T4
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P P -av/at
H,,
e B e
.77 g
6.36 3.
6.35 :

Tolerel T
0,674
0- 67’0 :

. 1.06-
1.06
1.06

. 60.9
21.2
36|1

69,4
29.7
44,6

56,5
A4
£1.9
63,9 ...

48.0 25
58.9 __

60, 6. 25 1 _

59 .9 .24 1

1.06

'”1_06Mm
. 0.03
- 0.05 ..

0,674

0,676 ..
. O . O IO 8 =
0,092.:22"

-5,

519

L5015
56 . -

b PP

. ()509.

20,4

30,3 .

22 11,95
37 42,82
32 . 12,33

37 5, 57
1 6,01 _
63 . 7,62 =
06 8,25
92 . ..4 .
32 12,33

60.9 . 26
60.9- - 24 .
60.5 . 26
43,9 2hin 020
43.9.. .26 . __0.20_ 0,288 .. Ao,
23.8..-.24.......0,20....0,288 ___ 8.
33.6 . 26  0.20 ..0.238 7,
~49,0 . 26 . 0,20.-.0,288 > ¢,
60,4 26 0.20 0,288 4,
61,6 .26 ... 0.51 0.501 . .._5.08 _
59.2 27 . 0.08 0,160 4,12
- 59,7 .27 e Q17 0,267 4,62 . 4,
7.1 60.6 27 n.25 0.330 4,85 12.35
69 bV 27 ~0 b2 D450 4,05 40,60
691 61.Y. . 27 . 0.75 - 0,596 2.96 _

0.10 .
0.15 .
0.20

0.168 ____ 6.
0,232 -.-.6,
0.288 6,
-0,288.. 9.,

66,9
56,9

20,4

40.1
55.5..
66,9

68,9 .
66,2
66,2
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SLURRY  REACTOR

RAMNEY NICKEL NICAT 820 -7
Bp T om, P R T, n <av/at r xaot
o] . : o . o . gniole
SR 1 .21 0,483  70.9 55,9 27 1600 A 8,17 6,41
SR 2 21 0,483 70.9 55.9 27 1250 A 7.25 5,69
SR 3 21 _ 0.483 70,9 55.9 27 1400 A 7.51 . 5,89
SR 4 21 0.617 69.3 54,3 26 1000 A 8,80 . 5,30 .
= SR S 21 0.617__ 69,3 . 54,3 26 1300 A _10,16.. 6,12
SR 6 21 0.617 =~ 69,3 54,3 26 1600 A 11,44 6,89
- SR 721 . 0,617 7 69.3 . 54,3 26 350 A 1.38 ... 0,33 ..
‘SR 8 21 0.617 69.3 54,3 26 500 A .79 1,08 -
SR 9 21 . 0,617 . 69,3 54,3 26 - 650 A . 4,76 . 2.87
SR10 14 0.679  67.3 56,3 24 350 A 0,26 0,14
oo SR b 0,679 . _67.3. - 56,3 .24 .. _850__ A . 6,26 - _3.35 ..
SR12 14 0,679 67.3 56,3 24 1000 A 7.51 . 4,02
L. SR13.__146 0,679 . 67.3_...56,3 . 24 . 1300 _A . 7.55 ... 4,04
SR14 14 0,679 67.3 56,3 24 500 A 1.53 0,82
S U SR1S TAA 0,679 0 67.3 . 56,3 24 750 . A . 5.40 ... 2,89
SR16 14 0,679 67.3 56,3 24 1600 A 9.44 5,05
_ SR17.. .14  0.679 . 67.3 .. 56,3 24 1300 A .8.58 h,59
SR18 14 0.708  21.2 10,2 22 850 A 5,59 0,91
IEELSRY9.IIM6.. 0,708 3001 19,1 .22 . 850 A . 7.,61.....- 1,76 ..
SR20 14. . 0.708 37.6 26.6 22 850 A 7,31 2,11 .
_.SR21. .14 0,708 . 53,3 . 42.3..22 . RS0 A 6,23 . 2,55 .
SR22 14 0,708 66,6 . 55,6 22 850 A 5.85 - 2,99
.. SR23 __ 14 0,708 30,1 19.1 22 1100 A 10,99 ... 2.54 .
~ SR24 14 0,708 37,6 26,6 22 1100 A 9,01 2,60
.. SR25_._.14_ 0,708 45,6 . 34,6 . 22 1100 A 8.17 . 2,86
" SR24 14 0,708 53.3 42,3 22 1100 A 8,01 - 3.28
T SR27..14 . Q.,708  66.6 . 55,6 . 22 . 1100 A . 7.57 . 3,87
SR28 14 0,708 30,1 19,1 22 1400 B 12.81 . 2,96
C SR29° 14 0,708 30.1 19.1 22 1400 8 12,03 2,78
SR30.° 14 0.708 37.6 26.6 22 1400. B 1M1.12 3.1
SR31 14 0.708 45,6 34,6 22 1400 A . 12,65 . 4,43
SR32 14 0,708 53.3 42,3 22 1400 A 11,26 4,61
SR33 14  0.708  66.6 55.6 22 1400 A Q.66 b4
SR34 14 0,708 30.1 19.1 - 22 1100 B 10,56 2,64
SR3S 7 0,483 70,9 63,9 27 750 A 1.73 " 1,36
SR36 - 7 0,483 63.3 56,3 27 900 A 2.53 1.77
SR37 7  0.483 63.3 56,3 27 1200 A 4.90 3,43
SR38 7 0,483 . 63.3 56,3 27 1400 A 5,27 3,69
SR39 7 0,483 63.3 56,3 27 600 A 1,20 0,84
SR4O 7 0,637 63.4 56,4 24 850 A 4,22 2.27
‘SR41 7 0,637  63.4 56,4 24 850 A TANA 2.39
SRA2 7 0.637 63.4 56,4 24 1000 A 5.,47% 2.92
SR43 7 0.637 . 63.4 56,4 24 1200 A 6,38 3,43
SRAL 7 0,437 63,4 56,4 24 1600 A 7.44 4,00
SR45 7 0,637 63.4 56,4 24 500 A 0,97 0,52
SR46 7 0,637 63.4 56,4 24 1800 B

7.80 4,19
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RAMEY NICKEL NICAT 102

Bp T om P Py T n -avyas  x =0t
sR47- 21 0424 68.3 53,3 24 500 3,10 2,70
SR48 21 0.424  68.3 53,3 24 700 7.82 6.80
SR49 21 0,424 6R.3 53.3 2h 850 12.00 10,44
SR50 . 21 0,626 68.3 . 53,3 24 1000 16,52 14,37
SRS1 21 0,424 - 68,3 53,3 24 1200 18,01 15,67
SR52 . 21 0,424  63.3 _ 53.3 24 1400 19,91 17.32

SR53 21 0,424 68.3 53,3 24 1600

: 20,67 17,98
SRS4 21 0,424 68.3 53.3 24 . 1000

18,57 16,15

A
A
A
A
A
A
A
A
SRS5 14 - 0,548 66,7 55.7 24 500 A 2,92 1.92
SR56 14 - 0.548  64.7 = 55,7 24 700 A 5.51 3.62
SRS57 14 0,548 66,7  55.7° 24 850 A 10.30 6.77
USRS58 __ 14 . 0.548 L 66.7 .. 55,7 . .24 . 1000 A 13.91 .. 9.14
SR59 14  0.548 - 66,7 55,7 24 1300 A 16,51 10,85
) SRAD __ 14 _ 0,548  _66.7  55.7 24 1600 A . 18.00 11,83
SR61 7 0,795 62.8 55,8 24  350. A 0,70 0,30
"""" SR62 . .7 0,795 . 62,8 = 55.8 .24 .. 700 A 3.66 1.56
SR63 7 0,795  62.8 55,8 24 500 A 1,95 0,83
. SRA4_.__7...0.795 . 62.8 -.55,8..24 .. 850 .A_._...7.69 ... .3,28
SRA5 7 0,795 62.8 55.8 24 1000 A 12.12. 5,17 -
T SR66 ___..7_.. 0,795 62,8 . 55,8 .24 _ 1300 A _. 16,06 .. . 6,85
SR67 7 0.795 62,8 55,8 24 1600 A 17,65 . 7,53
.. SR68 7 0,795 . 62.8 . 55,824 ._..1600.B 18,15 .. 7,74
SR69 7 0,795 62,8  55.8 24 1400 A 14,82 . 6,32 -

oI NOTE =B INDICATES BUBBLE CYCLING IN THE Lxuuxo""_"m"m__;___M;;;Pwu;3
- .. A INDICATES NO BUBBLE CYCLING - '
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NOMENCLATURE

-~

amplitude of oscillation, cm.

constants in polynomial defined in eqn. 4.1.5

as, ay,'as ‘ ' T

a
v

a

gas-liquid interfacial -area péf\unit volume, 1l/cm
parameter defined in egn. 6.4.3

parameter defined in egn. 6.4.3

constant defined in eqn. 4.1;3
concentration, gmole/cm3
solubility,_gmole/cmj

diffusion coeffidient, cm?/sec

effective diffusion coefficient, cm?/sec
particle diameter, cm

activation energy, Kcal/gmole

activation energy for diffusion, Kcal/gmole

molar energy of vaporization, cal/gmole

. fractional approach to equilibrium

flow rate, ml/sec

frequency of oscillation, cycles/sec
fugacity of liquid, atm |
Froude number (=ﬁ2A/g)
acceleration of gravity, cm/sec?

relative amplitude of oscillation ( = A/R)
correction factor in eqn. 2.2.3

molar enthalpy of adsorption, cal/amole

molar enthalpy of vaporization, cal/gmole

height of liquid, cm -
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hp Thiele modulus )

K adsorption constant, %/gmole

KAH acid dissociation constant, gmole/g

K, overall mass transfer coefficient, 2/9 sec

k rate of reaction constant, é% s:_e-.cli/gmole;5

k! apparent rate of reaction constant, gmole% g%/g secC
ka solid-liquid mass transfer coeffiéient, cm/sec
kL‘ gas—liquid mass transfer coefficient, cm/sec
‘m order of reaction

m " mass of solid

N number of pafticles

NA' rate of mass transfer, gmole/g sec

Nu Nusselt number

n frequency of oscillation, l/sec

ng - number of moles, gmole

P pressure, atm

Pe Peclet number (= ud/D)

Pr ' Prandti number

P _ order of reaction

pj independent variable

Q weight, g

R particle radius, cm '

Ry gas constant (= 1-987 cal/gmole °K)

Re Reynolds number (= ud/v)

Reosc éscillating Reynolds number (= f/vamR/v)

Re streamingVRéYnolds number (= Uw2/nv)

Re vibrating Reynolds number (= nAd/v)

r rate of reaction, gmole/g sec
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S residual sum of squares

Sc ~ Schmidt number (= 57D)

Sh Sherwood number (= de/D)

T | témperature, deg C or deg K

t time, sec o
U maximum relative velocity, cm/séc
u ' veiocity, cm/sec

u. relative velocity, cm/sec

v . volume, cmd

Vi, Vs volumes defined in Fig. 4.1, cm3
v molar volume, émé/gmole

X liquid phase ﬁolet fraction

y gas phase mole. fraction

" Greek letters

d, B, parameters in eqn. 4.3.1

Y, €.

Bi2 parameter defined in egn. 6.1.9, gmole/cm3

s ~solubility parameter, cal%/cma/2

¢ corrected solubility parameter, cal;’/cma/2

n effectiveness factor

0 parameters in rate of reaction equations -

K conductivity, 1/ohm cm

Ag equivalent conductivity, cm?/ohm gmolé

Ag equivalent conductivity at infinite dilution,

cm? /ohm gmole
u viscosity, poise = g/cm sec

v ' kinematic viscosity, cm?/sec
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p ‘liguid density, g/cm?

Po particle density, Q/éﬁ3

Y fugacity coefficient

¢ . volume fraction :

or, modulus defined in egn. 6.2.5
'Subécripts'

A acetone property

app apparent value

e experimental value

est estimated value

f final value

H hydrogen property

i | gas—liquid interface

o initial value |

P isopropanol property

o) ' particle property

S ‘ solvent property

s solid-liquid interface
"Superscripis

o pure liquid

* dimeésionieé;value

- properties in the interior of ion exchange resin
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