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SYNOPSIS

Gas holdup and overall volumetric mass transfer
coefficients in bubble column contactors have been inves-
tigated for water and agueous electrolyte solutions. Two
methods were used to obtain experimental data on volumetric
mass transfer coefficients: the steady state oxidation tech-
nique and a transient method. The former technique was
found to be unsuitable for absorption measurements because
chemical enhancement of mass transfer, due to simultaneous
absorption and fast reaction, caused’erroneously high mass
transfer coefficients to be evaluated. 1In the transient
experiments the effect of superficial gas velocity, concen-
tration of electrolytes in soiution, bubble column diameter
and gas inlet orifice diameter on the gas holdup and the

mass transfer rate, were investigated.

The experimental data for gas holdup and overall mass
transfer coefficients obtained both in this study and from
the literature have been correlated by dimensionless equations.
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CHAPTER 1

INTRODUCTION AND LITERATURE SURVEY

1.1 INTRODUCTION

In spite of its wide industrial applications as a gas-
liquid reactor and fermentor, adequate design criteria for
a gas bubble column are not currently available. The design
of such a contactor as a reactor will depend largely upon
the rate of mass transfer of the reactants to the reaction
site and the rate of chemical reaction and, as a fermentor,
on the fate at which oxygen dissolves in the fermentation
broth. Since the principles behind the operation of such a
contactor have not yet been fully investigated, systematic
design of a unit operation, incorporating this method of

~gas liquid contacting is not possible at present.

1.2 BACKGROUND TO THIS INVESTIGATION

The leaching of base metals by ferric chloride involves

the reduction of the Iron III ion to Iron II. Regeneration

of the leach medium for recirculation and further leaching

is economically advantageous in thiS process. Oﬁe method of
accomplishing the regeneration is by oxidation of the spent
liquor by aeration of the ferrous chloride solution and

direct reaction with dissolved oxygen. - The extreme corrosive-
ness of the ifon chlorides to common‘materials, and the en~
~trainment of solid particles in the liquor during the leaching
process preclude the use of commercially available aeration
equipment for this oxidation. A convenient method for re-
~generation is the batchwise oxidation of spent leach liquor

in a bubble column reactor. In such a system, oxyden or air
is injected at the base of a column of liquid and bubbles up
through it. The oxidation reaction is accomplished by oxygen
which continuously dissolves in the ligquid. Clearly, the

rate of such dissolution is of importance in this system, and
it is the influence of parameters affecting the rate of gas

absorption which form the basis of this investigation.



1.3 THEORY

A detailed treatment of the outline which follows may
be found in the texts of Dankwerts [1] and Astarita [2].

The rate of mass transfer of a gas dissolving in a

liquid without chemical reaction is given by:

R = Kra (c* - co) (1.1)
Where absorption is accompanied by reaction, the mass

transfer Equation (1l.1l) may be modified as:

R = EKLa (c* - cy) (1.2)
where E is the chemical enhancement factor due to chemical
reaction. The enhancement factor can be evaluated, as
explained by Dankwerts [1] and Astarita [2], using one of
the many models for mass transfer, e.g. the "two f£ilm" model,
surface renewal models, "still surface" models, provided that

the chemical réaction is well defined.

It is necessary to distinguish between processes occur-
ring in the diffusion film near the phase interface, and
those occurring in the bulk of the liquid. Reaction occurring
in the diffusion film directly affects the coéfficient of

mass transfer K since the reaction site is now closer to

’
the phase inter%ace and the reacting species effectively

have a thinner film through which to diffuse before reacting.
Reaction in the liquid bulk also affects the rate of mass
transfer in that it determines one of the boundary conditions,
cy, Which control the transport and reaction of material in
the film. Mass transfer with rapid accompanying reaction

and purely physically controlled mass transfer are schematic-
ally represented in Figure 1.1l by the concentration gradients
in the mass transfer films.
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Figure 1.1 Schematic representation of mass transfer with

and without accompanying rapid chemical reaction

The interfacial concentration c¢* is in equilibrium
with the interfacial partial pressure, P;- The rate of
mass transfer into the liquid at the phase interface is
proportional to the'slope of the concentration profile at
that point, which is considerably greater for absorption

accompanied by fast chemical reaction.

The degree to which chemical reaction affects the ab-

sorption process depends on the rate of reaction

(a) When the reaction is very slow, the absorption rate is
unaffected and the process becomes equivalent to that of
pure physical absorption. In a continuing batch process
the whole liquid bulk would become and remain saturated
with unreacted gas, and the rate of uptake of gas would

equal its rate of reaction in the liquid.

(b) For slow chemical reactions there is still no appreci-
able reaction of the dissolved gas during its transport
through the diffusion film and unsteady state mass transfer
would again be the same as for physical absorption. The
reaction may be too fast for the bulk of the liquid to ever
become totally saturated with dissolved gas however. In
both these cases, the chemical enhancement factor, E, is

very close to unity and may be neglected.



(c) When the reaction is fast an appreciable amount of gas
reacts during its transport through the diffusion film.
Consequently chemical enhancement of mass transfer will
occur, i.e. the value of the enhancement factor E will be
appreciably greater than one. Naturally, in this case the

bulk concentration of dissolved gas will be very small.

(d) The catalysed sulphite oxidation reaction is a special
case of fast reaction, wherein the reaction is sufficiently
fast totmaintain a very low bulk concentration of dissolved
oxygen, but still slow enough not to cause appreciable
chemical enhancement. The sulphite reaction is more fully

discussed in section 1.42.

1.4 LITERATURE SURVEY

1.41 Introduction

In general two methods have been used to obtain data

on mass transfer in bubble columns.

(a) The sulphite oxidation method of Cooper, Fernstrom and
Miller [3] is the most popular and is widely used in evaluat-
ing the performance of spargers [3,4], fermentors [5,6,7],
packed columns [1,8,9] and gas—liquid‘reactors flo,11,12].
The method has also been widely applied to the measurement

of interfacial areas in gas liquid dispersions [13,14,15,16].

(b) The direct method for evaluating mass transfer coeffic-
ients obtains results from the 'rate of absorption of a
sparingly soluble gas into a liguid previously depleted of
that gas. Though less elegant than the steady state tech-
nique, the transient method has the advantage that chemical
reaction cannot influence the rate of mass transfer of the

diffusing gas.

1.42 The Sulphite Method

1.421 Introduction. The overall mass transfer coeffic-

ient, K.a, is evaluated in the steady state method from the

L
rate of depletion of sulphite by reaction in the column, from



- (1 - &) %% = K.,a (c* - cy) (1.3)

L
In order to solve this expression for K;a using the sulphite
~method, two conditions must be fulfilled.

(i) The bulk concentration of dissolved gas, c,, must be
negligibly small. If this is not the case the driving force

for mass transfer is not known.

(ii) There must be negligible reaction in the diffusion
film otherwise mass transfer will be chemically enhanced,
and an erroneously high mass transfer coefficient will be
obtained. The order of the reaction with réspect to sulphite
- must obviously be zero, or, as the oxidation proceeds, the
reaction rate will decrease. Under these circumstances it
will be impossible to maintain conditions under which both
the above requirements are simultaneously fulfilled for an

appreciable period of time.

The catalysed oxidation of sodium sulphite has been
widely considered as satisfying the above conditions [5,6,
10,11,12,177], although there has been disagreement over the
interpretation of data obtained by this method (discussed
in section 1.423). Notwithstanding these differences of
opinion, the method is still the most widely used for the
evaluation of mass transfer rates in bubble column and

stirred tank contactors.

1.422 Kinetics of the Sulphite oxidation reaction. The
sulphite oxidation reactioﬁ, because of its wide use in ab-
sorption experiments, has been the subject of a great deal
of - research. The oxidation of sodium or potassium sulphite
is normally véry slow, but the reaction can be catalysed by
many substances. Copper and cobalt are the most commonly
used catalysts in the application of the sulphite reaction
to mass’transfer studies, but the reaction is also sensitive
to traces of iron, cesium and manganese, which increase the
reaction rate, and to organic compounds such as ethanol,
~glycerol and mannitol which inhibit the reaction [4,16,18,19].



The reaction is very complex and the kinetics are still

‘uncertain.

Some investigators have found that the reaction is
second order in oxygen concentration [5,20,21,227], but
-others have obtained first order kinetics [1,19,23,24];
Asfarita [1] considers .the reaction to be zero order in
-oxygen for sulphite concentrations of less than 0,06 M,
first order up to 0,25 M and second order at higher con-
centratiéns. Sawiki and Baron [25] have found that the
rate controlling step is different when the reaction is
carried out under heterogeneous or homogenéous conditions.
They conclude the heterogeneous oxidation is second order
in oxygen pressure at the interface and state that unless
the reaction is carried out in the fast reaction regime,
the experimental data will yield the erroneous result of
first order kinetics in oxygen. Reith [13] has also found
Asecond order kinetiés in oxygen and suggests that confusion
may have arisen because the reaction was sometimes studied
under unfavourable conditions for reaction rate measurements.
In most experimental systems there is no way of determining
mass transfer rates and reaction rates separately. It is
generally agreed that the reaction is zero order with re-
spect to sulphite concentration over a wide range [1,5,13,
17,26].

Baron and O'Hern [26] have investigated the effective-
ness of Cu™ as a catalyst in sulphite oxidation. They
point out that cupric ions in sulphite solutions are reduced,
to an unknown extent, to cuprous ions and that while the
former are strongly catalytic, the latter are mildly inhibit-
ing to the oxidation reaction. In addition they state that
an "unknown fraction of the copper present in the reaction
mixture may be either precipitated or associated and thus
have little effect on the reaction rate”. The variations
in the reported reaction rate constants, when copper is used
as a catalyst, may be a consequence of any or all of these
factors.



The majority of investigators nevertheless have found
that the oxidation rate is independent of copper concentra=-
tion in the range of about 10™? to 10™% M (5,17,19,26,27],
and, except in the most recent work, copper has been used

almost exclusively in absorption experiments.

Cobalt on the other hand is the more powerful and con-
sistent catalyst and has been extensively used and investi=-
gated by workers attempting to use the chemical method to
obtain interfacial areas in stirred tank and bubble column
contactors. This method requires high reaction rates and
large chemical enhancement factors [1,13,16,28].‘ The use
of cobalt as a catalyst in absorption experiments has been
limited because the sulphite oxidation rate is sensitive to
cobalt concentration. This means that the correct catalyst
concentration must be used to obtain a reaction rate
which fulfills the two conditions (i.e. no reaction in the
diffusion film and very low bulk concentration of oxygen)
for the steady state determination of KLa [5,13]. 1In spite
- of this difficulty, however, cobalt is probably preferable

to copper as a catalyst since its action is more reproducible.

A serious difficulty in sulphite oxidation rate experi-
ments is the extreme sensitivity of the reaction to a large
variety of trace impurities [16,18,19]. Reaction rates re-
ported in the literature cannot thus be generally applied.
The large variation of reaction rates even in apparently
identical situations, may in turn explain the inconsistency
of mass transfer data reported by various investigators.

If the reaction, in a steady state absorption experiment
proceeds too slowly, the bulk concentration of dissolved
oxygen will not be negligible and the value of KLa will be
erroneously low. On the other hand if the reaction rate is
too fast, enhancement will cause an erroneously high mass

transfer coefficient to be obtained.

1.423 Reported results by the sulphite method. Although
much data on mass transfer rates, obtained by the sulphite




method, have been reported in the literature, and the tech-
nique is regarded as standard procedure for testing the rate
of oxygen absorption in gas liquid contactors, there is still
disagreement as to the merits of the method. For example,
some investigators have found good agreement between mass
ﬁransfer,coefficients obtained by the sulphite and transient
methods [10,11,29,30]. 'Others have found that the sulphite
technique results in high values of K;a in comparison with

- the unsteady state method [4,31,32]. '

It has been suggested that much of the conflict arises
from misinterpretation of results due to misunderstanding
the complicated chemistry of the sulphite reaction or b,
because experiments were carried out under conditions where
the reaction rate was such that the two conditions for
simple interpretation of mass transfer results were not
fulfilled [1,2,7,15].

Another difficulty is that much of the work reported
in the‘literature cannot be easily compared because of the

gross differences in the equipment used to obtain data.

In summary various investigators have reported in
the literature that:

(1) the copper catalysed sulphite oxidation reaction
fulfils the requirements for the steady state evaluation of

mass transfer coefficients [5,10].

(2) the resistance to mass transfer in the gas phase is
negligible in comparison with that in the liguid phase and
that the overall volumetric mass transfer coefficient, K;a,
is therefore equivalent, in this system, to the liquid phase

mass transfer coefficient, kLa (5,10,17,33].

(3) when a single gas injection orifice is used, the
-diameter of the orifice has no significance in determining

the mass transfer coefficient [17].

(4) the overall mass transfer coefficient is not affected
by the height of the column, provided that this is sufficient



to exclude end effects [17]. Urza and Jackson [12] have
investigated deep tank aeration using the sulphite and
transient techniques. Their results indicate that tall
-coluﬁns, (up to 55 feet) have a potential for reducing
operating costs and increasing oxygen utilization effic-

iencies.

(5) the significance of column diameter is uncertain.
Yoshida and Akita [17] have found a slight dependence of
absorption rate on column diameter, but this effect was
not observed by Shulman and Molstad [48].

(6) bubbling causes sufficient agitation to maintain
a uniform liquid concentration throughout the bubble column

i.e. the liquid phase is perfectly mixed {13,17,34].

Several investigators have reported on the efficiencies
of stirred tank contactors [3,5,6,10,13,29,33,34,35], and ’
much of their work has been summarized by Sideman et al [36].
The general weakness of most of this work is that the re-
sults obtained are limited to the particular equipment used

and operating ranges investigated.

1.43 The Transient Method

The overall mass transfer coefficient is found by the
transient method from the rate of oxygen absorption into
a deoxygenated liquid according to the integrated form of

equation 1.3:

=[(1 - e)/t] In[ < c* — g;] ’ (1.4)

The transient method has not been used by many re-
searchers because of its inherent susceptibility to end
errors. These arise because of the short periods (less
than 1 min) over which the experiments must be conducted
before the liquid in the bubble column is very nearly
saturated with oxygen. The disturbances caused by the
initiation of bubble flow before the column settles down
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are not representative of the steady state operating con-
'ditions, but form an appreciable part of the entire ab-
sorption experiment. A more serious disadvantage is that
the liquid in the column is nearly saturated with absorbed
gas at the end of the experiment and that the determination
| of the final oxygen concentration cy must ke very accurate,
since it is almost equal to the equilibrium oxygen concen=

tration c*, in order to obtain reliable values of K a.

In spite of these difficulties, Koetsier et al [29]
have shown the technique to be both reliable and reprd-
ducible. Landberg et al [37], Carpini and Roxburg [31]
and others [4,38] are of the opinion that the transient
method is the only reliable means of measuring mass trans-‘
far rates, and that steady state methods {including the |
sulphite method) are prone to chemical enhancement and
'generally produce erroneously high results. Reith [13],‘
on the other hand, concludes that the transient method is
inaccurate and that the sulphite oxidation method, provided
its requirements are understood and complied with, provides

a precise and simple alternative.

Akita and Yoshida [39] have made extensive use of the
transient method to investigate the effects of liquid
physical properties on gas holdup and volumetric mass
transfer coefficients in bubble columns as discussed in
section 1.45. Zieminski and co-workers [40,41,42,43,44]
have used the method to investigate the effect of a wide
range of electrolytes and organic surfactants on bubble

dispersions. Their work is summarized in section 1l.44.

l.44 Hydrodynamic conditions in bubble columns.

1.44]1 Introduction: The hydrodynamic conditions in a

bubble column will obviously play an important part in
determining mass transfer rates, since both the surface
area available for mass transfer (governed by the bubble
breakup and coalescence rate), and the mass transfer ‘
coefficient per unit area (affected by the "thickness" of
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the mass transfer film) are largely controlled by the degree

of turbulence in the cblumn.

Although the situation in a bubble column is so complex
that it seems unlikely that any quantitative model will ever
be obtained [45], some investigators have made interesting

observations in this field.

1.442 Bubble size: Valentin [34] has surveyed the
literature dealing with the mechanics of single bubble gene-

ration at submerged orifices, but single bubble data are not
applicable to bubble swarms such as are considered here. For
continuous bubble generation at a single orifice, three

regions are apparent [34,36,46]:

(i) At low gas flow rates the bubble diameter does not
vary much with gas rate and bubble size depends principally

on the orifice diameter.

(ii) As the gas rate is increased, bubble diameter in-
creases with orifice gas velocity while the frequency of

bubble generation remains approximately constant.

(iii) At high gas flow rates bubbles of a single size are
no longer produced. The large toroidal bubbles which are
formed rapidly break up into smaller bubbles. In general
though, initial bubble sizes are not characteristic of.
bubbles rising in the major portion of the column. The
average bubble siée in the column depends on the coalescence
and breakup rates, which are in turn a function of the
turbulence caused in the liquid by the injection of the gas
[30,36,44,46]. As bubble columns are generally operated at
fairly high gas rates, in those bubble columns served by
single orifices, the size of the injection orifice will not,
therefore, be an important determinant of either the surface
area available for mass transfer or the overall mass trans-

~

fer coefficient.

~1.443 Gas Holdup: Many workers have reported on the

parameters affecting gas holdup in bubble column contactors
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[13,17,39,47,48,49,50,51]. This is of importance because
of the close relationship between gas holdup and inter- '
facial area for mass transfer. Much of the work reported
on bubble columns involves gas distribution by porous plate
spargers [48,49,52,53,54], and while there appears td be
no difference in behaviour at high gas velocities whether
single orifices, multiple orifices or porous spargers are
used for gas injection, at low gas rates holdup is far
~greater using a porous sparger than for gas orifices [10,
11,36,48]. An interesting observation made by some workers
using pbrous distributors is that a local maximum in gas
holdup occurs at a relatively low gas rate [48,52,54],
possibly corresponding to a transition from laminar to
turbulent bubble flow. This phenomenon is not observed
when gas is injected through a single nozzle (see Figure
1.2).

It has been found that holdup is independent of column
diameter for columns larger than 10 cm, but that wall effects,
causing higher gas holdups, are noticeable in smaller columns
[17,49,50]. Reith [13] has shown that gas holdup and bubble
size distribution is constant throughout the major portion
of the column with variations occurring near the gas inlet
and at the top of the column in the bubble breakage zone.

A full qualitative description of the flow regimes in
bubble columns as the gas velocity increases has been given
by Shulman and Molstad [48]. Nicklin [55,567] has proposed
a model of the behaviour of bubble swarms rising in a liquid,
assuming no circulation. Towell et al [47] and Reith [13]
have shown, however, that in large diameter (>150 mm) bubble
columns, turbulent eddies of scale roughly equal to the
column diameter occur, with systematic large scale circu-
lation patterns superimposed on these random eddies. This
is consistent with data which indicates that axial dispersion
is higher in wide columns [367]. Using this information,
Reith [13] has attempted a semi-quantitative analysis of
bubble flow based on Nicklin's discription, but this model

is still too idealized to be of any real value.
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Figure 1,2 Comparison of gas holdup in columns with

single nozzles and porous spargers



1.45 The effect of‘eleCtrolytes'On'gas'holdup and

mass transfer

1.451 Introduction: It has long been known that ions

in solution have a substantial effect on the coalescence
of gas bubbles. 1In bubble columns this means that a suf-
ficiently high electrolyte concentration results in an
increased gas—liquid intérfacial area and this possibly
provides a means for increasing the mass transfer rate.
Until recently, however, no systematic investigations of
interfacial area and bubble coalescence phenomena in ionic

solutions have been reported.

1.452 Reported Results: Marucci and coworkers [57,58]

and Koide et al [30] have investigated the effect of in-
organic salts in solution on the average bubble size in
bubble column contactors. They found that the average size
of the gas bubbles in bubble columns is determined by the
coalescence and breakup rates of the bubbles. As electro-
lyte concentration in solution is increased, the average"
bubble size diminishes until a minimum bubble size is
reached, beyond which any further increase in electrolyte
concentration has no further effect on the average bubble
diameter. This minimum size is independent of the ionic
species in solution although the limiting concentration
varies with different salts [30,57].

It is thought that electrolytes hinder coalescence
by forming electrical repulsive forces on the bubble sur-
faces [13,30,40,44,57]. Although qualitative descriptions
of these phenomena have been put forward [40,57] no guan-

titative model has yet been proposed,

Zieminski and Whittemore [40] have shown that the
overall mass transfer coefficient per unit volume is much
higher in electrolyte sclutions than in water, because of
the increased interfacial area for mass transfer. They
observed that polyvalent ions had a more pronounced effect
on the interfacial area for mass transfer than monovalent

ions, and found that ionic strength of solution, a parameter
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which includes both the concentration and valence of the
ions in solution, could be successfully used to correlate
the effects of a wide range of salts on the surface area

of dispersion.

Robinson and Wilke [6] investigating mass transfer
in agitated contactors containing electrolyte solutions
also found a proportional increase in mass transfer with
ionic strength, up to a limiting ionic strength of about
0,4, beyond which no further increase in mass transfer

rate was observed.

Lessard and Zieminski [447] have investigated the
effect of electrolytes on bubble coalescence in agueous
- solutions by contacting two bubbles and observing the
percentage of coalescing pairs. They demonstrated that
there is a transition concentration at which spontaneous>
coalescence is noticeably reduced. This transition corre-
sponded to an ionic strength of about 0,18. They deduced
from their data that coalescence is probably determined by
‘a charge-viscosity interrelation but were unable to quanti-
fy the description with the limited daﬁa available. These
findings suggest, in contradiction to those of Robinson (6]
and Zieminski [40], that the rate of mass transfer should
be approximately constant up to the transition concentra-
tion, at which point the absorption rate should suddenly
increase, because of the rapid reduction in interbubble
coalescence and consequent increase in interfacial area,
and then remain constant again, at the higher level, as

the ionic strength is further increased.

There is qudence that the presence of ions in solution
also has a small effect on the mass transfer coefficient per
unit area, KL. Akita and Yoshida [24] working with an un-
agitated bubble bed have found that K; increases with the
square root of bubble diameter. Zieminski and Whittemore
[40] found a small but definite decrease in'KL as ionic

strength was increased and attributed this to the decreasing



bubble size as electrolyte concentration was raised.
Calderbank and Moo-Young [33,59] using an agitated con-
tactor showed that KL increased linearly with bubble
diameter for bubbles of intermediate size, but is approxi-
mately constant with bubble diameter for large and small
bubbles. Work by Lessa;d‘and Zieminski [44] on mass
~ transfer from rising acetylene bubbles showed that KL
increased with ionic strength for constant bubble diameter
although it decreased with increasing bubble radius. The
increase in mass transfer coefficient in ionic solutions
was attributed to increased surface mobility of the bubbles.
No explanation for the decrease in mass transfer coefficient

with increasing radius was offered.

1.453 Surface Active Agents: Most commercial process

liquids contain surface active agents which may drastically
affect mass transfer rates. It has been generally concluded
that the addition of surface active agents to a system re-
~duces the interphase mass transfer per unit area in most
cases [347]. Two mechanisms have been proposed to explain

this reduction:

(i) a physical barrier of surfactant is built up on

the interface which blocks mass transfer and

(ii) a hydrodynamic mechanism which postulates that
surface active agents radically alter they hydrodynamic
flow situation [34,60].

Static systems, which elimihate hydrodynamic effects, have
been used to investigate the barrier mechanism. These
studies have shown that some surface active agents retard
mass transfer [41,427, some have no effect, while others
enhance the absorption rate [42,607]. This increase in mass
transfer coefficient is always associated with increased
interfacial mobility, probably caused by the Marangoni
effect [61] (local variations in the interfacial tension
causing movement of the interface). The mechanisms cannot
be easily studied in flow situations because their effects

become confounded.
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Depression of the mass transfer coefficient per unit
area does not necessarily mean that the overall absorption
rate is decreased. 1Indeed, the contrary is most often the
case because of the large increase in interfacial area for
mass transfer caused by decreased bubble coalescence. Since
the effect of surface active agents on the overall mass
transfer rate depends noé Only on the surfactant present
and its concentration but also on the gas dispersing system,
it seems unlikely that a single correlation for the predic-
tion of mass transfer in gas liquid dispersions containing

surface active agents will be obtained.

1.45 Correlations for mass transfer

In a bubble column there exists a wide size distribu-
tion of bubbles, varying bubble residence times and unknown
hydrodynamic conditions. Consequently, any general corre-
lation for mass transfer must, at this stage, be an empirical

expression based on dimensionless groups.

Correlations of the form used for single rigid spheres

have been proposed [34,50],
Sh = ¢, + ¢, Resc™ : (1.5)

but found to be of limited value. Hughmark [50] has pro-
posed a modification of this expression which can be used
for both single bubbles and bubble swarms:

d g!/3 0,072
Sh = 2 + cl[Re°r“a“Sc°'339[—£L-} ]Cz (1l.6)

D
where ¢; = 0,061 and c¢; = 1,61 for single bubbles and
¢, = 0,0187 and c, = 1,61 for bubble swarms. The velocity
parameter in the dimensionless groups is represented by the
slip velocity between the bubbles and the liquid, and the

length parameter is the mean bubble diameter.

Valentin [34], putting expressions derived by Calder-

bank and Moo-Young [59] in terms of common dimensionless
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groups, proposes correlations of the form:

Ap &

Sh = 0,31 Rez'/3 Scl/3 Fr“]/3 é% ‘ (1.7)
i - L

Sh = 0,42 Re™® §5c*2 pr="3 (1.8)

Equation 1.7 is a general correlation for liquid phase mass-

" transfer coefficients in gas-liquid (as well as liquid=-liquid
and solid-liquid) dispersions while the latter equation ap-
plies to froths with large gas bubbles which do not behave
like rigid spheres as small ones do. '

It may be noted that correlations for mass transfer
coefficients involving bubbie diameter and rising or slip
velocities would be difficult to aéply in practice since
these parameters are generally not available in a'design

Ssituation.

Akita and Yoshida [397] have recently proposed dimen-
sionless correlations for gas holdup and overall volumetric
mass transfer coefficients:

e/(1 = e)* = 0,20 (Bo)¥* (Ga) 12 (pyy! (1.9)
KLaD2
Sh aD = 5 = 0,6 (5c)°73(Bo) 762 (ga)0r3lgtlsl

L (1.10)
The length parameter used in their dimensionless groups is
column diameter. The correlations were tested in 77 mm,
150 mm, 300 mm and 600 mm columns. Deviations observed in
the 77 mm column were attributed to wall effects. The de-
Pendence of mass transfer on column diameter for columns
larger than 600 mm is uncertain and the authors note that
this trend is unlikely to be maintained for columns of much
larger diameter. They recommend that estimates based on
600 mm column should be used in these cases. Akita and
Yoshida [39] also found that gas holdups were notably higher
in electrolyte solutions than in non-ionic solutions and
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suggest that holdup estimates obtained from their egquation

be increased by 25% for solutions containing electrolytes.

1.47 Summary

Two methods for measuring mass transfer coefficients
in bubble columns are available. O0f these the sulphite
method has been used most widely, but with questionable
success. The complexity of the sulphite oxidation reaction
makes interpretation of mass transfer data difficult and
conflicting conclusions have been reached using this method.
The transient method is probably more reliable but is prone

to experimental error especially at high gas rates.

Although the hydrodynamic conditions in the column
play an important role in mass transfer, no quantitative
model is available and their ihfluence must be determined
empirically. Gas holdup is greater when porous spargers
rather than orifices are used for gas injection and are
thus more efficient, but the difference becomes less im-
portant at high gas rates. The pore size in spargers or
the orifice size in nozzle injection do not influence the
hydrodynamic conditions in the column and there is thus
nothing to be gained by the use of fine rather than coarse
spdrgers, or small rather than large orifices. Bubble size
is determined largely by the coalescence and breakup rates
of the bubbles in the columns.

Electrolytes in solution increase mass transfer in
bubble columns by increasing'interfacial area of contact
between the two phases, but have little effect on the mass
transfer coefficient, K, . Beyond a limiting concentration
salts have little further effect on bubble size.

Dimensionless correlations for mass transfer and gas
holdup in unagitated bubble beds, involving column geometry
vand liquid phase physical properties have recently been put
forward, but are not applicable to electrolyte solutions.



..20.-

1.5 SCOPE QOF THIS INVESTIGATION

Available data on the mass transfer characteristics
of bubble column contactors under various conditions are
scanty and leave one major unresolved problem: the influence
of solutes, particularly inorganic electrolytes on the be-
haviour of the system. Dimensionless correlations for gas
holdup and mass transfer coefficients in bubble columns,
involving the physical and geometric parameters of the
system have recently been published [39], but are not ap-
plicable to ionic solutions. There is, furthermore, some
disagreement in the literature as to the relative signi-
ficance of various parameters, viz. gas inlet orifice

diameter and column diameter.
This investigation therefore set out

(a) to obtain a correlation for the overall mass trans-
fer coefficient per unit volume in bubble column contactors,
taking into account the effects of dissolved inorganic

electrolytes and their concentration in solution and,

(b) to check the published correlations with regard to
the significance of the injection orifice diameter and

column diameter.

The hydrodynamic situation existing in a bubble column
is dependent to some extent on the method of introduction
of the gas at the base of the column and consequently this
investigation was limited to single gas injection orifices.
Where possible the findings of other investigators reported
in the literature have been used to extend the conclusions

to other means of gas injection.

Initially, the method for obtaining the mass transfer
data chosen for this investigation was the sulphite oxidation
technique, but this method proved to be unsatisfactory and
was abandoned when results were found to be unreproducible
and it became clear that chemical reaction was causing en-

hancement of mass transfer. The alternative unsteady state
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(transient) method was adopted and the bulk of the conclu-

sions reached in this study are based on results obtained
by this method. '



CHAPTER 2

EXPERIMENTAL EQUIPMENT AND TECHNIQUES

2.1 EXPERIMENTAL EQUIPMENT

One of the major features of a bubble column for
gas—-liquid contacting is its extreme simplicity. 1In spite
of this, however, a major difficulty encountered whiie
reviewing the literature was that much of the reported
data were specific to the apparatus and operating conditions
employed. The experimental apparatus for this investigation
consequently, was designed to facilitate comparison with data

from the literature as much as possible.

Essentially the same equipment was used to obtain mass
transfer data for both the steady state and the transient

method. The equipment arrangement is shown in Figure 2,1.

The sulphite oxidation experiments were carried out

in a 93 mm diameter, 2 m tall column which was made of clear
perspex to enable observation of the bubble swarm and facili-
tate gas holdup measurements. Gas injection was through a
single, interchangeable, upward facing nozzle situated 90 mm
above the base of the column. Samples for analysis could

be removed from sample ports at three different levels,

100 mm, 640 mm and 1,10 m above the base of the column.

Two further columns of diameter 144 mm and 293 mm were
used in the unsteady state runs. The 144 mm clear perspex
cclumn had a single sample port 640 mm from the base. The
largest column which was made of opaque PVC had a sample

port 750 mm from the base.

The gas source was pressurized air, reduced to a constant
pressure of 200 kPa by a pressure reducing valve, and controll-
ed and measured by rotameters calibrated at the inlet air
pressure. The air was passed through a cylinder filled with

absorbent paper towels to remove any traces of entrained oil,

...22_
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before being injected into the column. A ball cock at the
base of the column allowed the gas flow to be started almost

1nstantaneously at the preset rate.

2.2 EXPERIMENTAL METHODS .

2. 21 Gas Holdup

The average gas holdup, deflned by
R S— S (2.1)

where zL_is the liquid height and 2z, the aerated height;was
" obtained by direct measurement of the height of the liquid
in.the column with and without aeration. Because the sur-
face of the liquid was often very turbulent during bubbling,
the aerated'liquid height was difficult to measure accurate-
ly and the holdup measurements presented were obtalned from
the average of a number of aerated lquld helghts estlmated
by eye. The helght was measured from the top of the gas ’
lnjectlon nozzle, i.e. 9 cm above the base of the column to
the surface of the lquld. The layer of llquld below the
nozzle contained almost no bubbles except at the very hlghest
gas flow rates, when small bubbles were carried by turbulent

eddies into this section of the column.

No hysterysis was observed on increasing or decreasing
the gas flow rate though gas holdup increased gradually in
electrolyte solutions as bubbling continued.. Thisfwas due
to the formation of a semi-stable foam on the electrolyte
solutions especially sodium sulphite, after prolonged
bubbling. This foam was more readlly formed the more con-
centrated the electrolyte solutlon and is p0551bly due to
the decrease 1n coalescence between bubbles in electrolyte
solutlons (see sectlon 1. 44) ' ’ ’

2.22 Steady State technlque |

The overall mass transfer doefficient is determined in
the steady state method from the’'decline in sulphite -




- 26 -

2.23 The transient method

Using the transient method an overall mass transfer
coefficient may be obtained from data on the rate of ab-
sorption of oxygen into a previously stripped liquid by
the integrated form of Equation 2.2:

- {1 - ¢€) c* - cj
KLa = -—-—-—E-—-'“-— 1n ’é—';'——:-“é? (2-3)

In a typical physical absorption run, the column was
charged with liquid and air flow adjusted to the required
rate. Gas holdup at this rate was then meaSured and the
air flow shut off, using the ball cock at the base of the
column. Oxygen was stripped frbm the liquid in the column
by sparging with nitrogen for about 5 minutes. A sample
was then run out through one of the sampling ports for
analysis of the initial oxygen concentration, cj, for the
run. Air flow was initiated and air bubbled up through
the liquid in the column for a measured period of time,
usually 30 s to 40 s, depending on the gas flow rate. The
samples taken at this stage were analysed for the final
dissolved oxygen concentration, Cg- The dissolved oxygen
at saturation, c*, was similarly determined by bubbling
air through the column for a further period of about 36

minutes.

All samples were withdrawn from the column into 250
mf flasks which had been previously flushed with nitrogen.
The flasks were completely filled with liquid and tightly
stoppered to prevent any further absorption of oxygen be-
fore analysis. A few very small air bubbles were sometimes
entrained with the sample liquid into the flask but their
. contribution to the dissolved oxygen concentration was
considered to be negligible. The oxygen concentrations
in the samples were determined chemically by the Winkler
method [63]. A Beckman Fieldlab Oxygen Analyser was tried,
but found to be too inaccurate and unreliable for this

analysis.



CHAPTER 3

EXPERIMENTAL RESULTS

3.1 GAS HOLDUP

Tabulated gas holdup data may be found in Table A-1
of Appendix A. A comparison of gas holdup results in
sodium sulphite solutions of various concentrations. with
curves presented in the literature is given in Figure 3.1.
The data at ionic strengths 0,45 and 1,5 agree well with
those obtained by Yoshida and Akita [17] and Braulick et al
[11] respectively. Braulick has found that the addition of
acid to sulphite solutions results in a noticeable decrease
in foaminess and this observation méy explain the disparity
between the results shown at an ionic¢ strength of 2,4 ob-
tained by Reith [13], who adjusted the pH of the sulphite
solution, and the present work, where the pH was not ad-

justed.

Figure 3.2 shows the variatiOn in volumetric gas
holdup with gas rate in water and various ionic solutions.
Gas holdup increases with gas rate but is apparently in-
dependent of ionic strength, for ionic strengths greater
than about 0,1l. Concentrated ionic solutions have voidages
some 40% greater than water under the same conditions,
whereas in dilute solutions voidages are equivalent or only
slightly higher than in water. The disparity between the
voidages obtained in sodium sulphite solutions, and those
measured in sodium sulphate and potassium chloride solutions
may be accounted for by the difference in foam head in these
cases. In the steady state experiments, where foam formation
was particularly marked, the bubbling time, typically about
30 minutes, was long enough for a large head of semi—stable
foam to be formed, whereas in the transient runs, which '
lasted less than 1 minute each, hardly any foam head was

built up.

Figures 3.3 and 3.4 clearly show that neither column

-27—.
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diameter nor gas injection orifice diameter were found to

have any effect on gas holdup.

Yoshida and Akita [17, 39,

46] have made similar observations.
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3.2 VOLUMETRIC MASS TRANSFER COEFFICIENTS

3.21 The sulphite method

The method first employed for the investigation of

overall mass transfer coefficients was the sulphite oxidation

method.

The steady state technigque was chosen,

in spite of

reported controversy over the interpretation of data obtained

by this method, for the following reasons:

(1) The sulphite method is widely employed as the

standard procedure in testing oxygen absorption {5,6,8,12,
13,16,17,24,64].

termined.

(2) The rate of mass trénsfer could be accurately de-

A single mass transfer coefficient is found,

in

the steady state method from the linear decline in sulphite

concentration with time.

By obtaining many points on this

line, any random analytical errors in the individual sulphite

analysis could be eliminated, and the rate of sulphite oxi-

dation, given by the slope of the line, accurately determined.

By conducting the experiment over a suitable

period of time

any start~up effects could be recognized and disregarded.



(3) The results of some experiments could be comparéd

- with curves given in the literature.

(4) The degree of longitudinal mixing in the liquid
phase would not affect the driving potential and hence

the calculated values of KLa.

(5) The sulphite analysis is convenient and accurate.

For correct evaluation of volumetric mass transfer
coefficients from the sulphite method, two conditions must
be fulfilled. The reaction must maintain the bulk concen-
tration of oxygen at a negligibly low levei and there must
be negligible reaction in the diffusion film. If the former
condition is not fulfilled, the mass transfer coefficient
evaluated will be erroneously lbw. LackAof compliance with
the second condition will result in enhancement of mass
transfer and thus lead to incorrectly high mass transfer

coefficients.

3.211 Results obtained by the sulphite method: Tabulated

results of mass transfer coefficients, obtained by the sul=-

phite method are presented in Appendix A, Table A-2. A

sample calculation of K.a from typical data is given in

L
Appendix B. Much of the data are of repetitative nature
and many of the points‘presented in the following graphs
represent the average of a number of experimental determina-

tions.

Figure 3.5 shows the overall volumetric mass transfer
coefficients obtained at various gas rates for sodium sul-
phite solutions of different concentrations. In Figure 3.6
the present results are compared with curves presented in
the literature. The curves for ionic strengths 0,45; 1,5
and 2,4 were checked for reproducibility after an interval
of about 2 months. Only the curve at the lowest ionic
strength could not be perfectly reproduced. Figure 3.5
shows that the overall mass transfef coefficient increases

linearly with gas rate for all the ionic strengths tested,
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and that there is a proportional increase in KLa with

sulphite concentration at any gas rate, for ionic strengths
0,45; 1,5 and 2,4. Only the measurements at ionic strength
3,0, which show a greater scatter than the other results, do
not follow this trend. A possible explanation is that inter-
ference in the absorption process or the sulphite oxidation
reaction was occurring because the sulphite concentration was
close to saturation. Since sodium sulphite was thus apparent—
ly'limited by soldbility to ionic strengths of less than 3,0,

- a mixture of salts was used to extend the results to higher

electrolyte concentrations.

3.212 Mixtures of sulphite and potassium chloride: Ex-

'periments at ionic strengths 2,4; 4,0 and 5,0 using a mix-
ture of Na,S0O; and KCl were accordingly performed with the
results shown in Figure 3.7. The runs at ionic strength

2,4 did not agree with the results for sulphite alone at

the same ionic strength. The other two sets of results also
did not follow the trend with ionic strength exhibited by
the sulphite runs. Two possible reasons could be advanced
for these discrepancies, viz. the puré sulphite results were
too high or the mass transfer coefficients evaluated in the
mixed electrolyte experiments were too low. If there was
some dependence of the sulphite oxidation rate on sulphite
concentration, then enhancement of mass transfer coﬁld have
caused erroneously high mass transfer coefficients to have
been evaluated in those experiments where high sulphite
concentrations were used, i.e. in the pure sulphite experi-
ments. On the other hand it was also possible that the

KC1l in solution was interfering with absorption in the ex-
periments using mixed electrolytes, for example, by affecting
the sulphite oxidation in such a way that the reaction was
not proceeding quickly enough to maintain a negligible bulk
oxygen concentration. Refer to section 1.42 for the require-
ments which must be complied with in steady state absorption

experiments.



In order to test the former possibility, experiments
at an ionic strength of 2,4 were performed, using a mixture
of 0,1 M Na,S0O; and 0,7 M Na,SOy. This eliminated any
effect foreign ions might have had on the absorption pro-
cess. Sulphate ions were always present in steady state mass
transfer experiments, since the process involves the oxi-
dation of sulphite to sdlphate ions, and could not therefore
be the cause of any interference. Figure 3.8 shows the
result of this test: sulphite only and the sulphite- sulphate
mixture behaved identically with regard to oxygen absorptlon.
Sulphite concentration therefore had no effect on mass trans-
fer of oxygen in the range employed in these exXperiments,

The other possible reason for the discrepancy between
the pure sulphite and the mixed electrolyte (Na,S0, - KCl)
experiments, namely that the foreign ions in solution were
interfering with absorption or reaction, was also tested.
The mass transfer coefficients per unit volume over the
range of gas rates were obtained for an ionic strength of
1,0 using a sodium sulphite-potassium chloride mixture.
These data, presented in Figure 3.7, followed the trend
exhibited by the pure sulphite experiments indicating that
there was no interference by the KCl. The results for mixed
electrolytes at ionic strength 2,4, however, also shown on
Figure 3.7, were much lower than those obtained for sulphité
only or for the sulphate-sulphite mixture. The conclusion
drawn from these results was that KCl, at least at high
concentrations, interferes in some way with the steady state
absorption of oxygen into sodium sulphite solutions. The
sulphite method cannot thus be used to obtain results at
high ionic strengths, due to the relative insolubilitybof
sodium sulphite alone, and possible interference with ab-
sorption if a foreign electrolyte is used to boost the
ionic strength. The transient method was thus adopted to
extend the investigation to high ionic strengths.
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3.213 Comparison of steady state and transient results:

As a first step a number of mass transfer determinations at
low ionic strengths using the transient method were perform-
ed to compare with data already obtained from the sulphite
technigue. These results which are presented in Figures 3.9
to 3.15, are more fully @iscussed in section 3.3. The im-
portant point in this connection is that the mass transfer
coefficients obtained by using the transient method were
substantially lower than those obtained, at the same condi-
tions, using the steady state technique. The transient
results, although they showed a great deal more scatter,
especially at high gas rates, cast doubt on the wvalidity of
the data obtained by the sulphite method. Although the
steady state technique increases the accuracy of mass trans-
fer rate determinations, as explained in section 3.21, the
method relies for the valid evaluation of the mass transfer
coefficients, on the chemical reaction fulfilling two con-
ditions namely, being fast enough to maintain negligible
bulk oxygen concentration in the liquid and slow enough to
prevent appreciable reaction in the mass transfer film.

Thus enhancement of mass transfer, due to the simultaneous
absorption and fast reaction in the steady state experiments
(see section 1.3) was thought to be one possible explanation
for the discrepancy between data obtained by the sulphite
oxidation technique and the transient method. Another
possibility was that sulphite was being hydrolysed and sulphur
dioxide being evolved and carried out in the exit gas stream.
The mass transfer coefficients obtained from the rate of
sulphite depletion in the bubble column would thus be erron-
eously high, since sulphite was being lost not only by
reaction but also by evolution of sulphur dioxide. The air
stream leaving the column was therefore analysed but found
to contain Virtually no sulphur dioxide. Details of the
analytical method and the exact results are given in Appendix
C.  As this explanation for the difference between the mass

transfer coefficients obtained in the steady state énd
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transient experiments proved to be unfounded, the possibi-
lity of chemical enhancement of mass transfer in the
sulphite experiments was examined.

3.214 Enhancement: Chemical enhancement of mass trans-

fer occurs when a substantial portion of the diffusing
molecules react in the mass transfer film. 1In this case,
for negligible reaction in the diffusion film, the amount
of oxygen reacting inside the film must be very much less
than the amount being transported through it. 1If the mass
transfer film has a thickness § then

§ x r{[0,]} << K c* (3.1)
but, by the film theory of mass transfer [1]:
§ = DL/KL (3.2)

The sulphite oxidation is second order in oxygen (see
section 1.422)

. r{[023} = k2[c]? < ka[c*]? (3.3)
Thus
KL2 >> DLsz* (3.4)

for negligible reaction in the film,

i.e. KLa >> a/DLkzc* (3.5)
or a << /DLkzc*/KLa (3.6)

This condition is difficult to apply without a detailed
study of the sulphite reaction rate, which cannot simply be
obtained from the literature, as explained in section 1.422,

and a knowledge of the interfacial area for mass transfer.
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However, the condition may be indirectly applied to give

a clue as to whether enhancement is taking place or not.

Since KLa increases as the gas rate increases, because
of greater gas holdup and turbulence in the bubble column,
the condition becomes more difficult to comply with at
higher gas rates. As the gas rate is increased, the number
of bubbles increases and.a greater proportion of the liquid
is contained in the mass transfer film, and therefore a
larger proportion of the reaction is taking place inside
the film. The possibility or magnitude of enhancement may
reasonably be expected therefore to be greater at high gas
rates. Thus if enhancement of mass transfer is the reason
behind the discrepancy in mass transfer coefficients ob-
tained by the two methods used, the difference between the
Steady state and the transient data should be greater the
higher the gas rate. This is the case with the present

data indicating that enhancement may have been taking place.

Another possible method of testing for chemical en-
hancement in the sulphite system has been presented by
Philips and Johnson [5]. If the absorption of oxygen were
purely physically controlled, that is, without any chemical
enhancement of mass transfer, the brdinary mass transfer

equation
= *
R K ac (3.7)

would hold, and the rate of oxygen absorption would be
proportional to the equilibrium oxygen concentration, c*,

in the liquid. On the other hand, Philips and Johnson have
shown that if all reaction were to take place in the mass
transfer film, the oxygen transfer rate would be proportional
to the 1,5 exponent of the equilibrium oxygen concentration.
The derivation is presented in Appendix D. Since the presence
of ions in solution affects the solubility of oxygen, this

can be applied to the sulphite experiments to determine
whether enhancement, which implies reaction in the mass trans-

fer film, is taking place. The power dependence of absorption



rate R, on the equilibrium driving force c*, is given by
the slope of a plot of R against c¢* on logarithmic coordin-
ates. If the slope of such a plot is greater than 1,0,
then enhancement of mass transfer is appreciable since
significaht reaction is taking place in the mass transfer
film. On the other hand if the slope is very close to

1,0 then the absorption is physically controlled and the
sulphite oxidation reaction is not interfering with the
rate of oxygen mass transfer. The slope would be less than
1,0 only when there is an appreciable amount of oxygen in
the bulk of the liquid, i.e. ¢y > 0. 1In this case mass

transfer is described by the equation

R = KLa('c* - co) v Kpa(cH)? (3.8)

where n < 1.

The result of such an analysis, given in Figures 3.16
to 3.18 is not conclusive. The slope of the lines in
Figures 3.16 to 3.18 give the power dependence of mass
transfer rate on the equilibrium oxygen concentration. At
high gas rates, the slope is close to 1,5, indicating that
enhancement was almost certainly taking place. At a gas
rate of about 400 kg.m~?.hr~!, which is approximately in
the middle of the range investigated, the rate of mass
transfer is proportional to about the lst power of the
oxygen concentration, showing no enhancement. When the
gas flow was very low, however, the slope of the plot he-
comes less than 1,0 indicating that the bulk concentration

of dissolved oxygen was not negligible in these experiments.

While this evidence alone cannot be regarded as con-
vincing due to the small range in the transfer driving
forces investigated, it nevertheless correlates well with
the qualitative picture given above and together with the
wide scatter, uncertain influence of foreign ions and lack

of reproducibility of data at ionic strength 0,45 and in
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the mixed electrolyte experiments by the steady state
method, as well as disagreement with data cobtained at the
same conditions by the transient method, provides suffic-
ient reason to discount the sulphite technique as a valid
method for obtaining mass transfer data in this investi-

gation.

The demonstrated problems with the sulphite method
does not imply that previous investigations using the
-sulphite method are based on false premises, since in many

it has been clearly demonstrated that enhancement was not
taking place.v It is apparent from the literature dealing
with the kinetics of the sulphite reaction, that the reac-
tion rate varies widely between experiments. However, it
is equally clear that results obtained from the sulphite
method should be regarded with some doubt where it has not
been specifically demonstrated that the two conditions for
‘valid interpretation have been complied with.

Since it is evident that enhancement was a distinct
possibility in the sulphite results presented here, the
transient method was adopted and it is on data obtained by
this method that the majority of conclusions regarding mass

transfer have been based.

3.3 THE TRANSIENT METHOD

, In the transient method the rate of oxygen absorption
into a liquid previously stripped of oxygen is obtained

from dissolved oxygen measurements before bubbling begins,
cjr and after a short period of gas flow, cg- The volumetric
mass transfer coefficient may then be calculated from the

rate of mass transfer of oxygen by the equation

_ b J— .
K. a = 1 € 1n S ci

L £ n E‘;":'-’Ef (1.4)

Since the air could be bubbled through the liquid in the
column for only a short period of time in these experiments,

before the liquid was nearly saturated with oxygen, end
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effects, especially at the commencement of bubbling could
be expected. When gas flow was initiated a large slug of
gas rose up through the liquid with apparently well develop-
ed turbulent bubbling following in its wake. - LongerAgas—
ligquid contacting times would reduce the magnitude of the
error caused by the changing hydrodynamic conditions when
air flow was initiated,; since the start-up period would
then be a smaller proportion of the total bubbling time.
‘The bubbling period could not be extended too long though,
because then the final measured oxygen concentration, cg,
would be very close to the saturation concentration c¥*,
and any small analytical error in determining c¢¢ would be

greatly magnified in the mass transfer coefficient.

Experiments were conducted to find the best bubbling
time to eliminate start-«up errors as far as possible, while
maintaining an easily measurable difference between the
final concentration and the saturation concentration of
dissolved oxygen. The variation in the calculated vaiues
of KL
in Figure 3.19. For short bubbling periods, where start-

a with bubbling time caused by these errors, is shown

up errors may be expected to be greatest, because initial
bubbling instabilities form a significant proporticn of the
‘total experiment, erroneously high estimates of Kra were
obtained. There is a large amount of scatter in the‘overall
mass transfer coefficients obtained from experiments where
the total bubbling time was greater than about 40 s probably .
because of small analytical-errors in dissolved oxygen con-
centration which are magnified in the calculation of KLa.
Bubbling periods of 30 to 40 seconds where both start-up
errors and the effect of small analytical errors on the
overall mass transfer coefficients were considered smallest,
were thus chosen for the experiments. Even for these fairly
short bubbling times there was a large scatter in the cal-
culated mass transfer coefficients, especially at high gas
rates, where high mass transfer rates resulted in smaller

differences between Cg and c*, and where mass transfer



coefficients were therefore more sensitive to small ana-

lytical errors in cg¢.
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Figure 3.19 Significance of end errors in the transient method

3.31 The effect of gas rate

The tabulated results of mass transfer coefficients
obtained in the transient experiments are presented in
Appendix A, Tables A-3 and A-4.

The variation of overall volumetric mass transfer
coefficients at various ionic strengths is shown in Figures
3.9 to 3.15 (pg 46). The‘curve shown on each graph, included
to facilitate comparison between the figures, is the variation
of KLa with gas rate predicted by an equation to be discussed
in section 4.2. The mass transfer coefficients were found
to increase with gas rate in much the same manner as gas
holdup (cf. Figure 3.2), rather than linearly, as in the

steady state experiments. Gas rate influences the overall
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mass transfer coefficient by influencing the hydrodynamic
situation in the column; the more turbulent conditions at
high gas velocities cause an increase in KL by decreasing
the width of the mass transfer film [1], and an increase
in interfacial area for mass transfer, as evidenced by the

increased gas holdup in the column at high gas rates.

3.32 The Effect of Ionic Strength

In the steady state experiments using sodium sulphite
alone, the mass transfer coefficient was found to increase
with ionic strength at any particular gas rate. This trend
was not due to greater enhancement of mass transfer at
higher sulphite concentrations, since a mixture of sodium
sulphate and sodium sulphite which contained a low sulphite
concentration gave the same results as sodium sulphite alone
at the same overall ionic strength. The only difference
between the various steady state experiments in sulphite
solutions was the sulphite concentration. The greater mass
transfer rates in the more concentrated solutions were thus
attributed to greater electrostatic interference between
the bubbles the higher the ionic strength of the solution,
resulting in greater interfacial area for mass transfer.
Literature available on the subject confirmed that this was
probably the case; Zieminski and Whittemore [40], Robinson
and Wilke [6], Marucci [57,58] and Koide et al [307] had all
noticed similar trends with increasing electrolyte concen-

tration.

Figure 3.20, which is a comparison of the average mass
transfer results obtained by the transient method for various
ionic strengths of solution, shows no discernible trend of
the overall.mass transfer coefficients with ionic strength
of solution. Although mass transfer in the range investigated
was considerably higher in electrolyte solutions than in
distilled water, all the mass transfer data obtained using
ionic solutions appeared to be roughly equal at the same gas

rate and independent of ionic strength. Measurements of
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Figure 3.20 Comparison of mass transfer in ionic solutions

by the transient method.

mass transfer rates at two gas velocities, 243 kg.m_z.hz:'“1
and 478 kg.m 2.hr !, over a spectrum of ionic strengths
were thus made to obtain the dependehce of KLa on ionic
strength. The results of these measurements are shown in

Figures 3.21 to 3.23.

‘ Mass transfer rates in solutions with ionic strengths
of less than 0,1 were found to be equal to those in water
at the same conditions and apparently unaffected by the
presence of electrolyte. At an ionic strength of 0,1 the
mass transfer coefficients increased markedly and thereafter
remained at the higher level irrespective of further increase
in electrolyte concentration. The proportional increase in
overall mass transfer coefficients with ionic strength of
solution, observed in the sulphite experiments was not ob-

served in the transient results.

The presence of such a sharp transition may be deduced
from the coalescence behaviour reported by Lessard and

Zieminski [44] who found that bubble coalescence decreased
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rapidly and markedly at an ionic strength of about 0,18.
Such a decrease in bubble coalescence would result in a
higher interfacial area for mass transfer in a bubble
column contactor at ionic strengths beyond the transition
point.

3.33 The Effect of Gas QOrifice Diameter

Figures 3.21 to 3.23 show that injection orifice dia-
meter, over the ten-fold range investigated, has no effect
on the overall volumetric mass transfer coefficient. This
conclusion agrees with the observations of Yoshida and
Akita [17,39] and Shulman and Molstad [48]), and confirms
the opinions of a number of investigators [13,36,40,41,42,
43,44,46] that, except at low gas flow rates, the ultimate
bubble size is determined by the coalescence and breakup
rates of the bubbles in the column. These rates are a
function of the physical properties of the fluids and the
level of turbulence in the column, and depend only to a

very limited extent on the method of gas injection.

3.34 The Effect of Column Diameter

Yoshida and Akita [17], using the sulphite oxidation
method have obtained a dependence of overall volumetric
mass transfer coefficients on column diameter to the 0,17
exponent. Three different column diameters were investi-
gated here and a definite dependence of mass transfer rate
on column diameter was obtained. The scatter in the data,
presented on Figures 3.21 to 3.23, makes it difficult to
quantify the effect accurately, but the results confirm
that there is a small increase in K;a with column diameter.
Figure 3.24 shows that the dependence obtained by Yoshida
[17] satisfactorily fits the present data. |

3.35 Acid solutions

Ionic strengths of much greater than 4,0 using inorganic
salts could not be easily investigated, because of inter-
ference by the salts in the dissolved oxygen analysis. Since

the addition of an acid, such as HCl, could provide a
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convenient method for increasing the total ionic strength
of solution, a number of experiments with 1 M HCl were
performed. Although gas holdup in these solutions, shown
in Figure 3.25, was slightly higher than in water, but
lower than in electrolyte solutions of the same ionic
strength, the overall mass transfer coefficients were found
to be equivalent to those in water at the same gas rate, as
shown in Figure 3.26. Since HCl had no effect on the mass
transfer rate, it could not be used to obtain results at
high ionic strengths which would be applicable to inorganic
salt solutions. The behaviour of HCl suggests that acids
in general may behave anomalously, but the effect was not
investigated further and no explanation for these observa-

tions is attempted here.

3.36 Mass transfer in Tap Water

Municipal mains water was found to give a very much
higher mass transfer coefficient than distilled water at
the same gas flow rate, as demonstrated in Figure 3.27.
This result is similar to that reported by Urza and
Jackson [12] who found that K;a in tap water was slightly
higher than in dilute sodium sulphite solutions (ionic
strength of 0,08), under similar conditions at low gaé
flow rates. The reason for these unexpectedly high mass
transfer coefficients in tap water is likely to be
associated with the higher drag coefficients, demonstrated
by Haberman and Morton [65], for bubbles rising in tap
water than in distilled water, although the exact relation-
ship is not clear. Gas holdup in distilled and tap water

was found to be identical at the same gas flow rate.



CHAPTER 4

CORRELATION OF RESULTS

4.1 HOLDUP CORRELATIONS

4.11 Gas holdup in common liquids

Akita and Yoshida [39] have shown by dimensional
analysis that

£f,(¢) = £,(Bo,Ga,Fr) (4.1)
where

Bo = gD%p/y the Bond number | (4.2)

Ga = gD%®/v? the Galileo number (4.3)

Fr = UG//§5 the Froude number ‘ (4.4)

From experimentally measured voidages in water, glycol and
methanol mixtures they empirically determined that a function
of gas holdup was directly proportional to the superficial
gas velocity,

€
T-o" Y% (4.5)

and thus attempted to correlate their data by the expression

€

- = c(Bo) (Ga) P (Fr) 149 (4.6)

The constants a, b and ¢ were determined by a graphical
procedure [39] using the fact that gas holdup is independent
of column diameter. The final expression obtained was [39]:

T =27+ = 0,20(Bo) ¥®(Ga) Y2 (Fr) ! /° (4.7)

..54..
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In Figure 4.1 gas voidage fractions predicted by Equation
4.7 are compared with holdup data in water obtained in the
present investigation and with a curve presented by Hughmark
[50]. The latter is an average of a large number of holdup
data published in the literature. The present results agree1
well with the predicted values at low gas rates, but at
higher gas velocities the experimental data obtained in this
study and the averages given bvaughmark [50], are higher
than predicted from LEgquation 4.7.

A‘re-evaluation of the constant and exponents of Equa-
tion 4.6 to get a better fit of all the data available was
thus attempted. The method used was the Nelder and Mead
simplex sequential search [66] for constants to minimize
the sum of the squares of the differences between the pre-
dicted and experimentally determined voidages. Whereas
Akita and Yoshida had constrained the exponent on (1 - ¢)
to get direct proportionality with the Froude number, the
computational method employed in this study required no
such constraints. The exponents on (1 - €), Bo and Ga, and
the constant c, were allowed to vary independently. The
power on the Froude number was constrained as a function of
the exponents on the Bond and Galileo numbers because of
the requirement that gas holdup should be independent of

column diameter. Equation 4.1 expressed in general terms is

£

T-gn=°¢ Bo® Gab Frd (4.8)

The exponent of column diameter, which must be zero, may

be obtained by expansion of Equation 4.8
2a + 3b - 3d = 0 | (4.9)
Hence the value of d is fixed by a and b:

d = 4a + 6b (4.10)
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The results of Akita and Yoshida on the effect of
liquid physical properties on gas holdup, kindly supplied
by Professor Yoshida [67], as well as holdup data obtained
in this study, were used in evaluating the constants in
Equation 4.8. The best fit of this data was obtained for
the following expression:

TT=y0,e9% = 0,141(Bo) /2% (Ga) %% (Fx) ° 707  (4,11)

Since Equation 4.11 would have to be solved for gas holdup
by a trial and error procedure, a simplified form of the .
expression in which the exponent on (1 - &) was made equal
to unity was tested. The correlation thus obtained

Ti"g;ET = 0,139 (Bo)®,°78(Ga) 0,061 (Fy) 0,678 (4.12)

could be conveniently simplified with almost no loss in

accuracy to:

T =7 = 0s14 (Bo)®:°% (Ga)®:06 (Fr)0,6s (4.13)
The standard deviations of the correlations are summarized
in Table 4-1. 1In Figure 4.2 the experimental results for
gas holdup in water obtained in this investigation are
compared with curves predicted by the various correlations.
Equation 4.13 predicts voidages slightly lower than the
averages obtained by Hughmark [50], but higher than those
predicted by Equation 4.7.
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TABLE 4-1

COMPARISON OF GAS HOLDUP CORRELATIONS

Equation Standard deviation
all data ref.[67] only present data
4.7 0,0187 00,0165 00,0223
4.11 00,0152 00,0165 00,0122
4.12 0,0156 ' 0,0168 0,0136
4,13 00,0156 0,0165 00,0138

4.12 Gas Holdup in Electrolyte solutions

Voidages in inorganic salt solutions, shown in Figure
4.2, are higher than in water under the same conditions.
Since the physical properties of the liguid phase do not
. vary appreciably with electrolyte concentration, as shown
in Table 4-2, it is proposed, for the sake of simplicify,
to useAa multiple of Equation 4.13 for the correlation of
gas holdup fractions in salt solutions. The new constant

was found by regression analysis to be 0,20.

Gas holdup in inorganic salt solutions, with ionic
strength greater than 0,1, may thus be predicted from the

expression

£

TT=5y = ©:20 (Bo)"r® (Ga)®'® (Fr)°r"®° (4.14)

Experimental data are compared with voidage fractions
predicted by Equation 4.14 in Figure 4.3 which shows that
Equation 4.14 is a satisfactory correlation of the experi-
mental data. Liquid physical properties corresponding
roughly to an ionic strength of 1,0 have been used in draw-

ing up the curve given in this figure.
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TABLE 4-2

PHYSICAL PROPERTIES OF Na SO SOLUTIONS

DENSITY
103kg.m 3

0,998
1,016
1,040

1,088

SURFACE TENS.
1072 N.m *

7,28

VISCOSITY

107? N.s.m 2
1,005
1,105
1,200

1,452

DIFFUSIVITY

107°% m?2.g7 1
2,20

1,91

REF.

[39]
£39]

[13]
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4.2 APPLICATION OF GAS HOLDUP CORRELATIONS

Gas holdup may be predicted by Equation 4.13 for common
ligquids not contalning electrolytes 1in solution or of ionic
strength less than 0,1, and by Equation 4.14 for agueous salt
solutions with ionic strength of greater than 0,1. These
~ expressions may be generally applied to bubble column contac-

tors with the following restrictions

(a) gas injection is by single nozzle,
" (b) the liquid in the column is not contaminated by
surface active agents,
(c) the bubble column diameter is sufficiently large
to exclude wall effects, and
(d) gas holdup does not vary appreciably with liguid
depth.

4.21 Multiple gas orifices and porous spargers

Porous spargers and multiple gas injection orifices
result in increased gas holdup at low gas flow rates by
providing a more uniform gas dispersion as described in
section 1.443, and voidages predicted by the correlations
presented will be low in these cases. At high gas rates,
holdup is largely independent of the method of gas injec-
tion and depends mainly on the coalescence and breakup
rates of the bubbles in the column. Multiple orifices,
where the number of orifices is small, are reported to give
similar voidages as single orifices [11,46,47,50,51] and
holdup predictions by the voidage correlations presented
above many thus also be applicable to columns where gas

injection is through several orifices.

4.22 Surface Active Agents

Surface active agents affect the hydrodynamic situation
in bubble columh contactors by altering bubble shapes and
rising velocities. The effect of a surfactant depends on
its chemical nature, its concentration and to some extent

on the average size of the bubbles in the column [34].
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No investigation of these effects has been carried out
here, but it is clear from the literature, briefly review-
ed in section 1.453, that surface active agents have an

appreciable effect on gas holdup.

4,23 Column Diameter

For bubble columns o¢f diameter less than about 90 mm,
wall effects result in increased gas holdup [17,49,50].
The gas voidage fraction in small columns will thus be
higher than predicted by the gas holdup correlations. 1In
columns of diameter greater than 90 mm where wall effects
are negligible, the diameter of the column does not influence

gas holdup.

4.24 Local variations in gas holdup

In situations where mass transfer rates are very high,
there may be an appreciable decrease in bubble volume and
hence voidage fraction as the bubbles rise and the gas con-
tained 1in them dissolves in the liquid. The voldage corre-
lations given above may pradict incorrectly high gas holdup
fractions in such circumstances. 1In the present experiments,
the change in bubble volume due to mass transfer was very
small (less than 1%, as shown in Appendix C), because the

dissolving gas, oxygen, was only very sparingly soluble.

The correlations presented above for gas holdup do not
apply to shallow liquid pools, such as bubble plates or
columns less than about 1 m tall. In the vicinity of gas
injection, which forms an appreciable portion of such
shallow beds, bubble size and flow conditions are determined
by the gas injection device, rather than by coalescence
behaviour. A survey of the literature dealing with froth
formation and gas holdup in shallow liquid pools has been

presented by Valentin [34].
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4.3 MASS TRANSFER CORRELATION

The following dimensionless expression for the pre-
diction of overall volumetric mass transfer coefficients
in bubble columns has been proposed by Akita and Yoshida
[39] for common liquids not containing electrolytes or
surface active agents;

KLa=cDLO,S\)-O,IZ(Y/p)‘0,62D0’17g0’93€1,1 : (4.15)

This may be expressed in terms of dimensionless groups as

[39]

Sh aD = ¢ Sc”/% Bo?r62 galr3! ¢1,1 (4.16)
| where

Sh = KLD/DL the Sherwood number (4.17)

Sc = \)L/DL the Schmidt number (4.18)

This expression (4.16) has been tested in this investi-
gation for water and agqueous electrolyte solutions of various
ionic strengths over a wide range of gas rates. The constant,
c, was found by regression analysis on the experimental data
to equal 0,8, in comparison with 0,6 proposed by Akita and
Yoshida [39]. The same expression (4.6) applies to both
water and aqueous electrolyte solutions. The greater mass
transfer rates observed in ionic solutions are wholly account-
ed for by the greater gas voidages in these solutions.

The experimentally determined values of the overall
volumetric mass transfer coefficients in water and electro-
lyte solutions of ionic strength less than O,1 are compared,
in Figure 4.4, with values predicted by the expression:

Sh ab = 0,8 Sc®%/5 Bo?s62 ga0,31 1,1 : (4.19)
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In Figure 4.5 a similar comparison is made between average
mass transfer coefficients in concentrated electrolyte
solutions and results predicted by Equation 4.19. Once
again approximate physical properties, corresponding to

an ionic strength of about 1,0 have been used to obtain a
single predicted curve. The wide scatter in the experi-
mentally measured mass transfer coefficients is principally
due to the inaccuracies inherent in the transient method,‘
as discussed in section 1.43. The standard deviation of

all the mass transfer coefficients determined experimentally
from the values predicted by Eguation 4.19, using gas holdup
estimates obtained by Equations 4.13 or 4.14, is about 50 hr™!
for concentrated electrolyte solutions and slightly less for
dilute solutions and water. The high standard deviation may
be attributed to the wide scatter in the measured values of
KLa rather than to poor correlation. Expression 4.19 is a
satisfactory fit of the mass transfer data, as can be seen

on Figures 4.4 and 4.5.

4.4 APPLICATION OF THE MASS TRANSFER CORRELATION

Overall volumetric mass transfer coefficients in bubble
columns may be predicted for both common ligquids and solu~
tions of inorganic salts by a single equation, 4.13. This
correlation may be generally applied to a wide variety of

systems with the following restrictions:

(a) In columns of diameter greater than 600 mm in
diameter, the dependence of mass transfer rate on column
size has not been verified, and for design purposes, the
values predicted for a 600 mm column will provide conserva-

tive estimates of the overall mass transfer coefficients

£39].

(b) The correlation does not apply to liquids contain-
ing surface active agents, except when these do not affect
mass transfer. The conditions under which surfactants do
not affect gas absorption have been outlined by Meijboom
and Vogtlander [68].
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(c) The mass transfer Equation 4.19 may also apply to
columns served by porous spargers or multiple orifices.
Akita and Yoshida [39] have verified that mass transfer
coefficients may be successfully predicted by Equation 4.19
at very low gas rates in columns where gas injection is by
porous spargers, provided that the measured voidage fraction
is used. (The voidage correlations, 4.13 and 4.14 do not
apply to columns where gas injection is by porous sparger.)
It has not yet been shown whether the mass transfer corre-
lation may be successfully used to predict mass transfer
coefficients in columns served by porous spargers or multiple
gas orifices at moderate and high gas rates.
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Figure 4.5 Mass transfer coefficients in concentrated

electrolyte solutions.




CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

(a) Gas holdup in bubble column contactors may be

predicted from the expressions:

- = 0,14 Bo®r%®% Gal%s0®% pyld,68 (4.13)

for common liquids not containing electrolytes or surface

active agents and,

-~ = 0,20 Bo% %8 Gals08 py0r6s (4.14)

for aqueous electrolyte solutions of ionic strength greater
than 0O,1.

(b) The catalysed sulphite oxidation reaction is not
a reliable means of determining mass transfer coefficients
in spite of its wide application for this purpose. The
ﬂﬁethod is liable to yield erroneously high mass transfer
coefficients because of chemical enhancement caused by the
simultaneous absorption and fast reaction of oxygen in the
liquid. Results obtained by this method should be viewed
with some doubt unless it has been unambiguously'demonstrated

that chemical enhancement of mass transfer is not taking place.

(c) Absorption measurements obtained by the transient
method have confirmed that
(i) When a single nozzle is used for gas injection
in bubble columns, the orifice size has no influence on
either gas holdup or the rate of mass transfer in the column:
(ii) The overall mass transfer coefficient in bubble
columns is proportional to the 0,17 exponent of the column
diameter as found by Akita and Yoshida [32] using the sulphite
oxidation technique;
(iii) The method of van Krevelen and Hoftijzer [67]
for the prediction of gas solubilities in electrolyte solu-
tions is inaccurate. :
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(d) A slight modification to the correlation for KLa
put forward by Akita and Yoshida [39] has been proposed.

The same correlation
Sh aD = 0,80 Sc®:r® Bo%r82 Ggalr31 glr! (4.19)

may be used to predict overall mass transfer coefficients

in both common liquids and aqueous electrolyte solutions.

While the present study has clarified the effect of
inorganic salts on the gas holdup and mass transfer rates
in bubble column contactors, a limitation in the practical
application of these results is the largely undefined
effect of surface active contamihants on the behaviour of
bubble columns. Some investigations have been done along
these lines (briefly summarized in section 1.453) but most
of the results obtained are specific to the experimental
apparatus used in the particular investigatibn. Further
research is required in order to fully elucidate the
effects surface active agents have on mass transfer and
gas holdup in bubble columns and provide a means for pre-
dicting volumetric mass transfer coefficients in liquids

containing surfactants.

The use of porous gas spargers rather than single
nozzles for gas injection into bubble columns could provide
a possible means of increasing mass transfer rates at low
gas velocities by providing a more uniform bubble dispersion
and hence greater interfacial area for mass transfer. An
investigation of the mass transfer and gas holdup charac-
teristics of columns served by porous gas spargers, especially
at low gas flow rates, possibly leading to some means of pre-
dicting these parameters, would provide an experimental basis

for the choice of gas distributor in any practical application.

The effect of acids on mass transfer and gas holdup
appears to be anomalous from the limited experimental evidence
available and merits further experimental investigation to

define the behaviour.
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APPENDIX A

GAS HOLDUP RESULTS

TABLE A-1.1

GAS HOLDUP IN SODIUM SULPHITE SOLUTIONS

GAS RATE " IONIC STRENGTH
kg.m 2.hr ! 0,45 1,5 2,4
70 0,045 0,060 -
110 0,069 | 0,081 | 0,094
129 0,085 | 0,104 -
186 0,114 | 0,135 | 0,164
243 0,125 | 0,154 | 0,203
300 0,149 | 0,176 | 0,240
348 0,163 | 0,200 | 0,280
478 0,197 | 0,232 | 0,315
640 0,236 | 0,275 | 0,345
847 0,276 | 0,330 | 0,358
1021 0,301 | 0,353
1201 0,340
1400 0,320 °




TABLE A-1.2

GAS HOLDUP IN WATER

COLUMN DIAM: 93mm COLUMN DIAMETER: 144mm COL DIAM: 293mm

Gas Rate Noz Diam Gas Rate Noz Diam Gas Rate Noz Diam

kg.m 2.hr"!? 3 mm kg.m 2.hr *| 3mm { Smm |10 mm {kg.m %2.hr™! 5 mm
129 0,072 162 0,090 0,090 | 0,100 107 0,108
243 0,109 198 0,104 | 0,102 | 0,106 . 278 0,133
391 - 0,145 270 0,130 | 0,132 | 0,130 348 0,140
478 0,158 351 0,155} 0,158 | 0,157 449 0,172
565 0,186 423 0,178} 0,179 | 0,178 » 524 0,184
640 0,204 504 0,195 0,208 | 0,208 562 0,196
716 0,225 549 0,216 | 0,220 10,220 - 594 0,207
847 0,260 639 0,236 0,232 {0,234 669 0,213
389 0,291 766 0,245) 0,256 {0,251 738 0,218




TABLE A-1.3

GAS HOLDUP IN ELECTROLYTE SOLUTIONS

GAS ‘RATE IONIC STRENGTH
kg.m“?.,hr"'| 0,0 | 0,45 1,0 1,5 2,4 3,0 4,0
70 0,045 | 0,076 | 0,055 | 0,060 | 0,060 | 0,060 | 0,083
129 0,072 | 0,113 | 0,090 0,105 | 0,101 | 0,101 | 0,119
186 0,100 | 0,146 0,133
243 0,109 | 0,165 | 0,151 | 0,165 | 0,159 | 0,146 | 0,172
391 0,145 0,216 | 0,207 | 0,240 0,213 | 0,201 | 0,218
435 0,171 | 0,250 0,260 0,255
478 0,158 | 0,240 | 0,234} 0,275| 0,240 | 0,234 | 0,240
521 0,185 0,270 0,284
565 0,186 | 0,279 | 0,260 | 0,291 0,275 | 0,275 | 0,260
640 0,204 | 0,284 | 0,275| 0,315 0,306 | 0,297 | 0,297
716 - 0,225| 0,315 | 0,297 | 0,323 | 0,311} 0,315
782 0,240 | 0,319 | 0,315 0,343
847 0,260 0,339 | 0,327

_A3_




RESULTS OF STEADY STATE ABSORPTION EXPERIMENTS

TABLE A-2

Column Diameter = 93 mm Nozzle diameter = 3 mm

RUN NO.| IONIC STR GAS RATE VOIDAGE Na;,S034 KC1l TEMP KLa
u kg.m™?.hr~! € kmol.m™2 | kmol.m™? °c hr—'

01 0,45 70 0,05 0,15 - 20 46
02 0,45 129 0,08 0,15 - 20%* 105
03 0,45 243 0,13 0,15 - 20*% | 185
04 0,45 391 0,13 0,15 - 20% | 262
05 0,45 716 0,25 0,15 - 20% | 425
06 0,45 989 0,30 0,15 - 20* | 696
(o) ’ 70 0,06 0,5 - 20 92
08 ’ 129 0,10 0,5 - 15 99
09 ’ 129 0,10 0,5 - 16 130
10 ’ 243 0,15 0,5 - 16 248
11 ' 391 0,21 0,5 - 15 336
12 ’ 716 0,30 0,5 - 18 655
13 R 847 0,33 0,5 - 17 785
14 ' 243 0,13 0,8 - 21 407
15 , 391 0,34 0,8 - 23 472
16 ’ 478 0,37 0,8 - 18 758
17 ' 565 0,28 0,8 - 22 809

* assumed




TABLE A~2 Cont.

RUN NO.| IONIC STR GAS RATE VOIDAGE Na,80; KC1l TEMP KLa
n "kg.m™2.hr™! £ kmol.m ° | kmol.m™3 % hr™!
18 ‘ 129 0,11 ' r 19 271
19 . 391 0,23 . , 19 | 406
20 5, 565 0,27 ’ ’ 18 533
21 ’ 391 0,35 0,8 ;6 19 596
22 ’ 391 0,35 0,8 6 21 544
23 1,0 243 0,17 0,15 0,55 20 215
24 ' 391 0,24 0,15 0,55 21 341
25 ’ 478 0,30 0,15 0,55 19 394
26 ’ 565 0,29 0,15 0,55 21 579
27 ’ 565 0,30 0,15 0,55 22 494
28 1,0 391 - 0,21 0,15 H2 SO4 18 -
29 1, 565 0,24 0,15 H, SO, 21 -
30 ’ 129 0,13 0,5 1,5 21 242
31 , 391 0,21 0,5 1,5 19 268
32 ’ 478 0,34 0,5 1,5 21 494
33 ,0 565 0,29 0,5 1,5 20 404
34 ’ 129 0,12 0,15 1,95 17 76
35 ’ 243 0,17 0,15 1,95 19 206
36 ’ 391 0,20 0,15 1,95 20 398




TABLE A-2 Cont.

RUN NO.| IONIC STR GAS RATE VOIDAGE Na,S0, KCl TEMP KLa
u kg.m™2.hr~! e kmol.m™3®| kmol.m 3 °c hr™!

37 p 391 0,20 0,15 1,95 19 268
38 ’ 565 0,27 0,15 1,95 18 523
39 ’ 565 0,27 0,15 1,95 20 387
40 ’ 640 0,36 0,15 1,95 18 736
41 p 243 0,21 0,8 - 22 234
42 ’ 243 0,21 0,8 - 18 | 241
43 ’ 391 0,29 0,8 - 22 513
44 ’ 391 0,29 0,8 - 20 497
45 ’ 565 0,34 0,8 - 20 795
46 0,45 129 0,09 0,15 - 22 137
47 0,45 243 0,15 0,15 - 22 252
48 0,45 243 0,13 0,15 - 22 290
49 0,45 391 0,17 0,15 - 20 381
50 0,45 391 0,17 0,15 - 24 388
51 0,45 478 0,20 0,15 - 24 469
52 0,45 565 0,22 0,15 - 23 512
53 0,45 565 0,22 0,15 - 18 516
54 0,45 640 0,23 0,15 - 21 596




TABLE A~2 Cont.

GAS RATE

RUN NO.| IONIC STR VOIDAGE Na,S0y KC1 TEMP KLa
u kg.m™2.hr~1! £ kmol.m ° | kmol,m 3 % | hr™

55 ’ 243 0,19 1,0 - 20% 331
56 ’ 391 0,30 1,0 - 20%* 341
57 ’ 478 0,35 1,0 - 25 697
58 ’ 165 0,35 1,0 - 24 645
59 ’ 129 0,11 0,5 - 20 114
60 , 243 0,17 0,5 - 22 | 278
61 ’ 391 0,22 0,5 - 23 402
62 ' 565 0,26 0,5 - 23 540

* assumed




TABLE A-3

RESULTS OF TRANSIENT EXPERIMENTS: VARIATION OF GAS RATE

Column Diameter = 93 mm Nozzle Diameter = 3 mm

RUN NO.| IONIC STR GAS RATE VOIDAGE Na,S0y KC1l TEMP | Kja
kg.m™2.hr~! € kmol.m™? | kmol.m~®* | % |hr!

001 0,0 129 0,072 - - 19 75
002 0,0 243 0,109 - - 19 125
003 0,0 391 0,15 - - 19 162
004 0,0 391 0,15 - - 19 184
005 0,0 565 0,19 - - 19 268
006 0,0 565 0,19 - - 19 | 235
007 0,0 716 0,23 - - 19 251
008 0,0 716 0,23 - - 17 253
009 tap water 70 0,045 - - 19 69
010 tap water 129 0,072 - - 19 105
0l1l1l tap water 129 0,072 - - 19 102
012 | tap water 243 0,109 - - 19 | 153
013 tap water 243 0,109 - - 19 162
014 tap water 391 0,15 - - 19 207
015 tap water 391 0,15 - - 19 238




TABLE A-3 Cont.

TEMP

RUN NO.| IONIC STR GAS RATE VOIDAGE Na,S0y4 KC1l Kra
u kg.m~2.hr"! € kmol.m™ 3| kmol.m™ 3 | 9 | hr™!
Ole tap water 565 0,19 - - 19 378
017 tap water 565 0,19 - - 19 298
018 tap water 716 0,23 - - 19 322
019 0,45 129 0,11 - 0,45 20 97
020 0,45 129 0,11 - 0,45 20 127
021 0,45 129 0,11 - 0,45 20 112
022 0,45 129 0,11 - 0,45 20 147
023 0,45 186 0,15 - 0,45 20 178
024 0,45 243 0,17 - 0,45 20 237
025 0,45 243 0,17 - 0,45 20 191
026 0,45 391 0,22 - 0,45 20 229
027 0,45 391 0,22 - 0,45 20 275
028 0,45 435 0,25 - 0,45 20 225
029 0,45 478 0,24 - 0,45 20 305
030 0,45 478 0,24 - 0,45 .20 324
031 0,45 521 0,27 - 0,45 20 230
032 0,45 565 0,28 - 0,45 20 393
033 0,45 565 0,28 - 0,45 20 242
034 0,45 640 0,28 - 0,45 20 427




TABLE A-3 Cont.

RUN NO.| IONIC STR GAS RATE | VOIDAGE | Na,SO, KC1 TEMP | K;a
u kg.m™?.hr™! | € kmol.m 3| kmol.m™3 Oc | nr?

035 1,0 70 0,055 - 1,0 20 | 67
036 1,0 129 0,109 - 1,0 20 | 138
037 1,0 129 0,09 - 1,0 20 | 116
038 1,0 391 0,21 - 1,0 20 | 278
039 1,0 391 0,21 - 1,0 20 | 404
040 1,0 391 0,21 - 1,0 20 | 385
041 1,0 391 0,21 - 1,0 20 | 345
042 1,0 478 0,23 - 1,0 20 | 284
043 1,0 478 0,23 - 1,0 20 | 357
044 1,0 478 0,23 - 1,0 20 | 275
045 1,0 478 0,23 - 1,0 20 | 423
046 1,0 478 0,23 - 1,0 20 | 392
047 1,0 565 0,26 - 1,0 20 | 349
048 1,0 565 0,26 - 1,0 20 | 282
049 1,0 565 0,26 - 1,0 20 | 279
050 1,0 640 0,28 -~ 1,0 20 | 281
051 1,0 640 0,28 - 1,0 20 | 361
052 1,0 640 0,28 - 1,0 20 | 370
053 1,0 640 0,28 - 1,0 20 | 238




TABLE A-3 Cont.

GAS RATE

RUN NO.| IONIC STR VOIDAGE HC1 KC1 TEMP |Kpa
i kg.m™ 2 hr~! £ kmol.m ®| kmol.m 3 °C> hr~?

054 1,0 70 0,054 1,0 - 21 33
055 , 129 0,086 1,0 - 21 58
056 1,0 186 0,11 1,0 - 21 | 132
057 , 243 0,13 1,0 - 21 | 157
058 1, 380 0,15 1,0 - 21 | 159
059 1, 391 0,18 1,0 - 21 | 169
060 1, 435 0,20 1,0 - 21 | 182
061 1, 478 0,21 1,0 - 21 | 262
062 1, 521 0,22 1,0 - 21 | 396
RUN NO.|IONIC STR GAS RATE VOIDAGE Na,S0, KC1 TEMP | Kp,a
063 , 70 0,06 0,5 - 22 86
064 , 129 0,11 0,5 - 22 | 148
065 , 243 0,17 0,5 - 22 | 246
066 , 380 0,23 0,5 - 22 | 300
067 , 391 0,24 0,5 - 22 | 294
068 , 435 0,26 0,5 - 22 | 352
069 . 478 0,28 0,5 - 22 | 333
070 , 521 0,28 0,5 - 22 | 333




TABLE A-3 Cont.

RUN NO.| IONIC STR GAS RATE | VOIDAGE | Na,»SO. KC1 "TEMP | Kra
u kg.m ?.hr™! E kmol.m™ *®| kmol.m ? °c | hr™?

071 2, 70 0,06 - / 20 77
072 2, 70 0,06 - p 20 82
073 / 129 0,10 - ’ 20 | 147
074 / 129 0,10 - / 20 | 143
075 ’ 243 0,16 ~ / 20 | 255
076 p 243 0,16 - / 20 | 267
077 / 243 0,16 - / 20 | 277
078 / 391 0,21 - , 20 | 244
079 / 391 0,21 - / 20 | 290
080 p 391 0,21 - / 20 | 337
081 / 391 0,21 ~ / 20 | 326
082 / 478 0,24 - / 20 | 237
083 / 478 0,24 - ’ 20 | 279
084 / 478 0,24 - / 20 | 424
085 2, 70 0,07 0,8 - 22 64
086 2, 70 0,06 / - 21 48
087 / 129 0,11 ’ - 22 | 128
088 / 129 0,09 / - 21 97
089 / 186 0,13 /8 - 21, 123




TABLE A-3 Cont.

RUN NO.| IONIC STR GAS RATE VOIDAGE Na,SO, KC1l TEMP Kra
u kg.m 2.hr ! € kmol.m™ 3| kmol.m ? ¢ | hr!

090 ’ 243 0,17 0,8 - 22 180
091 ' 243 0,17 0,8 - 21 190
092 , 295 0,20 0,8 - 21 | 234
093 , 391 0,23 0,8 - 22 | 206
094 ’ 391 0,24 0,8 - 21 262
095 ’ 435 0,27 0,8 - 21 289
096 ’ 478 0,28 0,8 - 21 283
097 ' 565 0,29 0,8 - 22 262
098 ’ 70 0,08 - 4, 19 55
099 ’ 70 0,08 - 4, 19 78
100 ' 129 0,12 - 4, 19 134
101 ' 129 0,12 - 4, 19 159
102 ' 243 0,17 - 4, 19 262
103 ' 243 0,17 - 4, 19 254
104 ’ 391 0,22 - 4, 19 182
105 ’ 391 0,22 - 4, 19 326
106 ’ 478 0,24 - 4, 19 375
107 ' 565 0,26 - 4,0 19 353




TABLE A-3 Cont.

RUN NO.|IONIC STR GAS RATE VOIDAGE Na,S0, NaCl TEMP KLa
" kg.m~ 2. hr™!? € kmol.m™3 | kmol.m™3 | °c | hr~!

108 ’ 129 0,10 - 3,0 21 143
109 p 243 0,15 - 3,0 21 231
110 ’ 391 0,20 - 3,0 21 255
111 p 478 0,23 - 3,0 21 279




Column diameter

Nozzle diameter

TABLE

" TABLE A-4

RESULTS OF TRANSIENT EXPERIMENTS:

VARIATION OF IONIC STRENGTH

A-4.1

93 mm
3 mm.

TABLE

A-4.2

Column diameter =

Nozzle diameter =

93 mm
5 mm

Gas rate = 243 kg.m 2.hr"! Gas rate = 478 kg.m 2.hr™!
RUN IONIC| Na,SO, |{TEMP Kra RUN| IONIC| Na,SO, |TEMP KLa
NO. SgR kmol.m 3| °c |hr-! |nNo. SﬁR kmol.m™ % ©c |hr~!
112i4,0 1,33 23 {282 130! 4,0 1,33 23 321
11314,0 1,33 23 184 131(4,0 1,33 23 1288
114(4,0 1,33 | 23 |231]| |132(4,0 1,33 | 23 |277
115(2,0 0,67 22 |271 133}2,0 0,67 23 344
1l16}2,0 0,67 22 273 134, 2,0 0,67 23 272
11712,0 0,67 22 | 216 135§1,0 0,33 21 319
118)1,0 0,33 21 [ 201 136{1,0 0,33 21 | 356
119(1,0 0,33 21 (178 13741,0 0,33 21 1282
120|1,0 0,33 21 | 173 135(0,5 0,17 22 1384
121|0,5 0,17 20 263 139|0,5 0,17 22 288
122|0,5 0,17 20 (176 1400,5 0,17 22 273
123|0,5 0,17 20 | 212 141;0,1 0,033 21 {229
12410,1 0,033 22 | 186 142t0,1 0,033 21 |318
125j0,1 0,033 22 | 164 143(0,1 0,033 21 |395
1260,1 0,033 22 {150 144{0,05 0,017 23 (193
127{0,05 0,017 23 {118 14510,05 0,017 23 227
128|0,05 0,017 23 132 14610,05 0,017 23 228
1290,05 0,017 23 114




TABLE A-4.3

TABLE A-4.4

rate = 478 kg.m™?.hr"!

Gas rate = 243 kg.m 2.hr"! Gas
Column diameter = 93 mm Column diameter = 93 mm
Orifice diameter = 5 mm Orifice diameter 5 mm
RUN |IONIC{ Na;SO, |TEMP Kia RUN | IONIC| Na,SO, | TEMP K a
NO. SER kmol.m™ 3| °c |hr~Y | wo. SER kmol.m™ 3 ©¢ |hr™!
1471 2,0 0,67 23 (174 158} 2,0 0,67 23 |278
148 2,0 0,67 23 |169 159¢ 2,0 0,67 23 |268
149} 1,0 0,33 22 1212 l160) 1,0 0,33 22 | 322
150| 1,0 0,33 22 198 161} 1,0 0,33 22 | 307
159} 0,5 0,017 22 | 199 162 0,5 0,017 22 | 309
152y 0,5 | - 0,017 22 | 160 163| 0,5 0,017 22 | 284
153 0,1 0,033 24 97 l64| 0,1 0,033 24 |165
154} 0,1 0,033 24 a5 165| 0,1 0,033 24 (175
155| 0,05 0,017 21 97 166 | 0,05 0,017 21 | 165
156{ 0,05 0,017 21 96 167 0,05 0,017 21 1183
157| 0,0 - 23 | 102 l68| 0,0 - 23 {236
TABLE A-4.5

Gas rate = 243 kg.m™2.hr"!

Column diameter = 93 mm

Orifice diameter = 5 mm

RUN| IONIC| Na,SO, |TEMP Kia

NO. S'lI;R kmol.m™3| ©¢ |nhr~!

169 2,0 0,67 22 | 305

170 2,0 0,67 22 295

171 1,0 0,33 23 255

172y 1,0 0,33 23 |251

173 0,5 0,017 23 [242

174 0,5 0,017 23 |198

175} o,1 0,033 22 |139

176] 0,1 0,033 22 | 145

177| 0,05 0,017 22 (101

178| 0,05 0,017 22 |106

179} 0,0 - 22 97

180 0,0 - 22 (103




TABLE A-4.6

rate

TABLE A-4.7

Gas = 243 kg.m 2.hr"! Gas rate = 478 kg.m ?.hr !
Column diameter = 144 mm Column diameter = 144 mm
Nozzle diameter = 3 mm Nozzle diameter = 3 mm
RUN| IONIC| Na,SO, |TEMP|K.a RUN|{ IONIC| Na»SO, |TEMP|K.a
wo.| SR |kmol.m=?| % |nr-1||wo.| SR |kmor.m-?| % |nr~
. " . . y mol.m C |hr
181} 2,0 0,67 23 | 255 195( 2,0 0,67 23 | 340
182 2,0 0,67 23 [ 233 196 2,0 0,67 23 |369
1831 1,0 0,33 23 | 270 197 1,0 0,33 23 | 403
184} 1,0 | 0,33 23 | 246 198 1,0 0,33 23 {327
185{ 0,5 0,17 23 [ 251 199| 0,5 0,17 23 [ 292
186/ 0,5 0,17 23 | 211 200{ 0,5 0,17 23 |267
187| 0,25, 0,085 22 1280 201 0,25 0,085 22 {375
188 0,25 0,085 22 | 240 202| 0,25{ 0,085 22 299
189 0,1 0,033 24 | 125 203 O,1 0,033 24 |193
190| 0,1 0,033 24 1125 204| 0,1 0,033 24 1229
191 0,05 0,017 23 | 116 205| 0,05 0,017 23 | 172
192 0,05 0,017 23 | 111 206| 0,05 0,017 23 |188
193f 0,0 - 22 {129 207 0,0 - 22 |194
194 0,0 - 22 {122 208} 0,0 - 22 1188




TABLE A-4.12
293 mm
10 mm-

I

Column diameter

Nozzle diameter

TABLE A-4.13
293 mm
10 mm

Column diameter =

Nozzle diameter =

Gas rate = 243 kg.m 2hr™! Gas rate = 478 kg.m~%.hr™}
RUN~I§2;C NazSOu Tgmp Kpa RUN Igg;c Nazs?t -Tgmp KLf
NO. | ° 7 |kmol.m I "¢ |nhr™Y {no. u kmol.m™?} “C |hr~!
356| 2,0 0,67 21.{180 268| 2,0 0,67 21 [332
257| 2,0 | 0,67 | 21 |175| |269| 2,0 | 0,67 | 21 [413
258| 1,0 0,33 22 |224 270| 1,0 | 0,33 22 |331
259| 1,0 0,33 22 | 198 271| 1,0 | 0,33 | 22 |295
260| 0,5 | 0,17 22 {190 272] 0,5 0,17 22 (394
261| 0,5 { 0,17 - | 22 |203| |272| o,25| ‘0,08 | 22 |396
262 0,25| 0,08 22 | 240 274{ 0,25| - 0,08 22 {398
263| 0,25| 0,08 22240 275] 0,1 0,033 | 22 [272
264| 0,1 0,033 | 22 |160 276] 0,1 0,033 | 22 |268
265| 0,1 | 0,033 | 22 |180 277{ 0,05| 0,017 | 22 |244
266| 0,05| 0,017 | 22 |120| |278] 0,05| 0,017 | 22 |261
267| 0,05| 0,017 | 22 |114

TABLE A-4.14 TABLE A-4.15
Column diameter = 293 mm Column diameter = 293 mm
Nozzle diameter = 5 mm Nozzle diameter = 5 mm ‘

Gas rate = 243 kg.m 2.hr ! Gas rate = 478 kg.m 2.hr™!

RUN Igg;C Nast: TgMP KLa RUN Ig?;C Nast: TEMP KLa
No. | %% |kmol.m *| °C |hz™Y | wo. W [kmol.m”? % |nr"?
279 2,0 0,67 22 (211 291| 2,0 0,67 22 427
280| 2,0 | 0,67 | 22 [220| |292] 2,0 | 0,67 | 22 [327
281| 1,0 0,33 22 |286 293| 1,0 0,33 22 (371
282 1,0 0,33 22 |200 294| 1,0 0,33 22 {372
283 0,5 0,17 22 (270 295| 0,5 0,17 22 1404
284| 0,5 0,17 22 {235 296{ 0,5 0,17 22 399
285| 0,25| 0,08 22 |239 297| 0,25| 0,08 22 (347
286 | 0,25 0,08 22 [213 298] 0,25 0,08 22 (399
287| 0,10! 0,033 | 22 {200 299! 0,10/ 0,033 | 22 {230
288 0,10 0,033 | 22 |150| |.300{ 0,10 0,033 | 22 {220
289 | 0,05 0,017 | 22 {130 301} 0,05| 0,017 | 22 {240
290| 0,05! 0,017 | 22 |160 302| 0,05| 0,017 | 22 {200




APPENDIX B

SAMPLE CALCULATIONS

B.1 SAMPLE CALCULATION OF THE OVERALL MASS TRANSFER
COEFFICIENT BY THE STEADY STATE METHOD

The overall mass transfer coefficient is obtained in
the steady state method, from the equation:
- (1 - ¢) 9€ = 2k, aHp (2.2)
dt L :
The factor 2 is necessary in equation (2.2) if ¢ is expressed
in sulphite molarity because one mole of oxygen is sufficient
to oxidize two moles of sulphite. As an example, for the

!, the drop in sulphite concentration

gas rate 129 kg.m %.hr”
with time, presented in Table B-1, and shown on Figure B.1,
is

dc

ac _ ol soo=1 =3
at 9,6 x 10 kmol.min™*.m

Average oxygen pressure in the bubbles:

Pressure at the top of the column, P _ = 100 kPa
Pressure at the base of the column,Pb = 100 kPa + 1,2 m
water

= 111 kPa

The oxygen consumed by the reaction, may be obtained

by mass balance:

129 kg.m~2.hr"! x 0,21 x

(r % 932 x 10™% x 0,25)m?
= 0,1836 kg.hr™!

Rate of sulphite depletion = 9,6 x 10 “kmol.min™!.m™3

Rate of 0, entering column

.: Rate of oxygen depletion = 9,6 x 107" kmol.min"'m™3? x
(r x 932x107°% % 0,25 x 1,2)m?
X 32 kg.kmol™! x 0,5 kmol 0,.
kmol S0O; =~ 1
= 0,0075 kg.hr !

..Bl_
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.: Change on O, pressure from bottom to top of column

00,0075
= 0,1836 "V 4%

Oxygen pressure at bottom of column:
= 111 kPa x 0,21 = 23,31 kPa
Oxygen pressure at top of column:
= 100 kPa x 0,21 x 0,96 = 20,16 kPa
Log mean pressure of oxygen in the rising Bubbles is thus

23,32 - 20,16
1n(23,32/20,16)

= 21,70 kPa

(cf. arithmetic mean: 21,74 kPa).

As an illustration, in this example, Henry's constant, H,
is calculated by van Krevelen's method [17: in general the
experimentally determined Henry's constant was used in
preference to the calculated value.

In van Krevelen's method, Henry's constant is corrected
for the presence of electrolytes in solution by the equation:

log, ¢ (H/H,) = - kI ' (B.1)
where I is the ionic strength of solution defined by
I =2%3% cizy? (B.2)

c; is the concentration of species i and z; the valence of
the ion. It is assumed that SO,~ ions and SO;~ ions in

solution have the same effect on oxygen solubility at the
‘'same concentration. The constant k in Equation B.1l is then

~given by the sum of the effects of the ions present in
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solution and the dissolving gas.
k = 0,141
for oxygen dissolving in sodium sulphate solution at 20°C C11.

In this experiment, the concentration of sodium sulphite
was 0,15 M

]

ot I

¥ [(93 x 12) + (0,15 x 22)]

0,45

The solubility of oxygen in water at 20°C, Hy, is
13,943 kmol.m™ %.kPa! [70]

.+ logie(13,493/H) = 0,141 x 0,45
et H= 12,04 x 10"°® kmol.m 3.kPa™!
(cf. experimentally'determined H = 11,61 x 10 ®kmols.m 3kPa”!)
The gas holdup was determined from

£ = ——= , (2.1)

The column was filled with liquid to a height of 1,2 m
i.e. z;, = 1,2 m.
The height of aerated liquid was determined by eye

1,306 m

2p

.t e = 0,081

Substituting into Equation 2.2

(1 -0,018) x 9,6 x 107" x 60 = 2 x 11,61 x 10" %x21,7 x K.a

—_ -1
KLa = 105 hr

L
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TABLE B-1.1

DECLINE IN SULPHITE CONCENTRATION WITH TIME

Gas rate
Catalyst conc.

= 70 kg.m™ 2. hr~
107 *M

! Gas holdup
Column diameter

Temperature = 20,5°C Nozzle diameter
time conc.Na,S0g4
min sample port knmols.m™ 3
o bottom 0,126
11 - middle 0,125
16 top 0,122
20 bottom 0,121
25 middle 0,118
35 top 0,118
45 bottom 0,104
55 middle 0,104
60 top 0,102
TABLE B-1.2
Gas rate = 129 kg.m 2.hr 'Gas holdup

Catalyst conc.

10" *M

Column diameter

Temperature = 20,5°C Nozzle diameter
time : conc.Na,S0;
min ~sample port kmols.m™ "

o - 0,128
5 top 0,126
10 middle 0,123
15 bottom 0,118
20 top 0,114
30 middle 0,105
35 bottom 0,101
50 middle 0,084

0,05
93 mm
3 mm

0,08
93 mm
3mm
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B.2 SAMPLE CALCULATION OF THE OVERALL MASS TRANSFER
COEFFICIENT BY THE TRANSIENT METHOD

In the transient method the overall volumetric mass

transfer coefficient is obtained from the expression

_ (1 -€). c* - ¢cji
Kja =—F" rln o < ot (2.3)

as outlined in section 2.1.
For run 001, .
g = ——= = 0,067

Initial oxygen concentration, after stripping with nitrogen

for about 5 min, cy = 0,04 ppm.

Oxgyen concentration after 60 s bubbling,
cg = 7,07 ppm.

Saturation oxygen concentration, determined after 20 min

bubbling,
c* = 9,60 ppm
) _ (1 - 0,067) 9,60 - 0,04
.t KLa = 50 X 3600 x 1n 9,60 = 7,07

75 hr 1.



(kmol.

SULPHITE CONC,

._'98...

0,150
0,125¢ je—,
0,100} Q T RUN 1
O\
0,075} RUN 2
0,050 1 I | ! ! I i
: 10 20 30 40 50 60 70

TIME (min.)

Figure B.1 Decline of sulphite concentration in the steady state
mass transfer experiments. '




APPENDIX C

LOSS OF SO, BY HYDROLOSIS OF Na,S0;,

The exit air stream from a 0,5 M Na,SO; solution
including copper catalyst, as in a normal oxygen absorp-
tion experiment was analysed for SO, by drawing a quantity
of the air stream through a gas wash bottle containing 3%
H,0; solution. Any SO, present in the air would be oxi=-
dized to H,SO, by the H,0,, and the increase in acid
concentration could be determined by titration with KOH

[71].

Volume of air drawn through the

wash bottle = VlSO'l
Titre of 0,1 M KOH ' = 2,95 mg
Blank titre = 2,20 mg

.: 150 2 of air contain 0,075 mmol of 50,

-: Concentration of SO, in the _
stream = 0,5 x 10”%kmol.m™ 3

= 0,5 x 107%/1,205 = 0,415 x 10" %kmol.kg™!

If the cross sectional area of the column is a, for an air
rate of 847 kg.m %.hr ! for example, the sulphite loss by
hydrolosis is

847 x 0,415 x 10" x a = 0,35la x 10~ %kmol.hr™!

The rate of decline of sulphite by reaction.at this gas rate,
determined in run 13 (Table B-1) is

2,5 x 107 2kmol.m™3.min"?

.: Rate of décline of sulphite by reaction

2,5 x 1072 x 60 x (vol. of liquid in column)

2,5 x 107% x 60 x 1,2 x a

_Cl_ i
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1,8a kmol.hr !

.: Sulphite loss by hydrolosis

e .

0,02% of the total sulphite decline



APPENDIX D

ENHANCEMENT IN SODIUM SULPHITE MASS TRANSFER

EXPERIMENTS

When mass transfer is accompanied by rapid chemical
reaction, the rate of mass transfer is entirely determined
by the chemical reaction rate in the liquid boundary layer
and is unaffected by the liquid phase mass transfer coeffi-
cient. The following derivation, first presented by Phillips
and Johnson [5], demonstrates that when the reaction zone
is entirely within the stagnant phase mass transfer £film,
the rate of mass transfer is proportional to the 1,5 exponent

of the equilibrium oxygen solubility.

The rate of sulphite oxidation follows the following

equation:

/-
- dc _ oY on
3t kS* C (D.1)
All the oxygen is consumed in the stagnant liquid film;
its concentration at the interface (in equilibrium with
the gas phase) is c*, and remains constant. The sulphite
concentration, §, in the liquid phase is constant through-

out the liquid phase. Steady state- conditions are maintained.

NSNS

Interface edge of edge of
: reaction stagnant
film liquid film

Figure E.1 Representation of absorbtion into an element

of liguid, with accompanying fast chemical reaction.
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The amount of oxygen entering the volume A dx in
Figure D.1l is
ARx = = AD ax (D.2)

The amount of oxygen leaving this volume per unit time is

C_ _ an lde | da%c
ARx+dx - ADL [dx + dx? dx]

The amount entering minus the amount leaving is equal to
the amount of oxygen consumed in the volume

dc dc d?c _ ,.n
ADLa-}-{'+ADLa—§+ADLa-x7'dX—KC A dx (D.3)
or
d?c _ K"
&F = b (D.4)
L
dc

multiplying both sides by 2 T

dec d%c _ 2Kc" de

2 §x axz = D, ax | (D.5)

but
dc d?c _ d dc?
23 ax? = ax ax (D.6)
2 n
dx dx D dx
L .
upon integrating,
2 n+l .
dc 2Kc + I, (D.8)

dx = (n+l)DL
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or
n+l - % '
dec _ 2Kc

Since %§ and ¢ approach zero at large values of x, L must

equal zero. The rate of absorption is

ARI = ADL %ﬁ (D.10)
X=0 :
or
+14 72
_ 2K (c*) "

Therefore, when the reaction film is completely contained
within the stagnant liquid mass transfer film, the oxygen

transfer rate is

2KD n+1l
AR, = A [m_ll‘ (5)Y/2 (cx)H1/2 (D.12)

Since the sulphite oxidation reaction is second order in
oxygen concentration at the interface [5,20,21,227], the
mass transfer rate is proportional to the 1,5 exponent of
the equilibrium oxygen solubility.



APPENDIX E

SOLUBILITY OF OXYGEN IN ELECTROLYTE SOLUTIONS

The method of van Krevelen and Hoftijzer [69] is
widely used for the estimation of the solubilities of
gases in solutions of electrolytes. The method relates
the solubiiity in solution to that in water by the ex-
pression

log (Hy/H) = kI (B.1)

where H, is the solubility (Henry's constant) in pure
water, I is the ionic strength of the solution and k is a
constant depending on the gas being dissolved and the ionic
species in solution. Ionic strength of solution is defined
by

I=25%2% (cjzi?) (B.2)

where c; is the conceritration of species i in solution and
zi its valence. 1In mixed electrolytes, expression B.l
becomes |

log (Hy/H) = ki1I, + koI + .... (E.1)

although there seems to be no experimental evidence to
confirm the validity of this expression [1].

The solubility of oxygen in sodium sﬁlphate solutions
was estimated by de Waal and Okeson [197] using the method
of van Krevelen [697]. Dankwerts [1] has pointed out that
the results may be suspect, because the oxygen solubilities
as estimated by van Krevelen's method change very little
with temperature. Linek and Mayeroferova [23] have found
that van Krevelen's method for the determination of solu-
bilities, again of oxygen in sodium sulphate solutions,
predicted substantially lower results than were experimen-

tally determined.

_El_



In view of these uncertéinties in the accuracy of
van Krevelen's method, the equilibrium concentration of
diséolved oxygen was measured in sodium sulphate and
potassium chloride solutions at a number of ionic strengths.
The solutions were saturated with oxygen by bubbling air
through them at a rate of about 500 kg.m™2.hr”™! for about
a half hour. Samples withdrawn from the column after
bubbling were analysed for dissolved oxygen by the Winkler
method [63].

Figure E.1l shows that van Krevelen's method predicted
lower oxygen‘solubilities in'NaQSdu solutions. than were
experimentally found, in soiutions more concentrafed than
about 0,3 M, and higher solubilities in dilute solutions.
The predicted results for KCl solutions are very close to

the experimentally determined values.

14
S 12!\\
I\
E] ;\\\\
o 10 \\\f
©
7 ‘
2.0 8
5t
—~ 6
0 A
- B é
» < 4} Legend Electr.
2 . Na,S0, Na2504
= .l o KC1
—  pred.[69]
! | !
0 1 2 3 . 4

IONIC STRENGTH : -

Figure E.1 Solubility of oxygen in electrolyte solutions.
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TABLE E-1l.1

SOLUBILITY OF O, IN Na250, SOLUTIONS
temperature = 23°%
Ionic Str. | Hexpt X 10 ° Hogle X 107° difference
u kmols.m 3, atm ! | kmols,m °, atm™} 2
0,05 12,18 13,00 7
0,25 11,75 12,16 3
0,50 11,07 11,18 1
1,0 9,54 9,77 2
2,0 7,24 6,75 -7
4,0 4,14 3,45 -16
TABLE E-1.2
SOLUBILITY OF O2 IN KC1l SOLUTIONS
temperature = 21°¢
. -l -y .
Ionic Str. Hexpt x 10 Hcalc x 10 difference
1,0 10,27 10,40 1
2,4 6,81 6,99 3
3,0 5,62 5,90 5
4,0 4,39 4,44 1






