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- . In the evaliation of various theoretical approaches

describing gas absorption in turbulent liquids, the effect
-0f molecular ﬂiffusivity on mess trensfer coefficient is a ‘
gey factor which can shed light on the hydrodynamics® of the
boundary of the turbulent liquid.frThis effect 'is determined
experimentally in a batch type stifred vessel with en un-—
broken liquid surface. Chemical absorption methods are used
_1n measurlng the absorptlon rate, which are used lo calculate
the mass transfer coeff1c1ents. Sulphlte oxidation and allyl'
alcdﬁol hydrogenation are the reactions teklng place in the
chemical absorption processes of oxygen‘aﬁd hydrogen‘respect—
ively into the electrolyte solutions.. |

fhe results show that the dependence © .the absorption-
coefficient, k;, on fhe_diffusivity, D, vanes.with changiﬂg

stirrer speed. The variation of the dependence of ky on the

exponent of D.is within the values of 1/2 and 3/4fand is in

agreement!with‘the prediction of the damped eddy diffusivity”
model'of King.
The ex%erlment is con51dered being performed. in the

tran51t10n region between‘the steady state- transfer and
-the penetfetion asymptqtes in{ the King's_model. A new
procedure is developed in evaluatlng model parameters. ' . .
By comparispn of the present'experimenta result with the B '\“;3

result of gfevious workers, the‘geometry\9@ the absorption

system is found important to the mass traﬁgfer mechanism.
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It is also found that the degree of dependéncé of ki, on
the enérgy di;éipatiqn rate or stir{er spee&ﬂﬁﬁ?Tmrﬁﬁ
different in a given geometry if different transfer
asymptotes are considered. ‘An examination of King's model 'L
shows that the usual fofms of the .relation kp, = DM and "’

\th? correlation Ng < Nchge‘afe inadeéﬁate in an absorp-

ti%h eiperiment, such asrinlthe present study, peffo%med: o

in thé region of transition.
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- I INTRODUCTION

~ ' ' ’
Gas- llquld 1nterfac1al mass transfeé‘has, in the re-
cent years, proved of contlnulng 1mportan§e to chemlcal
. englneers both theoretlcally and practically. Many in-

dustrlal processes involve gas absorptlon whlch has been

studied from.many points of vrew in various types cf equip- N
-ment; -
For most industrial applications, the diffcsion of
substance frOm gas to the llquld phase is often accompan-
ied by complex hydrodynamlc condltlons. In turbulent mass
transfer problems, estimations of operat;gn efficiency and 7 {

performance~continue to be based on empirical correlations.
"Onlthe other hand, nﬁmerous.appriyimate and simplified
theories have been proposed to interpret experimental date
aed to;oredict transfer rate in terms of relatively few
transport properties and parameters. ‘ |

All of‘the well known theories for gas absorption

except the £film model of Lewis and whitman (1) are. based

on'turbulence effects'on the ligquid. Each model descrioés
a dlfferent plcture of the mechanism of transport in the
lquld boundary adjacent to the gas 11qu1d interface.
Certain of these existing ?odels are capable of interpret-

ing important expeiimental’ observations in one system, but

_do jnot correspond to any .reasonably well defined physical .

i

quantities in others. Such models may provide the correct

picture of transport mechanism to a particular case, but

o Af/kj;// " , .: | _ ‘- . ._\
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do not give a genetal description to the phenémena of gas ' ~
absorption. There is still no such a model with the de-
tailed features of the theory génerally confirmed. As

Rozen and Krylov (2) ‘have clearly ‘pointed out, a number of

<
/

probléms in this area have not beén‘sdlved;

The ultima;e aim of fundaméntél mass transfer studies
such as this pne is_to al;ow mass transfer coefficients,
needed for deéign}.to belp¥eq;bted‘with increased accuracy.
To accomplish this, correlation must be develoéed which
can be used for extrapoiation to conditions thét have not
been meésured-experimentally.‘ A correlation is developed
by bostulatiné that the éystem can be deséfibed by a par-
ticular mathematigai_model. The guality of the correla-
tion naturally is limited by the ability of the postulated
" model to describe the actual physical phenomena. If an
unrealistic model has been used, the résﬁiting\correlation
will give unreliable results when used for prediction.

L

For a model to be used in mass transfer coefficient

correlafion,.the meéhanisms.of transport in theory myst
conform reasonably well with the system. A good sélection
and development of a model requires knowledge of hydrody-
namic conditions near éhe gas-liquid interface and the un-

derstanding of which basic absorption concepts govern the

transport process. It .is generally accepted that there

are thrée,t:én8port mechanismsnfor'gés absorption in turbu- -

lent‘liquids: molecular diffusion, eddy diffusion, bulk

ia



transport (i.e. surface renewal, or surface rejuvenaﬁioﬁ).
Transport by'moleCular-diffusion-is the oply mechanism

that depends on the‘difﬁusivity} D,‘_Hoﬁever, all models, \
" with the exception of K%shinevsky's (3), postulate that
the total resistance td'diffusion coetains a sigﬁificant‘_
part attributable to molecular’diffusioe. Many of these °
tﬁeories postulate that a molecular diffusion reéistanceé
acts in series with.turbulent transport mechanism. For
the steady state molecular dif%usion part of the totai
resistaﬁce, ehe dependence of fiux OA diffusiviﬁ%wis to
D!-?, However, since the overall resistance depends also
on turbuleht transport, the flux based on bulk‘concentra—h

tion differences depends on D to-some power less than

unity. Different models postulate different degree of

relative importance of resistance dﬁe to unsteady state
molecular_diffusion, steady state moleeular diffusion, and .
turbulent transport. Each ﬁodel.tbeiefqre predicts a
value (or'for multipefameter models, a range) of the de-
pendehce of,,kL on the power of D. By measuring the depen- o
dence of kL on the power of D we gain information enabling

us to jnge which models mere closely describe the physical

situation.

Previous investigations for this purpose have been
studied. Unfortunately, little agreement within the avail-

able data was found. For the studies of gas absorption or °

kY

desorption in a vessel with mechanical agitation (3-6), /

v




values of degreé]of dependence of mass transfer coefficient

k . on diffusivity D have been reported to be lying between

0 and 1. Uther_studiés on various con;actdrs, such as
packedbco1umn'(7), wetted-wall co]umﬁ (8), and turbulent
jets (9), reported their.results showing different depen-
dence of k, on D. These results were interpreted accard-
ing to different models. ‘ .
A confirmed model which can interpret well in experi-
mental ;esults and can predict transfer coefficients 15;
necessary in undéfﬁtandinj the mechanism of liquid phase
mass transfer adjacent to a free surface. Well set-up ex-
pe?imehts on gas absorption can be é source of vaiﬁab1e
~ information on determination of transport mechanisms. A1l
the previous experimental work ﬁoncerned with determination
of'diffusivity effect on mass transfér coef;1cient'used the
physical absorbtion method. Various gas-Tiquid contacting
systéms and exgerihenta1 techniques have been emp1oyed. - In
" some of these works, the varijation in the diffusivity was
mainly brought about by varying the temperature (10) Jr
viscosity (51) of the liquid in the experiments. However,
since there were associated changes in the hydrodynamics
of the flow field near the interface, the effect of diffu-
sivity could not be definitely ashertainéd. ‘As suggested
by most of the other workers, a comparison of the‘mass

-transfer coefficients of ébsorption of various slightiy‘

soluble gases having a wide range of diffusivities under

RV VTN
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thé saﬁe coﬁ¥ro1]ed hydrodynamic conditions is a-powerfu]
too1.for*determining the éffect of D on kL without alter-
iné other variables iﬁ the system. Owing to the fact that
at least two gases must be used in such an experimental
method, oxyge; and hydrogen, which give 10& values of so-
Tubility and a s{gnificant gifference in diffusivity, were
."chosen in this work. The batch absorption techniqﬁe was
fuged in a stirred vessel with absorption rate measured bj
the‘chemiéél method. Oxygen was absorbed in a sodium su1—‘
phate solution accompanied with sulphite oxidation in the
"solution, while hydrogen was absorbed also in su1phate'so—
lution with identical hydrodynémic c%nditions. .Hydrogena-
tion of allyl alcohol took-p1ace-in the solution, J
'The aim of phis wofk was to find exﬁeriqgnta]]y the
inf]uencé of diffusivity upon masg transfer ggefficient at
a free turbulent interface. The results will be inter}
preted 1p light %f an appropriate model, and this in %hrn :

A

' ¢
will shed 1ight on the mechanism of transfer. The inabi- .

1ity of a particul)ar model to correlate the data would

also be evidence that the model was inadequate. _ -

-
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1. General Conce?ts of Gas Absorption -

In physical gas absorption, in.which no-chemical re-
action takeé place bétween the dissolved gas and liquid,
there are-individﬁal-phase résistances to the passage of
gas into liquid. In eaéh phase, resistance is considered
to exist primarily‘in'a region adjacént to the- interface.”
Inside this region, most of the change in concentration
between the interface and the bulk liquid occuns. Beyond
this regioﬁ, convective transport is predomiptét'and per-
fect mixing.is assumed. In addition, it is assumed}that
there is no‘resistéhce across the gas-liquid surfége, and
that the concentration at the interface of liquid phase,
C1s i§'a1wa¥s in_equilibrigm with the éoncentration at the
surface of the ‘gas phase. The resistances encounterea in
both phases peaf the phase boundary are additive, and eaqh
is representgd-as'the feciprocal of the individual traﬂs—

fer coefficient,-kL or kg. The flux of material across

the interface is

ar = k(C1 - Cp) = kgipg - P1) (1)

If Henry's Constant is used, the above equation can be re-
written to show all the driving forces represented by con-

centration differences as,

ar = kgH(Cg - Cp) = kp(Cp - Cp) . (2)

FATI AT




whelr.-eACG is the hypothetical ‘1iquid phase concentration
that would be-in édui]ibrium with gas of paftial presure
PG’ and_FB is the bqu'concentration of 1fqu1d phase.
.Inlééneral, the gas phase offers relatively little
reéistance to the absorption of s1ightly soluble gases,
for which the HenEy's Constant, H: is 1arge.aﬁd.tﬁe liquid
phase -resistance i/kL is large compared with the gas phase
re;istance 1/(kGH). The term involving the gas.phése re-

sisfance in Eqdation (2) néed not be cdnsidered, since it
offers a negligib1er$gsistance tojabsorption. This is the
case df Jiﬁuid phase mass transfer cqntro], and C,; 1is the
concentration at saturation. /

To explain the above stated mass .transfer coefficient
concept in turbulent liquids, one must consider molecular
£ransport aﬁd-turbu]ent transporf. Molecular transport,

as the term.implies, depends upon fhe motion of individual

molecules for the transport of mass, heat,'and momentum. \
The rate in molecular diffusion is déetermined by diffusivity ) 3\i
and the concentration gradient. The equation in a one- '

dimensional case with negligible bulk flow is

q'— - DW (3)

¢

The general unsteady state molecular diffusion equation

can be obtained by material balance: | “~ -
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Although in a turbulent system, the mechanism is more com-

plex, the general concept of molecular tranépprt is of
fundamental 1mportance.. ‘\\

" Equating Equation (2) and (3) at the 1nterface, the
mass transfer coefficient can be shown,}as a definition,'-
in.thé form:

"=

. ‘- \ -
Ky = - DG 1/ (S - Cp) - (5)

-
Turbulent transport is due to the random movement of.
. . + - -~
N

large groups or. clusters of molecules which are called
eddies. The transfer of solute by random turbulence
eddies is analogous to the transfer of matter by molecular

$ :
diffusion. The existence of a concentration gradient in a

AUvEdll HIINVA,

fluctuatlng agitated fluld leadg to a net transfer of

matter in-the dlrectlon of decrea51ng concentratlon, thus
the flux transported by turbuleénce eddies in a one-dimen-

sional system may be stated ' .

aC .

{ _Where ﬂ represents the eddy diffusivity. Turbulent fluid
e

mottion varies with distance from the surface. Therefore,

th;\tﬁ nsfer of matter by turbulence eddies also varies :

-

-~
o,

s
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with the distance. Thus, the eddy diffusivity m%st be .a

=

. /’
function of the.distance from the surface. The eddy 4i<
- //l -

ffusivity is sometimes expressed as:

(7)

D, = ayl
e. /X//

~ //

-

As proposed by/EgMiéﬁ’(lZ); it is reasonable to expect b
to be equal to zero for liguids of high surface, tension
- because eddy @iffusivity would be damped out at the sur-—

face. ;-

. The effects of turbulent tranSport are ﬁsually treated
analytically by assuming that molecular and turbuient g}f--
fusion work in parallel.’ Thus Equation (3) aﬁd (6) were

combined to give the following expression for mass trans-

fer in turbulent liquids:

q=- (D + De)%% (8)
/
‘Sincg De'is proportional to:the macroscopic scale of tur-
bulence eddies, it greatly exceeds the molecular diffusi—
vity D in a fluid witb develoged turbulence. The large
value of Dé ensures a virtually constant concentration of
the solution down to very'small distances from the inter-
face. At short distances froﬁ the surfacg; theVer, the
.retarding effect of the suFface-begins to be felt.

The transpo}t mechaniém in a turbulent liguiid is a

comBination of molecular and'tdrbulent'proceé_ whose re-

f

/’

g
.‘
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~\. lative effects are difficult to pfzgict. As a result it

F

is necessary to combine theory with experimentél evidence
- \.

to obtain an adequate picture of gas absorption.

2. Mass Transfer Models

As an effort to establisﬁ some theoretical bases foé
describing the mechanism of gas absérption into a turbu-
lent liquid, a number of models have been pfoposed. The
earliest model i; ike film theory of Lewis and Whitman (1),
which assumes the existence of a stagnant film next to the
boundary of tﬁe liquid with a tﬂickness L. According to
this model, gas absorption is a steady state process under
a uniform concentration gradient across the film. Beneath
the film perfect mixing is assumed and the solute concen-
tration is constant throughout. This concentration pro- &
file is‘sﬁown in Figure 1la. Molécular transport is the
oniy process; and the rate eguation is obfﬁined from Equa-

tion (3)¢ -

A
q = 2(cy -'Cp) (9)

" The relation ky, = D/L gives a conclusion that there is a

linear dependence between mass transfer coefficient and
' ‘ b
molecular diffusivity. v

'Higbie (13) proposed the benetration theory, in which

uniform exposure time for all eddies is relatively short

¢

- 1-0,-.

«
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at the surface, so that the transient molecular transpdft‘
occursﬁgs’if into a liquid of infinite depth. The rate
equation was derived starting with the general unsteady . ‘ef

state molecular diffusion equation. The result is

(- - o |
q; =\2/D/(m8) (¢ - Cp) . (10) '

;/ﬁicient of this model is-given by

k;, = 2/D/(78) where 6 is the exposure time for eddies.

The mass transfer co

The random surface renewal concept was originally

*

applied by Danckwerts (14)lto absorption into a turbulent
liquid. According to this model all surface eddies had an
'equ?l probability of, being replaced regardless of their

agé& The unsteady state diffusion process of gas inﬁq

LI VAN TS LY

THIINYAL

liquid surface elements of various ages is similar in con-

F

cept to that' of Higbie. Fresh surface is continually cre-~

P

~ated by the random motion of the eddies. The mean rate gf
, o
production of fresh surface is' constant for a given degree
: _ :
of turbulence and equal to s. The rate of absorption for

the turbulent liquid with random surface renewal is
qy = VDs(Cy ~ CB§ _— S (11) .

Both Higbie and Danckwerts models give a sguare root
dependence of kg on D. The concentration profile of these
penetratién models is given in Figure lb.

The above described models form the basis of modern
theory of gas absorption. Many modifications and exten-

- 11 -
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b. Penetration theory
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sion of these models have been proposed, such as Perlmut-
-~

ter's (15) various 1mperfect mlxlng models, and the nor-.

mallzed surface renewal theory ofﬂkenratty (16} . Xishi-
nevsky (3) has put forward the postulate of turbulence
controlled mass transfer. He“introduced the eddy diffusi-

vity which, 1n addltlon with the molecular dlffu51v1ty,

appears in the expre551on ky, = 2/(D + Do) /70 resulting ‘
from the pengfration theory type model. At high turbulen-
ce levels the eddy diffusivity would be much larger than
the -molecular diffusivity, anq the mass‘transfer coeffi-’

cient would be independent of molecular diffusivity. Le- .

vich (12), and bavies (17) treated resistance to transfer
by proposing different mechanisms controlling in different

~
£

sublayers in the surface boundary. Transfer fluxs of

these sublayeré are all equal, and a steady state analysis

- gives a square root diffusivity dependence.
In addition to models that predict a constant value

' of dependence of mass transfer coefficient on diffusivity,

LT TR B BN B

there‘ere others according to which the value of dependen-
ce chanqes contlnuously with the turbulent 1nten51ty.

. 'Film-penetration theorles have been presented by m§5£ and
Marchello {(18), and Dobbins (19).  According tp_these mo-

dels, the resistance to mass transfer in the phase consi- Oy

dered is confined within a film at the .interface, as in

or surface elements, are constantly renewed as in the

'zl

the film theory. However, the fluid 'elements of the film, . ) ‘
[
|

- 13 -
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/
penetration theory’ .if Danckwerts' type of surface renew-
al is used,. the mass transfer coeff1c1ent can be wrltten

- in the form: ki = YDscoth/ (sL? /D) In addition to the: ?
transfer being;?roduceq by molecular diffusion“in the in-
terval betﬁeen eddies,_Harriott (20} started from the con- \"
cept that eddies:arriving at random times come-topﬂithin
random distancee from,the surface, sweeping away the accu-
mulated solute. All three models just described prediot. -
the dependence of k; on D to tﬁe power varied from 0.5 to

1.. King (21) propoeed a model whicﬁ(suggests surface

fluid element renewals with parallel molecular and eddy

_ diffusion froﬁ the surf;Ce within each eiement. A“aampeo'

b

eddy diffusivity is 1ncorporated in the rate equatlon.

\

which predlcts the mass transfer coeff1c1ent dependlng on’

the dlffu51v1ty to a varying degree, from 0.5 to 0.75 for
free surface mass transfer. A .‘;
- &

Slnce the above descrlbed models 1nvolve one, or more

characteristic parameters which cannot be determlned from

known experimental cghgitlons, dlfflcultles rémain in

their use for predicting the transfer'rate. .For a moédel
to be useful its parameters must be related toﬁexperlmen-
“tally measurable quantities. Recently, eddy cell models'
have been proposed using the fundamental spe01flo erlergy
dlSSlpathD rate e as a llnk to ‘the thLory of tdrbulent

flelds. This is an attempt to e11m1nate any emplrlcal de—

- £

termined parameter and give a result to relate kL to €.
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To ‘this’ group of models Fortescue and Pearson (22) con51-

dered that large scale eddies control the transfer rate, ) ‘"',

\

yet Lamont and Scott (23) assumed that small scale motftions

should be most iqportant. ' - ]

3. Chemiéal Absorption o : J/ : : 2

Chemical absorption methods have been used wiéely in

recent years to determine'the‘absdrption'coeffioieﬁtloﬁ
r“vsrious gas-1liquid contactors. Besides the posibility of
evaluating thevinterfacial area independently, these me-
thods provide some more adﬁantages which have been stated
by Sharma and Daﬁckﬁerts'(24). In addition, Kozinsky-asd
King (5) stated thst there are some problems about the de-
termination of mass trassfet-coefficient by.a physical
batch absorption.technique; Under conditions of high
aéitation the liquid tends to.approach saturation,very

qguickly, thus reducing the-time availsble for measurements.

. Also, some gases, such as hydrogen, are highly insoluble
gases, consequently- the total volume of gas absorbed is
quite small. There is thus a possibility of significant
error due to small temperature ‘changes or to leaks. Tﬁese
_problems were solved py ssiné continuous flow system in
thelr experlment. However, a certain 11quld flow rate 1s o P
.requlred in the flow system to reduce the problems of
.'short run tlmes and low total absorptlon. A substantial _ fl_ 't o
.agltatlon 1s afforded by the flow process ltself even in |

LS

ST

L e
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the absence of st%;ring, thus_the measurements of mass | : /
‘transfer coefficient are .limited in the high range of tur-

b;\bnce levels only. The use of chemical absorption method

can avoid the above problems,xand expgiiments are allowed

“to operéte ét low turbulent intensities. - )

The general theory for chemical absorpt;on-was publi-

- 4ﬁ

shed 'in llterature (25, 26). Gas . dlssolves in “the. llqu1d
anq there underéoes a reaction with another ;ea;tant dis-
-solvéd ih thewliquid. A rate of reaction term has to be

" added in thé ﬁenerallunsteady spate contnm1ty equation for

absorptioﬁfto repfesent-the reaction effect. The equation

becomes

The unsteady ‘state form of penetration theory is used for
convenience, but the conclusions do not depend on the mo-

del .chosen.

L

Frbm thé.aéymptotic solutions of this eguation, As-
tarita (25) has proposgd different regimes of chemical ab-
. sorption which are'identified by the resulting equations
for the total absorption rate and by‘the coﬁditions re—
quired. 'The wark présented here concerns the diffusional
gaslabsorption regimehdnly. The concepp of determining the
mass transfer coefficient by chemical absorption in this

-

‘regime is described as follows:

- 16 -



In a chemical absorption prdbess, the diffusion 6f

gas molecules in iiquid is accompanied by chemical reac-

tion. If the proportion of the gas reacted in the vigini-

ty ‘of the gas;liquid interface is very small, the process’

‘is essentially one bf*physiqal absorption followed by re-

action in the bulk liquia.‘jThe condition required to sat- "’
+ isfy thié has been proposed by Astarita that the reaction

time, tr, must be ﬁuch 1arger'than the diffusion time, tD' o~

The reaction time is the time required for the reaction to

’

proceed to an appreciablé-extent, and the diffusion time

is the average time available for diffusion. They are de- -

fined as:

} Cr = C
. t, = _E_E__E . ' ‘ (13)
Cy , .
. 5 \
ty = D/kZ . | (14)

where Ceo is the chemical equilibrium concentration of gés

solute and Ieo igs the reaction rate with concentration Ct-
I _

The condition can then be expressed as:

Cr - C -
\ - Ce s p/ki . (15) /
r

The same condit can be obtained byﬂapplyinq the . S

concept of the ffilm theory. It is obvious that rCI repre- .
- sents the maximuin local reaction rate in the film. The
- condition that the amount of reaction in the film can be

- 17 -

|

'
tu.-:\.A ——
—
PV



k]

negligible compared to the amount of reaction in the bulk '

-1liquid thus® can be expressed as:

rcV
1 >> —3 £

rm~ Vgn -
CB B

'

where Ve and Vg are the liquid volume of the film and the~
bulk respectlvely ‘The _fraction of liquid in the diffu-
sion film Vf/Vé can be expressed in terms of the film

thickness L, and the liquid volume per unit interfacial

-

area ¢. With L = D/k,, the condition becomes

ICID - \

1 5> —=—
¢r~ ki
CBL

It can be shown that in chemical_aﬁéorption, kL(CI - Cef

'is always -larger than ¢rCB, /Tﬁerefore, the term ¢rCB can

be replaced by k;(C; - C.) in the condition.
. ~ - .
)
L) e

- re D
1 >> " 1
kL(CI - Ce)
Cr - C
or, L e >>_D/kfr
rcI ‘ . r

A

<

- In the situation under consideration, an insignifi-,?&
cant amount of'reaption occurs in the liquid surface'boun;}“
dary; and two phenomena, physical gas absorption and chémt
ical reaction in the bulk liquid occur in series in the’

absorption process. In steady state, all the absorbed gas

‘- 1 B - . | . v ;
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is consumed by reaction in the liquid. The absorption

rate

bulk

rate

" both

is alsco fulfilled, the driVinglforce for mass transfer,

CI—

reaction, Cg - Co, Or, Cg = Ce in Equation (16). If such!

[
is the case, the reaction rate is high enough to keep the

bulk

_the equilibrium value C,. The rate—contrélling phenomenon
is diffusion, so that the overall driving force is entire-
ly .used by the diffusion process. This condition will

subsequently be called the "diffusional regime”. The flux

gas solute concentration, Cg, Practically equal to

at the interface is equal to the reaction rate in the .
liguid.
ar = kp(Cp - cg) = ¢rc, o (16)
If another condition, which represents the reaction

.- ? - .
being much faster than the mass transfer rate when

L

have the same total driving force,

bre, >> kL(Cif=—ce) ' - (17)

Cg, must be much larger than the driving force for

9

- across the interface in the diffusional-regime is given by

fast enough to keep the concentration of gas solute in the

bulk

enoﬁgh for any appreciable amount of gas to react in the

a1 = kg (Cp - Cg) ' (18)

In summary, under certain conditions the reaction is

of the liquid phase equal to C,, while it is not fasg

- 19 -
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: _ , , ,
thin"layer at the surface of the liquid phase where the

absorbing gas concantratidn pésses from its interfacial to
its bulk value. Under these conditions the overall ab-
sorption rate is that for physical transfer with ité bulk
concentrgtion equal to Co- For irreversible reactioﬁs,

Co = 0, and the equation becomes
qr = ki Cq (19)

figure 2 shows the comparison of cdncentration profiles
between an absorption process'with reaction occuring in
the diffusional reéime and a physical absorption process.
The combined condition to be fulfilled for this regime can

—

béexpressed in the following form:

ki k
L L

VN

Many absorption.processes with chemical reaction in;
volve solid catalyst in fiﬁely‘divided particle;. _Absorb—
ed gas molecules react with liguid reactants significantly
ohly when they have reached Fhe surface of the suspended

particles, ‘Thiq th@ee—ﬁhase reaction éystem has the added
-consideration of transfer resistance between thé ligquid

and the éolid phases. In the case of gas ahsorption with
first order or pseudo-first order heterogeneous catplytic
reaction it is again possible to operate in the diffusion-

al regime. In this case the intraparticle resistance (for




L R

Physical absorption

Chemical absorptiOn‘

y

-

Figure 2. Concentration. profiles for gas absorption
with and without chemical reaction
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diffusion and reaction ) and the particle-liquid resistan-

-

ce are both negligible, so that essentially the entire

available driving force ,is used for gas absorption. De-

tails are shown in Appendix A, and the resulting condition .

necessary for operation in the diffusional regime ig, o

-

2 )
-k—L >> k! > }-(2 "
D - w ) {21}
k.a.kan
where . k' = X P.P+lk '
- p?p 1"

: N o

and w is the catalyst mass per.unit volume of liquid.

4. Chemical Kinetics

(a) Oxygen-sulphite system A
The oxidation of aqueocus sulphite solution is‘one of

the few reactions being proved to be a cénvehiént model

reaction suitable for evaluating the performance of gas

absorbers. The reaction of sulphite to sulphate has been

used widely for the determination of interfacial areas and
mass'transferlcoefficients (27, 28). The appliéability of
the regime conditions of the chemical absorption method
depends on the reli;bility of the kinetic data used. The
exis;ing data reported_on the*éhemical kinetics of sulphite
oxidation are rather contradictory. Many discrepancies in
measurements were published for the reaction orders with

respect to both reactants. Recent findings (29, 3p)rshowed

- 22 -
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that the kingtics of this reaction are rather complex and
- '

the reaction order changes as conditions altered. The re-

) ‘ o
action rate depends on many factors, such as temperature,

_PH, oxygen partial pressure, sulphite concentration, cat-

alyst concentration, purity of reagents, etc. The reac-
F 4

tion stoichiometric equation of sulphite oxidation can be

shewn as: _ C _ .
S05 + %0, —= SO, (22)

e

Yagi and Inoue's iguation of kiggtigg;(3l) was chosen
to estimate the reaction rate because thérreaction condi-
tions are close between their experiment and the present
work. They reported that the reaction of oxidat}on of so-
dium sulphite solution with or withoht cogalt ions catal-
yst was first order with rés;ect to both d&ygen and sul-
ﬁhité concentration; and the‘fate equation ét 20°c ig

dCogp’ -

—- 7 "1.4(1 + 1.46 x 107000504)cNa2803c02 (23)
By using the energy of activation of the reaction found by
Wesselingh and Van't Hoog (30), the equation can be cor-
rected to 25°C and the resulting second order reaction rate

constant k2 at 25°C is

—

. .
kp = 1.9(1 + 1746 x 107Cqogp,) - (24)

. S
In order to determine the mass transfer coefficient

from the ox?gen reaction rate, the previous stated condi-

- 23 -




tion of diffusional regime has to be fulfilled. By subs-
tituting the ‘expression rer= kZCNaZSO3CI to Condition
(20), the condition for ‘oxygen absorption in diffusional

regime is

k2 o kg
_ 5 27 kolnaysog > re (25)
- :

(.
Combination of Equation (24) and (25) shows that the re-

quired reaction condition can be controlled by the amount
of CoS0O4 and Na,50; used. ’

The results of preliminary experimeﬁté showed that
even at the highest stirring speed, 272 rpm, used in the
present expefiment, the reaction rate waé fast enough to
keep the oxygeﬁ‘content in the bulk liquid‘equal to zero
without qsing any catéiyst. All experimental runs used no
catalyst in this work. The reaction kinetics can then be
simplified to .
- X dCo2

Ty dt .~ -1'9CNa2803C02

or, \\ _ koa = 1.9 : (26) .
(b) Hydrogen-allyl alcohol. system

In liquid phase hydrogenation over solié‘catalysts,
A GEL

. Lny

the added \steps of external and internal mass- transfer be-~ ="
tween the l\quid and solid phases make the reaction mechan-
ism of the wihQle system more cbmplex compared to the homo-

geneous oxidation system. Reliable kinetic data are dif-'

Mdoams i et e ¢
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ficult to be obtained from literature for hydrogenation of
, allyl alcohol which was employed in thé present work. b
. Tests haye been ﬁerformed f&r'cata1ysts se]ectibn
with Raney nickel andkpa11adium on carbon.i For the rea-
sons of the catalytic activity being unstablie and the pos-

sibility of affecting the absorption mechanism in the so-

lution (see Appendix B), palladium on carbon was abandoned.

Raney nickel catalyst was used for the hydrdgenatiqp re-

action of allyl alcohol.

Ni
C3H50H + H, -——--C3H OH (27)

To set up an.experimént with condition§ which can
fulfill the regquirements of gas-liquid diffusional regime,
information concerning various resistances for chemical
- reaction (i.e. mass transfer between gas-liquid, liquid-
so]iﬂ phases, together with the effectiveness factor, n,

for porous partic]es) are required. Owing to the diffi-

~ culties of obtaining the above stated information, some

assumptions have to be made-for simplification of the re-
action mechanism of the s§3t;m. AThe concentration of the
allyl alcohol is much.greaterfthan the dissolved H&drogen
' concentration -in the present case, so both external and
internal diffusion resistanﬁes for the allyl alcohol were
reasonably neglected, .Récently Ruethe( and Puri (32) re-
ported 1n.the1r study of mass transfer effects-1h hydro-
genatioh in slurry reactors that the rate of hydrogenation
<
- 25 -
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»
df allyl alcoho; in water catalyzed by Raney nickel was
approximately zero-order in subs££§te at substrate concen-
Fration greater than about 0.0l mole/l. The react%gg or-
der for hfdrogen in the region of zero-order wiﬁﬁ;;éspect

to substrate was 0.96. If the intrinsic reaction orders

are one and zero with respect to hydrogen and allyl alco-

- hol -concentrations respectively, the apprdxiﬁate amount of

catalyst to be used can bg eStimated'by-uSing Condition
(21), where the value of k', equal to 6.147 ml/g cat-sec,
was taken from Ruether and Pufi'g experiﬁentél data. Thé'
approximate value of ki for various Stirringrspéeds can be
obtained from the result of oxidation experiments with the
following assumption:lkL « p0-*%, ahdwfhe value of'diffusi—
vitf’of hydrogen in water was used. BEgause the geometri-
cal factors, fluid préperties, and power input were all
different betﬁeén experiments of Ruether and Puri and the
‘present work, the applicétion of thif experimentally ob-
tained value of k' to the preseﬁt system is not justifiéd

unless ﬁhe_ex£Erna1'1iquid—solid resistance is very small

compared to other resistances in the liquid phase for, both-

systems. Therefore, the amount of catalyst to be used to
insure operation in the diffusional regimeacan be calcula-

 ted only approximately from Condition (21).

- 26 -
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ITI EXPERIMENTAL

1. Apparatus Déscriptibn

The vessel used was a cylindrical glass tank of | ‘ t
height 18 inéhes'and diameter 12 inchés. Four vertical
baffles of width 1 inch and lehgth 15% inches,; were held
in place 1/8 inch from the vessel.wall by top and bottom
rings. A six-blade tprbine impeller of five inéhes diame-
ter, placed 3.75 inches above the vessel bottom, was dri-
ven by a wvariable speéd_§xplosion proof motor. The stirr-
ing speed wag’mdnitored with a stroboscope. Tﬁe dimensions
of the ﬁéséel andhthe‘stirrer are shown in Figu:e 3. A
model 2010 oxygen analyzer, made by Delta Scientific Corp.
was used to measure dissolved oxygen concentration in thé
vessel. The electrode was fastened to one of the bhaffles
with its tip at the level of the impeller. A thermometer
was also fastened to another baffie.to indicate the liQuid
tempgraﬁuré.

\

For the oxidation experiments, the vessel was opened

to atmosphere with air exposed above a stirred water sur-
face. A pH meter was used to méasuré the pH value of the
solution before and after a run. | | _ X
For the hydrogenation experimeﬁts, a cover made of

p]erhﬂags with a hole {rilled at its center large enough

to let the stirrer shaft pass through was placed on the
3 .

top of the vessel. The vessel wds set inside a fumehood.

A sketch of the apparafus is shown in Figure 4. Pure hy-
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drogen gas for absorption was supplied from a cylinder-and:
was fed through the holes of a tubing ring which was made.
by a 1/4 fncﬁ stainless steel tube with 36 holes about 1/32

inch in diameter evenly distributed at the positions ali

over both the outer end inner siees of the ring. The.ring'

was placed about one inch above the 1i ufd-surface.L The

gas was purified before being_fed to the vessel with a Deoxo

catalytic purifier. A low range presSureﬁrEgulator wes used : Ry
_in series with a high pressure cylinder regulator to con-

trol the gas flow rate, which wé?rindicateq;Qﬁ)a rotameter,

The pressure in the veesel was s]féht]y higher than atmo-

spheric during experiments . The gas was a]]pwed-to_]eak

P

. out through the centre hole of the cover. A manometer was

used to indicate the pressure inside the vessel. Sample ;g
were removed from the vessel by a 20 ml syr1nge through a Lo~ !ﬁ

3 foot hypodermic needle of 1/32 inch diameter that extended

-
L
e ]

from the vessel unde “the door. of the hood A model 1400

-l

gas chromatograph with f]ame 1onizétion detector and a
model A-25 strip-chart recorder with 1nteg#;tur both made
by Varian Aerograph, were used for. ana]yzing the concentra-

tion of propanol in solution samples.

. Experimental Procedures
(a)‘Oxygen—sulphite system - X
The vessel was washed and rinsed before each run. It

was filled with about 18 iiters of distilled water. Cor-

- 30 -




rect amounts of analytical-yrade sodium su]phite and
sodium Sulphete, both supplied by the Fisher Scientific | .
Comﬁany, Limited, were weighed and dissolved in the water
"to bring the solution to a value between 3 x 1077 and 5 x
107 g mole/1 in initial su]ph1te concentrat1on, depend1ng
on the st1rr1ng speed used, and to a value of 0.1 g mole/1
in total electrolyte concentration. The reason for the
addition of sodium §u1phate is to prevent significant
changes‘in the kinetic rete 6onstants,'wﬁjch might occun

if the eomposition of the so]ution chénged apprec%ab]y

with the extent of reaction. In exper1ments w?th stirring -
speed higher than 181 rpm, preheated water was added to
lincrease the initial Tiquid temperature from 1°C to 5%,
depending on the stifring speed. The raised liquid temper-
ature eroduced a ﬁeat flow which would balance the heat
generated from the dgitator'and reaction and kept the var-

fation of temperature within 0.5%C during -an experiment.

The range of the initial temperature was between 21%C and
28°C for all runs. The vessel was then filled to a 19
liter-mark with distilled water. The motor was started

and the stirring speed was adjusted to the required_value.
The 1iquid was left in agitation for about 15 to BQ.minu- .
tes before the experimeﬁt sfarted to allow the system thor- |
oughly m1xed‘and to 1esure the complete dissolution of the / .
'salts. By using a 10 m} pipetee} liquid samples were taken
from the bulk quui& atjearioue tiﬁes during the experi-

ment to measure the decrease of sulphite concentration by O

- 31 .
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iodomet{ic titration method.

Standardizeé iodine solutions were used ‘in iodometric
titrati&h. Sodium thiosulphate solutions wege standardizéd'
against iodine solution before.each run. Samples to be
ahalyzed were pipetted_int5_25 ml of a slightly stronger
iodine solution yhiéh had beén made bﬁsic, about pH 8§, by_“ -
-the addition of sodium bicarbonate pbwder: The mixture
" remained basic;- It was desirable to keep the iodine solu-
tion alkaline, in order that the rate of'oxidation of io-
;ide ion fo iodine was very slow. At least 10 minutes
were-alloﬁed-to elapse before titration to ensure complete
reaction of_suiphite ion to sulphate ion. Thélmixture was
then made slightly acid, about pH 4, by the addition of
acetic acid buffer, because thiosulphate must run in acid
solution. .

The dissolved oxygen analyzer used was calibrated

with its full scale reading representing the saturated

A .

oxygen concentration of air-solution.system a£ about 25bC
and 1 atm. During the experiment, the oxygen content in
the bulk of solution was indicated on the meter of the
ahalyzer.l Its reading was kept lower than one percent of
.thé full scale, or,the valug of saturation, at all times
of the experiment. TemperaZpreland pH were measured at
the beginingJand at the end of each run to ensure no sig-

nificant changes occurred during a run. Atmospheric pres-

sure was.read from the manometer in each run.

-"32 -
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‘ The measurements were done at ten agitator speeds
(109, 125, 132, 153, 164, 181, 225, 240, 258, and 272 rpm).
. At stirring speeds above 272 rpm the main gas-liquid infer-
face was broken by vortexing action, and bubbles of gas
" were drawn into the bulk liquid. Thus the error by assuﬁrl
ing the identification of the interfacial area with the
cross sectional area of the vé;sel'was much incréésedmr In
addition, the problem of the absorptioh from the entrained
bubbles existed (5). AF stirring speeds under 109 rpm the
oxygen absorption rate was so slow that the 1nitié1 con-
centration of the sulphite ion had to be vefy small in or-
der to 'keep tﬁe reaction rate low enough for operation in
the.d1ffu;iona1 regime, Thus the determination of the de-
crease of sulphite concentration by iodometric titration
became less aééurate. .

(b) Hydrogen-allyl alcohol system -

The vessel was cleaned and fi]]ed with 19 Titers of distilled

water. Its temperature was adjusted as previously described in oxy-
gen absorption experiments at high stirring speeds. :The required
émount of ;odjum sulphate was addéd to bring the so1ut10nﬂto 0.1 g ..
mo]e/1.1n sulphate concentration. T

The' Raney ﬁicke1 is designated No. 28 Standard Active Nickg1 by
the manufacturef, W. R. Grace and-Co., ahd correspoﬁds to a W-1 catal-
yst. The caﬁa1yst was stored EE 10%C and was introduced by the foliow-
ing steps. A small beaker with thd approximate amount of Raney nickel
desiredfwés filled with water to ajmark, The beaker then was weighed

and the value was denoted by Wy. This amount
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of catal&st was then poured into the_aglghété solution.

The amount of Raney nickel used, W, can be calculated by

the following expression which was derived by using the

density of Raney nickel equal to 4.2 g/ml.

hY

where Wy, isé;pg-weight of the same besker filled with

water to the same mark.

By feeding hydrogen at a flow rate of about 15.2
cuft/hr, gas was entrained.from above the Qurface ig the
highly agitating liguid for about one and half hours in
order to saturate the catalyst and to drive out all the -
air in solution. The oxygen aﬁalyzer,showed that the oxy-
gen content -dropped to zero within this time; The stirring
-speed wés adjusted to the desired value using a strobo-
scope. About 65 ml of allyl alcohol was introduced into

the solution through theksample line with a syrinde. The

system was AIlowed to come to steady state in ha}f an‘ﬁour,
then samples, 10 ml each time, were taken through the sam-
pling needle with time and analyzed bf the'gas'cﬁromato—
graphy method. - , ' . ‘ _ ‘ /,
N

The gas chromatograph was calibrated before use and
its power was kept on ail the time to maintain a constant
temperature. For'deéermining the amount of propanol in
sulphate solution, five ul of.thQ\sdlution was injected
into a 10' x 1/8" 0.D. stainless steel column héying\lO%

P
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Carbowax 600 as thé sFationary phase.- The carrier gas was
helium and its flow rate was kept at. 30 ml/min. Isother-
mal opération was used, and the colﬁmn temperature being

- 809. Thé concentration of propanol in solution was shown

on a recorder chart with the peak area measured by an

electromechanical integrator. ItAwas noted that the sam—

ple amplitude‘of the recorded peaﬁ was very sensitive to
the various gas flow rates through the instrument-and to
temperéture. The instrument was calibrated again. if its.
power switch or_an§ gas cylinder'regulator had been turned
off. A sémple calibration curve is given in Appendix D.

The abs&rption rates Qere determined by the measured
increase in concentration of propanol in solution. Be-
cause the Raney nickel contains‘hydrogen that méy have
‘caused production of propanél, it is‘negessary to ensure
that all the-abso;bed hydrogen wa;'consumed by the reac-
tion and was the only hydrogen reacted. A test was made
using nitrogen gas instead of hydrogen and it.was found
that no appreciablé amount of propanol was produced within
a normal operating time.l- =

The meésurement were done at seven.agitator speedg
(132, 153, 181,‘225, 240, 258, and 272 rpm). At least
. three runs at each stirring speed were done with various
-amounts of catalyst gdaed. In the diffusional regime the
absorption rate is iﬁdependent of the reaction kinetics. -
Hence the measured absorption rate was iﬁdependent of the

r= 35 -
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amount of catalyst used. Experiments conducted in the
diffusional regime were ensured when they gave a similar

result.
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IV METHOD OF CALCULATION AND RESULTS

Since all experiments were done with irreversible re-’
action in the diffusional regime, equations which will al-
low calculation of the mass transfer cqéfficient from the

measured experimental data can be easily derived based on

the physiéal absorption'concept with a constant driving

-~
force (Cy - 0). The Ealculation of the mass transfer co- \
efficient in both systems was carried out with the follow- //)
ing assumptions: g) } ' //

i) Elimination of gas phase resistance . . (

The chosen solute[gasésﬁ}Oz and H;) are both of
low enough solubility'to provide#entirely liqﬁid phase
controlled system.” Previous workers (33) haQe staﬁéd that
gas phase resistance is nggligible in aefation sulphite
system. In hydrogenation- of a;lyl alcohol, pure gas was’
used and no gas phase\resistance neea to be considered‘in
the‘absorption process. ‘

ii) Perfect mixing

Perfect mixing is assumed, in both systems at‘

all stirring speeds studied. Experimental samples were
taken at different locationé in the vessél and no éignifi—
ﬁ-cant'difference in coﬂcenération was obéerved. In the py¥

drogenation system catalySt;particles were Suspended | o .
' th:oughout.the entire liquid solution even in the case of
-the siowes; stirring speéd,‘though some big iumps of Raney

nickel were settled on the bottom of the vessel. . !




1ii) Constant interfacial area

For convenience in calculating mass transfer co-.

efficient from experimental absorption rate, the interfa-
cial area with different stirring speeds was assumed cons-

tant and equal to the stationary liquid surface area. At

stirring speeds lower than 181 rpm, iﬂVErface area Qas in—'

creased very slightly by the concavity of the surface. At

higher stirring speeds, more turhulence caused more error

to this assumption, and it was no longer possible to iden-

tify the interfacial area with the cross sectional area of "

the véssel. Thus the mags‘fransfer,coefficients at high
~stirrer speeds calculated with this assumption.would be
lobefestimatéd. Fortunatly, as shown in the later calcula-

-tion,lthe degree of @ependence-of ky, en D, which is the-

‘main pufpoee of this work, is not affected by the value of

interfacia; area uSeq..
iv) No interfaciel turbulence effect

In;eggacial turbulehce.in@uced by'oxygen abeorp—
fien in so@inm éﬁlphite solution under fqrbulept flow con-
' ditions was reporfed-recehtly by Linek (34). This effect
caused by oxygen chemisorption was 1n51gn1f1cant and the
Hvalue of ‘the transfer coefficient was equal to the valueh
of the physical ab%orptlon CO&fflClent as long as the rate
of o;ygen“absorptlon was lower than 2 x 1o~ mole/em -sec.
The result ie‘the.present'wo;k'ﬁhowed that all the oxygen
absorption rates were'lewer than the quoted value, and the

’
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interfacial turbulence effeqt cén be neglected. Thomas
:.and Ni?hoyg (35) suggegted thétlphe predominant cause of
'E&fhe interfacial tutbuiencé for this absorption system with
reacEiOn was the buoyancy forces caused by an incr%FSe in
density of the absorption solution at the interface. -Linek
(34) also suggested that buoyancy forces playéd the domin- /
‘ént role and the effect of interfacial turbulence on mass
fransfer coefficient wasAa'function of the density differ-
énce. .The density difference caused by the reaction of
allyl alcéhol to propahal is very smali. Thus'it‘is_assu-
med that interfacial turbuleﬁce‘wasaalso absent in the qg-
\‘drogeﬁ absorption system.
Q) Effect of solution composition on diffusivities
In tﬁé’study-of the influ?ncé of diffusivity on
'liquid phase mass trapéfer in solutions of electrolyteé,
Linek et al (36) assumed that the diffusivity.déta of var-
ious gases‘in'watef can be applied to'éalculaté their ex-

per;ﬁentél results in electrolyte solution. They supported

their assumption from Gubbins' finding (37):

D/Dg = 1 - k£(x)’
) where the form: £ (x) depends on the valence type of salt,
and the value .of constant k depends on the salt used but
is practicaliy independent of the gas. From this they
conclued that the slopes of a plot of kLA, determined under

the same conditions of absorption, vs the diffusivity D
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in solution or the dlffu51v1ty Do in water plotted in Yog-
arithmic scale are the Same in both cases.' Thls assump—
tion is followed by the present work and the diffusivity-
ratio of the two gases in water equals that in solution at _ o
the same temperature, or o _ N |

(D/no)ﬁz = (P/%o)o,

-

! ©ovi) Same oxygen and hydrogeﬁ absorptlon conditions

LA
l"r'

ey
r"r

transfer coeffient on diffusivity, the absorption of the - ‘
" two diﬁferent gases must occur under theé same conditions.
The measured transfer coeifioients can then be compared.
The requirements of the same condltlons of absorptlon can
be fulfilled only when the stirring speed, geometrlcal
arrangement of the vessel, liquid used and its composition
are the same in"both oxygen and hydrogen absorption'exf_
periments, This assumption is plausible if we realize

that any of the quantities which may influence the hydro-

dynamics of the liquid flow field at the interface, e.g.
density, viscosity, surface tension, are iaentical in both ' ,J
cases. In the present work, the absorption conditions in
ﬁ“experiment§'of absorption of the two different gases were
identical except that'a small amount of sodium sﬁlphite ‘ o
was added to the solution in oxidation‘experipents; and | ’
allyl alcohol and Raney nickel catalyst were added to the

solution in hydrogenation experiments. In the former case,

-
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the added amount of sulphlte were very small in comparlson
with the total concentration of electrolyte. The maximum .

concentration of sulphite in a }un;was 5 x 1073 mole/1,
and the total concentration of electrolyte was kept cdns-
tant in every experimeht at 0.1 mole/l. Therefore the
change in hydrodynamic conditions causes by-adding sodium
sﬁiphite in solution can be reasonably assumed negligiblel
For the case of allyl-alcohol and Raney nickel catalyst
added to ‘the sodium eulphate solution, a few tests were
done on physical &bsoiption and desorption to study'whe-
ther the maes transportarete would be affected by -their-
presenge. The ?etail of these tests are éiven in Appendix
B. F:Hm the resplts oﬁ these tests, it was concluded that.
the ﬁgéition.of allyl alcohol and Raney nickel in the so-
diu&ﬁéplphate solution in this work had an insignificant
effect on the hydrodynamic conditions of the solution. _

Solubilities of pure oxygen and hydrogen in 0.1 |
mole/l sodlum sulphate solution between. 20°¢C and 30°C/have
been obtalned experimentally. The data from the experi-
" ments performed at various gas partial pressure were cor-
rected to a uniform pressure of 720 mm Hg. ' The results
are shown graphically‘in FiguretS.

The calculations and results of mass’transfer-coéffi-

L]

cient in both systems are shown as follows:

h)

(a) Oxygen-sulphite system’

.

Preliminary experiments were done on sulphite oxida-
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tion with and‘without cobalt sulphate‘used as catalyst.
It was fougd that Equatlon (24) predlcts a lower reactlon

[ o

rate than was experlmentally observed. The dlfference in
——
chemical kinetics between Yagi and Inode (31) and ‘the pre-
" sent system.may-have beenvdue ‘to the purity of the solu-
" tion and added'catalytic effect from the stainldss steel
components of the reactlon vessel Because many varlables,
whlch are not 1ndependent, 1nf1uence the reaction rate, .
recent workers (29 30) concluded that the kinetics of
this reaction are not’ 51m91e, and did not recommend to
takermp the rate data of the reaction from literature.
It seems that to apply literatufe kinetic data of snlphite
oxidation reliably it is necessary to use similar'reaction:
conditions and the same deéree of solution purity as was
used in the original work. The lack of reIiable kinetic

data to“be applied in the present work leads to the fai-

lure of using Equat10n (25) to find suxtable reactlon

condltlons for experlment and to ensure reacthn occurred
in the correct regime. Also, it prevents the way to find
turbulent surface drea at high stirring speeds by employ-

n [

ing the chemical absorption method.

Fortunately, however, the diffusional regime can be

identified by the independence of'tne rate of absorption P
on reaction kine;ics. It is possible to infer from the 'tespjlts of
an absnrbtioh experiment-whethér operation was jn the diffusional,a

reqmm. ;It‘is notgnecessary to know the kinetrc expression

S
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to deﬁermiQe the mass transfer coefficient by chemical

method. P

. - Equation (19) shows the rate of gas absorption with

irreversible reaction in diffusional regime is

ar = Kk Cp = ¢7¢, -

'

From stoichiometry, the reaction rate of oxygen rC is, . !
- B
equal to one half of reaction rate of sulphite ion,

-

dCg03
dt

- r = =12 (29)

CB_

By substituting the expression for rCB in the above ab- . _ .Y
Fd

sorption rate equation and integrating, a linear relation
between C.~= and £ is obtained:
SO3

2C.k
. R IO ,

¥

hY
1
r
M

where B is a constant from .integration and is equal to the

initial sulphite concentration at zero egpoéure time. The
experimental results of sulphite concentration variation R
with time for each stirring speed are shown grgphically in
appendix C. A straight line obtained in eachlrun showed

that the absorption rate was not‘affeéted by the sulﬁhite'
concentration, thus the.absorption experiments‘wgre en-

sured to perform in the diffusiohal regime. ‘' The slopes,

which represent the sulphite oxidation rates, of the

. ‘ o
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Lt c0rve for eath stirring speed were determined by employ-

-~

ing least squares method and were g1ven in Table C-1 and
-2 of Appendix C. , | | -
THe-mass transfer coefficients were then pa]cu1atea

from the slopes obtained according to Equation-(SO). To

make possible comparison of the mass transfer coefficients

between different agitator speeds and -in ca1cu1at{0h of

-~the .degree of diffusion dependence, the values of kL cal-

" “eylated from the results of the experimental runs made at

20.7°C to 28°C were corrected to a uniform tempera;dﬁe of
2§°C by using King's equation for free'surface mass trans-
fer.

King (21) modified Calderbank and Hoo-Young's (38)
sem1-empir1ca1 equatfbn for liquid-particle interphase |
mass transfer by changing the power of the Schmidt number -
from -2/3 to -3/4 and applied it to the case.of free sur-

face mass transfer with eddy diffusion controlling. The

+

— 0_25(%%)0525(%6)—0.75 (31)

equation is

kL
It has been stated (5) that the rate of energy dissipation
‘1s insensitive to temperature in a stirred vesse1 By em-
ploying the simple relation, Dp/T = constant, the above

equation can be expressed as:
3
kL « (%L)o.zs ) (32) y .
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The data for viscosity u of QgEer at diffegeﬁt tempera-
tures were used here and can be obtained from literaturé
(39). -

The use of Expression (32) may not be adequate to
correct the temperéture effect_on.the mass transfer céj
efficient if the absorption g;curred in the region where
surface renewal cannot be neglected. But since the Eem;
perature correctidn amounts to only a few degrees, . the
error caused by using Expression (32) should be small.

The calculaked mass transfer coefficients with aver-
age values fof each stirring speed ére given in Table 1.
Tﬁe maximum rate of oxygen absorption was found from tﬁe
fastest agitation rate where Dax 8.49_><.]'.O"9 mole/cm2-
‘'seéc. The value given ié‘smaller than the quoted value
'.2 x 1078 molg/cmz—sec for significant induced interfacial

turbulence by chemisorption, thus no correction of inter-

facial turbulence on mass transfer coefficient need be

considered. '
Figure 6 gives the.relation of mass transfer coeffi-

cient and stirring speed N plétted in logarithmic scale.

It shows a linear relation at low turpulence intensities.

The slope of the’éﬁrve which increases sharply at stirxing

speed higher than 181 rpm is considered mainly_caused‘by

the error,of assuming a constant cross-sectional area.

Becausa the ‘surface arearof.the gas-liquid interface in- ' ‘ﬁf

creased appreciably at N above lai'rpm, it became difficult

- 46 - - ' |
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TaBie 1. Oxygen absorption coeffjicients

Stirring - Run’ k. x 102

L kg, x 102 standard
speed number -avg deviation
rpm . _cm/sec ; cm/sec 3
. 109 144 07270 0.272 1.00
145 0.273 T~
. ) . »
125 150 0.334 0.350 7.67
151 . 0.321
152 ©0.379
153 0.364
132 137 © 0.343 0.360 4.16
. 138 0.353
. 139 0.349
140 o~ 0.386
141 0.372
142 0.355
143 0.359
153, 155 . 0.468 0.448 3.52
- 156 0.430
157 03450 -
161 0.453\;
164 149 0.467 0.467 ——=-

-___,—"’—
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Table 1. (Continued)

irring Run kp % 102 ky, - % 10* standard
speed number avg devj_atior} -
rp cm/sec - _cm/sec . % _ )
181 158 0.571 0.570 2.81
168 " 0.554
169 0.586
- ‘-_"—h:\—"
225 159 © 0.898 0.896  1.19
160 0.906
164 0.885 .
240 148 1.186 1.178 - 2.13
162 / 1.199 '
163 ) 1.150
258 154 1.668 1.669 2.39
165 1.630
166 ...1.710
272 146 1.819 - 1.826 0.34
‘ B )
147 1.832° . | ‘
167 1.826 , |
."
{
I [
/
/
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to separate the kL from thgémﬁterfaC1al area reliably. ..

The increased area due to the high turbulence at the in-

terface increases the abso;pﬁion‘rate directly, thus the
.calculated values of kL are considered overestimated? The
slope of the curve at low turbulence. range indicates‘the
relation kp « N'*%, .This is in agreement with some other
investigations (40, 41). '
(b) Hydrogen-allyl alcohol system’ ?

Experimental absorption rate in this‘part was deter-
mined by measuring tﬁe-concentration of propanol increase

with time. From stoichiometry, the hydrogen reaction rate

is equal to the rate of producing propanol,

" de :
CqH,0H -
Ya, = -——3€1—* -
Cp 3 ) _ (33)
With similar procedures as* the sulphite oxidation in part
(a), an equation which will allow calculation of the mass
transfer coefficient from the measured experimental vari-

-

ables was derived:

Cetyon = k{;CI E+ B (34)
Experimental results obtained for:the rate of hydro-
.gen absorgtion are given in Appendix C. A sample calcu-
" lation with one of éhe concentration indicating peak from
gas.éhfomatogfaphy in a run of 132 rpﬁ is given in Appen-
'dix D. Similar.absorption rates obtained from different

runs with different amounts of catalyst used in a stirring

- 49 -
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speed indicates that the absorption processes were inde-
pendent of diffusional and kinetic resistances associated

L]

with the catalyst'particles. Thus the experiments were
performed in the diffusional regime.

The mass transfem”coefficients of the main body of
runsrmade at 25°C to 27°C were calculated from the eipreés—
ion: ky = ¢ x slope/CI: and then were corrected to 25°C bf
the procedure used in the sulphite oxidation part. Bhe
results are given in Table 2.

The relation betweenf,kL and N for allyl alcohol hydro-
~ ~*-genation is also given in Figure 6. The mass trénsfer co-
efficient increased linearly with stirring speed at low
turbulence intensities and then increased much more rapid-
.ly when stirring speed higher than 181 rpm. The slope of

the linear poftion indicates a 1.4 power of dependence of

kL on N, about 7% lower than the power obtained from the

" oxygen absorption. experiments.

-
Vi

e
-

(c) Dependence of k; on D
'Baseg-on most of the'proPosed models the dependence
of mass transfer coefficient on diffusivity can be general- )
ly expressed in the form: k; = D™. The exponent m is a
constant value, equél to 1/2, 2/3, or 1 in individual
model réspective;y, suggested b& some authors, or is a

variable value which chan bh hydrodyngmic cqnditions

suggested by the others. The valu followed from

the above expression, can be calculated om the obtained

P T
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Table 2. Hydrogen absorption coefficients

I

Stirring Run . kg . x 102, kp, x 10?2 Standard’
speed number avg deviation
rpm cm/sec - cm/sec %
132 261 0.591 . 0.597 3.90
5\ e
235 0.572
260 ., 0.596
236 0.628 AR A R
' A
<,
153 249 0.683 0.725 5.23
L 1
266 0.724
267 0.724
265 . 0.769 .
181 248 0.925 . 0.918 +1.98 "
247 . 0.918
256 0.894
246 0.937
| £
225 242 1.401 1.415 3.39
’ . 1 . ) J
245 1.386
230 ~ 1.358
229 1.449 2
233 1.401
251 1.460
237  + 1.372
268 ° 1.496 ’ g
t
|r4
A8
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Table 2. (Continﬁedk;

stirring- Run kg x 10? kg, x 10? Standard
speed number avg deviation

rpm : ) cm/set cm/sec % N
240 238 1.783  .° 1.827 2.50
231 1.817 . |
- 254 1.870 .
253 1.786 o .
239 © 1.880 o
258 257 . 2.548 2.545 0.85
) 259 - ' 2.522
252 2.565
272 262 ©  2.807 2714 5.76 )
263 2.695 | %
264 2.853 ;
269 2.502




kp, * 10?2, cm/sec

0,-sulphite

upon kL
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Figure 6. The influence of stirring speed




L
mass transfer coefficient data in a fixed fluid flow field
with diffusivity being the only variable factor by the
following expression: -
ﬂlrﬂ(L
AlnD

m==

. [
where m is a constant or its value changes only when the

hydrodynamic conditions are altered.

To apply the above ekpression to the present work |
with oxygeﬁ and hydrogen absorptions in the ‘same transfer
cqnditions, the mass transfer coefficient data in part (a)

and part (b) were used and,were substituted in the follow-

ing eguation: ' ink =
- - « H

- lnk v -
Lo
m 1 2
nD -~ 1InD
Hy 02

(35)

*r- The accuracy of the diffusivity data used is obvious-

' [y

lf'affecting the reSult'éf m value calculated. Owing tqf

the lack of gas diffusivity data available for sodium_sﬁl-
phate solution, the oxygen-water and hydrogen-water diffu—
sivities were usé& on the bas@s of assuming that the fatio
(D/Dg) is constant for both gases at' the same Fempefégsfe.
The published diffusivity data of hydrogen fin water show a
poor agreemen?. The recent data agailableéfrém Vivian and
King (42) were used ih the present work because they seem

most reliable and show agreement among different'experi—

mental techniques.

As stated in previous parts the values of mass trans-

'~

.'i(
1 



fer coefficients calculated from the measurement of ex-

-

perimental absorptlon rate at varlous temperatures were

.
corrected to 25°C by employing King's eguation wher® kp, =

D°*7%. In order to obtain more accurate values of diffu-

R

sivity dependence on m at varicus.stirring.speeds, the | Y
values of kj in‘both oxygen and hydrogen absorption ex-
periments can be back-calculated for the\temperature

effect by u51ng the resulting m values 1nserted in Equa— ng
tion (31) instead of using m = 0.75. The new obtained

values of\mass transfer coefficient can in turn be used

to calculate a more accurate value of m. A trial and

error meth was used in é computer program and the v&lue
of m for e

h stirring speed was calculated up to a value

P

where the difference between two consecutive values was

less than one percent. New values of k;, for both systems

were also obtained from this computation and can be used

to check the previously resulted:values of kL where the
temperature was corrected on therbasis of k-« pe+7% -
The'maximuﬁ deviation beipg abcut 1% indicaéesrthat the
assumption of m = 0.75 in correcting the temperature
effect oﬁ\EESS transfer coefficients in part (a) and (b)
is considered acceptable.

The gbtained values of m are given in Table 3. A
variation of m with stirring speed shown in this table
indicates that only the theoretical models for free sur-

face mass transfer with the value of m being a variable

- 55 - | | !




Table 3. The values of apparent exponent m_
 for various stirring speeds

Stirring k., x 1p? . k. x 102 Com \
speed L02 Lﬁz S . \
rpm cm/sec - cm/sec
132 . 0.359 0.597 T 0.738 \ L
153 0.448 0.725 0.701
181 .  0.569 - 0.920 0.696
225 0.893 1.419 0.671
240 ' 1.181 . 1.836 0.641 M

258 1.670 _ v2.558 \ 0.619

. A

272 . 1,839 | 2.738 0.574 =

. . g
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can interpret the absorption mechanism in'the“present
work. Belonging to this group of models are the fllm-
TN

penetratIOﬁ;EFeorles of Toor and Marchello {(18), and |
"Dobbins (}91, the random distance -eddies model of Harri-

ott (207; and parallel molecular and eddy diffusivities’
‘model of King (21). An examination of these models re-
veals that the discontrruity in rhe turbuient flow field
near the interface and the defined film thickness T in
che film-penetration theories 1is unclear in physical
meaning. Harriott's model postuiates‘the concept that

not all the eddies accomplishing the transfer of the

dissolved substance into the bulk liquid can penetrate

dlrectly to the surface, but the effects of turbulence do

not 1nc1ude the concept of eddy dlffus;on b ed on the

structure of the turbulent flow. 'Alsofthe value of

" i

application of_this model. is questionable;fpr\{Fs com-

. I
plexity. With introduction of a damped eddy diffusivity,

King's model gives a simplified but reesohable picture of
|

transport across a free surface, Thef&ariation of the m

. | ; i °

values being within the limits of 0.5 and 0.75 supports

the choice of this model. An abstracﬁ of King's model is

given in AppendiilE and its paremeters were calculated

1 i '

' |
-from the present experimental data. |

|
(d} Parametér evaluation in King's model
There are three parameters n, a,'and t in Klng s

model (see Appendix E). These paremeters have to be -

'
H
¥
3



evaluatéd for application of guantitative analysis of

free surface mass transfer. As suggested b§ King, n
equals'four for gas absorption. This'is'in agreément with
present experimental result in which m was within Qalues

of 0.5 and 0.75, the values of low and high T asymptoteé
respectivély in King's mass transfer model .

‘\From the finding of m beiﬁg a varlable in the experl;
ment of the desorpthT of hellum and oxygen from elec-
trolyte solutions (36), Linek and Mayrhoferova (43) inter-
preted.their results by King's model and concluded that Fo
the experiménts were performed in the region of transition °
beﬁween steady state transfer and penetration asymptgt?s
(see Appendix E)}. They estimated the valués of m from the
Alnkp, .

The corresponding values of a and

AlnD -
t were then evaluated by employlng the graphlcal solutions
Ve

expression m ==

for mass transfer coeff1c1ent and for exponent on dlffu- ?

sivity in_King's paper (21). _Howevér, it was-found that
the correctness of the Eesult@ﬁg values of pgrameter; a
and t is questionable‘on the basis.of the following theo-
retical drgument. |

| King (21) defined the apparent exponentcpf diffusi-
v1ty dependence in the form: ' , Q\ o
. / _ dinky,

. m -
T ‘dlnD

]

If a gas absorption process is opérated in the steady

- hg -



_ state transfer asymptote, the distribﬁ;ion of ages will
be unimportant and the value of m equals 0.75. On the
other hand, if a gas absorption progess_is operated in
-the penetratien,control asymptote, the eddy diffusion
i;Iijbe unimportant and the value of m equals 0.5. If an
eépe;imeht of gas absorption with various gases of differ-
ent diffusivities absorbed-into:a turbulent liquid in a |

given condition is performed in either one of these two
AlnkL
AlnD ’ )
If the resulting values of mass transfer coefficment are

asymptotes, Equation (36) can be simplified to m =

plotted against diffusivity 1ogarithmically, a ‘straight

) )
line will be given with its slope equal to m. But ﬁhen
the same sort of experiment is perfqrmed‘ih the transi-
tion regien between the asymptotes, m is no longer a cons-
tant but is a function of D even though -all the hydrody-

namic conditions, which may have influence upon mass

transfer, are unaltered. A 1ogarithmic' lot of k against
P L

D in this region w1ll give a curve instead of a straight.

AlnkL

bine. Thus the form of equation m = is not identi-

dlnkg AlnD
31D " and it 1is concﬁyded that the

former expression is not adequate in use to estimate m in

cal with the form m =

the transition region. There should be different'values

of parameter m, also T and ¥ correspondlng to each diffu-
sivity, for each gas, whlle parameters a and t should
have the same value for all gases used in a given absorp-

.tlon condition. leferent results from Linek and Mayrho- -

. - (89 -
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" ferqva's_evaluatidn_of a and t would be expected to be
obtaineé if thelgata of mass transfer coefficient in he-
lium absbrptioq ;n fheir ekperiment are available and
applied. | o |

A new-précedure ﬁas déveloped as follows to evaluate
the model parameters a and t from experimental data of k#

‘when the transition region is considered.

-

With n = 4fjfor the mass tfansfer of gas aiross a
free liquid interface the definitions of dimensionless
parameters T and y given by King can be expressed as

. SRR U

L
0.25p0475 (37)

w==

_ a
| E% ' ) T .= /aDt ' PN T (38)

2t

 For the case of more than two gases used in a gas .
% .

absorption experiment, a procedure similar to Linek and

Mayrhoferova's can be used for evaluating parameters a
and t. ‘If tQ? results show m being a variable with the
process peéformed in the region of transition between
high and low T asgmptotes,wa curve should be shown on a -
logarithmic p¥ot of k; vs. D‘for each absorption condi;;
tion. A value of m can be obtained from the curve - for a
chosen gas. The graphical solutions for ki and m in King's
paper (21) then give the cbrresponding-values of T and ¢,
and theaparaﬁeters a and t can be‘obtained.by using-Equa—
tion (37) and (38). fhe resultiﬁg?valﬁes of these para-
- '
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meters should be indeéendent of thé gas chosen.
For the case. of only two gases absorbed‘in a turbu-

lent liquid as in the present experiment, a trial and

-error'method can be used to evaluate the model parameters

a and t. Figure 7, which was reproduced from King's

paper. {(21), gives the relation between the dimensionless

surface age T and the dimensiqnless.mass transfer coeffi-

cient ¢.  This figure shows that if the 1t and ¢ ratios of ' i

the two gases are given, tﬁé values of vt and ¢ of botQJ/

gases in an absorption condition will be fixed ‘and can be

obtained by téial and errorlmethod, -Equation  (37) and (38)

show .that 1 and w.are proportional&to YD and kL/D°'75 res-

pectively in a giﬁep'absorption condition. Theirequired

ratios for 1 and y¢ of éhe‘two gases can be obtained if

their diffusivities and mass transfer coefficients are

known. Equation (37) and (38) can then be used to calcu--

late values of a and % by substituting the obtained values

of T and ¢ of any one of the two gases.
In the pEEEent work, the result of m being a variable
indicates that the absorption experiments were performed

~in the region of transition between the two asymptotes,
dlnkg, Alnky

dlnD AlnD . .
by the above stated method. The ratios for =t and ¢y of Op
b

Lar

where

. The parameters a and t were evaluated

and H, are

102/_TH2 —= /D027DH2. = 0.71 (39)
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L02 /r)

Ve /Y x (—=)0-75 = 1.68—= . . (40)
02" "Hj 0, KLy
2

The gas dlffu51v%ty data for water were used in Equatlon

(37) and (3§)} 'w1ng to the low electrolyte content (0.1

mole/1l) in solu.}on, the dlffetence in diffusivity between
water and solut;on should be small, end the use of the
diffusivity date for water in these equatiens is consi-.
dered not caueing siénificantfertor. The obtained para-
meters a and t are given in Table 4 where t presented the
aQerage age of surface élements was'con51dered Table 4
shows that as turbulence,\represented by stirring speed N,
increases, the eddy diffué&qn activity a increases and the
f\ average surface age T decréases. . . ) o \
Further more, ‘to relate the parameters with known
experimental cenditions, values of energy dlSSlpatlon rate
per unit volume & were estimated by using Bates et al's

(44) power number correlation fbr stirred vessel and are

given in éggle 5. Plots of a vs. € and t vs. € on a log X \\5

1 . . N

-t

log scale show practically two straight lines of slope
1.73 and 1.07 respectively in the low turbulence range

where experimental results are considered not to be affected

by the stationary surface area assujed (Figure 8). Thus
| co - ’ ’
¥ the system considered the following empirical rela-

ions can be written:

‘a = xe@ : (41)
t = veY (42)
_'62 -
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-Table 4. The parameters of King'shﬂgdel

.n = 4
N T T : ‘ x lo—"- t
Hz 02 _wHZ woz a t
rpm ’ 1/cm’-sec sec
132 1.82 1.29 0.99 1.00 1.20 2.40.
153 1.75 1.24 0.99 1.01 2.81 1.51
181 ~ 1.50  1.06 1.00 1.03 . 6.61  0.84 "
225 0.62 , 0.44 1.13 1.20  21.80 0.19
240 0.50 0.36 1.17 1.26 54.83  0.10
258 %0.44  0.31  1.20  1.31 186.70 .  0.05
‘272 * 0.40 0.28 1.23 1.35 244.21. 0.04
N o™
:
A
_&
. e 6363 - .
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Flgure 7. General model for uniform lifetime :
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Table 5. Values of spec1f1c energy dissipation ra
rate at varlous stirring speeds

~

N, rpm - 132 153 181 225 240 258 272 |
e, watt/ml 12.10 '18.84 31.19 59.91 72.71L 90.33 105.85 -
______________________________________ e S

o !
- ~

\ . v .

A - 6 4.‘ - \ L
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vhere a = 1.73, y = -1.07, X = 0.84 x 10", and ¥ = 2.94.
| Bates.et al's correlation shows that the power num-
. ber becomeé indgpendent of Reynolds number when the latter
exceeds 10%. The Reynolds number for all runs in thec§
present work are all larger than this quoted value, there-
fore, thg energy dissipation xate per unit-volume e is - .
proportional to the stirring!;peed N to the third power.
Applying this relation to Equation (41) and Equation (42),

the following expressions were obtained:

v“--
3 « NS-19 (43)
E‘m Ny—3.21 ) '\ (44) .

A
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¥ DISSCUSION
. j .

1. Transport Mechanism

As shown br the above stated experimenthl fesults,
the degree of dependence of k; on D varies with the mix-
ing intensity. Differences in the %pﬁarent exponént m
between.étirred fevels in the present work and between
the various past studies mayube‘interpreted by King's
model (21) which ;:emoves the ‘contradictions between the
eaflier mass transfer queis by suggesting a damped pro-
file of eddy.diffusivity with surface renewals néar the
interface. The decrease of m as the agitating speed in-
creases is im QCCord with a continuous transition froﬁ a
steady state transpor£ regime'fowards a pénétration con-

: . S

trol regiﬁe. —

It is well known that except molecular diffysion,

other transport mechanisms (eddﬁ diffusion and surface

renewal) considered in'King'g model ' increase their inten-
sities with increasing égitation power. However, the
variation direction of m with N, or € Es indefinite un- -
less the relative effect of the two power dep?ndent me-

chanismé.is known. The experimental, results of a previous

invéstigafion (5) of gas aﬁsorptionsin a continuous flow '
stirred vessel showed that m increased as stirrer speed
increased. -Recently Linek et al. (36) stated that King's
model predicted that the value of exponent m rises.with

rising energy dissipation. The contradiction between the

i
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above statement and. the present éxperimental results can
‘be cleared by examining King's ®heoretical approch which
shows that m is a function of both parameters a and t for
a given absorbed gas, where a is a measure of eddy diffu-
sivity-and t is the surface age of an fluid element. In

a turbulent flow field, morerturbulence will give a big-
ger value of a, but at thé same time,‘it will give a -
shorter total surface\age to an element. Thus an increase
in turbulenhce of a flow field could cause m either to in-
crease or to decrease, according to which. factor, a.or t,
has a more effgct-on m. It has been pointed out by King (21)
that the small and large eddies, which are related té'a
‘age t respectively, are affected by the geometrical na-
ture of equipments in extremely different degree. The '

~ gpometrical difference between the present batch system
and the flow system uséd in Kozinsky-aﬁd King's experi-

ment (5) probably is the reason why m went to opposite

directions with increasing degree of turbulence in;ﬁhe
two experiﬁentalcrgsults. | |

In thé present case, the éffect of surface renewal on r
mass transfer was larger than the effect of eddy aiffu- \\\\\
sion when the condltlon of turbulence was changed. If

the experiment can be run at a higher level of agltatlon,'

'1 \. 3 3

curface renewal would be ekpected in controlling the -
transport mechanism. On the other hand, if the experi-

i : A
ment can be run at a lower level of agitation, steady

- 68 - -
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state mass transfer may be achieved in which case the
surface age of the liquid elements would no longer be
1mportant. From .the results of parameter evaluation, the

o

effects of these two importaﬁt chardcteristic factors can
be comblneg’"b give a relation indicating which reglme the ¢
transport mechanism will tend towards with 1ncrea51ng pow-
er.l The dlmea51on1ess parameter T, which characterizes

the region of transport mechanlsm that applles,'relates

to a and € by definition as: 't « Yaf when n = 4. By subs-'
tituting values of a and E.frdm equations (41) and {42),

the relation between T and ¢ can be shown as T o« g=0-2,
The'negative sign of the exponent~indicates that the mech-
anism will move towards the penetration regime when the Coe
-speeific rate of energy“dissipation is increased: By

studying the results of past mass transfer 1nvestlgat10ns

in a stirred vessel, Kozinsky and Kinhg (5) stated th{>

sg:face renewals are less important at lower stirring 5f4%
rates‘than in thellntermedlate range of agitation. ‘This

is in agreementwith the present experimental findings.

I~

~ Some ' further support for King's model comes from 4

other studles of the- effect of dlffu31v1ty on mass trans— . i
fer coeff1c1ent. Table 6 gives some prev1ous 1rvestlga- ' ) ;
tions for free surface mass tranefer in varlqus systems >
inlwhich at least two gases were used.  Except for_the
lower limit of Hutchinson and Sherwood's experiment (41);
resulting values of m, which wereirecalcﬁlateé on thé

E
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Table 6. Summary of measﬁrements of m values

Gas-liguid Gas
contacto;
Packed column H,, He
0,, CO,
C3Hg
‘Wetted-wall H,, He
column 05, CO,
. . A
Turbulepnt jets H2, CO2
Continuous. flow . H2' He
stirred vessel 02, CO2
- _ : A
Stirred flask 505, Oj3:
A ' Cly, N3
CO2, Hy
He; CpH»y
Agitated vessel N,, He .-
Stirred vessel 02, He
with bubbles’
dispersion (h“\“
Stirred vessel 02} Hy
. L ‘0
Stirred vessel Hy, He
o ’ 02,'C02‘

kL*leZ
cm/sec

1.27
to
5.08

1.80
/ to
v .8040

1.80
to
3.70

0.01
to
0.21

0.09-
to
3.60

3.41

to -
75,00
0.36.

. to
1.84

0.09
to
1.94

N

¥

- 70 -

‘m

0.48
to
0.54

0.54

0.51
to

0.58

0.04
to

0.62 -

0.47
to
0.71

0.46

to
0.69

0.61

to

0.74

0.46

to
0.82

*Values .for O,, N, or CO, absorption

'Linekret al (36)

Reference

Vivian and King

(7)

Lamourelle and
Sandall (8)

Davies and Ting -
(9)

J

\

Kozinsky and
King (5)

Hutéhinson éhd
Sherwood (41)

~

Dobbins (4)

Present work

Davies et -al

()
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basis of Vivian and King's diffusivity data, are reason-

—

ably within the experimental errors of the high and low 1
'asymptotes. ‘The apparent exponent'on diffusivity at ~low ,
turbulenoe obtained by Hutchinson and Sheruood being. much

lower than 0.5 probably is due to the imperfeot_mixing

Y

- produced by their speciéi?agitatof‘arrangement in the
vessel. The value of m does .not,.vary with the magnitude
of the mass transfer coefficient shown in‘stle 6. This

suggests that the reglme of controlllng mags transfer

l‘.
[y

~mechanism that obtalns - asymptotlc surface renewal,

asymptotlc eddy diffusion, or somewhere in between - is
1

determined by the size and frequency of the eddles 1n the
region of the gas~liquid interface. The relatively
higher values of m resulting from Linek's experiments and

the’ present work are con51dered to be partly due to the

'g-...r

surface renewals occurring less frequently, caused by the

c
effect of existed electrolytes as p01nted,opt by Lankr.

, and Mayrhoferova (43) The‘same reason of suppressed o

surface renewal applied to the Davmes et al's v(6) experl—'

nents where tangentlal 1nterfaoéa1 motlon ‘Was suppressed

-

by counterrotatlng stixrers and surface elastlc1ty was

-

formed by addrng surfactantf The dlfference in geometry

is the other reason for different values of m obtalned S T

f-‘ - T

S was observed that the mechanlsd\of transport for the , ™

Ctrmeett

’flow systems, such as, pack column, wetted wall.column,.

: 7
f'and‘contlnuous flow stirred tank, are close to or within

.
‘ . . )
- -

{
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the penetratlon controlllng asymptote, m belng close to
w0. 5 and nearly constant, which indicates that surface re- L /!

LY
newal is more important than eddy diffusion in these sys—

tems. ‘Eor batch stirred vessels, ‘Table 6 shows that the o )
mechanism of transéort is inlthe transition region where ." *h
both penetration and eddy diffusion are important.

There is stlll no such a conflrmed theory of attenu- o
ation of turbulent eddles close to an 1nterface. The idea
of a” severe damping effect of surface’ ten51on on_ the flner
transverse pulsatlon is generally accepted. This suggests
that the role of molecular dlffu51on in mass transfer pro-’
cesses is 1mportant even at hlghly tugxbulent condltlons.

L)

" Only Kishinevsky'ps model.gives kL = D’ for high turbulence'

mass transfer. This prdposal seehs incorrect in describ-
'1ng the plcture of 1nterphase mass transfer and has not

been conflrmed by experiments. Klng (21) suggested that

eddy dlffu51v1ty varies as the fourth power of dlstance

from the free surface whlch is based on the maxinun values
of m in'therequation: n.= (1L - m-~?!, (pee Appendix E},
where m was shown to have E maximum value of 0.75 in some
previous works. ‘However, there are experlmental data . )
testifyin in favor of n = 3 (43) and‘n = 2 {(8). It is
well knOWn that the data of dlffu51v1ty used when analy—
;slng mass transfer data will lnfluence the estlmated value
iof m, or, 1n altef%atlve, will 1nfluence the determination

of “the value-of n from the abqve equatlon. The values of |

«
-



m calculated from Vivian and King's diffusivigty dara in-
. " ’

Table 6 sopoort n=4 eﬁen though it is impossible-to
assértfthat Qalue'of exponent on distanoé for free sur-
faceréddy diffusion has been established with complete -
accuraoy; -

ZQIS;ééi#ic Energy Dissipation Rate and Stirring Speed

Effects

@

Equations (41), (45) and Fiqure 8 give the following
relations between specific energy dissipation rate-and
*the'model parameters a and t, which characterize the in-
fluence of hydrodynamic conditions upoﬁ mass rrshsfer, in
this work: a « e!*73, T « g~1-07,

The mass transfer coefficient.dependence upon stirr-
'1n%\speed N in stirred vessels with a gas- llquld interface
studied by many prev1ous workers has been shown by Kozinsky
and King (5), where ki varies as N to a power of 0. 6.to 1.2

in various experlmental works; Recently Dav1es (45) also
showed that exponent on N varies from 0.8 to 1. 4 by ob-
servrng work done oh stlrred cells w1th a plane surface.
The results of present experiment togetheé with other pre-
vious findings (40, 41), givé,kL depending on N to a power
of 1.4 to 1.5 afﬁiow turbuleooe levels. Obviously the
goometrieS'of the stirrer and vessel have an important
bearing on the exponent of N és”well as on the absolute
maghitudé of kL' since ﬁhe turbulenésrﬁrom the'stirrers_ﬂ'
is inhomOgoneous and nonisotropic. - S

o
/

f
W
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Though the present experiments were performed in the

transition region, the_relations between maSS’tranSfer

‘_coeff1c1ent and specific energy dissipation rate, or

stirring speed, in both asymptotes can be derived through
Equations (41), (42), (43), and (44) as follows.
K

"In the case of penetration contfol, the classical

equation for mass transfer coefficient is
ky, = /(D/7E) (45)

Com?arison:of-this equation-wiﬁh Equatien {42) and (44)
shows that: , -
kL-c‘ €0.53. - Nl'.B" (46)

\

¢

¥ - ‘ Y
. = . j‘

In work reviewed by Davies (45), the exponekt on N has a
value of 1.2 and 1.4 dependlng on stirrer posmtlon._

For steady state transfer, King's model gives ‘the

‘foilqwlng equatlon for n = 4z

kL = 0.93%-25p0.75 . ‘ E : (4?)QX
By substituting Equations (41) and (43) to-thesabove edua-

1

tion, one can obtain ' . . o
- . L3

kK « g0l+%*? « NP3 B . (48) -
S Lo _ - . -
Equatlon (31), whlch was derlved through the Calderbank N

Lol

and Moo-Young's ce/;§3at10n for fixed surface mass trans-

fer, predicts aﬁN°'75 dependence for ki which does not

N . . - 74 -




"analogy between eddy diffusivity profi

“hydrogen absorption System at the same agitation-level.

agree with the present result. Probably

surface and near a free surface is net adequate.
pguations (46) and }48) show that there are different

values of the exponent on N for mass_tranefer occurring

in different asymptotes in a given geometry. .This valué

should vary from one end to another in the tran51tr094re-

gion. "In the present work, the degree of dependence ef

kp, on N was in the limits’of 1.3 and 1.6.: The dlfference

in diffusivity of the two gaees caﬁsed thie dependence has

a higher value for the oxygen' absorption system than the l J//

If in a particular-tase*where the exponent on N of
both asymptotes has the same value, he”dimensdonless
surface age T accordlng to Equatlons .(38)}, (413, and (42)
will no longer depend on thé energy dissipation rate and

equal to vDXY in a glven gas~11qu1d contactor. Thus the

mechanism of transport depends on the diffusivity of ch/\ | th
absorbed gas only. The condltlon required for such a -
! .
case exlsted 15‘ a = -27, where ¢ and y are the exponents
i

'on € in the relatlons of a and €, and t and € respectlve—

U.ly. This probably 15 the case for Linek et al“s (36) ex-

[
perlment whlch gives a result that m varied with changlng ¢

electrolyte concentration 1n‘the solution but remained —
/ . ) ‘
constantxwiﬁh dhanging stirring speed or gas flow rate.

A more likely explanation- to this result is afforded by D

- / | | _ 75 -
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consideration of the fact that both parameters a and t

are a very weak function of € in absorption from %as bub-
bles. The value of T can vary onlyawith changing solu-
tion propertieé in absorption oﬁ‘a gas in a given geometry.
It has been noted by Bull. and Kempe (46)‘that‘£here are .

differences in mechanism between the gas absorption'from

dispersed bubbles and through a free interface. In addi-

tion, experimental results show that in bubble absorptioy

| | | oA
kp, is nearly unaffected by degree of turbulence and ionic
] 7

strength (36) which, however, are important factors for S
kg, 1n free surface absorption. ' The differences between
the two systems prevents further comparison of model para-

meters a and t of Linek and Mayrhoferova s and the present

work.

-y 4

3. Correlation of Data on kj,

It has been stated freviously that m is a furction
of D ln the transition region of gas absorptlon. Flgure
9 shows qualltatlvely the relation between kg, and D in a
- glven hydrodynamlc c0nd1t10n on a 1ogar1thm1c plot. The
curve shown in the mlddle part of the figure 1ndlcates

that the usual power form of the relation kj, < DM is not

~ adequate 1n use in the transition reglon of free surface

mass transfer. This means that the experimental data re
S

lating to such. a region cannot be correlated by means of .

correlatlons of the type,Nsh « NReNgc Furthermore, -if

~the isotropic theory of turbulence 1is adequate in use to
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Figure 9. Dependence of mass transfer
coefficient on diffusivity
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J
explain the hydrodynamics near the free interface, er,'if
there is .a signif}cant differeecetbetween the geoﬁetric
e%fects on the large ana small eddies'whieh cohtrolhthe
surface renewal and eddy diffusions respectlvely, a small
change in geometrlcal arranqement Wlll change "the relatlve

effects of eddy diffusion and surface.renewal on mass

& - ’ )
transfer. Thus the exponents on D and on e may be shifted

from one value to another. Both exponents ¢ and 6§ on the

—
hY

groups of Reynolds number ‘and Schmidt number are uncertain

unless the transfer process is known to be in either the

- steady state transfer asymptote or the penetration centrol

asymptote in a given geometry.

Therefore it is not recommended to use the existing'
empirical correlatlon forlkL‘to predlct rate of mass trans—
fer across a free interface dlrectly. Parameters a and x B
have to be estlmated beforehand and then kL obtalned;ﬁ?
using Flgure 7. Because the geometrlcal factors and the
liguid propertles are 1mportant to absorption rate, it

should be noted that Equatlons (41) and (42) can be applied

to the systems having condltlons 51m11ar to the present

/ ’ 1
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_ VI CONCLUSIONS AND RECOMMENDATIONS

- The results obtained in thie study for maes transfer
across a free gas-liquid interface into a turbulgnt liquid
indicate that the"dependence of mass transfer coefficient
on molecular dlfoSlW;ty is a variable. The value of appar-
ent exponent, m, decreases with an 1ncrea51ng stlrrlng speed

from the. value of about 074 to about 0.57, This finding

'Vsuggests that Klng S mass transfer‘model most closely”

describes the actual phySical phenomena of gas absorption
into turbulent liquids. |

Accordlng to this model, the ‘mechanism of gas absorp-
tlon 1s controlled by the concepts of molecular dlffu31on,
eddy dlffus;on, and surface renewal. The dependence "of k '
on/D depends en'the relative eﬁfeet of these three transport
mec;;qxems. ‘Except the molecuiar diffusibn;’the trensferlis

generated by the turbulent eddles. It 1f generally accepted

that the specific rate of energy dlSSlpatlon has a direct

" effect om the mass transfer rate. How "the energy is dis-

tributed and ultiméteiy dissipated, however, is.most import-
ant. For this reason, the effect of the geometry of an

abeerptiqn system on the energy dissipation, Whlch is in
- . : o _ ‘J .
turn affecting the‘transport mechanisi, must be con51dered._

-

For gas absorption in agitated vessels, the results.

[}

from the present work.and the other preV1ous 1nvestlgat10ns

. show that the transfer process is: usually performed in the

region of transition between the steady state transfer and
~ '
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the penetratlon asymptotes of Klng s model. The usual
power form of the relation ki D‘“’t is 1nadequate in use.

Some prev1ous correlatlons (8, 47)\for mass transfer :

coefficient give k related to €, N, 0T NR
e

power. However, it is noted that not only these expo—

to a certain . 4

- nents 'are affected by geometrlcal factors, but also, kL jl
P .
may relate to a dlfferent power on €, N, orNR if absoréar :

tlon is performed in dlfferent transfer asymptotes in a
~given geometry. If the detailed features of the theory
of King's model are confirmed, further gas absorption

studies should.give correlations on model parameters a and

t instead of kL itself. More experimental evidences in a

P

wide agitation range and different'geometries are required
to confirm the transport mechanism. Also, reliable diffusivity

data for gases in different liquids and solutions are needed

to be determined experimentally for sbpporting the mass
S ) 3
transfer studles. ‘ |

The kinetic theory of llqulds pr%sents notorious
difficulties.' it is not surprising,_therefore, that there
;are no satisfactory methods of predlctanc absorption rate ’
in turbulent l}quld Systems fro flrs principles. There °
are stilkl many problems on tur ulenc }ransport such as
'the size and. frequency effect of an eddy; the way of the
distribution and the dissipation of the energy, the inter-

_fac1a1 turbulence effects caused by lﬂcal changes of surface

tension or density, the damping effect to the turbulent




_pﬁlsations by a surface, etc. 'The solution ofhﬁhese
'prdbleq§ is necessary for tﬁe postulation of a theﬁry
‘of“masﬁ ernsfer which is.required for the transfer
‘raﬁe‘prggiction. These problems are verf'compléx"l
:in‘pafure and in mathematical anaiysis. Expendituresj

of great joint efforts by scientists are required.
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- VII NOMENCLATURE

r ] . o
o . ‘

L \ R
proportionality constant in eddy diffusivity ex-

z 1

pression, cm “-sec’

’ . . i
external particle surface area per unit mass of
catalyst, cmé/g W
total area of interface, .cml .

constant”in Equation (7); eddy diffusivity at
. ' P ) .
the interface,rcmz/sec

integration constant in Equétion (30) 'oxr (34)

-
1

initial concentration.of sodium sulphite or’ pro-

panol at zero absorption time, mole/cm3
gas solute concentratiqnlin liquid, mole/éin3

chemicallequilibrium concentration &f gas solute,
mol?/cm3

)

hypothetical'liquid_phase concentrapion}that would

be in.eqdiliﬁfium with gas of partial preséufenpct

méle/cm>

molecular diffusivity, cm?/éec

.eddy diffusivity, cm?/sec

diffusivity in pure water, cm?/sec
Henry's law constant, atm-cm3/mole
first order or pseudo-first order rate constant,

cm3/g-sec

. . -0 )
secbnd order rate constant, cm3/m01e—sec
2

gas phase mass trénsfer coefficient, mole/cm“-sec-atm

B
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'Cp, mole/cm’-sec

‘age of an .element of surface, sec oy
LY + .

_reaction t1me defined by Equat10n1(13); sec

-

liquid phase mass transfer coefficient, cm/sec

liquid particle mass transfer coefficient, cp/sec
liquid film thickness, cm o/ .
defined by_équation-136) | |
‘exponen£ on distance jin eddy'diffﬁsivity expression

LY

stirring speed, rpm .
‘partial §DESSUIE of soluble gas,-atm

flux of gas solﬁte in‘liquid phasé, mole/cmz—sec
rate of reaction, mole/cm3esec , . ;

rate of reaction with gas‘reaptaht'concentration
Cqv mole/qm?-sec ) |
rate of reaction dith-gas reactant concentration

3 0
. . S
fractional rate of surface renewal, sec

average surface age; sec
-experlmental absonptlon time, sec .

d1ffusxon‘tlme definéd by. Equatlon (14), sec

temperature, °K -

1iquid vblume, cm? . ' v A

- 3
catalyst mass per unit volume bﬁ;liquid, g/cm3

amount of Raney nickel used, g

total welght of becker with Raney n1ckel and water, g

. weight of becker with wateg alone, -g

constant in Equation (41) {
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Y. distance from interface, cm :
: -4
Y ) constant in Equation (42)
Voo "-"';.1 ) : -
Greek letters . '
VI ,defingd by Equation (41)/’/
Y ~ defined by'Equation (42) - \
b ligquid volume per unit'iﬁterfacial area, .cm ) ..
£ specific rate of energy dissipation, wattkml - -
.. particle internal effectiveness factor
Cx constant in Gubbinfs equation of diffusivity '
for electrolyte solutions
U v&scdsity,‘poise - ' - oo C -
p density, g/cm3 T
;] \\\‘_unlform surface age, sec ‘ -
g . 'exponept on Reyndlds number in mass transfer
T xyggfrelation
6,' | exponent on Schmidt number in_mas$ transfer
correlation
T dimensionless surface age ) o o
. ¥ " ) ‘1. - . . B -
v, dimensionless mass transfer coefficient . L
. ~ . . " ’ 0.
4. h . ‘ B ,-:
. . ) _\ ) N .
Subscripts | Y . . .
B o " . e R " f_u\
B - . bulk liquid, o ‘
o o - . s :
£ 1iquid film o - _ _
1 interface
0y oxygen )
- . .
— ] ' .
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H, s hydrogen

. i ) e
NaQSOB' sodium éulphite_ X
L : x :
'CoS0y cobalt sulphate . . ,
'"863?“ sulphite ioff .

. c3H70H propanol - S o i

S particle external surface °
. . . ’ ' . T
* -
’ -
) .;ﬁ\ ’ ~ M
T- v
/‘ -—
' -
[ v
3 ‘
—
T
/
[
. . \g
4 \ Ay
. ¥
”
1/.
~ 'I"
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‘Appendix A . . .

Heterogeneous Mass Transfer with Reaction:

-

Conditions for Diffusional Regimé

o
t
.
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‘The following @erivééion appliéq

gas—ligquid
reactions with f{nely-divided‘capalyst { rtiéles in’
liquid phase. It is restricted to the reaction of first
;rder or‘pseuQQ—first ofder-gitﬁlrespeci-td gas sé&uée 7;

-

and zero order with respect to substrate.
1. Minimum Speed of Reaction, for Diffusional Regime

There are.three resistanceés encountered in the case
: ' TR ’
of heterogene;us maSSstransfeerth reaction. There are

-

mass‘tfansfer befwgep gds and lyguid phaées; external liquid

-pirticle mas§ trapsfer; and intraparticle diffusion with

reaction. If all feé steps act in serieg with each other; .

their ratgg-ﬁust bef equal under steady céhﬁitions. By

atsuming unifqrmlcomposition in bulk liquia, the gas absorp-
ok Ve

" : \
tion flux, can be written: ’ ~ : \\\
_— o s

q = kLiCI - Cp)*- .

= ¢kpapw(CB - Cg)

1

| gnkqw(Cg = Cg) : . (A1)
A - :

By adding-and'rearrapging, the equation becomes

<y 1 Ty c X
) C, - C_ =g —+ = + ) . o
I . "e T . :
. | } kL ¢kpapw ¢nk;w . ' %
Cor . N . T ’ . '}
Cr - Cp _ . 1/ky, //,’ " : (32)

CI ‘— Ce (!—_ + L . + 1 ) ) .

, :i k. ,¢kpapw $pnkyw } \ : .

: -

; ‘ bl
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_ ‘ . N . :
o l ) . " - " ﬂ
pefine the total liquid phase mass: transfer coefficient as: ) e
' N A ] » . -~ rot
° .- Koo kpagnky
o k a + nk, ' ‘
~ e PP LS _ BT ' A
R .' ’ j ‘. ™ o
Equatiqn.(AZ) can be expressed in terms of k' as: ' o
.- . - - ‘ !
Cy-Cp - 1 :
C

T~ Ce‘_'l + kL/¢k‘w - . [

FOr;esseﬁtially the "entire cijyentration driving force em-

/

ployed fof absorption,

-

~ Cr - Cg -
) ! —_— = ] -
Ci - Ce
Requirement is that: . ' oL~
p § =
> .(',}

as(1Qe critérion for minimlm catalyst loading.

2. Maximum Spée% of Reactiop for Diffusional Regime |
Liquid in éincinity of gas-liquid interface has
higher concentratlon of absorblng gas than bulk liquid.
‘Reactlon taklng place on catalyst in this v1c1n1ty will.
have a higher ;ate than ;eaction in bulk. - If the amount
of reaction thét occurs ir-the vicinity of the gas-liquid
interface ﬁ? appre01able compared to the reaction occurr-

1ng in the entlre absorber, then in fact chemical reactlon

in this vicinity 15'51gn1§1cant1y affectlng the dlffu51gn‘ ./////,)" !
7 e . H

N ' . + . -
, ,
* *
A}



: ) . Yo o N v
of the gas through the llquld boundary, and Fquatlon (Al) )

is no longer appllcable. N

l(a) CqulieoQ derlved orR the basis of fllm,theory_ . T
'From the filﬁ theory point of'view, the'amount~of
reactlon in the gas 11qu1q{d1ffu51on fllm must be negllgl-

ble compared to the amount of reaction in the bulk llquld.

Thercondlt}on.can be written . A . .
rgy * (Volume of -£ilm)

12>> -
rCB X (Buix\liquid volume)

. k'w(Cy+ - CL)V
or, RS ; I e’ VE . |
v . k'w(CB - Ce)VB

L . '

The relative rates of reactlon 1n the fllm and the bulk .

. are given by the ratlo of the respectlve concentratlon

driving forces. Also the fraction of liguid in the diffu-

sion film 'is expressed in terms of the film thickness L
| 1 .

and ¢: 9 - ) -
. ' (C -C )L// . 'J .
o 1 >y L e’ .  (a4)
(Cp~ Ce)d - |
1/ /’
In the 31tuat10n’under con31deratlon Condition (A3) w1ll _ D .

l!

apply,//ﬁi;o, chemical reaction 1n the V1c1n1ty of the gas-

]
liquid interface is inSignificant by ‘definition, so Equa-
tion (Al) can be used and gives:

‘w1 - Cp - C : : | -
1+ dwk — I = : }




5 ' . v "
Also, L' = D/kL. t;ﬁén Condition (A4) becomes:

4
i 1+ ®EGD 4
- - kg, ¢k,

k'wD : °

or, . 1 >>-5 7 (A5} s
‘T, , t
(b) Condition derived on ‘the basis of penetration.fheorj-
Following Astarita's (25) derivation, the conditions

prescrlblng chemlcal absorptlon can be derlved from the
Mbint of view of the penetration theory Jémploylng the '

concepts of reaction time, 4 and diffusion time, t

D"
Reaction time is the time reduired'forca significant degree

rl

of reaction and i$ given by: .
L . - N\
- - A tr = l/klw

- . »

Diffusion time is the time available for diffusion and is
. . . L v, >
givén by: L v . ) q
_ tD(% D/k{
. b
!

The condition for insignificant che ical ‘reaction in the
aQ 1 N .
 vicinity of the gas-liquid interfgfe is:

t

. - , r >> tp. .

which gives Condition (A5). ‘

X3

By combining‘Fonditions (A3) and (AS5), the condition o
for diffasional regime canh be written: L )
E ki/]) >> k'w >> ,deqs | (AG? )

L] ' .t 'i: ' T . . i

- 95 -



.
R .
. :
. ; .
: .
) ~ a
L]
. .
- - hn l‘.
o - f ‘ - - ‘») 1 )
T [l
-
i ) s T .-
. . . ‘
. ’
- -
.
. .
N . . /
) .
L] /"
.
. L - - -
- » -
- L
! . S

- / .

I - Appendix B "
, X .. .. ~
:Supporting Experiments -

T N o

.
. o
-~ ;,
, ' B N '
I . ‘
= -
A L]
L] . -
.
-
= ~ L
P . :
i -~
/ *’f ‘ 3 .
». <. . o
"~ L5

i e e a4




y .
1. Experiments with Transfer Rate Measured by Physical
b ‘ 1 .

Method . o i

C s : . N .E;ﬁl AN ‘ ) .
. There are two purposes’ in doing these éxperiments.

-The first one is to find out whether‘the hydrodynamic

con tion in the boundary of the lquld surface would 'be - - i
. \ ‘ .
affected by addlng the requlrEd amount of allyl alcohol

and catalyst in the solutlon. The dependence of kL on D

is determlned by comparlson of the measured mass transfer.
r —‘l. .
coeffmcrents of the two absorblng gases at the same hydro-

LT dynamlc condltlons, It is necessary to ensure that the

different contents in the two systems, Hz—allyl ‘alcohol
and 02~sulphite, provide‘insignificanﬁ difference in
hydrodynamic conditicns. The;second purpose is to-select '

a su1table-mater1a1 as catalyst nsed 1n hydrogenatlon ex— "

perlments. It was noted from preliminary runs thdt palla

'rdlum on carbon has a much hlgHer act1V1ty in catalytlc s

. [

allyl alcohol hydrogenatlon reactlon‘than'Raney nlckel.

Only about 1/20 of the amount ‘of Raney nlckel used is re-

qulred for palladlum on carbon to have a 51m11ar act1v1ty

in reaction& Also, Jhe partlcles of palladlum on carbon

are more finely g}v1ded and less dense than Raney nldhel.

All.partlcles were thoroughly suspended even at loWESt ' . ' '
stirring speed nsed when this catalyst was used This'n *1 o {L
-glves another advantage in using palladlum on carbon over |
Raney n1cke1 as catalyst that the effectlve amount used

can be clearly known. However, the 1nsrgn1flcance of the [ ?.i

<

N -0 b



- 3

'addition-of catalyst«parbicles to the hydrodynamfc condi-
tions is most importaht. The selectionhof which cataiyst
to//F use was based on the- results oﬁ.tﬁe follow1ng des—'
cribed experlments;

The‘same apparatus as the-hydrogenatioh experihents .
in the main’part .of this work uas used fn these runs ex-
cept for the addition of a hoheywell‘Electronih~194 iaboraéf
tory-recorder, which was in connection with the oxygen
analyzer, to record the'concentration offoxygen varying
with time. The/ ocedure of these experiments was divided
to two parts. - Iixéhe/oxygen desorptionﬁgart the vessel i [
was closed by the cover and nltrogen was fed on the top
of +he 1i d surface. Wlth agitatlon the oxygen ¢&ontent
in the lquld was driven out gradually The deCrease ih
oxygen concentratlon was. indicatkd on the analyzer and

was recorded on the recorder. Follow1ng thls, theroxygen

absorptlon process started with a very low oxygen concen-
‘tration ‘in solutlon resulting from the desorptlon process.
The cover was removed with the'agitated liquid surface
open-to atmosphere. Okygen was absorbed from air and the
1ncrea51ng oxygen concentration of the solutlon was re-

, corded. The desorptlon part was’ performed in the agita-
.'tlon of\240 rpm, And .the absorptlon/bart was performed in
132 rpm. Sodlum sulphate solution w1th 0. 1 mole/l in

concentratlon was used with the addition of one of the _ .

assigned testing materials ih_each run.
/J(:/ | b . | | . Cot \ ( !
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| Allyl alcohdl, Raneylnigkel, and palladium on carbon

\ qefé tested, with the amount‘ﬁgéé depeﬁdiﬁg on the re-’
quifeménts for the hydrogenation‘experiménts. The ré— . (-
sylted mass transfer ratéé for tﬁe solutiohs with each of

!
-these materlal added were compared to the transfer rate

L

for the solutlon w1thout adding any material on the ba51s
. A
of equdl d;}gg;Aconcentﬁgtion levels. In the experiment
ofzfesting Raney nickel, th81615501ved oxygen concentra-
tion dropped when the:catalystfparticies wefe added.
Also, a slower‘abéorption rate‘and a faster desorption
rate)in compérison with_the results of the case where
‘ “pure_sodium sulphate solution was used were found apparénﬁ—
(/3 ly on the recorder.- This is é6m51dered due to the strong
. affinity for oxygen pf.the catalyst particles. The. Raney
S nickel catalysf was left 'over night with the solution to

r

saturate the particles with oxygen. "The experiment was

then performed‘aéain the next day. The-results showed
that the Raney nickel was .inactive to oxygen. In -the case,
of testing palladi;m on-carbon, faster absorption éﬁd de-
sorption rates were found appqrently. No attempt has been
made to expiain this observation.

-The.results for allyl alcohol and Raney nickel are
given in Table B- l The maximum change in transfer rate ' 3
being 1.5 % and 2 3 % for the addltlon of allyl alcohol

and Raney nlckel respectlvely shows that both materials

have no 51gn1flcant effect on the hydrodynamlc condltlons

- 99. - )
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. of the liguid. 1In addition, the presence of allyl alcohol

in a concentration of 0.05 molé/lrin a 0.1 mole/l sodium

I

Suiphate solution was found to have a nggligible effect o "wi}
1 on the solubility of hydrogen and oxygen, and on the solu-
3 , .
. ‘ . ,
tion viscosity. " : B
# - ’ l"

Table B-1. Values of t'* in various

material added solutions

1 -
v —

o

Stirring . Material added solution
. speed . "Pure sodium Allyl alcohol Raney nickel
rpm . sulphate solution (65 ml). - (28.71 g)
. . . . %, ‘ . .
132 ~102.9 | 101:4 Y. 100.5
240 & 33.5 - - 33.2 33.3
* +' = the time in minute required for oxygen concentra-
\ tion changing its value between marks of 20 and 80 ° -
™ -~ of a 0-100 chart scale.
/
2

For the reason qﬁ avoiﬁing any possibility of any
significané.changing of hydrodynamic conditions by the

addition of catalyst, it was decided t se Raney nickel

as catalyst in laﬁer hydrogenation exper%ments.
the catalytic activity.of.Raney nickel was found more
stable than palladium on carbon for the hydrogenation of

allyl alcohol. -

—— e

It is not possible to make the same test for sodium

-
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.sulphlte because oxygen will be consumed by ‘the reaction.
-“The concentratlon of sulphite lon was kept very low com-
pared to the total electrolyte eoecentratlon in the, oxida-
tion experlments. It was con51dered that no further
attempt tq-ehsure the.ineffecgiveness ofA the edditioh éf o ‘ﬁ‘
sodium sulphite to the solution is necesgary. The same
conclusion was applied.to the solution with propanol which
wae‘produced in the hydrogenatioh expefiments.— The con- .
tenf of propanol was very small in comparison‘to:aliyl
alcohol; B | |
g. Experlments with Transfer Rate Measured by the Chemical .
Method at a Condltlon other than D1ffuszonal Reglve

In addition to experlments performed in diffusional

'regime in hydrbgen—allyl alcohol system, gxperiments have

been done in the situationVWhere Condition-(A3) cannot be
fulfilled. In this case the reaction is not fast enough
to drop Cg cose to zero.

Following previous assumptlons for Catalytlc hydro-
genation of allyl alcohol, Equation (Al) can pe used and

was expressed in terms of k'

q = kL(CI - CB) = ¢k'WCB

or, c .o )
| 2L, —lT“ - - (BL)
‘ q ky, dk'w o

Equation (Bl) gives a linear relation in e'plot of CI/q

. !

vs. 1/w. The reciprocal value of mass transfer coeffi-

|
1
=101 - , , ‘ \



: c1ent can be obtained at 1/w equal to zerp'

-

To achleve thls the amount of catalyst used must be
less than the mlnlmum amount required for dlffu51ona1 re-
glme, Two runs were performed 1n;1h15 condition ;1th -
'éifferentlamoun ff Raney nickel used in the same stirring
speed, 225 rpm; The‘resolts of propanol concentration

" increasing with time Qere given in Figure B-l. The ab-.
sorption rates can be calculated from the slope of these

straight lines.

= ¢ X slope . '(B2)

A plot of Cy/q egainSt l/w is shown in'Figure.ﬁ—2-which“

gives k; = 1.346 x Tﬂ‘é cm/sec.after temperature.correc—

tion has been done from 26°C £o 25°9C. - This value is about
Zﬁ 13 percent lower than the average value obtained by the

experlments performed ih the dlfquLonal reglme.

The application of this method in determlnlng mass - °

'traﬁsfer coefficient requiree the inggrance of the hydro-

e geﬁation reaction to be first. order or psuedo ~first order

with the absorblng gas. Also, ow1ng to the reactlon kine- -

3

tics and solublllﬂy concerned temperature has to be con- \:?

trolled to a frxed value for all experlmental runs in a

given stirring speed. ;This may not be achieved with the

apparatue in ﬁhe.present work. in-addition, the accuracy , “4‘
of the velqe of the.cacalyst emountﬂ w, used is importent\

in this case. Because some big lumps of particles were

- 102 - , - _ K
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[
o

g o
found under the stirref in experiments, the effective value
o{ w cannot be obtained accurately. For these rgesbns,
the'above stated method was rejected; and values of kL were
measuredfin experiments performedlin diffusionel regime
only. .

The_&alues of k; calculated from the diffesional re;

gime equations covering all the experiments done 225
rpm;ere given in Figure B-3 together with the amoynt of
cafal&st-used.‘ This figure shbqs'that“ell experi ents
were performed in the diffusional reglme (not affected by

the amount of .catalyst used) except the two experlments

w1th lowest amount gﬁ Raney nickel used.
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: sodium sulphite at a stirring speed of 1

. - 109 - | R

1

- \ *IL;




x 103, mole/1

Cso3

0.0

ey . Rup#
137
" 138
139
140
141
. 142

»0d D>DOCOEO

143

1 AN

8 12
£ x 107%, sec

16

20

Figure C-3. Sulphite concentration vs. time for oxidation of
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" Figure C-8. Sulphite concentration vs. time for oxidétion of
sodium sulphite at a stirring speed of 240 rpm
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Figure C-11l. Propanol concenhtration vs. time for hydrogena-
tion of allyl alcohol at a stirring speed of

lﬂk | 132 rpm
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Propanol concentration vs. time for hydrogena- '
tion of allyl alcohol at a gtirring speed of o

225 rpm

‘ Figure C-14.
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Figure C-15. Propanol concentration vs. time for hydrogena-
tion of allyl alcohol at a stirring speed of
240 rpm SR
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- 3
. ' . “t
) rable C-1. Experimental ‘results for 4
oxygen-sulphite system A ‘
o " Po, = 152 - 157 mmHg o . ¥
‘_—/\[ - ek . L . . . I"
‘Stirring °  Run, Temperature Slope x 107 ‘
speed number T _ , , .
_rpm .. e — Oc - mole/l-sec - - ; e
109 144 23.0 : -0.404
145. 24.9 .. 00423
e
125 150 - 23.4 © ~0.506
151 245 ~0.496 . | 1
152 2340 -0.571 ;
/ ',
153 23.8 ; -0.552
132 o137 © 22.5 ~0.514 7
138 © a1 . -0.529
139 20.7 ' -0.518
140 22.3 -0.576
141 21.0 ~0.543
¥ - 142 ' 22.0 , -0.523
143 . 21.0 ~0.522
153 155 .23.0 - -0.712
. 156 23.1 .. -0.643
’ 157 - 23.0 -0.668
. ) . AR '
161 ‘ ' 23-0 ‘ _0/0661 ) . . ‘ g
164 149 ' 22.9 ~0.704 z
;
‘_V 1‘25 - o ! l‘, !' :.:."‘
. oy



Table C-1. {Confinued)

s

"stirring Run- Temperature Slope x 107
speed - number ' ' :
" rpm : O¢c mole/l-sec

181 158 24.6 ~0.875
168 -ﬁa.s © -0.838
1 7~24.(3 -0.860
\ P ,
225 159 \\\\\22.3 -1.347
160 23.8 . ~1.374
164 24.0 -1.353
- . -"'.F,‘ '
. 240 148 28.0 _ -1.907
?
162 24.5 -~ -1.835
B e N
¢ : (/ i “--‘_\\
163 24.5\\\;\ ~1.764 "\
258 154 24.3 ~2.567
' 165 v 2640 ~2.568
166 . 25.0 i -2.664
272 " 146 ,26.5 . " -2.890
147 27.9 - -2.951°
167 ° 27.0 ~2.908
‘;_:u
| - 126 -
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Table C~2. Experimental résults for hydrogen-
allyl alcohol system

Py, = 742 - 769 ‘mmHg
Stirring Run Temp. Raney Slope x 107
speed number o nickel ,
rpm . C g _. mole/l-sec
132 £ 261 25.9 °  1.073 1.543
- 235 _26.0?md““~i1.504 1.461
260 26.0 2.481 1.564
236 - 25,9 l,-f3.291 . 1.655
- {
153 249 25.3 1.392 1.773
266 ';5;4_% ) 2.832 1.876
267 ' 25.5 4.212 1.879
265 25.4 6.537 1.990
181 248 26.1 5.218 2.470
347 26.0 8.645 2.374
256~ 26.1 9.947 2.337
246yg;[ 25.2 12372 2.396 -
225 242 26.1 7.83 3.598
245 25.9 8.093  3.592
J 230 26.0 10.132 3.561
: 229 25.4 11.871 3.785
233 26.1 ®13.764 3.682
251 26.0 15.210 3.773
237 26.9 . 18.440 3.655
268 26.4 .- 16.340 3.980
' o=~ 127 - ’ -
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Table c-2. (Coqtinugd)

Stirring Run Temp. . Rane? Slope x 107

\§peed " number o -nipkel.
. rpm . _ C . g mole/l-sec
240 238 26,1 14.280 4.723
231 27,0 15.719 4.836
254 27.0 18.082 5.021
253 26.6 20.881 4.715 |
239 © 26.4 '24.494 5.002
258 257 26.2 19.076 6.760
259 27.0 25.348 6,688
252 . 26.1 29.659 6.626
272 262 . 27.0 25.732 7.474
263 .- 27.0  31.158 7,182 '
264 27.0 - 37.120 7.595
269 " 27.0 28.327 ~ 6.662
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1. Oxygen-Sulphite System - <ih’

Calculation of mass transfer coéfficient for run no. 148:

A

Initial sulphite concentration = 5 x 10”7 mole/1

Total electrolyte concentration (803 + S03) = 0.1-mole/l

Temperature = 28°cC

Atmospheric pressure = 748.8 mmHg
(a) Calculation of sulphite concentration for a sample

~ taken at 2200 sec:

Iodine soclution used.for titration = 0.01lN

Sodium thiosulphaté solution used was standardized against-- .~

0.01N jodine solution:

* Volume of sodlum thlosulpﬁate solutlon used to titrate

10 ml sample with 25 ml iodine solutlon = 17.77 ml

The sulphite concentratlon was then calculated

Cso§ = (1 - 17.77/25.67) x 25 X 10‘3/2 - 3.874 x 10~ ’mole/l

o

(b} Calulation of mass transfer coefficient at experiment
temperature:

The slope of the curve of CSOE vs. t (see Figure.C- 8) was

' calculated by least squares method. The result 1s

slope = -1.91 x 107’ mole/l-sec g

where = = 28.78 cm




§

L4

—
C; was obtained through Figure 5 and correction for the

oxygen partial pressure: ' -

0
n

r = 1.006 x 10™%,x Po,/720 .

i

1.006 x 1073 x 0.21(748.8 - 28.35) /720

= 2.114 x lOf" mole/1

k;, = 0.5 x 1.91 x 1077 x ?8.78/2.114 x 107"

1.298 x 10" 2cm/sec
(c} Correction for k; to 25°¢C

kL « (TB/u5)0.25

oy 298.16,0.75, YT .,

. = Kky (/——==)0.75(— __)1.25 -
Lsro L
T 25 C T T UZSOC

flt

1.298 x 10—2(298.16)0.75(0-836)1.25
.301.16 0.894

= 1.186 x 10~ %cm/sec

2. Hydrogen-aAllyl Alcdhol System .

» Calculation of mass transfer coéffigieht for run no. 261 4
Sodium sulphate concéntfation = 0.1 mole/1 >
Initial alfil alcohol concentration = 0.05 mole/1

Amount of Raney nikel used. = lf073 g |

Stirring speed = 132 rpm \

Temperature = 25.9%

- 131 ~



Hydrogen pressure = 760.5 mmHg d

(a) Calculation of propanol concentration for a sample

taken at 2000 sec:

<g

A calibration curve of the gas chromatograph for propanol
concentration is given in Figure D-1. The peak obtained
on recorder chart with attenuation = 8 is shown ‘in Figure.

D-2. The propanol concentration was then calculated:

Coypom = 1031 % 8 x 3.372 x 1077 = 2.782 x 10~ *mole/l
" (b) Calculation of K; - at experiment temperature:
The slope of the curve of propanol vs. time (see

Figure C-11l) was calculated by least squares method. The

result 1is . ’
slope:= 1.543 x 1077 mole/l-sec

=
no

L slope x ¢:/CI

28.78 x 720

1.543 x 1077 x -
6.929 x 10~ x 760.5

0.607 x 10~ *cm/sec

-

(c) Temperature correction for k; to 25°¢

| 273.16 + 25 0.75
= 0.607 x 10-2% x ) x
FL250C (273.16 + 25.9

(0.877)1.25
0.894

= 0,591 x 1072 cm/sec

d-i:- 1



Attenuation = 8

S

Y-

CC3H0H * 103, mole/1
78]

N 728 U T T N N B

-0 2 4 6 8 10 12 14 16
' Peak area x attenuation X 10~?, chart unit

Figure D-1l. Calibration of propanol concentration

[
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i

—

. Abstract of King's Model
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o | T

inng (21) in his trgatment of turbulent liquid pﬁase
mass.transfer at a free gas-liquid interf;ce gives a gen-
er%}‘model which involves concepts 6f surface renewals
and of a dampe5 eddy diffusivity profile in the viciﬁity
of the surface. By considering that molecular and tur-
bulent diffusion'work ih parallel, the general equation
of unstéady state mass transfer is as follow:

5

3C _ 3, 3Cy ' -
= + _— .
Ye 3Y{ (D + Dg) 5y - (E1)

o
The.value of eddy diffusivity is governed by a limiting
law of attenuation and is given by D, = ay™ + b. By
as;dming that D, would be damped oﬁt at the surface for
'liquids of hiéh surface tensi&g such as water, the cons-
tant b islequal’ﬁo zero. Equation (El) becomes

aC

d - n, aC
£ = 2 = E2
v ay{(D + ay )By H( ?

with the following boundary conditions:

C=Cg at t=20,y >0
c=Cg at t>0, y+®
c=Ccy at .t >0, y=0 _ (E3)

With the consideration of ky, depending upon D, a, n, and
t alone in a'dimensiOnaliénalysis; the following expres-

sion is given: 5




1/'1'1 1-1/n = £ 2/n-1' n)
. a Db \ D
or, ' v = £(1, n) :

3

where § is the dimensionleséfﬁass transfer coéfficient
‘ana f'ié the dimensionless surface age; "\

| It is not possible to g?tain a.genefal soiutioniﬁq
Equation (E2) for ail values of n in any simple fashion.
Sélﬁtions for special cases fo k; through dimensional
analysis and‘sﬁzcific solutio;f2>\Equation (E2) with (E3).
are given as follows: |

(a)‘steady state mass transfer asymptote
n . i . /
U = ;51n(ﬂ/n) for T >> 1 and n > 1;

(b) penetration control asymptote .

ky, = /(D/mt) | |
or " Y o= i//(nt)' for ‘17<< 1. and n > 0;
(c)

"kL = y(D + a)/nt \
or Sy o= ng/ﬂr) ' at n'= 0} \
(@) S | |

v _2 @ exp(-t£2/4)d¢t at n ='l
T w2 TPE{IE(E) + YA(E) S

s . . ‘ ,

where Jo is the Bessel functibn of first kind and zero

-

order and £ is the dummy variable.
© =137 -
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‘ o
~

.(e) ¥ = ki/v(ab)
- — /'T-=a£ ‘ at n = 2
() - ¥ = kgD

T =Dt/A2 " atn o e

“all cases at n = 0, 1, 2, and ® can be shown graphic-

ally by plotting y~T curves which are given in Figure E-1. -
For other values of n King suggested that the curves ;ill

undergo a smooth transition between high and low t asymp-

»

totes. - Curves for ﬁ = 3 and n = 4 are also given in

Figure E-1 under this éonsidefaﬁion. - Y.
With the definition for apparent exponent on diffusi-

vity, m =‘d1nkL/dlnD, Figﬁre.E~2_is adapted from Figure

E-1 and shows .m being a function of T and n.
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Figure E-1. General modél for free surface mass
transfer '
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Figure E-2. Exponent on diffusiviky vs. dimensionless
: surface age .
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