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The present apparatus was used to obtain rate data for the
absorption of oxygen in a catalysed liquid phase reaction with acetal-
dehyde. The effects of several system parameters, namely, ascetaldehyde
concentration, catalyst concentration, partial pressure of oxygen and
temperature on the rate of absorption were studied,

An attempt was made to correlate absorption rates and product
distribution with mathematical models based on the film theory and
existing kinetic models proposed by Bolland and Bawn. Absorption
rates predicted by these semi-empirical correlations are compared with
experimental values,

The differential equations involving diffusion with chemical
reaction were solved on the digital computer IBM 7040 and the analog
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NOMENCLATURE

oxygen
constant in Arrhenius Equation
area, fta
acetaldehyde monoperacetate

acctaldehyde = ACH

peracetic aéidA; ACOOB

concentration of oxygen in liquig, gm-moles/ft3

interfacial concentration of oxygen in liquid, gm~moles/ft3

initial bulk concentration of oxygen in liquid,gmanlEB/fts

tulk écncentration of oxygen in liquid, gm—moles/ff3
concentration of AMP in liquid, gm--moles/ft3

concentration of acetaidehyde in liquid, gm~molea/ft3
bulk concentration of acetaldehyde in liquid, gm-moles/ft3

concentration of peracetic acid in liquid, gm—moles/ft3

. bulk concentration of peracetic acid in liguid, gm-moles/ft3

concentration of cobaltous ion in liquid, gm-moleS/ft3
intensity of light ~ .~ . -
concentration of benzoyl peroxide in liquid, gm—moles/ft3
goncentration of hydroperoxide in liquid, gm—moles/ft3
concentration of component n:in liquid, gm--moles/ft3
diffusivity of oxygen in ethyl acetate, ftz/hr

diffusivity of acetaldehyde in ethyl acetate, £t°/hr

diffusivity of peracetic acid in ethyl acetate, ftz/hr
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diffusivity of component n in ethyl acetate, ftz/hr
gas flow rate, fﬁg/hr

step funetion, . Lol

1

> reaction rate constants defined by individual rate equations

f

/

mass transfer coefficient in the liquid phase, ft/hr

mass transfer coefficient with chemical reaction in liquid
phase, ft/hr

mass transfer coefficient in the gas phase, gmumoles/ftz-hr-atm
overall liquid mass transfer coefficient, ft/hr

overall liquid mass transfer coefficient with chemieal
reaction, ft/hr

equilibrium constant = CBCC/ CAMP

Henry's constant = Pz/x2 atm/mole-fraction

rate of absorption per unit area, gmamoles/ftahr
partial pressure of gas, atm

vapor pressure of gas, atm

partial pressure of oxygen in the gas phase, atm,
partial pressure of organic vapor in the gas, atm.
reduced pressure

total pressure, atm.

rate of initiation
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ry correlation coefficient

R gas constant, litre-atm/moles’X
RH hydrocarbons

ROOH hydroperoxide

R = T (22400)/273, ml.
RY = mb(zahoo)/273; ml.

interfacial concentration gradient of A, gm-moles/ftk

- B - B

S .
time, minutes
tempéi;tur;,voc;
A temperature in the gas burette, K
TR reduced temperature
Tv iemperature in the vessel, bx
x depth of the liquid from the interface, ft
XR = X1 reaction zone, ft
f£ilm thickness for physical mass transfer, ft
x2 solubility of the gas in ligquid, mole fract;on
VA molal volume of component A at normal.boiling point, c.c.
VAs voéume of gas to saturate a given amount of liquid =

x V, Tb
M % TR 2o (22000), m

[

volume of gas gpace in vessel, ml

Y

molal volume of the liquid, ml

VR volume of liquid in vessel, ml

Vs volume of oxygen in vessel at timé:t, @l
YAi mole fractionof oxygen in vessel at time ¢
YOB | mole fraction of oxygen in gas burette

2 compressibility factor

v



AE

[T

AH
app

assocliation parameter
viscosity, ' cp.

solubility parameter

‘enhancement factor

activation energy, Kcal/gm=mole
chain length of a chain reaction
concentration

enthalpy of vaporization Kecal/gmemole

apparent enthalpy of vaporization, Kcal/gmemole
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I INTRODUCTION

In recent years, an increased emphasis haes been placed on
golving the problem of predicting the effect of a simultaneous chemical
reaction on the rate of gas absorption. This is due, in part, to the
increasing number of industrial applications of gas -~ liquid reactions
in chemical processes; it is also due to the possibility that studying
the effect of a chemical reaction may offer a means of inferring the
kinetics of the reaction and the mechanism of the absorption process.

Direct oxidation by molecular oxygen is a widespéead phenom-
enon. It has given rise to several important modern processes in the
chemical industry, such as, the production of vhenol from cumene,
acetic acid from light paraffins, and peracetic acid from acetaldehyde,
which is the primary concern of this study.

In these processes, a direct contact of the gas with the liquid
is necessary., As the design of contacting equipment for absorption
requires a knowledge of rates of transfer,the purposes of th%a research
are two - fold:

(1) to make preliminary studies of the effect of several variables
on the rate of absorption;

(2) to attempt to eorrelate absorption rates with product dis-
tribution by a mathematlical model based on the film theory.

Apart from the fact that it is simple to construet and to
operate, the stirred vessel was chosen for this investigation, because

1



the interfacial area was known and the absorption rates were fast
enough to build up a sufficient concentration of the product within

& reasonable period of time for analysis using simple titration

methods.



II LITERATURE SURVEY

1I.1 Chemistry and Kinetics of the Autoxidation of Acetaldshyde

The basic theory of liouid-~phase oxidation of organic materials
was elucidated by Bolland, Gee and Garner (1,2)., It was found that
many of these oxidations are chain reagtions and because of their char-
agteristic of producing hydroperoxide which further accelerates the
reaction, they are often referred to as autoscatalytic,

The oxidation of cumene was studied by Twigg (3). The
simplicity of this oxidation is due to the activation of the tertiary
hydrogen atom adjacent to the benzene ring. The mechanism leading to
the production of hydrqperéoxide is believed to be the same in the case
of acetaldehyde which alsoc possesses a hydrogen atom agtivated by a
carbonyl group.

Based on his studies of hydrocarbon oxidation, Bolland (1) has
outlined a pessible reaction scheme which, Twigg (3) believed, can be
applied equally well to aldehydes. Using Cobalt salts as catalyst, the

resulting simplified rate equation is as follows:

0 35
Tdt T tYC “Ca B (1)

where CA' Cca: CB’ Cc are the concéntrationa of oxygen, catalyst, acet-
aldehyde and peracetic acid respectively; k is the reaction rate constant,
Bawn and Willismson (4) Wwewe the first workers to investigate
experimentally the kinetics of the oxidation of acetaldehyde using
3
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cobaltous acetate as catalyst. They have éoncluded that the rate of
oxidation is proéortional to both the acetaldehyde and the ¢atalyst,
but independent of peracetic acid concentration. The rate equation
is:

-3C
“&Eé = kl cB cCa ().

where klisﬁhsr@action rate constant,

The oxidation of acetaldehyde when catalysed by traces of metal
salts also gives rise to a nmumber of products, the distribution of which
is governed critically by temperature.

Generally, at temperatures between 0° and 20°C. the reaction
can be said to proceed in three well—defined stages:

(1) the oxidation of aeetaldehyde‘to peracetic acid
CH,CHO + O, = CH,COO0H (3
(2) the reaction of peracetic acid with écotaldehyde to give an
addition compound agetaldehyde monoperacetate (AMP) which is
"2 in"equilibrium with its components
CHBCOOOH + CHBCHO —-_— CHBCHO(CHBCOOOH) _ (4)
(3) the reaction of acetaldehyde with peracetic acid to form

acetic acid

cujcooon + CH30H0 g 2c33cooa (5)

II.2 Theery of Mass Transfer with Chemicel Reaction

1I.2,1 Steady - State Mass Transfer
Mathematical models for predieting the effect of chemical reace

tion on the rate of gas absorption were first developed by Hatta (5,6).



5
and Davis and Crandall (7) based on the assumption that the resistance
to diffusion is concentrated within a thin liquid film adjacent to the
gas - 1liquid interface,whiie the main body is so thoroughly mixed that
no concentration gradient exists within it.

The assumption of two such films, one in the gas and one in the
liquid, is the basis of Whi tmen's (8) two ~ film theory and the resulte

ing concept of resistances in series which can be expressed as:

1 1 1

A S T 6)

K’L mkg kL :
oY 1 - _]_.__ + m (7)

where K; and K; are overalll mass iransfer coefficients based on the
liquid and the gas; ks and k; are mass transfer coefficients of the gas
and the liquid respectively; *indicates mass transfer with reaction.

The rate of absorption is given by:

Ny= g (G - Cy) | (8>

= Kt (cAg ~ Cpyp) (o)

where CAg is the hypothetical concentration of oxygen in equilibrium

with its partial pressure in the gas phase; GAL is the concentration

&

of oxygen in the bulk of the liquid,
However, it is useful to express the effect of chemical reaction
on gas absorption in terms of an enhancement factor, ¥ which is defined

ans

k¥

L
B o — (10)
kg,



where ki‘and kL are obtained under almost identical hydrodynamic
conditions. It is hoped that by intreducing $ the effect of the
complex hydrodynamics of the experimental system on ki and X may
be cancelled out,

In order to simplify the situation so that the idealized
model may be applied to interpret experimental data the following
assumptions are necessary:

(1) The gas phase resistance is negligible compared to the
liquid so that Ki & ki and CA%:CAg

(2) The liquid surfaée is continuously saturated with the gas,

(3) The concentration of the dissolved gés in bulk of the liquid
is zero or nearly zero when reaction occurs,

(4) Hildebrand's semi - empirical equation (9) for the estimation
of the éolubility of oxygen in ethyl - acetate ims applicable.

(5) The gas phase is saturated with acetaldehyde and peracetic
acld vapors so that there is no transfer of these materials agepas the
interface.

(6) The liquid contains moetly ethyl acetate and thus the effect
of bulk flow in multiecomponent systems can be considered negligible,

(?) All physical properties including diffusivities, densities
and viscosities are virtually constant throughout,thé liquid,

With the‘above assumptions‘the film theory differentisal equation
can be deriveddggr component n as:

Dﬁ --% = rate of change of concentration of component n (11)
dx ’ .

where Dﬁ is the diffusivity of component n in the liquid.

The right - hand - &ide of equation (11) derived from the kinetics



of the reacting system may be a function of the concentrations of
reactants or products, 4{ equations analogous to equation (11) can be
written for n components and solved simultaneously subjected to known

boundary conditions,

11.2,1.1 Mas ansfer With Chemical Reaction Follc; 3 Polland's
Mechanism
Adopting Bolland's reaction mechanism for the autoxidation of
acetaldehyde, taking into dccount the side reaction of acetaldehyde
and peracetic acid to form acetic acid and keeping CCa constant,

equation (11) can be written for various components as

D c-1-2--0—-“- = kbC:%C 3 (12)

A de 1C B
a%cy b % b

Dy R k8¢ Cp *+ k0l (13)
&%, b % b -

= w0 C '
D 3 C k,C." Cp + kC.Ch (1h)
X
P
where kz = kCCa2 and kz is the reaction rate constant for the reaction

given by equation (5).

The boundary conditions are:

dc. ac
'(l) at X = 0, CAacAi,i;ézS,qgaO,—-&%uO (15)
X

(assumption (5))



where S, according to Fick's First Law, is given by: S =-NA/DA

(2) Mt Xg=X<X,C, _, 4, - 0, no reaction (16)
= Y,

dx

(Assumption (3))
where XR is defined as the reaction zone and XL 4o the film thickness.
Furthermore, as CA = O the first reaction term in equation

(13) and (14) vanishes and hence

dacB b
Dy —;;3 = k,C.Cp
(17)
a°cy .
DC 2;3- = kZCCCB
(3) At X = Xpe Cg = Cppo Co = Cgp, (18)

The resulting concentration profiles in the film are shown in figure 1.

1I1.2.1.2 Mass Transfer With Chemical Reaction Followina Bavmn's Reaction
Mechanism,

Combining Bawn's rate equation and equation (11),keeping cCa

constant and assuming that

a( AME)

a2 (Y%

dt ’
the following equations can be written for various components as:
a’c

D3 =¥ICy (19)

-

* See Appendix VI



CONCENTRATION

GAS  FILM  LIQUID FILM
Pag |
Coi [T
\
\ :
\.
KR D —
L
DISTANCE '

FIGURE 1 CONCENTRATION PROFPILES IN THE FILM
dCB dCC
=0, C,=C,, —~ =0, — = 03
?TA AL dx ’ ax ’

=X CA:—' 0; X>/XR s NO REACTION

R,

X=X » Cp= Cpp, C¢= Ccp



10

o @
D 5 = k" C.5/C, (20}

—— "
D =-k" Cp . (21)

where k" = k}CC .
: B a
The boundary conditions are the same as the previous case except
when X € X € X the right ~ hand - side of equations (19) (20) and (21)

completely vanishes,

1T7...2.2 Unsteady Mass Transfer

As tfuly stognant films ere hardly conceivable in industrial
absorbers, Higbie (21) was one of the first to suggest the application of
the unsteady - statd diffusion concept to the process of gas absorption
with chemical reaction., Dasnokwerts(10) has described and sbdlved equations
for the rate of absorption of the solute gas into a semi - infinite
modium with which the mas undersoes a first order or pseudo - first order
reaction. Brian, Hurley, and Hasseltine (11) have solved the unsteady =
state diffusion equations with reactions of second order. Brian (12)
in his recent paper has extended his solution to cases where the reaction
is nth and th order with respeet to the gas and the liguid., However,
the kinetics for many gas - liquid systems, such as the oxidation of
hydrocarbons, cannot be explained by the existing theories. It was not
until recently that Van de Vusse (13%) started to deal with this type of
reaction by assuming-it zeroth order, that is, the rate of reaction is

no longer dependent on the concentration of the reactants nor the
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products, A rigorous mathematlcal treatment of the problem was given
by Astarita and Marrucci (14). The unsteady - state diffusion involve
ing zercth - order chemical reaction is represented by the following

differential equation:

2

2°c, 8C,
D, =2 = —= 4 k., H(C,), (22)
A dx2 at Co™ A

where the functionlxqeﬁs defined as:
H(CA) = 1, when C,>0 (23)

H(CA) = 0, when G, =0 (24)

and kCo is the zeroth order reaction rate constant.
The liquid medium is assumed infinitely deep, and the boundary

conditions are:

t=0, X>0 , C= CAO
t>0 . X=0 ; C=0Cpy (25)
t>0 X == ® , GC=mnax (Cy ~kyt, O)

where max (C,, - koot 0) 1s equal to the larger of Cpo = kgt and O.

For the special case, where Cp, = O equation (22) cannot be

solved analytically. However, for values of kCot an approximate

solution was given by Astarita and Marrucci as

¢ . Koo ﬁ_(kCo_‘//ecAiDA
AT p, 2 D

)x+¢C
A kCo il

(26)

B

Equation (26) is independent of t indicating that a steady - state

has been reached, Differentiating equation (26) one obtains:


http:differenti.al

(27)

(28)

12



IIT SCOPE

The purvoses of the expérimental work were two-fold:

(1) to study the effect of several variables, namely, acetaldehyde
concentration, catalyst concentration, partial pressure of oxygen and
temperature on the rate of absorption

(2) to attempt to correlate absorption rates with product distriw

bution by a mathematical model based on the film theory just reviewed,

3



IV EXPERIMLNTAL DITATLS

IV.1 Description of Apparatus

The apparatus used by Akehata (15) was adoptcd for some pre-
liminary studies. It was later modified to eliminate contamination
by rubver, to enable long runs to be made with less attention and to
minimize back « diffusion, The meodified appératus and the reaction
vessel are shown in Figures(2) and (3),

The essential fcature of the apparatus is an open cylindrical
glass vessel, (Fisher Standard Reacti-om Kettle) 4 inches I.D, and 8
inches high. The 1id of the vessel has four ground glass junctions
leading separately to a gas burette, feeding fummel, mercury seal and
a bleeding stopcock, The 1lid and the vessel are jointed by ground
glass contact and brought tightly together by stainless - steel clamps.
At the bottom of the vessel is a delivering tube for draining and
sampling. The mercury seal allows the introduction of the stirrer and
at the same time seals the vessel {rom the atmosphere. The apparatus
is immerscd in a thermostatted ethylene - glycoi -~ water bath which is
kept below room temperature by a cooliny coil., Agitation in the vessael
is obtained by a stirrer with three blades so that both the gas and the
liquid phases are well - mixed,

By means of a three « way stoncock the vessel comnects either
to the gas burette or the gas storage tank, The gas burette is “

14
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17
jacketed by water at room temperature, The gas tank is connected to a
constant head bubbler, |
Atmospheric pressure is maintained in the gas burette and in the
reaction vessel by means of a mercury levelling bottle. Pressure inside

the vessel is indicated by a manometer,

IV.2 Advantages and Disadvantages of Apparatus
Apart from the fact that it is simple to construct and to

operate the apparatus has the foliowing advantages over packed or plate -
columns which are often engaged in gas absorption studies. |

First, the interfacial area is known.

Second, although the hydrodynamic condition at the ilnterface
is: not well defined, it may be assumed laminar if the stirrer speed is
low,

Third, with the stirrer at low speeds the liquid surface is plane
and the main body of the liguid is thoroughly mixed, The eéxlistence of a
very thin film of liquid at the interface, where rsaction and resistance
to diffusion are concentrated,; mmy be conceivable. However, without the
stirrer the liguid layer is stagnant and of semi-infinite thickness,
Mass transfer of an unsteady-state nature is likely to occur,

Fourth, sufficient concentration of the product can be built up
within a reasonable period of time for analysis using simple titration
methods,

The above characteristics of the apparatus enable the data to be
interpreted in terms of the film theory or in terms of an unsteady =

state diffusion equation when there is no stirring in the liquid phase,
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However, the 'apparatus has its limitation in measuring low

rates of absorption, especially, in the case where no chemical reaction
ocours, Because of the presence of the mercury seal and the ground
glass joints the apparatus can only be used for pressures slightly

higher or lower than atmospheric,

IV.3 Experimental Procedure
The purposes of the experimental work were two-fold:

(1) To study the effect of several variasbles namely, acetaldehyde
concentration, catalyst concentraﬁion. partial pressure of oxygen and
temperature on the rate of absorption.

(2) To correlate the product distribution with the rate of
absorption,

Hence, the first set of experiments consisted of measuring the
initial rates of absorption while varying the above parameters, The
second set involved the determination of product concentrations as well
as absorption rates.

The general procedure for all experiments was as follows:

At the start of each run the ethylene « glycol - wéter bath was
maintained at the desired temperature by adjusting the flow rate of the
coolant. The gas tank and the burette were then filled with oxygen or
an oxygen - nitrogen mixture. The reactor @as:¥ldshédbwith the-same gas
until air was completely displaced. A mixture of acetaldehyde, ethyl
acetate and freshly made cobaltous acetate standard solution was fed
intc the vessel which was then connected te the gas tank, The stirrer

and the stop clock were started simultaneously., To measure the rate of
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absorption the gas supply from the storage tank was shut off and the
burette was connected to the reactor. By means of a levelling bottle
the pressure in the reactor could be adjusted to atmospheric while
burette readings were taken at convenlent intervals,

The concentrations of peracetic and acetic amcid, AM.P and
unreacted acetaldehyde were determined by simple titration methods as

described in Appendix IX,



V RESULTS AND INTERPRETATION

V.1l Physical Mass Tragnsfer

It was shown in eguation ( 8) that Ny=kglc,, - CAL)'

If there is no dissolved oxygen in the liquid at the start
of an experiment,CALgt time t can be related to the volume of oxygen
absorbed. Assuming the gas phase resistance is always negligible so

that C,. is practiecally equal to C which can be estimated from

Al Ag,
the solubility of the gas in pure solvent, it c¢an be shown that kL
is given by
VL CAL
vyt = 2,303 = log (d-7775 ) (29)
A A "~ CaL

Log (CAi - GA},was plotted against t. The metbod of_leaat 2quUAres was
used to find the slope of the resulting straight iine and kL was cal-
culated uveing equation (29), |

The mass transfer coefficients at various ?xpsrimentél conditions
are tabuléted in Table 1. It indicates that the mass transfer coeffi-
cient increases markedly with stirring speed and gradually with temperg-
ture. Increasing stirring speed would tend to make the liquid film
thinner thus ateepeniﬁg the concentration gradiesnt at the interface.
An enhancement in mass transfer is then expected.

The increasa of diffusivities with temperature is believed ﬁo be

the cause of the effect of temperature on the mass - tranafer coefficient,
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Expt, | Stirring Speed | Apparatus Tempegature L, :Areragez
o, r,p.h, -3 C. it < 102 kalo _
' hr
6 509 Akehata b 7.62 ]
7 509 " b 9,60 .;t: , 3
9 509 . " b 7.13 k 8.32
13 5009 . R L 8.80 )
14 509 " 4 8.50 |
102 395 " 0 4,10 ~
o8 : 395 " 0 b, 16 } L" 13
.03 305 " L 4,12 } L, 36
104 395 " b k.60 _
95 395 10 4,55 } 4,69
99 39 " 10 4,83 o
12% 120 modified 5 3.90
%54 . 120 " 5 4,10 } k.00

Ar { Akehata) = .O475 :1E‘t2 E
A, (Modified) = ,0873 2

v, = 5.66 x 10™0¢¢>

TABLE 1 MASS TRANSFER COEFFICIENT
WITHOUT REACTION

V.2 Effect of Several Varisbles On Mass Transfer with Chemical Reaction

It was zssumed, when reaction ocours that all of the dissolved
oxygen in the bulk of the liguid was reacted and its concentration was

zero, Then,



V,2.1 Acetaldehyde Concentration
Figure b illustrates the effect of acetaldehyde concentration

on the ratio Ki/kL which increases sharply at low concenfrations, then
gradually, and eventually approaches a constant value.at high concentrations.

This behaviour can be explained by applying the two « film
theory and the resulting concept of resistances in series which can be
expressed by equation (7).,

It was shown in Section I.1 that the rate of reaction and hence
the oxygen uptake is proporticnal to acetaldehyde concentration. Con~
sequently, at low concentrations reaction is slow and k£<? mkg; Ki is
then equal to ki. The ordinate will represent ¥ which is dependent on
acetaldehyde concentration (region ab, Figure L4). However, as the
concentration inereases. ki is s0 largé,and furthermore, acetaldehyde
vapor content in the gas phase becomes so high that the gas phase
resistance is no longer negligible. When this occurs the ordinate will

»

not represent ¥ but a smaller value E;— (region bec, Pigure 4).

As concentrations further increases ki,becomes much larger than
mkg. In this case Ki ¥ mkg. The absorption rate will only depend on
the partial pressure of oxygen (region cd, Figure 4) and is given by
NA = mkgCAg = kng.

The same behavior was observed also in later work when this set
of experiments was repeated at various temperatures and by Hatta in his
CO, - NaOH absorption studies (5).

In order to illustrate the effect of chemical reaction on mass

transfer the concentration of acetaldehyde wes confined to region a2 -« b

for subsequent experiments.
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V.2.2 Catalyst Concentration

Figure 5 illustrates the effect of catalyst concentration on
the enhancement factor which increases markedly to a maximum and then
decreases gradually.

It was reviewed in literature (1,2,3,4) that the initiation of
reaction is due to the decomposition of hydroperoxide by the catalyst
and thus the overall reaction is a function of catalyst concentration.
The relation according to Bawn (4) is first order.

However, the occurrence of the maximum in Figure (5) may be
explained by the following hypotheses (16),

(1) The hydroperoxide has a "steady - state" concentration when
the rate of its formation by oxidation is equal to the rate of decom=
position to free radicals by the catalyst,

(2) The catalyst may form inactive migelles (16),

(3) The catalyst may take part in both the initiation and the
termination of the chain reaction (16).

Hencey further increase of catalyst concentration may not have
any caialytic effect, but rather kills the reaction by deéomposing the
peroxide to inactive products, such as acetic acid and acetic anhydride,

It was also shown in the '"Preliminary studies on peracetic «
acid production in a cocurrent flow reactor" (see Appendix XII) that the
yield of peracetic acid decreased with increase in cafalyst concentration
after a maximum was reached, The increase in the production of acetic
acid after the maximum also supported the hypothesis.

It was noted that the retardation éffect of the catalyst at

high concentrations has also been observed in industrial processes,
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The range of catalyst concentration used in commercial processes
as reported in several patents (17, 18, 19, 20) lies between 5 and 30
ppm (region ab in Figure 5).
It was observed that the ¢cobaltous -~ acetate solution originally
pink in color turned green as soon as contacted with acetaldehyde and
remained green throughout the experiment, This behaviour can be explained

by considering the initiation reaction.

cot™ + acoom cott + BY + aco0 (20)
Co'" + ACOOH Co™* + acO. + OH- (31)
ACO- + ACH == ACOH + AC. (32)

where AC represents CHBCO-

Equations (31) and (32) show that the cobalt ions undergo a
constant change of state. However. if reaction (32) predominates, the
ions will appear to remain in the higher state and the solution is green

throughout the reactien.

V.2,3 Partial Pressure of Oxygen

The mass transfer coefficient ét various partial pressures of
oxygen and stirring speeds were tabulated in Table 2. When ki was
plotted against partial pressure for r.p.m., = 206 the slope of the result-
ing straight line estimated by the least squares method was = . 0087,

Hence, at certain stirring speeds ki did not vary with partial
pressure of oxygen between ,21 - ,95 atmosphere.

The constancy of ki as the gas changes from air to pure oxygen
has justified the assumption that the gas phase resistance is negligible
(mkgz>ki) for concentrations of acetaldehyde below the value used in

this experiment,



[Expt. Stirring Speed Mole Fraction i ft./hr

No, r.p.m, . of Uxygen

52 206 .21 .532
[ " .50 . 490
Y " .50 _ .503
48 " .75 . 545
b9 | "o .75 .540
55 " .75 .569
53 " 1,00 , ) . 505
5k " 1,00 g 492
58 363 .50 .662
56 " .75 642
57 " 1.00 .643
59 509 .21 1,14
66 " .21 1.36
60 " .50 1.40
65 " .50 1,36
61 " .75 1,03
64 " .75 1.36
63 " 1.00 1.47

Catalyst Concentration = 6,0 ppm

TABLE 2 EFFECT OF PARTIAL PRESSURE ON MASS TRANSFER

It also indicates that interfacial turbulence, which should show
different effects on the mass transfer for different pértial pressures

of oxygen, if it exists in this system, is not noticeable (22).

V.2,h  Temperature
The mass transfer coefficient K{ was plotted against

acetaldehyde concentration for three different temperatures 0%, 4° and

10°C in Figure (6). It was shown that Kt in general increased with
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temperature, As the effect of temperature on reaction rates is
generally expressed by the Arrhenius equation as follows:

«AE

kt=Ae""R"§, (33)

thus Ki. which is equal to k£ at lower acetaldehyde concentrations,
becomes a strong function of temperature. ZEven at such a small
range (0° - 10°C) the effect is pronounced as indicated by the
distances a - b and ¢%.4d, | |

At high acetaldehyde concentrations,when Ki & mkg, the
effect of temperature is reduced as kgvis generally takep as propors

tional to Tn,where n is approximately 3/2.

V.3 Unsteady-State Mass Transfer Studies
Scme preliminary experiments with stirring only in the

gas phase were run. That the rate of absorption was independent of
stirring speed further justified the assumption that the gas phase
resistance was negligible compared to the liquid at low acetaldehyde
concentrations.

Resulis also indicated that the absorption rate was cone<
stant throughout each experiment, Hence it may be assumed that
steady - state had been reached a few minutes after the start of the
experiment,

Analysis of acetaldehyde before and:dfter each run showed
no essential difference in concentration., Thus the reaction, which is
first order with respect to acetaldehyde according to Bawn, may be

assumed pseudo - zeroth order.kco for various temperatures were
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calculated from the absorption rates using equation (28). With these
values of k&% it was estimated that the absorption rate had reached a
steady -~ state value after approximately 1.2 minutes for all the exper-
iments, Thus the previoué assumption was justified,

Log (kug) versus % was then plotted in Figure (7) and the act-
ivation energy was estimated to be 5,05 Keal/moles from the slope of
the resulting straight line,

When the graph was exéfapolated to 25°C.. at which Bawn's
experiment was carrieq out, & value for k%g was obtained and a com~
parison could be made in the following way.

Using Bawn's data ke" was estimated by letting it equal to k'cca.

For the present study . k" is equal to kCo/C .

Table 3 includes a comparison of kj" and the catalyst concentration,

Catalyst Concentration ’ " -1
(ppm) k" (hr)
Bawn result 9.0 1,54
Present Study 3,0 .96

TABLE 3 COMPARISON OF REACTION RATE CONSTANTS

The magnitude of k" in both cases is of the same order. The
higher catalyst concentration in Bawn's experiment probably accounts

for the higher k",

* Detailed calculation are found in "Estimation of reaction ¢onstant
from Bawn's data".
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There is né data on the activation energy of this particulai

reaction, |
The oxidation of hydrocarbons with benzoyl peroxide as fhe

catalyst has an overall activation energy ranging from 20 to 25 Keal/ .

moles (2),three quarters of which, however, werereported to come from

the dissociation of peroxide in the initiation step.
V.4 Effect of Product Distribution and Mathematical Models for Steady -

State Mass Transfer

This part of the experimental work was to determine the effect
of rate of mass transfer on product diétribution. HMathematical models
were built to correlate the product distribution with absorptiqn rates,

The concentration of AMP was found camparafively small in all
experiments and was neglected. A material balance of the less of
acetaldehyde by reaction with the formation of peracetic and acetic
acid showed that thé maximum percentage gain or loss of acetaldehyde
vas 6%, | |

Now, the film theory diffusion eqﬁatioﬁs (12), (13), (18, (18),
(20), (21) and the significance of their boundary conditions were re-
conaidered. Referring to Figure 1 which shows typical coneentrétion‘
profiles in the fiim, Xﬁ is: .ﬂdfimed as the reaction zone beyond‘
which oxygen concentration is zero; X;, called the film thickness for
mass transfer without chemical reaction,is equal to Dk/kL' Physically,
it can be defined as the distance from the interface to the place where

the stirrer cuts the concentration profiles,so that beyond this point

the liguid is well mixed and all the econcentration gradients become zéro.
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As only one stirring condition was used XL could be considered the same
for both cases with and without chemical reaction,
Here $, the concentration gradient of oxygen at the interface,

can be related to the rate of absorption by Fick's Pirst law as

ac, : )
N, = =D, —= (34
A Adx| o

Diffusivities were estimated by Wilke's Equation (see Appendix XI)

V.41 Mathematical Model Using Bawn's Reagtion Mechanism,
and N,, equaticns (19), (20) and

With known values of CBL CGL
(21) were solved simultaneously for k" using an analog computer, The
values of k" evaluated for different bulk concentrations and the
corresponding rates were not constant, but varied linearly with acet=-
aldehyde concentration., k" was then plotted against CBL’ an empirieal
equation was cbtained as follows :

k= -bhb o+ 15850 (35)

Equation (35) was substituted into the diffusion aquations

which become

2

d°C, 2
DA-;;E = « 44t 4 CB + 15,95 CB (36)

2 3

a=c 2 C

B C B

Doz = - bi b c"'B + 15.95 == (37)
B dxa ! ¢ cc

dacc | )



34
Using these empirical equations and the bulk concentrationa
the concentration profiles in the film were predicted, and from equation
(34) the absorption rates were estimated, These predicted rates were
plotted against the experimental values in Figure 8, A least - squares
line was drawy through these points, The slope is 1,078 2,228 (.0936).
A statistical evaluation of the correlation is given in

Section VII

V.4,2 Mathematical Model using Bolland's Reaction Mechanism

According to Bolland (1,2) and Twigg (3) the rate of reaction is
also a function of peracetic acid, Hence, at the beginning of an
experiment the rate of absorption increased as more peracetic acid was
built up. Later on, as acetaldehyde was depleted the rate of absorption
started to decrease. Figure 9 shows a typical reaction curve,

A peracetic acid concent?ation term was built into the reaction
rate expression.‘

Taking into account also the reaction of peracetic acid and
acetaldehyde to acetic acid, a new correlation represented by tha

following equations f4t the data with reasonable accuracy.

dch Lo -
DA—;-;E = 1.134 CBCC (39)

2
d°Cq 1.9
DE—;;E = 1,134 ca?c + .20 CC, (40)

a°c

c _ 1.9
Dc—;;z 1,134 Cle + .20 C4C, (41)
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Predicted absorption rates were obtained as in the last section
and plotted against fhe experimental values in Figure 10. A least
squares line was drawn through these points. The slope is ,943 + 2,228
(04592)., A statistical evaluation of the correlation is given in

Section VII,



VI CONCLUSIONS AND RECOMMENDATIONS

A simple apparatus has b;en ugad to obtain rate data for the
absorption of oxygen in a catalysed liquid phase reaction., The effects
of several system parameters have been studied and reported graphically
and the following observations have been made:

(1) The range of acetaldehyde concentrations studies was from ,017
to .24 mole fraction., The rate of absorption was controlled by the rate
of reaction at the lower range but limited by the partial presauré of
oxygen in the gas phase at the higher range,

(2) The effect of cobaltous acetate concentration ranging from O to
116 P.p.m. was studied. The highest absorption rate oceurred at con=-
centrations from 5 to 10 p.p.m,

(3) The rate of absorption increased with temperature. The effect
was more pronounced at lower acetaldehyde concentrations. The ianga of
temperature studied was from 0°. to 10°c,

(4) The suspected effect of driving foree, which was varied by a
factor of five, on interfacial tension change and thus on mass transfer
coefficient was not found,

The present apparatus can still be used for further investigations
of the effect of other parameters, such as, solvent and catalyst other
than ethyl acetate and cobaltous acetate,

Mathematical medels based on the film theory and on previous

38
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kinetic models in the literature have been applied to the data. The
following conclusions may be made;

(1) Using the mathematical models the rate of oxygen absorption
under the present experimentai conditions can be predicted, provided
that the product distribution and a coefficient of mass éransfer with=-
out reaction are known,

(2) Bawn's mechanism is not adequate to interpret the present
experimental data, The empirical model based on the modified rea&tion
mechanism predicts absorption rates within £ 30% of the experimental
values,

(3) The mathematical model based on Bolland's rate equation predicts
absorption rates within £ 15%, However, this correlation is also a
semi-empirical one as the exponent of G_ has a higher value than that
derived theoretically.

A better agreement between the theoretical prediction and
experimental measurements is hard to obtain. This is due, in part, to
the uncertainties about the complex liquid and gas flow patterns and
about some system parameters, such as, the diffusivity and visceosity of
the liquid, which change as reaction proceeds; it is also due to the
unéertainty about the reacting system, for example, the kinetics and
chemical equilibrium of the reactions,and the stability of the product.

It is therefore, recommended that a kinetic study should be
made to develop a complete kinetie model taking into account all the
possible reactions in the temperature range concerned, Then a more
rigorous treatment of the problem of diffusion with reaction can be made,

The apparatus has also been used to obtain 8ata for the
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absorption of oxygen with no stirring in the liquid phase. The major
advantage is that the hydrodynamics in the liquid are better defined.
However, as the absorption rate was slow there was insufficient cone
centration of the product being built up for analysis.

It is thérefore suggested that by using high pressure cells,
higher absorption rates and better yleld of peracetic acid may be
obtained.

The present study of the effect of several parameters on the
rate of absorption has not yet provided enough information for the
design of reactors or other contaeting equipment, however, it has
prepared a sound starting ground for further mathematical correlations.
It has also established®range of catalyst concentration (between five
and ten parts per million) which gives the highest absorption rate.

The mathematical models ey now be tested in other experimental systems
and consequently may be used to predict the performance of bench scale

and industrial gas absorbers,



VII EXPERIMENTAL ERRORS AND STATISTICAL EVALUATION

The estimated experimental errors areé summarized in the following

tables, Detailed calculations are given in Appendix V,

AkL ft/hr Aki ft/hr AS

kL = ,041

£

kj = 1.0 g =250 .E = 25,0

-

T ,003

.005 £ ,008 t .20 3,13 g

TABLE 4 ESTIMATED EXPERIMENTAL ERRORS

i
Compound No. of Sample i Maximum Deviation
; From Mean
acetaldehyde 10 § t %
acetic acid 10 ! 0%

4

peracetic acid i 10 : -
] €

TABLE 5 PRECISION OF ANALYTICAL METHODS

The statistical evaluation of the experimental data is referred

to ° '"Volk, Applied Statistics for Engineers",
41
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When predicted values are plotted against experimental values,
the resulting straight line is expressed by:
§=a+bx ~ (42)
where a is the intercept and b, the slope of the straight line.
The confidence ranges of the slope and the mean as well as the

correlation coefficient of the correlations are tabulated in Table 6,

b a bt tsld) |- y¥ ts(y) r

First Correlation {1,078} -.00390}.863 ~ 1.293 ! .0429 - ,0775 .962

{Second Correlation| .948! ,00299{. 816 -~ 1.080 | .0613 - ,0697 .981

-y

7
i
!

T0,.001 = +823

b (prescribed) = 1.0
a (prescribed) = 0.0

TABLE 6 STATISTICAL EVALUATION
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APPENDIX I LITERATURE SURVEY

1.1 Chemistry and Kinetics

1.1.1 Kinetics and Mechanism
The basic theory of liguid phase oxidation of organic materials

was elucidated by Bolland, Gee and Farmer (37, 38). It was found that

.- many of these oxidations are chain reactions, Because of their char-

acteristic of producing hydroperoxide which further accelerates the
reaction, they are often referred to as autecatalytic. These reactions
are §eoelerated by traces of impurities, such as phenols and amines
or some organic eoﬁpounds, and accelerated by certain metal ions. The
pfimary product of oxidation is hydroperoxide, the stability of which
depends on the structure and stoichiometry of the oxidized material (39).
The oxidation of cumene was studied by Twigg (27) and his
colleagues, The simplicity of this oxidation is due to the activation
of the adjacent tertiary hydrogen atom by benzene ring. The mechanism
leading to the production of peroxide is believed to be the same in
the case of acetaldehyde which also possesses a hydrogen atom activated
by a carbonyl group.
Based on his studies of hydrocarbon oxidation, Bolland (37, 38)
has outlined a possible reaction scheme which, Twigg believed, can be
applied equally well to aldehydes.

The general scheme of oxidation (37) comprises of three steps
46
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1)

a)

b)

c)

b7

Initiation 2) Propagation 3) Termination

Initiation

In the initiation, free radicals are produced in several ways:
by radiation which splits the molecule into radicals
by the thermal decomposition into radicals of the hydroperoxide
already present prior to the start of reaction.
by the reaction of metal catalysts with the hydroperoxide to form
radicals,

As the last method is widely used in industry, it was also used

*in this study. The initiation step can be written for a cobalt catalyst

as:

2)

k
1 .
Co™* + ROOH ——w Co™* + H' + ROJ (14)
%
k,
Cott + ROOH ——» Co™™** + RO® + OH™ (1A')
[ ]
k.
) 3 o '
ROY + RH ———= ROH + R (1A")
Progggation
The two propagation steps are
o ka
R® 4 0, e R02° (24)

k :
[+] 3 (»}
ROZ + RH e~esem- ROOH + R (BA)
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3) Terrninaﬁi on

The c¢hains are terminated by the combination of radicals,

k
2R® —— gm (44)
k
R® + ROJ «—2—  ROOR (54)
k )
o &
2R02 —2 . ROOR +o2 (64A)

A complete kinetic analysis, allowing for all three termination reactions

gives no simplé explieit rate equation, However, an approximate treate

ment is possible by assuming k5 = k,_}l/ 2k61/ 2 whereupon it may be shown
that the rate of oxidation is given by:
1/2
dt 1/2 1/2C I/ZC + kh1/2k61/2r1/2

k6 kskl+ g * k2k6 A
where r = klcCaCC is the rate of initiation; the k's are the reactiom
rate constants, |

The chéin length is defined as the number of molecules of oxygen

taken up per initiafion

.‘dc
1 A ~
pA=;( "'&t_f) : (8a)

At the start of the reaction when peroxide concentration is
low the chain length is long, and the third term in the denominator of
equation (7A) can be neglected. Furthermore if the oxygen pressure is

sufficiently high the expressiocn can be approximated to
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at = (94)

-acA ’1/2?39RH
1/2
Equation (9A) explaine the shape of the ;bsorption curve (see Figure 9).
At the beginning, with little or no peroxide. the reaction is slow and
then accelerates as the péroxide builds Qp. The rate of reaction
reaches a maximum after which it starts to decrease because of the de-
pletion of the oxidizable material. Bolland and his colleagues have
carried out the oxidation of ethyl linoleate by three separate processes:
(1) venzoyl peroxide catalysis (42); (2) photo - oxidation (41);
(3) autoxidation (42)., The rate of initiation was found to be pro-

portional to CBZ 0.* Cil/aand CRO H} for the three cases respectively.

22 2 )
However, the three rate equations derived from experimental data can be

reduced to a common form,

«-dC C
A 1/2 A
——— o "k C - (104)
dt RH k CRH + CA
= k!
where r kbCBZ 0 for case (1)
22
= k! C£1/2 for case (2)
= kg' Ckoaﬂz for case (3)

The similarity between equations (7A) and (10A) showed a close corres=
pondence between the experimental and theoretical results, It is
generally accepted that the decomposition of peroxide formed during
various types of oxidation plays'an essential role in the initiation of

»
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the reaction, The decomposition of tetralin hydroperoxide was studied
and the rate of decomposition was found to be first order (33), While
in the oxidation of ethyl linoleate, the peroxide decomposition was
second order (33, 37), |

Kinetic investigations (33) of the thermal decomposition of
hydroperoxide derived from low molecular weight saturated hydrocarbons
have shown that the reaction is actually concurrent first and second
order, |

Comparing the experimental rate equations with the theoretical
and assuming the rate of initiation is the rate of decomposition of

hydroperoxides, composite quantities k3k61/2 1/2

and kzku can be eval-
uated. Bateman and Gee (41) have estimated k3 and k6 separately by
the "rotating sector techniques", Results are summarized in the

following table.

Olefin Temp. mo1™L 1 sec™t 6
°C k3 k6 xz 10
Cyclohexane 15 0.6 0.9
Methyl = ¢yclohexane | 15 . 1.1 0.5
Ethyl linoleate 11 5.7 0.5
Dihydromyrene 15 0.4 0.6

TABLE 6 RELATIVE MAGNITUDE OF k3 and kg (33)

The concludions which have been arrived at are:
1) The rate at which two ROE radicals react: is quite insensitive to
the structure of "R" in the radical.

2) The comparison of k3, the bimolecular rate comstant of tha‘peroxide
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decomposition process throughouﬁ a series of olefins ghow that any
variations are relatively trivial,

3) Consequently, the rate of autoxidation is mainly controlled by
ks

structure of the material being oxidized.

the propagation reaction which is very markedly dependent on the

Bawn and Williamson (25) were the first workers to investigate
experimentally the kinetics of the oxidation of acetaldehyde using coe
balt acetate as catalyst,

They have concluded that the rate of oxidation is proportional
to both the acetaldéhyde and the catalyst concentration. The rate
equation is

--dCA

emacg—— — 1]
dt i c

B:::%l (114)

This relation can be accounted for by a chair reaction mechanism
which differs from Bolland and Twigg's only in the nature of the termine
ation reaction. Bawn's termination step may be represented by one of

the following.
k

J
ACOO + AGOOH ————— inactive product (124)
kg
24600 ¢ ~——== inactive product (134)

Equation 1lA indicates that the rate of oxidation is not a function of
peroxide concentration as contrasted to equation (9A). Bawn suggested
at the veginning of the reaction where there is little paroxide, terme
ination is by the interaction of two Aﬁgg radicals. As peroxide builds
up, AGCO begins to react with A689§ forming inactive products. Assume

ing equations 1A, 2A and 3A represent the intiation and propagation
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reaction, the resulting rate equations for the two stages are:

-4
A /i% :
el kBCB Lo . (144)

k6 B eca
~dC, k. k
—a'-ég—l‘é =
€. Cp =k € Cp (154)

dt k7 ca

However, as the intial accelerating period is short, equation (15A) can

be considered as the overall rate equation,

I.1.2 8ide Reactions

The oxidation of acetaldehyde by molecular oxygen, when
catalysed by traces of iron, copper, and cobalt salts gives rise to
several products the distribution of which is governed critically by

temperature.  :Patha of reaction are shown in the following diagram (26)

20%
O, + CH, CHO ~———e CH, COOH + (CH,C0)_0O
273 PATH A ° 32
acetic acid acetyl peroxide
1
v
s} O [
£l = o0 d 5 | m
o & o ~ &
o v S =
# B4
S
rd Q
i H
: Path E
CHC « 0 « 0 «C =« CH, === ( w0 w(a
35 3 H3g O«H+ CHBCHO
Path F



These reaction paths are also governed by the type and the
amount of cataiyst employed, 4 h
Generally, at temperatures between 0% and 20% the oxddation
of acetaldehyde cazn be said to proceed in three well-defined stages:
‘a) the oxidation of acetaldehyde to peracetic acid (See Appendix
V1), CHBCHO + 02 -—«—'CHBCOOOH
b) the reaction of peracetic acid with acetaldehyde to give an
addition compound AMP which is in equilibrium with its

components,

AMP

CH,CHO CH,COOOH
3. >

¢) the reaction of acetaldehyde with peracetic acid to form

acetic acid

H_CHO + CH_COOOH ~———s— 2 CH_COOH
CH,CHO + CHy ~ 2 Ciy

1.1.3 Fermation and Decomposition of A M. P,

Galitizenstein and Mugdan (44) have prepared A.M.P, by the
oxidation of acetaldehyde with molecular oxygen. Temperaturelbad- to be
kept low and certain impurities, particularly manganese and water, had
to be excluded.

Careful analytical investigation of A.M.P, was made by Lesch (43)
who postulated that it is an addition compound of acetaldehyde and

peracetic ac¢id having a structure

0 H

] []
CHBC -0 =0= ¢ - 033

(o)

[

H

However, when the decomposition of the compound in water was
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followed, it was found that the compound has a structure which corres;
“ponds to (ACH.ACOOH) ACH whare the aldehyde outside the bracket is
said to be the aldehyds of crystallization,

Bawn (25) has shown experimentally that the decomposition of
A_Q.P. in the absence of catalyst obeys a first order law, The rate

ig accelerated by the presence of eobalt acetate and other metal salts.

This behaviour is consistent with that of hydrocarbon peroxides.

I}l,h The Role of the Catalyst

A number of heavy metals, particularly those that poséess two
or more valency states with suitaltle reduction and oxidation potentials,
sqch as cobalt, iron and copper, decompose hydroperoxides giving rise to
free radicals which can initiate a chain reaction. The metallic ion ean

act either as a reductant or an oxidant.

Co™" + ROOH —— Co" ™" + RO® + OH™ (1A)
++ o + .
cott 4 ROOH Co @ + RO2 + H (1A")

Thus the rate of oxidation of organic materials, initiated by the above
reaction, increases with the concentration of* the metal salt. However,
the catalytic effect reaches a maximum, so that further increase in con-
centration may, on the other hand, slow down the reaction., Kimiya and
Ingold (45) have summarized the various opinions explaining the phenomen-
on of this maximum rate of oxidatiom,

Firstly, the concentration of hydroperoxide may have reached a
steady ~ state when the rate of its formation by oxidation is equal to

its rate of decomposition to free radicals by catalysts., Further
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increase of catalyst concentration may not have any effect on the rate
of oxidation but rather on some undesirable side reactioms. This
theory was first provosed by Tobolsky (46, U48) and supported experimen=
tally by Woodward and Mesrobian (47),

Secondly, metal salts of organic acid, at high concentrations
may associate into inactive micelles. Once the critical concentration
has been passed furthcer increase in catalyst will tend to cause an
increase in the size and number of micelles rather than an increase in
the amount of active catalyst (45).

.Thirdly, George et al. (49) suggested that the metal catalyst
may take part in both the initiation and the termination of the free
radical chain reaction,

| Finally, the catslyst may react with the hydroperoxide to form
inaétive pr6ducts. Bawn and Williamson (25) in tﬁeir work on the oxid=
ation of acetrldehyde have.shown that the rate of decomposition of per=-
oxides is first order with respect to the catalyst. Hence an increase
in catalyst cOncentfation may cause further decomposition of peroxide,

and the rate of reaction may be greatly reduced,

1.2 Theory of Diffusion with and without Chemical Reaction

I.,2,1 Physical Mass Transfer and Enhancemgnt'Fgctgr

Generally, the rate of mass transfer of a gas intc a liquid is

expressed in terms of a concentration driving foree and a proportionw~

ality constant, the mass transfer coefficient in the liquid and thus,
NA = kL (CM - Cﬁ}, (194)
If the mass transfer is accompanied by chemical reaction in the

N



liquid phase, then kL is replaced by ki which is the mass transfer
L d
coefficient with reaction., Letting ¥ = E; , where & is called the

enhancement factor, the rate of absorption with chemical reaction is

given by

N, =kt (cAi - CAL =Bk (cAi - caﬁ (21A)

Therefore, the effect of chemical reaction is equivalent to multiplying

the liquid phase coefficient by ¥,

I,2,2 Steady State Mass Transfer in Stagnant Film of Finite Thickness

The kinetic theory of simultaneous diffusion and chemical
reaction in the liquid phase has been developed by Hatta (1,2), Davis
and Crandall (3) based on the assumption that the resistance to diffu=
sion is concentrated within a thin film adjacent &étthe gas - ligquid
interface. This film is assumed to have negligible capacity for
holding the'dissolved solute compared with the main body of the liquid,
which is so thoroughly mixed that no concentration gradient exists
within it. The assumption of two such films, one in the gas and one in
the liquid, is the basis of Whiteman's (24) two - film theory and of-

the resulting concept of resistances in series which can be expressed

as
1l 1l 1
S e e - (22&)
Ky omky kg
or
1 1 m
C I S . (ZBA)
K k
g & kl'

The mechanism of simultaneous mass transfer and chemical reaction
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~ is briefly described as follows. The solute A diffuses from the bulk of
| the gas through the film to the interface where it dissolves into liquid
B and is gradually consumed by reéction. Thus, only some fraction of
the solute ornons at all, if the reaction is fast has pagsed through the
liquid £1lm reaching the bulk in free state,
| The reactant B diffuses from the bulk of the liquid into the film
where it reacfs with A to form product C which diffuses in an epposite
direction back to the bulk of the liquid.
Throughout this section, the following assumptions were made in

order that the derivation of equations may be simplified.

(1) There is no variation in physical properties within the film.

(2) The reactant B and product C are non-volatile or .:’ - saturated
with the gas phase s0 that there is no mass transfer of these components
across the interface,

(3) The rate of accwmlation of materials in the film is zero.

(4) The concentration of the solute is zero in the bulk of the liquid.

In the liquid film, consider a slab of unit area and thickness
dx at a distance x from the interface as shown in Figure 1A, Accordingi-
- to Fick‘s'law, the rate of diffusion into the slab can be expressed by:
dCA

) 8A 2 - DA = (244)

Similarly, the rate of diffusion out of the slab is

dcC dacC

- A, 4 ~A
NA +aN, = - (DA rralil (DA dx) dx) | 17 )

If the solution is dilute, it essentially contains one component,
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then the diffusivity can be assumed constant throughout the film, Thus,

a, ac,
A= "D

N, + aN
A dx

The consumption of A is then

NA-(NA+dNA)=—dNA=DA——2— dx (254)

In steady state, the disappearance of A must be accounted for

by chemical reaction. By material balances,

2
a=C
D, —& dx = (rate of depletion of A) (264)

A dx2

The right hand side of equation (24A) may be a function of the
concentrations of reactants or products, depending on the order and
mechanism of the reaction,

Likewise,similar equations c¢an be written for reactant B and

product C as:

ac

Dy -3§ dx = rate of depletion of B (274)
dx

ac

D —_ dx = rate of formation of C : (284)

C d:'{2

I.2,2.1 First Order With Respect to Component A

If the reaction is first order with respect to component A, the

rate of reaction per unit volume can be expressed as
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rate of depletion of A = +kc;C 9% (294)

Substituting equation (294) into equation (24A), the following equation

is obtained

dch
Dy =5 =+l (304)

~

Assuming kcl constant throughout the entire film at any instant,

the solution for eqﬁation (30A) was obtained by Hatta (1) as:

c, = Ale“" + Aze""" (31A)

Applying the following boundary conditions

X = O| CA = cAi' (32A)
X = X ¢, =0, (324AF) -
the concentration of A in the film is given by
Sinh o (JcL - X) =
C, = c and o = «/ "C1 (334)
A Sinh a XL AL’ 5 .
A
ac
Cosh - X
Therefore, E;ﬂ =080 @ (XL ) «a cAi

Sinh & XL

The rate of diffusion of A into the liquid is obtained by mul-

tiplying the slope at X = O by the diffusivity D,., Thus,

ac - Coah(alL)
N, = «~1D ('—A) = D al
A A dx’x=0 ATCAL s.inhfaxLS

D"aé“i C(34A)
= 3ha
’I’anhzaXL). .
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Alternatively, the rate of mass transfer across the interface can

also be expressed as equation (19A) that
= k* -
Ny= X (C - Chd

In this case, CA = 0 at X2 XL

then

Equating (34) and (35),

D.a
k‘.g -—A;'-—-
L tanh(aXL)

From equation (20A)

-

3 = EE— and letting kL = D

(354)

(36A)

(374)

Examining equation (34A) a few interesting observations are

A
ky, X,
then (xLa)
Q ——
tanh(XLa)
made.

First, the rate of absorption should be constant if XL governed

by hydrodynamic conditiona are unchanged.

Second, when (aXL) is very small (<0,2) due to slow reaction rate

or thin film, 2 is nearly unity. In such cases the absorption is

essentially by physical mass transfer., The effect of chemical reaction

upon rate of absorption is negligibly small,

Third, when (aXL) is large (>3.0) due to rapid reaction rate or
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thick filw, ® is equal to (a XL) equation (544) then becomes
N, = "'/{chA Crs : » (384)
In such cases, the rate of absorption is independent of film

AN
thickness or hydrodynamic conditions of the liguid phase.

I,2,2,2 Second Order with Respect to Components A and B

If the reaction is second order with respect to components A
and B, the rate of reaction can be expressed as kaCALB‘ where kc2 ig

the reaction rate constant. Then equations (26A) and (27A) become

e, o

D 5 s kcac AcB (304)
dx
4

Dy -——dea = k,,C,Cq (40A)

Assuming that B is non - volatile and also that the concentration
of B 1s constant throughout the bulk of the liquid, the boundary condie

tions are

2

C
—8_o.

.X=0,CA=CM,dx..,

(434)

X=X €y =0, Gy =Cyp
Since equation (37A) and (384) are non-linear differential

equations analytical solutions are impossible. However,

s __p 4
since N, =k CAi =-D, Al xo0
. dx
ac,
K, = (= Dy —3)x-0 Cas

g e '
then B =g - (- o %/ S (424)



An arproximate slution was obtained by Van Krevelen (5).
Assuming CB = CBi throughout the reaction zone, after which CA = O and
CB increases linearly to CBL at X = XL his explicit solution is expressed

as:

-/ M(1-g(3 - 1))

P = 4 (434)
tanh /M (1-q(B - 1))

Equation (43A) is plotted in Figure (24)

where 2
> Ko oCpp¥y
M=0C. RS X = Sl
! BL 70 7L D
A
q = A CAi
% Cpp,
2. Xk
0" g
It is noteworthy to consider equation (43A) in some limiting

cases

(1) When M. approaches Zero ¥ tends to unity., This condition is met
if either the rate of reaction is slow or the film is thin, In
such cases, physical absorption prevails.,

(2) When M approaches infinity, then

1im 2/M(deo(d - 1))

lim & = 0 as

M—-m

tanh (@) = 1,

Since ¥ must te finite

lim +/1 - q(® - 1) =0 (L4hA)

Meem

Consequently,

=1+ i =1 + DB CBL (454)

1 Dy Caa
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Equation (45A) was alsoc derived by Hatta (7) for absorption with
second order fast reactionms.
For any gas -~ liquid reacting system, if the reaction rate is
fast or the film is thick the rate of absorption is independent of kca
and X.L but increases linearly with CBL'

(3) when q approaches zero, equation (41A) becomes:

B = - % °‘°~ 2 (464)

tanh-\/
tanhX / Ecz_caza._
DA

which is identical to equation (434) for first order reaction
provided that the rate comstant k , is now replaced by (k02 CBL)' This
case' corresponds to a pseudo - first - order reaction in the film, that
is, CB = CBL = CB:L' X=zo0,

Comparing equations (36A) and (46A) it can be shown that when

M>3,0 equation (46A) becomes:

L Dy g
D
But k‘L = YL& N
hence, kf = %kaCBL) D, (478)

I.2.2,3 Reaction Mechanism of Complex Nature

The above discussions have made the tacit assumption that the
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absorption of gas A into liquid B is accompanied by reactions of simple
mechanism, such as, A + B ——= C, in which case rate equationsmay be
formulated by the law of mass action,

In most absorption processes the mechanism of reaction is com-
plicated by side reactions, consecutive reactions or chain reactions.
However, the film theory can still be applied if the mechanism of the
reaction is known, Reaction rate expressions are first formulated
according to the proposed mechanism and equated to diffusion terms. A

general equation is written as

2
ac
Dn -—92 = - rate of change of concentration of component n
dx (484)

Equations analogous to (48A) can be written for n components and
solved simultaneously by computers subjected to known boundary conditioms,
The reaction of oxygen with acetaldehyde in the liquid phase
follows a chain mechanism, The overall reaction is:
ACH « 02 ~————e- ACOOH
The following differential equations were derived to describe the

concentration profiles of the components for the O, - ACH system

2
dacA
D, —= = k"C (494)
AT 42 B
dch 2
Dy —~ = k"C°/C (504)
‘ [+
dx
dacc
DC el k"Cq . (514)

Equations (494) (50A) and (51A) were solved simultaneously by the
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analog computer using the boundary conditlons:

dcy ac,
(D X=0:0=Cy 0 % =0 & =07
~dc,
(2) XzXp,0<Xp<X;, C,=0,===0.

Furthermore, when CA = O there is no reaction and thus the
f
right hand side of equations (49A) (50A) and (51A) vanish, Hence,

(3) X =X, Cy=Cp,C =Cy

Figure 1 has illustrated the concentration profiles that may
result, The concentration of component A decreases ffom the interfacial
concentrai:ion C AL to zero and remains zero at XzX,. As it is assumed
that B and C are non - volatile, or the gas phase is saturated with their
vapors, so that there is no mass transfer across the interface, CB and
Cc both start with & zero concentration gradient. Gradually, CB inereases

while Cc decreases to their bulk concentrations,

I.2,2.4 Kinetic Eguations and Hydrodynamics in the Film,
Detailed derivation of kinetic equations for the reactions

between oxygen and acetaldehyde are given in Appendix VI. Hydrodynamics
in the film as referred to the conditions of the present system will be

discussed in Section II,
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I.2.3 Unsteady State Diffusion in Stamnant liguid of Semi - Infinite
Ihickness

As truly stagpant films are hardly conceivable in industrial
absorbers, Higbie (8) was one of first to suggest the application of
the unsteady - state diffusion concépt to the process of gas absorption
with chemical reactions, Danckwerts(9) has derived and solved equations
for the rate of absorption of solute gas into a semi - infinite medium
with which the gas undergoesa first order or pseudo - first order reaction.
Brian,Hurley & Hassaltine (12} and AstaritafMarrucei (10) have solved
the unsteady - state diffusion equations with reactions of second and
zeroth order respectively. Brian (11) in his recently published paper

th order with

has extended his solution to cases where the reaction is n
respect to the gas and the liquid,
In all the above cases, the foITowing assumptions have been made:
(1) The medium has a plane surface and is of infinite depth, or for
practical purpose, is of such a depth that the concentration at the
bottom does not change appreciably during the period of time considered.
(2) The surface of the liquid is continuously saturated with the gas,
(3) A1l physical properties including diffusivities, densities and
viscosities are wirtually constant throughout the liquid.
In the liquid medium, conszider a slab of unit area and thickness
dx as shown in figure 3A., The ratesof diffusion ititoaddout ¢f the slab
are given by equations (24A) and (24A'). The disappearance of A is

accounted for not only by reaction but aleo by accumulation in the slab,

Thus a general equation can be set up as follows:

oc, a%c
3% = Dy =3~ - rate of reaction (524)

dx
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1,2.3.1 Tirgt Order With Respect to Component A

If the reaction is first order with respect to the gas, equation

(524) becomes:

ac, 2°c, :
—% =D, = = k,yCp | (53A)

With the following boundary conditionms,

x:O., t>0, cAchi',
x>0, t=0, C, =0 ; (54A)

x=w, t>0 CA=O

Equation (534) may be solved (9, S54) by substituting

-kclt
Cy=pe~-r t, (554)

al

which reduces it to

w o, | (564)
at =~ A ax2 ’

With boundary conditions
x=0, t>0, u=C..e- 3}

x»0 , t=0, un=0 (574)

n
o

x=®, t>0, qn

Equation (56A) becomes identical to the equation for conduction
of heat in a semi - infinite rod with initial temperature zero and
surface temperature a function of time. Method of solution in detail is
found on page 64 "Conduction of Heat in Solids" by Carslaw and Jaeger (13),

The solution to equation (53A) is,



Q
A
ol

. 1 < —
= =Z=exp ( - x —= ) erfe - +/k .t
Ai Dy ‘ [ > K el ]

ot

+

D

k x k .t
exp (x &/ "¢l ) srfe[ + cl ‘] (584)
VDE

> z -x2 '
where erf z = :Jpar- J e ax ;
i3
. o

and erfec z =1 - erf z.
According to Fick's law the rate of absorption is given by

(594)

Differentiating equation (58A) with respect to x and setting x=0

one obtaine ) .
— =« C., +/k erf +/k .t + oo (604)
ox Al (o) cl ~J, -
x=0 i . k £
DA cl
Therefore,
-kdit X
e
Ny, =C A ~/D Ay |erf -\/kclt + = (61A)
cl

When kclt is sufficiently large, say>3.0,
erf «\/u: t= 1
cl
erf ( - -/Eclt Y= -1

and the second term in equations (58A) and (61A) vanishes, giving

C

A _ :

'C';i$ exp ( = x v/kq ) (624)
D .

P
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and

No=Cay -fﬁ:i-k_c_l- ' ' ‘ (638)

Equation (63A) is identical to (38A) derived from the film
theory. Thus, when the reaction is fast or time is long, the rate of

absorption and the concentration at any point approach some steady -

-kc1£

state valunes., When kt is small, erf q/kclt and e can be

expanded in power series:
> P

2
erf (z) =S (x - 53- + 3?5".)

£ 2

e % =1-x+ 5 " 3? cee

Neglecting powers of k_,i other than the first,equations (584) and (60A)

become
-x [k
C D,
Eé = % erfc: =—=—— ( o A + e )
Ai 2 -VDAt
p.4 kcl
= - erfe cosh x [f== (64A)
2 At A
oy
and N, = Cpy /4% (1 + Xyt
1.2.3.2 Zero™® Order

For many years the process of simultaneous absorption and chemical
reaction has been studied both theoretically and experimentally by many
investigators. Most workers dealt with reactions of first or pseudo -

first order and second order. However, the kinetics for many gas -



liquid systems, such as the oxidation of hydrocarbons carmot be
explained by the existing theories. It was not until recently that

Van de Vusse (14) started to deal with this type of reaction by
assuming it zeroth order, that is, the rate of reaction is no longer
dependent on thte concentration of the reactants. A rigorous mathema=-
tical treatment of the problem was given by Astarita and Marrucci (10).
The unsteady =~ stateAdiffusion involving zeroth order chemical reaction

is represented by the following differential equation:

3 CA aCA
DA -g;—a—- = —*é-;c* + kCo H(CA) (6515.3

where the function H(C) is defined as:

>0 (664)

H(CA) = 1,when C,

H(C)) = C , when C,< C . | (674)
and kCo is the zeroth order reaction rate constant. If the liquid

medium is assumed infinitely deep, then the boundary conditions are

t = 0,X>0 , C=¢C, (684)
t > o,x=o., c=cAi ; (694)
t > 0, X=w®o, C =max (Cyy-k, t, 0) . (704)

where ko t is tie amount of A depleted by reaction and max (GAﬁ - kg t, 0)
is equal to the larger of CAO - kcot and O,
Because the reaction is zeroth order the rate of which is inde-

pendent of CA’ mathematically, when x approaches infinity reaction still

continues at a constant rate inspite of the fact that CA may be zerao,



Therefore equations (664), (674) and (70A) are required to fulfill the
physically obvious condition that the rate of reaction is zero in the

absence of solute A and also that C

0
(1) Solution for t < e
Co

A is never negative.

In such case, nowhere in the liquid has concentration of A
become zero. Then according to equation (664) H(CA) is equal to 1

for any positive value of x and equation (65A) thus becomes:

2
3C, 1 %y Kk

z -5, St-p, -° (714)
ox A A

Letting C, = u + C,o = k. t

equation (71A) reduces to

2
d 1l du (
_ = = 724)
axa DA at
Subject to the boundary conditions:

x=0 » t70,u=Cy =Cpy+kyt (a)

x>0 , t=0,u=0; (v)
(734)

x—s'®, t>0, CA'GAO"kCot .

0'0 u=0 . (C)

Equations (72A) and (73A4) are analogous to equations for heat
conduction in a semi - infinite rod with initial temperature zero and
surface temperature f(t). The solution may be deduced by Duhamel's

Theorem (16) as

75



74

X 2
- cox ) X
CA = (kcot + CAi - CAO > erfe -
A 2 D.t
A
2
-X
LD ¢
K t o xe A ic. -kt (744)
Co T{DA AO Co

. Differentiating equation (74A) with respect to x and letting

x = 0, one obtains

6
3C k cC,, -C
5;.‘*1 e/ ;;%9 (-AL___ A0 | 2 gy t) (754)
x=0 : A -/ kCot
and
ac D k c..,=-C
N = = D2t -5-93(-1“‘}———59 +2/k.t) (764)
A dx " Co
=0 koot

Equation (74A) is shown diagrammatically in Fi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>