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SCOPE AND CONTENTS: 

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, acetaldehyde 

concentration, catalyst concentration, partial pressure of oxygen and 

temperature on the rate of absorption were studied. 

An attempt was mad$ 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 

computer PACE TRlO 
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NOMENCLATURE 

A oxy-gen 

A constant in Arrhenius Equatione 

2


A~ area, rt 

AMP acetaldehyde monoperacetate 

B acetaldehyde = ACH 

peracetic acid =ACOOB 

concentration of oxygen in liquid, gm-moles/rt3 

interfacial concentration of oxygen in liquid, sm•moles/tt3 

initial bulk concentration of oxygen in liquid,gm-moles/ft3 

bulk ~oncentra~ion of oxygen in liquid, gm-moles/tt3 

cAMP. concentration or AMP in liquid. gm-moles/ft3 

CB concentration of acetaldehyde in liquid, gm-moles/tt3 

CBL bulk concentration of acetaldehyde in liquid, gm-moles/ft3 

cc concentration or peracetic acid in liquid, gm-moles/tt3 

CCL , bulk ooric.entration of peracetic acid in liquid, gm-moles/ft3 

CCa concentration of'cobaltous ion in liquid, gm~oles/ft3 

CI in~ensity of light .· 

cBZ o concentration of benzoyl peroxide i~ liquid, gm-moles/ft3 
2 2 

c~H~ntcentration oi hydroperoxide in liquid, gm-moles/ft3 
r..,.. ·, 

0RO
2
H 

c concentration of' component n-~in liquid, gm-moles/ft3 
n 


diifusivity of oxygen in ethyl acetate, rt2/hr 


difiusivity of acetaldehyde in ethyl acetate, ft2/hr 


di£fuaivity of peracetic acid in ethyl acetate, tt2/hr 
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D diffusivity of component n in ethyl acetate, tt2/hr
n 

F gas flow rate, rt3}hr 

H step function, 

b b 
kl' k2 

~·~ 
kl, k"2 

k reaction rate constants defined by individual rate equations 

k n 

keo 

kel 

kn 
n 


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

phase, ft/hr 

k mass transfer coefficient in the gas phase, ~-molea/ft2·hr-atm 
g 


overall liquid mass transfer coeffieient,ft/hr
11. 
overall liquid mass transfer coefficient with chemicalKL reaction, ft/hr 

K ~quilibrium constant ~ CBCC/ CAMP 

m Henry•s constant = Pz!X2 atm/mole-fraction 

2rate of absorption per unit area, gm-moles/ft hrNA 
p partial pressure of gas, atm2 

0
p2 vapor pressure of gas, atm 


p partial pressure of oxygen in the gas :phase, atm. 
g 
p partial pressure of organic vapor in the gas, atm. 

0 

p:a reduced pressure 

PT total pressure, atm. 

r rate of initiation 
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correlation coefficient:rL 

R gas constant, litre•atm/moles°K 

RH hydrocarbons 

ROOH hydroperoxide 


R' = Tv(22400)/273, ml. 


R" Tb(22400)/273, ml.
= 
4 s interfacial concentration gradient of A. gm-moles/ft 

t time, minutes 
. .. \ 0 

'r temperature, C. 

Tb temperature in the gas burette, 0 tt 

T reduced temperatureR 

T temperature in the ves8el, 0~ 
v 

X depth of the liquid from the interface, ft 

XR = XA reaction zone, tt 

film thickness for physical mass transfer, ft~ 
solubility of the gas in liquid, mole fraction12 

VA molal volume of component A at normalLboiling point, c.c. 

VA$ volume ot gas to saturate a given amount of liquid = 
C X V Tt, ( ~ '·"")~ R 273 ~2;tVV , ml 

v Yolume of gas apace in vesse1, ml g 

r molal volume of the liquid, ml 

VR volume of liquid in vessel, ml 

volume of oxygen in vessel at t:1JI& i:t. ialVAi 

mole fraction. )of oxygen in vess~l at time tYAi 

mole fraction of OlQ'gen in gas burette1oB 
z compressibility factor 



association parameter 

viscosity, ' cp. 

a solubility parameter 

·enhancement factor 

AE activation energy, Kcal/gm":"'!lole· 

p chain length of a chain reaction 

[ l concentration 

enthalpy of vaporization Kcal/gm-mole 

nH 
e.pp apparent enthalpy of \l'aporization, Kcal/gm-mole 
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I INTRODUCTION 

In recent years, an increased emphasis has been placed on 

solving the problem of predicting the effect of a simultaneous ~hemical 

reaotion on th~ rate of gas absorption. This ie due, in part, to the 

increasing number of industrial applicftions of gas - liquid reactions 

in chemical process-s; it is also due to the possibility that studying 

the effect of a chemical reaction may otfeT a means of inferring· the 

kinetics of the reaction and the mechanism ot the absorption process• 
. 

Direct oxidation by molecular oxygen is a widespread phenom­

enon. It has g1ven rise to several important . modem processes in the 

chemical industry, such as, the production of phenol from cumene, 

acetic acid from light paraffins, and peracetic aoid 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 ot contacting equipment for absorption 

requires a knowledge of rates or transfer,the purposes of thia research 

are two - fold: 

(1) 	 to make preliminary studies of the effect of several va.ri.ables 

on the rate of absorption; 

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

tribution by a mathematical model based on the film theory. 

Apart trom the fact that it is simple to construct and to 

operate, 	the stirred vessel was chosen tor this investigation, becaueP. 

1 



the interfacial area was known and the absorption rates were fast 

enough to build up a sufficient concentration of the product within 

a reasonable period of ~ime for analysis using simple titration 

methods. 



II LITERATURE SUUVEY 

IIel Chemistry and Kinetics of th~.Autoxidation of Acetaldehyde 

The basic theory of li_quid--phaae QJ(idation of organic materials 

was elucidated by Bolland, Gee and Garner (1,2). It was found that 

many of these oxidations are chain reactions and because of their char-

a.cteristic of producing hydroperoxide which further accelerates the 

reaction, they are afton referred to as autocatalytic. 

The oxidation of cumene was studied by Twigg (3). The 

simplicity of this oxidation is due to the activation of the tertiarr 

hydrogen atom adjacent to the benze.ne ring. The meehan1.sm leading to 

the production of hydrqperexide is believed to bo the same in the caae 

of acetaldehyde which also possesses a hydrogen atom activated by a 

carbonyl group. 

Based on his studies of hydrocarbon oxidation, Bolland (1) has 

outlined a possible reaction scheme which, Twigg (3) believed, can be 

applied equally well to aldehydes. Using Cobalt salta as catalyst, the 

resulting simplified rate equation is as follows: 

(1) 

where CA' CCA' CB, c0 are the concentrationa of oxygen, catalyst, acet­

aldehyde and peracetic acid respectively; k is the reaction rate constant. 
I 

Bawn and Williamson (4) ..._ the first workers to investigate 

experimentally the kinetics of the oxidation of acetaldehyde using 

3 
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oobaltous acetate as catalyst. They have concluded that the rate ot 

oxidation is proportional to both the acetaldehyde and the catalyst, 

but independent of peracetic acid concentration. The rate equation 

is: 

-dCA 
~ 

1 
=k Cs cca (2). 

where k1iSJlhe reaction rate constant. 

The oxidation of acetaldehyde when catalysed by traces of metal 

salts also gives rise to a number of products, the distribution of which 

is governed critically by temperature•. 

Gene~ally, at temperatures between 0 0 and 200 C. the reaction 

can be sai;.d to proceed in three well-defined stages: 

(1) 	 the oxidation or acetaldehyde to peracetic acid 

., CH COOOH 
3 

(2) 	 the reaction of peracetic acid with acetaldehyde to give an 

addition compound acetaldehyde monoperacetate (AMP) which is 

~=-'in~equilibrium with· its' components 

CH CHO(CH cooOH) (4)
3 3

(3) 	 the reaction·or acetaldehyde with peracetic acid to form 

acetic acid 

(5) 

II. 2 !,h!pf,Y... of Mass Transfer with Chemical Reaction 

II.2.1 S~eadl - State Mfss Transfer 

• 

Mathematical models for predicting the effect ot chemical reac­

tion on the rate of gas absorption were t"irst developed by Hatta (5,6). 
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and Davis and Crandall (7) based on the aseumption tha.t the reeiatanct 

to diffusion is concentrated within a thin liquid film adjacent to the 

gas - liquid interface,while 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 Whitman's (8) two - film theory and the result• 

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

(6) 

or 1 1 m (7)'K• = k + k* 
g g L 

where Ki: and K; are ~cveralll mass transfer coefficients based on th~. _·-·. ·. 

liquid and the gas; kg and kL are mass transfer coefficients of the gas 
and the liquid respectively; •indicates mass transfer with reaction. 

The rate of abSorption is given by: 

. (8) 

::: I{! (C - C )
.w Ag AL 

where CAg is the hypothetical concentration of oxygen in equilibrium 

with its partial pressure in the ~as phase; CAL 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. ~ ~hieh is defined 

k*t m=- (10)
Itr. 
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where ki, and ~ are obtained under almost identical hydrodynamic 

conditi.ons. It is hoped that by introducing f the effect of the 

complex hydrodynamics of the experimental system on ki, and Bx., may 

be cancelled out. 

In order to simplify the situation eo that the idealized 

model may be applied to interpret eX})erimental data the following 

assumptions are necessary: 

(l) The gas phase resistm1ce is negligible compared to the 

liquid so that Kt + kj'J and CAf CA.g 

(2) The liquid surface is continuously saturated with the gas. 

(J) The concentration of the dissolved gas in bulk of the liquid 

is zero or nearly zero when reaction occurs. 

(4-) Hildebrs.nd•s semi - empirical equation (9) for the estimation 

of the solubiljty of oxygen in ethyl -acetate is applicable. 

(5) The gas phase is sat~ated with acetaldehyde and peracetic 

acid vapors so that there is no transfer of these materials 8QMia8 the 

interface. 

(6} The liquid contains mostly ethyl acetate and thus the effect 

of bulk flow in multi-componen-t systems can be considered negligible. 

(?) All physical properties including diffusivities, densities 

and viscosities are virtually constant throughout the liquid, 

With the above assumptions the film theory differential equation 

can be derived ~or component n as: 
d c 

Dtt --1 = r_ate of change of concentration of component n (11) 
dx 

where Dri ia t!1e diffusivity of component n in the liquid. 

The right - hand - &ide of equation (11) derived from the kinetics 
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of the reacting system may be a !unction or· the concentratio~~ or 

reactants 	or products. ~4< equatiDra analogous to equation (11) can be 

written for n components and solved simultaneously subjected to known 

boundary 	conditions. 

II.2.l.l 	Mess Transfer With Chemical Reaction Follow:j;ng P:,.Olland',s 

Meehenism 

Adopting Bolland's reaction mechanism for the autoxidation of 

acetaldehyde, taking into account 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 

(12) 

1 

k~C 2 C kbC C (l3)-~ C B 	+ 2 C B 

(14) 

1 
b (! 2 kb .where k	 = k""ca and 2 1.s the reaction rate constant for the reaction1 

gi~n by equation {5). 

The boundary conditions are: 

dCB 	 dCCde(1) at X =0 • C C -A : s 0 0 	 (15)
A = Ai' dx ' '(ii' = ' '(ii' • 

(assumption (5)) 
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(2) 

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

dCA =o, no reaction (16) 
dx 

(Assumption {3)) 

where ~ is defined as the reaction zone and ~ is the film thickness~ 

Furthermore, as CA =0 the first reaction_term in equation 

(13) and (14) vanishes ~~d hence 

(1?) 


(18) 


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

II.2.1.2 Mass Transfer With Chemical Reaction Follo~!Qg Ba~~·s Reaotiop 

Mechanism, 

Combining Bawn's rate equat.ion and equation (11?, keeping CCa 

constant and assuming that 

d(AMP) :-: O• 
dt ' 

the following equations can be written for various components as: 

(19) 


• See Appendix VI 
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GAS FILr.i LIQUID FILM 

p 

z 
0 
H 

~ 
~ 
0 a 
0 

DISTAl.'ICE 

FIGURE 1 CONCENTRATION PROFILES IN THE FILM 
dCB dCC 

X=O, CA=CAi .. - =0, - = 0; 
, dx dx 

X=XR, CA~ 0; X? XR , NO REACTION 

X=XL ' CB= CBL, Cc= CCL 
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(20) 


(21) 


where k" ;:; k'C.. ~. ca· 
The boundary conditions are the same as the previous case except 

when XR ~ X ~ ~ the right - hand - side or equations (19) (20) and (21) 

completely vanishes. 

II:· ... 2. 2 Unstead:t I..iass Transfer 

As truly oto.gnant films are hardly conceivable in industri.al 

Absorbers, Higbie (21) w~s one of the first to suggest the application of 

the unsteady - stat~ diffusion concept to the process of gas absorption 

with chemical reaction.. Dti!noln'lerte ( 10) has described and sol\fed equations 

for the rate of absorption of the solute gas into a semi - infinite 

medium with which the gas under~oes a first order or pseudo - first order 

reaction. Brian, Hurley, and Hasseltine (11) have solved the unsteady ­

state diffusion equations w:i.th reactions of second order. Brian (12) 

in his recent paper has extended his solution to oases where the reaction 

th th
is n and m. order with respect to the gas and the liquid. However, 

the kinetics for ma.ny gas - liquid systems, euch 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 

threaction by assuming it zero order, that is, the rate of reaction is 

no longer dependent on the concentration of the reactants nor the 

http:industri.al
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products.. A rigorous mathematical treatment of the problem was given 

by J\star"lta a1td Harrucci (14). The unsteady - state diffusion involv­

thine zero - order chemical reaction is represented by the foll~Jing 

differenti.al equation: 

acA 
+ k~ H(CA)' (22)

at t,;o 

where the func t i on II(CJis defined as: 

(24) 


thand kco is the zero order reaction rate constant. 

The liquid medium is assumed infinitely deep, and the boundary 

conditions are: 

t = 0 ., X70 C =CAO 


t;""O X:aO (25)
C =. CAi 

t;:.r 0 

where max ( C AO - kc0 t, 0) is equal to the larger of CAO - kcot and o. 

For th~ special case, where c~0 =0 equation (22) cannot be 

solved analyt1cally. However, for vaJues of kc t 
.......9...7 1 

an approximate 

. CAi 

solution was given by Astarita and Marrucci as 

(26) 

Equation (26) is independent of t indicat~s that a steady - state 

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

http:differenti.al
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(27) 

(28) 



III SCOPE 

The purposes of t'be experiment.:tl work were t\..ro-fold: 

(l) to study the effect of several variabl~s, namely, acetaldehyde 

concentration. cato.lyst concentration, partial pressure of oxygen and 

temperature on the rate of absorption 

(2) to attempt to correlate absorption rat·es with product distri­

bution by a ma.t.hematioal model based on the film theory just reviewed. 



IV EXFSRIHL.i'JTAL D3TAIL.S 

IV .1 DetJCriptlon of l1pparatua 

The apparatus used by Akehata (15) was adopted for some pre­

liminary st~dies. It was later modified to eliminate contamination 

by rub-oer, to ~nable lone runs to be made with less attention and to 

minimize back - diffusion., The modified apparatus and the reaction 

vessel are shown in Figures (2) and ( 3). 

The essential feature of the apparatus is an open cylindrical 

glass vessel, (Fisher Sta..YJ.dard Reacti'.)n Kettle) 4 inchee I.D. and 8 

inche:s high. The lid of' the veat1el has four ground ~lass junct:i.ons 

lending separat~ly to a gas bur~tte, feeding funnel, mercury seal and 

a bleeding stopcock. The li.d and the vessel e.re 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 

aamiJling. The mercury seal allows the introduction of the Etirrer and 

at the same time seals the vessel from the atmosphere. The apparatus 

is immersed in a thermostatted ethylene - glycol - water bath which ie 

kept below room temperature by a cooling coiL. Agitation in the vessel 

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 stopcock the vessel connectr either 

to the gas burette o-r the gas storage tank. The gas burette is 

14 



ITo reduction gear 
and motor 

Constant Head 
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FIGURE 2 SIMPLIFIED DIAGRAM OF APPARATUS 
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To Reduction Gear and Motor 

I 

FunnelFeeding 

GAS 


LIQUID 

Sampling Tube 

FIGURE 3 DETAILED DIAGRAM - REACTION VESSEL 
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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 following advantages over packed or plate 

columns which are often engaged in gas absorption st~dies. 

First, the interfacial area is known. 

Second, although the hydrodynamic condition at the interface 

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 bod1 of the liquid is thoroughl:y mixed. The ~ld.stence of a 

ve7:1 thin f'ilm of liquid at the interface, where reaction and resistance 

to diffusion are concentrated; _,. be conceivable. ·wowavaY, without the 

stirrer the liquid layer is stagnant and of semi-infinite thickness. 

Mass trabefer 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 tor analysis using simple titration 

methods. 

The above characteristics of the apparatus enable the data to be 

interpreted in terms or the film theory or in terms of an unsteady ­

state diffusion equation when there is no stirring in the liquid phase. 



However, the'apparatus has its limitation in measuring low 

rates of absorption, especially, in the case where no chemical reaction 

occurs. Because of the presence of the mercury seal and the ground 

glass joints the ~pparatus can only be used for pressures slightly 

hi¢her or lower than atmospheric. 

!V.3 Experimental Proeeds~e 

The purposes of the experimental 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 correlate the product distribution with the rate of 

absorption. 

Hence, the first set of experiments consisted of measuring the 

initial rates of absorption w~ile 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 eaoh run the ethylene - glycol - water bath was 

maintained at the desired temperature by adjusting the flow rate of the 

coolant. The gas tank and the burette were then tilled with oxygen or 

an oxygen - nitrogen mixture. The reactor fitsc,JlU8hi4hwttll th.w'::sao gas 

until a~r was completely displaced. A mixture of acetaldehyde, ethyl 

acetate and freshly made cobaltous acetate standard solution was fed 

into the vessel which was then connected to the gae tank, The eti~rer 

and the atop clock were started simultaneously. To measure the rate of 
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absorption the gas supply from the storage tank was shut oft and the 

burette was connected to the reactor. By means of a levelling bottl& 

the pressure in the reactor could be adjusted to atmospheric while 

burette readings were taken at co~venient intervals. 

The ooncentrations of peracetic and acetic acid, A.M.P and 

unreaoted acetaldeh7de were determined by simple titration methods as 

described in Appendix IX, 



V RESULTS AND INTERPRETATION 

V.l 	 Physical Mass Trqnsfer 

It was shown in equation ( 8) that NA =kz,(CAi • CAL). 

If there· i.s no dissolved oxygon in tl1e liquid at the start 

of an experiment,CALat time t can be related to the volume of oxygen 

absorbed. Assuming the gas phase resistance is always negligible so 

that CAi is practically equal to cAg, which can be estimated from 

the solubility of the- gas in pure solvent, it can be shown that ~ 

is given by 

(29) 

Log (CAi ... CAt was plotted ·against t. The method of least squares waa 

used to find the slope of the resulting straight line and ~ was cal­

culated using equation (29). 

The mass transfer coefficients at various experimental conditions 

are tabulated in Table 1. It indicates that the mass transfer coeffi­

cient increases markedly with stirring speed and gradually with tempera­

ture. Increasing stirring speed would tend to make the liquid film 

thinner thus steepening the concentration gradieat at the intertaceq 

An enhancement in mass transfer is then expected. 

The increase of diffusivities with temperature ie believed to be 

the cause ot the effect of temperature on the mass • transfer coefficient. 
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A (Hodified) = .0873 rt2 , , 


v: =5.66 x lo-3rt3 

TABLE 1 MASS TRANSFER COEFFICIENT 

WITHOUT REACTION 

· V.2 Effect of Several Variables On Mass Tranpfer with Chemical Reaction 

It was assumed. when reaction occurs that all ofthe dissolved 

oxygen in the bulk of the liquid was reacted and its concentration was 

zero. Then, 

~-nd 

= f(! c and-"L Ag 
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V.2.1 Acetaldehyde Concentration 

Ftgure 4 illustrates the effect of acetaldehyde conce~tration 

on the ratio KL~ which increases sharply at low concentrations, then 

gradually,and eventually approaches a constant value.at high concentrations. 

'I'h.is behaviour can 'be explained by applying .the two - film 

theory and the resulting concept of resistances in series which can be 

expressed by equation (?). 

It was shown in Section I.l that the rate of reaction and hence 

the oxygen uptake is proportional to acetaldehyde concentration. Con­

sequently, at low concentrations reaction is slow and tt<< mkg; KL is 

then equal to kL· The ordinate will represent I which is dependent on 

acetaldehyde concentration (region ab, Figure 4). However, as the 

concentration increases. ki, is so large,and furthermo~e,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 

KLnot represent I but a smaller value ~ (region be, Figure 4). 

As concentrations further increases kL.becomes much larger than 

mkg. In this case Ki, f; mkg. The absorption .rate will only depend on 

the partial pressure of oxygen (region cd, Figure 4) and is given by 

NA = mk.CAg =k P.g g g 

The.same behavior was observed also in later work when this set 

ot experiments was repeated at various temperatures and by Hatta in his 

co2 - NaOH absorption studies (5). 

In order to illustrate the effect of chemical reaction on mass 

transfer the concentration or acetaldehyde Was confined to region a • b 

for subsequent experiments. 

http:value.at
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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 waareviewed in literature (1,2,},4) that the initiation of 

reaction is due to the decomposition of hydroperoxide by the catalyst 

and thus the overall reaction is a funation ot 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 hyd:roperoxide has a "steady - state" concentration when 

the rate of its for1nation by oxidation is equal to the rate of decom­

position to free radicals by the catalyst. 

(2) The catalyst may form inactive micelles (16). 

(3) The catalyst may take part in both the initiation and the 

termination of' the cha.ia reaction (16). 

Hencer further increase of catalyst concentration may not have 

any catalytic eff~ct, but rather kills the reaction by decomposi~g the 

peroxide to inactive products, suoh as acetic acid and acetic anh1dride. 

It was also shown in the "Preliminary studies on peracetic .. 

acid production in a eocurrent fiow reactor" (see Appendix XII) that the 

yield of peracetic acid decreased with increase in catalyst concentration 

after a maximum was reached. The increase in the production of acetic 
' 

aoid after the maximum also supported the hypothesis. 

It wae noted that the retardation effect of the catalyst at 

high concentrations has also been observed in industrial processes. 
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The range of catalyst concentration used in comme~cial processes 

as reported in several patents (17, 18, 19, 20) lies between 5 and 30 

ppm (region ab in Figure S). 

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 considerbl the initiation reaction. 

Co+++ + ACOOH -- Co++ + H+ + ACOO (30) 

Co++ + ACOOH -- Co+++ + ACO. + OH.. (31) 

ACO· + ACH -- ACOH + AC· (32) 

where AC represents cu co.3
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 reaction. 

V.2.3 Partia1 Pressure of O§zgen 

The mass transfer coefficient at 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 k£ did not vary with partial 

pressure of oxygen between .21 - .95 atmosphere. 

The constancy or kL as the gas changes from air to pure oxygen 

bas justified the assumption that the gas phase resistance is negligible 

(mkg>>k£> for concentrations of acetaldehyde below the value used in 

this experiment. 
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Expt. 
No. 

Stirring Speed 
r .. p.m. 

Mole fttaction 
of Oxygen 

kL ft./hr. 

52 206 .21 .532 
46 " ~50 .490 
47 " .50 .503 
Lt-8 '' .75 .545 
49 It .75 .540 
55 " .75 .569 
53 " 1.00 .505 
54 fl 1.00 .492 

l 

l
l 

58 
56 
57 

363 
" 
" 

.50 

.75 
1.00 

.662 

.642 

.643 

I 59 509 .21 1.14 
66 " .21 1.36 
60 n •.50 1.40 
65I '! .50 1.36 
61 " .75 1.03

I 64 n .75 1.36 
i 63 n 1.00 1.47 

' 

I 

l 


i 


I 

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 partial pressures 

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

V.2.4 Temperature 

The mass transfer coefficient Kt ~as plotted against 

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

l0°C in F~gure (6). It was shown that Ki, in general increased with 
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temperature. As the effect of temperature on reaction rates is 

generally expreeaed by the Arrhenius equation as follows: 

(33) 

thus KL' which is equal to kL at lower acetaldehyde concentrations, 

beeomee a strong £unction of temperature. Even at such a small 

range (0° - 10°C) the effect is pronounced as indicated by the 

distances a - b and o·i-.d. 

At high acetaldehyde concentrations,when KL i mkB, the 

effect of temperature is reduced as kg is generally tak~~ as proper• 

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

V.3 Unsteady-state Mass Transfer Studies 

Some preliminary experiments-with stirring only in tbe 

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. 

Results also indicated that the absorption rate was co~ 

etant 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;~,atter each run showed 

no·es.sential difference in concentration. Thus the reaction, which is 

first order with respect to acetaldehyde accDDf:Ltw to Bawn, may· be 

thassumed pseudo • zero order.k for various temperatures were00 



calculated from the abso~ption rates using equation (28). With these 

values of hCS 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 previous assumption was justified. 

Log (ket)) versus ' was then plotted in Figure (?) and the act­

ivation energy was estimated to be 5.05 Kcal/moles from the elope ot 

the resulting straight line. 

When the graph was extrapolated to 2.50 C.. , at which Bawn's 

eXperiment was carried out, a value tor k;.~ was obtained and a com­
' vO 

parison could be made in the following way. 

Using Bawn's ·data k.--:-'' was estimated by letting it equal to k'C
08

• 

For the present study k.~" is equal to k00/CB.1. 

'fable 3 includes a comparison of k ·:" and the catalyst concentration. 

Catalyst Concentration 
(ppm) 

Bawn result 9.0 1.54 


Present Study 3.0 .96 


TABLE 3 COMPARISON OF REACTION RATE CONSTANTS 

The magni tu.de 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 '~stimation ot reaction constant 
from Ba.wn's data". 
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There is no data on the activation energy of this particular 

reaction. 

The oxidation of hydrocarbons with benzoyl peroxide as the 

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

moles (2} ·\!~e~e- qua.rters of which, however, wer~reported to come from 

th~ dissociation of peroxide in the initiation step. 

V.4 	 Effect of Product Distribution and Hatb!matical Modele for Steady ­

State Mass Transfer 

This part of the experimental work was to determine the effect 

of rate of mass transfer on product distribution. Mathematical models 

were built to correlate the product distribution with absorption rates. 

The concentration of AMP was found comparatively small in all 

experiments and was neglected. A material balance of the loss of 

acetaldehyde by reaction with the formation of peracetic ·and acetic 

acid showed that the maximum pe-rcentage gain or loss of acetaldehyde 

was 6~. 

Now, the film theory diffusion equations (12), (13), (14), (18), 

(20), (21) and the significance of their boundary conditions were re­

considered. Referring to Figure 1 which shows typical concentration 

profiles· in the tilm, X~tr:· ·. l ~ L1lfiLf .lined as the reaction zone beyond 

which oxygen concentration is zero; ~' calle~ the film thickness tor 

mass transfer without chemical reaotion,ie equal to D~~· PhrsicallJ, 

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 liquid is well mixed and all the concentration gradients become zero. 
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As only one stirring condition was used ~ oould be considered the same 

for both cases with and without chemical reaction. 

Here S t the concentration gradient of' oxygen at the interface, 

can be related to the rate of absorption by Fiok's First Law as 

dCA 
(34)NA = -	D ­A dx 

X=0 

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

V.4.1 	 Mathematical Model Using Bawn's Reaqtion Mechanism. 

With knm~ values of CBL CGL and NA, equations (19), (20) and 

(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 empirical 

equation was obtained as follows : 

k" = - 44.4 + 15.85 CB (35) 

Equation (35) was substituted into the diffusion equations 

which become 

(J6) 


c 2 cB3 
= - 44.4 ~ + 15.95 c-- (37) 

c c 

(38) 




Using these empirical equations and the bulk concentrations 

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 drawn through these points. The slope is 1.0?8 t 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 reac.tion 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 concentration 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 the 

following equations fit the data with reasonabl~accuracy. 

d2C 
DA~ =1.134 CBCCl.9 (39) 

dx 

d2C 1
•9DB ~ =1.134 CBc0 + .20 CBCC (40) 

dx 

d2C 
DC~ =-1.134 CBCCl.9 + .20 CBCC (41) 

dx 
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Predicted absorption rates were obtained as in the last section 

and plotted against the experimental value:s .in Figure 10. A least 

squares line was d~awn through these points_ The slope is .948 ± 2.228 

(0..6.592). A statistical evaluation of the correlation is glven in 

Section VII. 



VI CONCLUSIONS AND RECO~~ATIONS 

A simple apparatus has been used 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 ot absorption was controlled by the rate 

of reaction at the lower range but limited by the partial pressure ot 

oxygen in the gas phase at the higher range .. 

(2) !he effect ot cobaltous acetate concentration ranging from 0 to 

110 p.p.m. was studied. The highest absorption rate occurred at con• 

centrations from 5 to 10 p.p.m. 

(3) The rate of absorption increased with temperature. The effect 

wae more pronounced at lower acetaldehyde concentrations. '!'he range of 

temperature studied was from 0°C. to 10°C. 

(4) The suspected effect of driving force, which was varied by a 

factor of five, on interfacial tension change and thus on mass transfer 

coefficient was not found. 

The p~esent 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. 

Mathema.tical models based on the film theory and on previous 
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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 experimental conditions can be predicted, provided 

that the product distribution and a coefficient of mass transfer 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 reaction 

mechanism predicts absorption rates within i 3~ of the experimental 

values. 

(3) The mathematical model based on BollAnd's rate equation predicts 

absorption rates within t 15%. However, this correlation- is also a 

semi-empirical one as the exponent of C. 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 viscosity of 

the liquid, which change as reaction proceeds; it is also due to the 

uncertainty 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 kinetic 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 obta:f.n b.ta tor the 
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absorption of oxygen with no stirring in the liquid phaseo The major 

advantage is that the hydrodynamics in the liquid are better defined. 

However, as the absorption rate was slow there was insufficient con­

centration of the product being built up tor analysis. 

It is therefore suggested that by using high pressure cells, 

higher absorption rates and better yield 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 contacting equipment, however, it has 

prepared a sound starting ground for further mathematical correlations. 

It has also established4range of catalyst concentration (between five 

and ten parts per million) which gives the highest absorption rate. 

The mathematical models may 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 ERRO&s AND STATISTICAL EVALUATION 

The estimated experimental errors are summarized in the following 

tables. Detailed calculations are given in Appendix V. 

Llkx, ft/hr al<i, f't/hr !':!. I 
; 
~ 
(. 
~ 

~ 

~ = .041 tq,= .1 kL = 1.0 I I = 2.50 
i 
l 

' 
I 

~ 

J 

:: 

i 
~ 

25.0 ~ 
~ 
~. 

t .003 1: .005 ;t .008 i: .20 
f 

I
'i 

± 3.13 
I 
" i 
~ 
~ 
~ ,, 

TABLE 4 ESTIMATED EXPERIMENTAL ERRORS 


Compound No. of Sample Maximum Deviation 
From Mean 

acetaldehyde 10 ! 
acetic acid 10 


peracetto acid 10 


TABLE 5 PRECISION OF ANALYTICAL METHODS 

The statistical evaluation of the experimental data is referred 

to · "Yolk, Applied Statistics for Engineers". 
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When predicted values are plotted against experimental values, 

the resulting straight line is expressed by: 

"" y =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 

oorrelation coefficient of the correlations are tabulated in Table 6. 

rb I a 
I
1 b ± ts(b) l- y ± ts(y)

! 
1 
F 

First Correlation 1.078 -.00390 . 863 - 1.2931 . 0429 - ,0775 .962, i 
Second Correlation .9481 .002<)9,. 816 - 1.080 1.0613 - .0697 .. 981 

I l 
l 

It;: 
i t 

t 

rlO, .. 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 liquid p~ase 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

ac.teristic of producing hydroperoxide which further accelerates the 

reaction, they are often referred to as autocatalytic. These reactions 

are decelerated by traces of impurities, such ae phenols and aminee 

or· some organic compounds, and acceierated by certain metal ions. The 

primary 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 ot this oxidation is due to the activation 

of the adjacent .tertiary hydrogen atom by benzene ring. The mechanism 

leading to the production ot 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 or 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 oxidat~on (37) comprises of three steps 

46 
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1) Initiation 2) Propagation 3) Termination 

l) Initiation 

In the initiation, free radicals are produced in several ways: 

a) by radiation which splits the molecule into radicals 

b) by the thermal decomposition into radicals of the hydroperoxide 

already present prior to the start of reaction. 

c) 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: 

kl 

Co+++ + ROOH __...,... 
 (lA) 

t 

k2 

Co++ + ROOH ----•- (lA') 

t 

k3 
- ......-... ROH + R0 (lA") 

2) Propagation 

The two propagation steps are 

k2 
Ro + 02 . • RO 0 (2A)

2 

k3 
R0 ° + RH _,.... ROOH + R0 

2 
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3} Termination 

The chains are terminated by the combination of radicals. 

RR (4A) 

RO n00 ROOR (5A)+ .n: 2 

ROOR +0 (6A)
2 

A complete kinetic analysis, allowing for all three termination reactions 

gives no simple explicit rate equation. However, an approximate treat­

1/2 1/2ment is possible by assuming k5 = whereupon it may be shown k4 k6 

that the rate of.oxidation is given by: 

1/2 

dCA 1/2 ~ CRH • k2k6 CA 


(?A)dt ;;:: r k 1/2 _k_k_l/._2_...C........_k.....k_l_/2-c--k-l..../_2._1/-2-l/..,..2­
6 3 4 RH + 2 6 A + 4 -k6 r 


where r = ~CCaCC is the rate of initiation; the k's are the reaction 

rate constants. 

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

taken up per initiation 

(8A) 


At the start of the reaction when pero~ide concentration is 

low the chain length is long, and the third term in the denominator of 

equation (?A) can be neglected. Furthermore if the oxygen pressure is 
- . 

sufficiently high the expression·can be approximated to 
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(9A) 

Equation (9A) explains the shape of the absorption curve (see Figure 9). 

At the beginning, with little or no peroxide, the reaction is slow and 

then accelerates as the peroxide builds up. 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) benzoyl peroxide catalysis (42); (2) photo- oxidation (41); 

{}) 	 autoxidation (42). The rate of initiation was found to be pro­

1/2 ..
portional to CBZ 0 , and CRO H; for the three cases resp~ctively.c1

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

reduced to a common form, 

-dCA 1/2 CA 
(lOA)~: r k CRH kt' CRH + CA 

where .r 	 for case (1)= kbCBZ 0 
2 2 

c·..l/2= I 	 for case (2}.kb 

= kb' CRO H 
2 for case (3) 


2 


The similarity between equations (?A) and (lOA) showed a close corres• 

pondence between the experimental and theoretical results. It is 

generally accepted that the decomposition of peroxide formed during 

various types ot oxidation plays an essential role in the initiation of 



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, 3?). 

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 ini.tiation is the_ rate ot decomposition of 

1/2 . . 1/2
hydroperoxides, composite quantities k and k can be eval­3k6 2k4 
uated. Bateman and Gee (41) have estimated ~ and k6 separately by 

the "rotating sector techniques". Results are summarized in the 

following table. 

-1 -1Temp. mol 1 secOlefin 6oc k 10 ­6 Xk3 

Cyclohexane 0.6 0.91.5 
1.1 o.sMethyl - cyclohexane 15 

Ethyl linoleate 11 0 .. 55.7 
0.4 0.6Dihydromyrene 15 

TABLE 6 RELATIVE MAGNITUDE OF ~ and k (33)6 

The concludions Which have been arrived at are: 

1) The rate at which two R02 radicals reactr is quite insensitive to 

the structure of "R" in the radical. 

2) The comparison of ~, the bimolecular rate constant of the peroxide 
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decomposition process throughout a series of olefina show that any 

variations are relatively trivial. 


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


k} the propagation reaction which is very markedly dependent on the 


structure of the material being oxidized. 


Bawn and Williamson (25) were the first workers to investigate 

experimentally the kinetics of the oxidation of acetaldehyde using co• 

balt acetate as catal¥st. 

They have concluded that the rate of oxidation is proportional 

to both the acetaldehyde and the catalyst concentration. The rate 

equation is 

-dCA 
{llA)-dt = k' CBC· .~ ca 

This relation can be accounted for by a chiin reaction mechanism 

which differs from Bolland ~d Twigg's only in the nature of the termin­

ation reaction. Bawn's termination step may be represented by one of 

the following. 

ACOO + AOOOB __....,.. inactive product (12A)
r·; : ·. C·_i·.-·. ~ 

k6
2.A.COO + _......_..._ inactive product (13A) 

...,.., .... 

Equation llA in~icatee that the rate of oxidation is not a function of · 

peroxide concentration as contrasted to equation (9A). Bawn suggested 

at the beginning of the reaction where there is little peroxide, term• 

ination is by the interaction of two A000 radicals. As peroxide builds
1.. ._, 

up, AGOO begins to react with AOQ9~ fo.aing inactive products. Assum• 
\..·t.,o·. 

ing equations lA, 2A and 3A rep~~sent the intiation and propagation 
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reaction, the resulting rate equations tor the two stages are: 

(lltA) 

(15A) 


However, as the initial accelerating period is short, equation ( l5A) can 

be considered as the overall rate equation. 

1.1.2 Side 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.; :•.Paths_··or reaction are shown in the following diagram (26) 

acetic acid acetyl peroxide 

0 
0 
0 

H 

Path Ecu3c - 0 - 0 - C - CH ClLQ - 0 ... 0 - H + CH CHO& 'e 3
~Q ' Path F 



These reaction pe.ths are also governed by the type and the 

amount 	of catalyst employed. 

Generally, at temperatures between 0° and 20CC the oxidation 

of acetaldehyde can be said to 1)roceed in three well-defined stages: 

·a) the oxidation of acetaldehyde to peracetic acid {See Appendix 

VI). 

b) 	 the reaction of peracetic acid with acetaldehyde to give_an 

addition compound ~{P which is in equilibrium ~dth its 

components. 

AHP 

c) the reaction of acetaldehyde with peracetic acid to form 


acetic acid 


2 C~COOH 


1.1.3 	 Form3tion and Decomposition of A,M,P. 

Galitizenatein and f~ugda.n (4~·) have prepared A.M.P. by the 

oxidation of acetaldehyde with molecular oxygen. Temperature1Jtad ,. 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 Losch (43) 

who postulated that it is an addition compound of acetaldehyde and 

peracetic acid having a structure 

0 H 

" ' CH3c - o - o - 9 - ca, 
0 
J 
H 

Howev-er, when the decomposition of the compound in water was 



followed. it was found t~at the compound has a structure which corres­

. ponds to (AC~. AOOOH) ACH where the aldehyde outside the bracket is 

aaid to be the aldehyde of crJ3tGllization. 

Bawn (25) has shotm ex-perimentally thnt the decomposition of 


A.. M. P.. in the absence of c3.talyst ob>.c..-ys a first order la\oi. The rate 


is accelerated by the presence of cobalt acetate and other metal salts. 


This behaviour is consistent with that of hydrocarbon peroxides. 


1·.1. 4 '!'he Role c£ the Catalyst 

A number of heavy metalst particularly those that possess two 

or more valency stnte0 with suitable reduction and oxidation potentials, 

such as cobalt. iron and copper, decompose hydroperoxides giving rise to 

free radicals which can initiate a chain reaction. The metallic ion can 

act either as a reductant or an oxidant. 

Co++ + ROOH ---... Co+++ + R0° + OH- (lA) 

_--~_Co++ + R0° + H+ (lA'}Co++++ ROOH 2 

Thus the rate of oxidation of organic materials, initiated by the above 

reaction, increases with the concentration o~ 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) ha1fe summariMd · the various opinions explaining the phenomen• 

on or this maximum rate of oxidation. 

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 aide reactions. This 

theory was first pro!Jo.sed by Tobolsky ( t.,G, ~B) and supported experimen­

tally by ~Joodward and f·:esrobian ( 4?) • 

Secondly, metal salts of organic acid, at high concentrations 

may ansociate into inactive micelles. Once the critical concentration 

has been passed further increase in catalyst \·Jill 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 pnrt in both the initiation and the termination of the free 

radical chain reaction. 

Finally, the catuly~t may react with the hydroperoxide to form 

inactive products. Bawn and Williamson (25) in their work on the oxid• 

ation of acetv.ldehyde have sho'Yfl that the rate of decomposition of per• 

oxides is first order with respect to the catalyst. Hence an increas·e 

in catalyst concentration may cause f'urther decomposition (if peroxide, 

and the rate of reacti0n may be greatly reduced. 

1.2 Theoty of Diffusion with and without Chemical Reagtion 

I.2.1 Physical Masa Transfer and Enhancement Fact2r 

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

expressed in terms of a concentration driving force and a proportion• 

ality constant, the mass transfer coefficient in the liquid and thus, 

NA =kt. (CAi - CAit (19A) 

If the mass transfer is accompanied by chemical reaction in the 



liquid phase, then ~ is :replaced by ki, which is the mass transfer 
ki,

coefficient with reaction. Letting I =ki , where I is called the 

enhancement factor, the rate of absorption with chemical reaction is 

given by 

(21A) 

Therefore, the effect of chemical reaction is equivalent to multiplying 

the liquid phase coefficient by I. 

I.2.2 Steady State Mass Trapster ip St!«nant Fi!m ot 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 d1ttu­

sion is concentrated within a thin film adjacent to the gas - liquid 

interface. This film is assumed to have negligible capacity tor 

holding the dissolved solute compared with the main body ot 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 Whiternan' a (24) two - film theory and Of··.· 

the resulting concept of resistances in series which can be expressed 

as 

1 1 1-·-+- (22A)KL mkg 1<r, 

or 

1 1 (23A)i<='k 
g g 

The mechanism of simultaneous mass transfer and chemical reaction 
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ia·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 reaction. Thus, only some fraction of 

the solute or none at all, if the reaction is fast has passed through the 

liquid film reaching the bulk in free state. 

The reactant B diffuses from the bulk of the liquid into the film. 

where it reacts with A to form product C which diffuses in an epposite 

direction baok 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 so that there is no mass transfer of these components 

across the interface. 

(3) The rate of accumulation 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 or unit area and thickness ­

dx at a distance x f'rom the interface as shown in Figure lA. A.ccorti.ngt·-_­

to Fick 1s·law, the rate of .diffusion into the slab can be expressed by: 

(24A} 

Similarly, the rate of diffusion out of the slab is 

(24.1) 

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, 

The consumption of A is then 

{25A) 

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

by chemical reaction. By material balances, 

d2C 
DA ~ dx = (rate of depletion of A) (26A) 

dx 

The right hand side of equation (24A) may be a function ot the 

concentrations of reactants or products, depending on the order and 

mechanism of the reaction. 

Likewise,similar equations can be written for reactant B and 

product C as: 

d2CB
DB ~ dx = rate of depletion of B (27A) 

dx 

d2C 
D0 

c 
~ dx =rate of formation ot C (28A) 
dX 

1.2.2.1 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~CAdx (29A) 
.J. 

Substituting equation C29A) into equation (24A), the following equation 

is obtained 

{3QA) 


Assuming kcJ. constant throughout the entire film. at any instant, 

the solution ~or equation (30A) was obtained by Hatta (1) ae: 

Applying the following boundary conditions 

(32A) 

(}2A t') · 

X =0, 

X = Xi;• 

the concentration of A in the film is given by 

Sinh a. (~ -X) /k 
(33A)C A = Sinh a. XL CAi' and a. = ..y- Cl·n;­

dC 
Therefore, dxA =-Cosh " <Ix, - X) a. CAi 

Sinh & ~ 

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

tiplying the s~pe at X =o by the diffusivity Dx· Thus, 

Cosh(~) 

SinhCaXr,) 

• 

DAa.CAi 
(3~A)= Tanh(aX )

1
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Alternatively, the rate of mass transfer across the interface can 

also be expressed as equation (19A) that 
-1•.• ....... 


In this case, CA = 0 at X~ Xr,. 

then 

(35A) 

Equating (34) and (35), 

(36A) 

From equation (20A) 

k... _nAand 1e tting __L -­

XL 

then 

(J?A) 

Examining equation (34A) a few interesting observations are 

made. 

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

by hydrodynamic conditions are unchanged. 

Second, when (~) is very small (~0.2) due to slow reaction rate 

or thin film, I 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 (a.Xr,) is large ( ~ 3.0) due to rapid reaction rate or 
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thick film, i is equal to (a. XL) equation (.;4A) then becomes 

(}8A)NA = -vlkcl0A CAi 

In such cases, the rate of absorption is independent of film 

' thickness or hydrodynamic conditions of the liquid phase. 

1.2.2.2 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 k CACB' where kc2 is02

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

d2C 
D __!_ 

A dx2 
= k C C 

c2 A B 
(39A) 

d2C 
(40A)DB ~ =kc2CACB 

dx 

Assuming that B is non - volatile and also that the concentration 

or B is constant throughout the bulk of the liquid, the boundary condi• 

tiona are 
dCS _ 
dx - 0; 

(41A) 

Since equation (3?A) and (38A) are non-linear differential 

equations analytical solutions are impossible. However, 

since 

dCA
ki = { - DA 'di}X=O I CAi 

m _ _!£ dCA 
then = (- dX)X:O ~/CAi (42A)-~ 



63 

An ar·proximate ro1 ution wa.s obtai-'led by Va'1. Krevclen (5) . 

Assuming CB = CBi th~oughout the reactton zone, after which CA = 0 and 

CB incre~~es linearly to CBL at X = XL his explicit solution is expressed 

a.'3: 
-/ M(l-q(t - 1)) 

/ 	 (43A)I = tanh ~1 {1-q(l - 1)) 

Equation (4jA) is plotted in Figure (2A) 

where 

It is noteworthy to consider equation (43A) in some limiting 

eases 

(1) 	 When M. approaches zero I 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 

= lim .,/NCl•o(i - 1)).lim i 	 as
1

M~oo 

tanh (m) = 1. 


Since I must be finite 


lim ,/1 - q(l - 1) = 0 (44A) 
M--m 

Consequently, 

1 (45A)I =1 + - c:q 
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Equation (45A) was also derived by Hatta (7) for absorption with 

second order fast reactions. 

For any gas - liquid reacting system, if the reaction rate is 

fast or the film is thick the rate of absorption is independent of kc2 

and ~ but increases linearly with CBL. 

(3) When q approaches zero, equation (41A) beeoaes: 

(46A) 


which is identical to equation (43A) for first order reaction 

provided that the rate constant k is now replaced by (k CBL). This01 02 

case corresponds to a pseudo - first - order reaction in the film, that 

is, CB = CBL =CBi, X;a.r O. 

Comparing equations (}6A) and (46A) it can be shown that when 

M~}.O equation (46A) becomes: 

But~= 

(47A) 


!.2.2.3 Reaction Mechanism of Complex Nature 

The above discussions have made the tacit assumption that the 



65 

absorption of gas A into liquid B_is accompanied by reactions of simple 

mechanism • such as, A + B -~~ C, in which case ra.te equations may be 

formulated by the law of mass action. 

In most absorption processes the mechanism o£ 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 kno\m. Reaction rate expressions are first formulated 

according to the proposed mechanism and equated to diffusion terms. A 

general equation is written as 

2
dC

D --l! = - rate of change of concentration of component n 
n dx2 

(48A) 

Equations analogous to ( 48A) can be written for n components and 

solved simultaneously by computers subjected to known boundary conditions. 

The reaction of oxygen with acetald,hyde in the liquid phase 

follows a chain mechanism. The overall reaction is: 

ACH • o ACOOH2 

The following differential equations were derived to describe the 

concentration profiles of the components for the 0 - ACH system2 

d2C
A 

DA~ = k"C (49A):B 
dx 

d2C
B 

DB~ ::: k"C 2;c (50A)
B c

dx 

d.... :>C 
c 

DC d]C7 = k"C (51A). B 

Equations (49A) (SOA) and (51A) were solved simultaneously by the 
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analog computer using the boundary conditions: 

dC 
___£(1) =0 01 dx 

Furthe~oore, when CA =0 there is no reaction and thus the 
i 

right hand side of equations (49A) (50A) and (51A) vanish. Hence, 

Figure 1 has illustrated the concentration profiles that may 

result. The concentration of component A decreases from the interracial 

concentration CAl _to zero and remains zero at X;XR. 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 

C both start with a zero concentration gradient. Gradually, CB increases 
0 

while C decreases to their bulk concentrations. c 

!.2.2.4 Kinetic Equations 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 D1ffusiop in Stagnapt Liguid of Semi - Infinite 

Thickness 

As truly •tag~t films are hardly conceivable in industrial 

absorbers, Higbie (8) \'Jas one of first to suggest the application of 

the unsteady - state diffusion concept to the process of gas absorption 

with chemical reactionu. Danckwerts(9) has derived and. solved equations 

for the rate of absorption of solute gas into a semi - infinite medium 

\orith which the gas undergoes a first order or pseudo - first order reaction. 

Brian,Hurley&Hassaltine (12) and Astarita&Marrucci (10) ha~e solved 

the unsteady - state diffusion equations with reactions of second and 

th zero order respectively. Brian (11) in his recently published paper 

has extended his solution to cases where the reaction is nth order with 

respect to the gas and the liquid. 

In all the above cases, the !oiTowin.s 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 gaa. 

(3) All physical properties including diffusivities, densities and 

viscosities are virtually constant throughout the liquid. 

In the.liquid medium, consider a slab of unit area and thickness 

dx as shown in figure 3A. The ratesof diffusion ihto::add :out o, the slab 

are given by equations (24A) and (24A'). The disappearance of A is 

accounted for not only by reaction but also by accumulation in the slab. 

Thus a general equation can be set up as follows: 

(52A) 
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I.2.3.1 Firat Order With Respect to Component A 

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

(52A) becomes: 

(53A} 

With the following boundary conditions, 

X= 0, t> 0 =CAi;t CA 

JX~ 0, t = 0 CA = 0 (54A) 

X = (1), t>-0 ' CA = 0 

Equation (53A) may be solved (9, 54) by substituting 

-kolt 
C A = p. e - F.: clt ., (55A) 

whioh reduces it to 

2 
~n.La (56A)at = A 2 ' ax 

With boundary conditions 
_kelt 

X = 0 I t:>-0 lJ. = CAie " :::1,. 
. 

X )t-0 t=O p. = 0 (57A)I 

X = (I) I t.,..o , }l = 0 

Equation (56A) becomes identical to the equation for conduction 

ot heat in a semi - infinite rod with initial temperature zero and 

surface temperature a function of time. Method of solution in detail is 

founQ. on page 64 "Conduction of Heat in Solids" by Carslaw an~ Jaeger (13). 

The solution to equation (S3A) is, 



~ = ~ exp ( - x ~) erfe L:x;At --v'kclt] 

1+- exp (x~) err{..!- + ~] (58A)
2 

DA 2.,;rs;:t. 

2 -xwhere err z = 	 e 4x:;Tt r
0 

2 

and erfc z = 1 - erf z. 

According to Fiok's law the rate of-absorption is given by 

acA ) ( )
N A = - D A ( ax x=O 59A 

Differentiating equation (58A) with re&pect to x and setting x=O 

one obtains 

(60A) 

Therefore, 

-kclt . ]
erf ~ + .......,e___ 
 (61A)[ 

../nk01 t 

When kclt is sufficiently large, say~ 3. 0, 

erf ~lk01 t ~ 1 

erf ( - -/k ) -!- - 101t 

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

CA • 
- = exp ( - x -/k · ) 	 (62A)CAi • 	 cl 


DA 
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and 

(63A}NA = 0Ai ~ . 

Equation (63A) is identical to (38A) derived from the film 

theory. Thus, when the reaction ie fast or time is long, the rate of 

absorption and the concentration at any point approach some steady ­
-kelt 

state values.. When kt is small, erf ~ and e can be 

expanded in power series: 
L x3 ,;J

erf (z) =..,r;- (x - T + 2f5•• .) 

2 -z x ~ 
e =1-x+- -­2! 3! 

Neglecting p6wers of kelt other than the first,equations (58A) and (60A) 

become 

1 _x -:ML
::: 	 - erfcc ( e + e 

2 2~ 

(64A) 

and 

thI.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 ­
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1iquid systems, such as the o:xidntion of hydrocarbons ca.rutot be 

explrdned by the existing theories.. It t·Jas not until recently that 

Van de Vusae (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 the concentration of the reactants. A rtgorous mathema­

tical treatment of tte proclem was given by Astarita and Marrucci (10). 

The unsteady - state diffusion involving zeroth order chemical reaction 

iG represented by the following differential equation: 

(65A) 

where the function H(C) is defined as: 

(66A)= 

(67A) 

th
a~d kco is the zero order reaction rate constant. If the liquid 

medium is assumed infinitely deep, then the boundary conditions are 

t = 0 I X> 0 C = CAO (68A) 

t > O~X:O C = CAi (69A) 

o~x--(1), C =max O) (?OA)t ~ (CAO-kCot' 

where kc t is t:te amount of A depleted by reaction and max (CAf) - kc t, 0)
0 0 

is equal to the larger of CAO - kc t and o.
0 

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 ratein·spite of the fact that CA may be zero. 
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Therefore equations (66A~ (67A) and (?OA) are required to fulfill the 

physically obvious condition that the rate of reaction is zero in the 

absence of solute A and also that CA is never negative. 
CAO 

(1) Solution for t < ­
kco 

In such ease, nowhere in the liquid has concentration of A 

become zero. Then according to equation (66A) H(CA) is equal to 1 

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

(?lA) 

equation (71A) reduces to 

2 
a u =.L ~ 	 (72A)
ax2 DA at 

Subject to the boundary conditions: 

• X= 0 t70 , u = CAi - CAO + k00t (a) 

x,..o 	 t =0, u =0 t (b) 
(73A) 

. . u = 0 	 (c) 

Equations (?2A) and (73A) 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 
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(74A) 

· · · · · _·: Differentiating equation (74A) with respect to x and letting 

x = 0, one obtains 

(75A) 

and 

{76A) 

Equation (74A) is shown diagrammatically in Figure 4A. It is 
acA 

noticed that - <-a-) first decreases toward a minimum value and then 
X x=O 

eventually increases to a constant for all values of CAO smaller than 

It should be noted that when t = tn, CA = CAO - kco~D =0 at 

x =x 
)!., 

When this happens equations (?lA) and (?6A) no longer hold. 

The physical meaning of the minimum is that at very low values 

of t interfacial concentration gradient decreases with time because of 

the self - quenching effect of the diffusion process. Eventually, this 

effect slows down, while the chemical reaction continues at constant 

rate, thus steepening the concentration gradient by depleting the solute 

gas. 
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tn+l~ tn 

t=OCA= CAo,CAi 

0Ao 
t4 

DISTANCE X 

FIGURE 4A 	 CONCill~TRATION PROFILES OF 
SOLUTE IN LIQUID ( CA~ 0 ) 

y 

1.0
kco X r=ooY= 
DACAi 0.8 o~·4io 

kco t 0.6 0o:~82X= 0Ai 0.0640 
0.02560.4 

0.0160CAY'= 0.00640.2 0.00400 Ai .0016o.o r-­

o.o 	 .2 • 4 .6 .8 1.0 1.2 1.4 y 

FIGURE 5A CONCm~TRATION PROFILES OF 
SOLUTE IN 	LIQUID (-CA

0 
= 0 )_ 
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0

(2) 	 Solution for t > kAO 

Co 
CAO 

As soon as t reaches the value k-- , CA becomes zero at ~ 
Co 

whose position moves along the x - axis with time. For values of x 

larger than ~, CA is conBtantly zero. 

Equation (65A) subject to boundary conditions; 

X= 	0 , 

X=~' 

CAO 
t =k 

Co 

-	~ (??A)-~~ 

could not be solved analytically. A numerical solution using finite 

differenceswas presented by Astarita and Marrucci (10) and plotted in 

Figure 5A. 

(3) 	 Solution for k00t approaching infinity 

At very high values of kc t a steady - state is reached. Equation
0

(65A) is then reduced to 

(?8A) 

with the following boundary conditions 

X = 0 , · 

(?9A) 
x=x... 

·Am ' dCA = O, CA =0 . 
dx 
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Integrating (78A) twice and using equation (79A) one obtains 

(80A) 

When x = ~(I) , C A = 0 • 

From equation (80A) 

and 

(81A)=2~ 
A 

(82A) 

Equatioft (82A) indicates that the absorption rate is proportional only 

to the square root or the driving force cAi. 
kct 

From Figure (SA) it appears that at -c2- = 0.4, the steady ­
f Ai 

state ie reached. Hence, equation (82A) may be a good approximation 
kc t 

for the rate of absorption when~ > 1.0 
Ai 



APPENDIX II EXPERIMENTAL DETAILS 

II.l Description of Apparatus 

The apparatus used by Akehata (32) was adopted for some 

preliminary studies. It was later modified, (A) to eliminate all the 

rubber joints and tubings which may easily be attacked by peracetic 

acid and ethyl acetate; (B) to increase the diameter of the reaction 

vessel and thus the area for mass transfer; (C) to decrease the 

size of the feeding tube to minimize back diffusion; (D) to equip with a 

constant - head storage tank to enable long runs to be made with less 

attention. 

The essential components of the modified apparatus are described 

in the following sub - sections. 

Reaction Vessel 

The essential feature of the apparatus is an open cylindrical 

glass vessel, (Fisher's Standard Reaction Kettle) four inches I.D. and 

eight inches high. The lid of the vessel has four ground glass jUDCtions 

leading individually ·to a gas burette, feeding funnel, mercury seal and 

a bleeding atop cock. The lid and the vessel are jointed by ground 

glass contact and brought together tightly by stainless steel clamps. 

At the bottom of the vessel is a delivery tube for draining and sampling. 

The mercury seal allows the introduction of the stirrer and at the same 

time seals the vessel from the atmosphere. 

78 
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Agitation Device 

Agitation in the vessel is obtained by a stirrer made of 316 

stainless steel. The stirrer has three blades equally spaced so that 

both the bulk of the gas and liquid are well mixed even at low stirring 

speeds. The stirrer is driven by a variable speed motor (200 r.p.m. ­

1000 r.p.m.) equipped with a 3:1 reduction gear in order that very 

low speeds can be obtained. 

Gas Burette 

Absorption rates were measured by a gas burette which connects 

to the reaction vessel by a three - way stopcock. The burette with a 

capacity of 100 ml, is graduated at 0.2 ml intervals and jacketed by 

water at room temperature. 

Gas Storage Tank 

The gas tank has a capacity of two gallons and is connected to 

a constant head bubbler from which ethyl acetate continuously runs into 

the tank under a constant pressure displacing the gas into the reaction 

vessel. 

Pressure Control 

During the measurement of absorption rates atmospheric pressure 

is maintained in the gas burette and in the reaction vessel by means of 

a mercury levelling bottle which can be raised or lowered by a crank or 

a micrometer for fine adjustment. Pressure inside the vessel is indicated 

by a manometer. 

When long runs are made the reaction vessel is connected to the 
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gas storage tan~ which is maintained at approximately atmospheric 

pressure by the constant head bubbler. 

Temperature Control 

The reaction vessel is immersed in a thermostaUbd ethylene ­

glycol - water bath which is kept below room temperature by a cooling 

coil through which a coolant~from a refrigeration unit is circulated. 

The temperature of bath can be adjusted to the nearest ~ .25°C. 

II.2 	.Some Illustrations of Hydrodynamic Conditions and Limitation 

Of the Apparatus 

Although the hydrodynamic conditione at the interface ds· not 

well defined it may be assumed laminar if the stirrer speed is low. 

The existence of the laminar layer was indicated by the now pattern or 

sraall paJ>er particles moving in the liquid under stirring condition. 

By introducing a few drops of red ink it was indicated that the 

bulk of the .liquid is well mixed. 

The apparatus has its limitation in measuring low rates of absorp­

tion, especially, in the case where no chemical reaction occurs. In 

order to have a significant volume change of the gas in the burette$ the 

length of time necessary for each run is over two hours during which a 

variation of 0.5 degrees in the temperature of the bath would have upset 

the final result by one hundred percent. 

II. 3 	 l.eakage 

Before each experimen~ a leakage test was run. The vessel was 

connected to the gas burette. The reading of the mercury level was 



truten when the pressure was adjusted to atmospheric. The reading was 

checked again after the levelling bottle was raised and lowered several 

times. If these readings did not differ by more than .2 ml there was 

no leakage. 

II.4 	 Preliminary Jtudies on the Effect of Several Variables on Mass 

'rransfer 

II.4.l Acetaldehyde Concentration 

PreDaration of Solutions 

In every experiment, the amount of catalyst used was constant. 

This could be arranged by making a standard cobaltous acetate solution 

in acetic acid and measuring a constant volume with a pipette. Acetalde­

hyde solution having concentrations varying from .Ol? to .255 mole frac­

tion was made from acetalde~yde and ethyl acetate by accurate weighing 

to the nearest .01 gm. 

Choice 	of Stirrj_ng Speed and Catalyst Concentration 

Acetaldehyde is a very volatile substance. The gas phase;i.nthe reactor 

therefore, contains some organic vapors. the amount of which depends on 

the concentration of aldehyde in the liquid. When the absorption rate 

is high, in the case of high acetaldehyde concentrations,and the stirrer 

speed is low,oxygen near the interface is used up much faster than the 

bulk of the gas can supply it .Then there is an existence of a significant 

gas phase resistance changing with time which complicates the situation. 

Theref~re, the catalyst concentration and the stirring speed were so 
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adjusted that for all experiments, the absorption rate was never very 

high and at the same time the liquid surface always plane. 

II.4~2 Catalyst Concentration 

In these experiments, the acetaldehyde concentration used was 

always .162 mole fraction.c Cobaltous~acetate standard solution was 

made by dissolving .100 gm in 100 ml acetic acid. Although the volume 

of Co(O.A9) solution used varied in each experiment, the total amount2 

of acetic acid was kept constant by the addition of pure acetic acid. 

~t very low catalyst concentrations the absorption rates became 

very slow. Difficulty arose in the measurement of volume ehange by the 

gas burette. 

II.4.3 Partial Pressure of Oxygen 

In order to show the effect of partial pressure of oxygen on 

the coefficient of mass transfer, acetaldehyde and catalyst concentrations 

were kept constant for all experiments. Partial pressures of oxygen 

were varied by using enriched air, which came in cylinders of the follow­

ing compositions: 

. 02 N2 

(1) 100% 0 

(2) 75% 25% 

(3) 50% 50% 

(4) 21~6 7CJJ6 

In all experiments when pure oxygen was used, the partial pressure 

of oxygen in the vessel remained the same during the run. Thus the 

absorption rate was not a function of time. However, When oxygen ­



nitrogen mixtures were used, the partial pressure and thus the absorp­

tion rate decreased with time. Therefore, at the start of each run 

there should be very little or no time delay between the introduct-ion 

of the feed, the starti.ng of the clock and reading of the gas burette. 

The displacement equation (See Appendix VIII) must be recon• 

sidered for different composition of the gas mixtures to estimate the 

time needed for flushing the apparatus so that 99.5% of the air in 

the reactor was displaced by the gas in use. 

II.4.4 Temperature 

As aeetaldehy~e boils at 20°C and the reaction changes its path 

at higher temperatures, it is therefore desirable to keep the temperature 

between 0 
0 

- 10
0 
C. 

0 40 0The ethylene - glycol - water bath was set at 0 , , 10 C 

respectively. Experiments wer·e run at each temperature for a range of 

acetaldehyde concentrations from .068 - .24 mole fractions. 

II.5 Unsteady "'"':State Mass Transfer Studig,s 

The general experimental procedure was the same as in II.3 except 

that only the gas phase was stirred. Volume of gas absorbed V~ at time 

t was measured.. The experime.nt was repeated at different temperatures 

and stirring speeds. Analysis of acetaldehyde was carried out before and 

after each run. 

II.6 Steady-Stat~ Masa Transfer Studies 

The general experimental procedure was the same as in II.3 except 

that the product disttibution was determined by analytical methods 

http:experime.nt
http:starti.ng
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outlined in Appendix X. 

Th~ ext~nt of oxidati.on was followed b_y measuring absorption 

rates and determining product concentrations at convenient time intervals. 

The main part of an experiment was carried out with the reaction vessel 

connected to the ga.s storage tank, so that the run C·)Uld be made con­

tinuous for a period of eight hours. Before absorption rates were 

measured the gas burette was connected to the vessel. The measurement 

should take approximately ten minutes after which a 7-ml sample was 

taken from the bottom delivery tube. Seven ml of fresh feed was then 

added through the feeding funnel. Before each addition the pressure 

inside the vessel must be kept slightly above atmosphertc so that no 

air could be admitted into the system. 

The sample for analysis must be kept cold with ice as acetalde­

hyde is volatile and peracetic acid is unstable at high temperatures 

II. 7 }1ass Transfer Without Cheuical Reaction 

The experimental procedure is essentially the same as II.3 

except that only pure ethyl acetate with no acetaldehyde and catalyst 

was used. Before each run, the ethyl acetate was double - distilled 

and collected in a nitrogen atmosphere, so the1t tne solution contains 

no oxygen initially. The volume of g~s absorbed with respect to time 

was measured. 

http:oxidati.on


APPENDIX III DERIVATION OF WORKING EQUATIONS 

AND SAMPLE CALCULATIONS 

III.l Mass Transfer Coefficient Without Chemical Reaction 

Derivation of Equation 

It was given in equation {19A) that NA =~(CAi - CAt 

Assuming the gas phase resistance is always negligible so that 

CAi is practically equal to CAg' the hypothetical concentration of 

oxygen in equilibrium with its partial pressure in the gas phase. 

CAg can be estimated from the solubility of oxygen in pure ethyl 

acetate. The method of calculation is given in Appendix VII. 

As pure oxygen was used the partial pressure of the gas in the 

vessel was given by: 

PAg = Pg - Po, 

where Pg is the total pressure and P0 is the pressure ot the organic 

vapor which doonot vary at constant pressure and temper~ture. Thus. 

PAg can be considered as constant thJfoughout each;~;experiment~.. ~ 

Furthermore, if there is no dissolved oxy~en in the liquid at the 

start of an experiment and assuming the gas obeys ideal gas law1 then 

C A at ti.Die t can be related to the volume of oxygen absorbed by: 

cAi = '~22 ) <22zt8o v ) vAi,
b R 

where VAiis the volume of oxygen to saturate the given amount of liquid. 

85 
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Therefore 

(83A) 

where A is the interfacial area. 
r 

Equation(l9A)becomee 

1 dVL kx,
A Tt ::: v (VAi - VL) (83A') 

r R 

Rearranging and integrating ( 83A' ) 

t v dV
J dt = J V~- VL
o0 

(84A) 

Log (VAi ·- VL) was plotted against t. The method of least squares was 
.. 

used to find the slope of the resulting straight line and ~ was given 

by 
- 2.303VR 

~ = (slope){ A ) (85A) 
r 

Sample Calculation: Experiment No. 6. 

Log (VAi- V1 ) versus twas plotted in figure 6A slope= -.00862 (.br-1
) 

··~: =•.00862 (•2.30.3 X .2)£ ft3 ft 

· · .. .o4?5 rt2 x 28.3 L(hr) = •0762 hi · 


III~2' ·Mass Transfer Coefficient With Chemical Reaction and Enhancement 

!a:tor at Var1pu~ ACetaldehyde Concentration, Qatallst Concen­

tration and temperature. 
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FIGURE 6A ABSORPTION OF OXYGEN IN ETHYL-ACETATE 
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Derivation of Eguation 

The rate of absorption of oxygen by acetaldehyde was given by 

equation (19A). 

(19A) 


It was assumed, when reaction occurred,all dissolved oxygen in 

the bulk of the liquid was reacted and its concentraticn became. zero. 

Then. NA ~ ~i CAi (86A) 

and 

(87A) 


N~, the rate of absorption was determined by measuring the volume of 


oxygen· absorbed with time. CAi was estimated iA the same way as III.l. 


Sample Calculation: Experiment No. 78. 


Volume of oxygen absorbed versus time was plotted in Figure 7A 


NA = (.!!) (~) ( moles ) 181 ft.;;;2 
hr 271 22,400 ml •0473 

= .168 moles/ft2 hr. 

CAi = .200 molea/ft3 

k1 = :~~ = .840 ft/hr. ~ = . o436 ft/hr 

M .840 19 20 
w = .0436 = . 

III.3 Mass Transfer Coefficient With Chemical Reaction at Various 

Partial Pressure of Oxygen 

Nomenclature 

m Henry's Law Constant 
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R" Tb{22400)/273 ml 

R' T (22400)/273 ml 
v 

Tb tempe·rature of burette °K 

T temperature of vessel °K v 

PT total pressure ~ 1 atmosphere 

YAi mole fraction of oxygen in the gas space of the vessel at time t 

Y0B mole fraction of o2 in burette = constant 

v0i volume of 0 in vessel at t =0, ml2 

VL change of volume in burette a.t time t, ml 

V volume of gas space in the vessel, ml 
g 

Derivation of equation 

A-material balance of oxygen and the gas space as shown in 

Figure 8A consists of three terms: 

Rate of gas absorption = kL ArCAi 


k1,ArYAipT 

(88A) 

m 

= 

Rate of oxygen coming from gas burette 

= (~)(PT)( 1 ) y dVL (89A)
Tb l 22400 OB dt 

Rate of accumulation ,· due to the change of partial pressure of oxygen 

in the vessel 
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V dYAi 
gdt 

_ _KV dYAi 
(90A) · 

- R' dt 

Hence, 

(91A) 

Volume of oxygen that has entered the vessel 

Correcting for temperature variation, volume of oxygen in the vessel at 

time t 
T 


= VgyAi = VOi + {VLYOB - YIJ) T: 


T 
{92A)= VOi - ~ (l - YOB) VL 

b 

{93A) 

Substituting (92A) and (93A) into equation (91A) one obtains. 

(94A) 

Rearranging equation (g4A) and integrating, 
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1 

VOi -(~v )(l-Y0BlVL 

b 

Thus, 

2.303 log (Vo~) (95A)
(1 - YOB) ... 

T 
Plotting log (V0i - _y (1 - Y ) VL) Vs t a straight line is 

Tb OB 

obtained and kL is given by 

2. 303V 2'"'.... YOB 
k{ = - ( A T g) 2~~~0 (1 y + 1) ( slope) 

r v - OB 

As T was kept constant equation (96A) could be reduced to v 

ki = - (BB) slope (9?A) 

The values of (BE) for corresponding values of Y0B were tabulated 

in Table 2A. 
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Mole fraction of 
o2 in burette Y0B 

1.0 

.?5 

.50 

.21 

VOi 
ml 

423. 

318 

212 

89 
\ . 

BB 

14.63 

?.32 

4.63 

TABLE 2A MULTIPLICATION CONSTAN'mEF!m CALCULATING ki, 

AT VARIOUS PARTIAL PRESSURES 

Sample Calculation: Experiment No. 48 

2 m = 1.025 x 10 (atm. )(litre)/moles 

T v = 2??°K 

vg = 4?4 ml 

A = .0475 ft3 
r 

T 
Log (V01 - ~ (1 

b 
- Y0B) V1 ) versus t was plotted in figure 

9A. 

YOB = .?5 

slope = .0388 

.ki = .0}88 (14.63) = .545 ft/hr. 

III.4 Reactiqn Rate Constants from Unsteady - State Absorption Data 

Experiment No. 109 

Volume 	 of oxygen absorbed versus time was plotted in Figure lOA. 

2 -2NA =3.005 molesI ft 	 hr, x 10 



3
CAi = .209 moles/ft 

-~ 2;DA = 20.0 x 10 ft hr. 

First Order Reaction 

Using equation (63A) 

= 103.? (hr)-l 

Zeroth Order Reaction 

Using equa~ion (82A) 

2 2 2kCo = {NA) /2DACAi = (3.005 X 10- ) /.206 x 2 x 20.0 x 10-5 

=10.85 moles/rt3 (hr) 
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APPENDIX IV TABI,&) OF EXPERIMENTAL OBSERVATIONS 


Expt. Stirring Speed IApparatus IVAi l VL \ Temperature! Sl~fe I ~ 1
2

No. r.p.m. f 1 ml f °C f hr ·xlo2stt/hrxl0 j 

i 

6 509 ). Akehata. 
 4 - .862 

? 509 
 9.60·1.112"" 

" 	 .l 80611 
?.. 1}9 	 u 

... .. 	 u13 	 " ! - . 985 ' 8.80 
r14 
 " 	 " " i - •963,-:.·102 II 
 0 	 -~ •460 4.10 
~ 98 395 
 " I - .466 4.16 

4 ~ - .462 ·~ 4.12i 103 " 

I
J 104 " tt 

f ~ .51? I 4.60 
n 10 I"' .533 ~•. 4.55
i 95 
 ,, 4.83I - .55.3 I 


~ 123 

t 99 " 

5 .803 i 3.90' 

l 
~ 35A n .845 « 4.10 
i: 

A {Akehata) = .0475 ft2 
r 

A {Modified) = .08?3 rt2 
r 

TABLE 3A MASS TRANSFER COEFFICIENTS WITHOUT CHE)iiCAL REACTION 
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Expt. JCompo:!ition 1Absorption ~ C Ai . P 0 I kL I I 
No. 1Mole traction/ rates . l grtt-moles 2 ft/hr. . = k!/k... 

JAcH fEthyl ~ N A e;m-moles~ ~ Atm. J 
l_ 

-l.t --r,
i !Acetate ft~~ hr. ( ft3 . j 'j 1 

1 

I ! \ :
! r . I 

2.46 
1 1 


84 I· 0173 i. 976 ·. • o234 t • 224 i . 953 ! . 105 2.41 


81 I.0173 !<n6 .0249 .224 •953 .107 

~ ~ t ~- . ·~ 


82 i . 0422 i. 950 .. 0980 i •223 946: ·i,. 441 10.12
j_· • • 

~ I i f ' 

s3 f. o422 L963 . 103" i . 222 i . 940 l .465 10.67 


8o l.06751;925 .165 I .218 I.930 I . 705 16.20 


85 !·123 i.869 . i .. 162 l .211 l·~i .768 17.65 


79 L162 I. 830 .168 . 208 ~ •883 l . 807 18.81 

; i ~ 

78 I· 236 !·.:~{f) .168 •200 i .852 ~ • 840 _19,20 
~ l. .. l 

--------------------------~----

Temperature of Bath 


Co(OAC) ::;: 3.. 0 ppm.
2 

Speed of Stirrer = 395 rpm. 

= .0436 ft./hr 

Apparatus = Akehata 

2A :: .0475 f't r 

TABLE 4A MASS TRA,~SFER COEFFICIENT AND ENHANCEMENT FACTOR AT 

VARIOUS ACETALDEHYDE CONCENTRATIONS 
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Expt. NA k£ ft./hr. 
No. moles 

t rt2
hr 

I = ki,~ 

~ 
~ 

f 23 0 I .0258 I .123 1.48 
t ,; ~ 

37 .. 4.3 j .154 .737 8.86 i 
if 

i 29 5.0 i .258 1.230 14.80 
~ 

r 

I I~J 39 5.4 i 
~ 

.299 1. 425 ··: 17.15i ~ I 
f, 41 6.4 ; 

.256 I 1.220 14.65 ! 
~ 

j ~ ~i Ir4o 8.5 
~ 

.2'73 1.300 15.65 
~.~ 

38 . 10.7 .827 9.94 f 
ilI. I 

f 

·~ 

~ 

~ 30 15.0 .181 '}860 ': 10.35 i ' 
" I ~ 

26 18.3 .219 1.043 12.55 
r 
~ 

I 
·1 

~ s
T' ~ >,

24 27.7 : .197 .340 11.55 ~ t I 
j 25 -55.4 .161 •. 767 9.22 ~ 
~ 

27 .55.4 .l4L•J .685 8.24 

28 110.8 .1065 .507·;, 6.10 


Speed of stirrer = 509 :r.p.ro. 
Acetaldehyde concentration = .10 mole fraction 

Temperature of bath 

Apparatus Akehata 

:: .0832 ft./hr. 

= .0425 rt2 

TABLE 5A MASS T:RA:!SFER COEFFICIENT AND ENHANCEJ.IENT FACTOR AT 

VARIOUS CATALYST CONCENTRATIONS 
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Expt.,Tempesa- Com:eoaitiop l Absorption ·~Ai Po2 ·_lkL 1 ~ I I I 
No. · ture c. Mole fractiog rates t lrt/h ~ ft/hr!

0 1i A H ~Eth 1 : N -· 1 ·- .· e a m. i 11 ~ ~l c ! y ' A fot.IU-mo ec . 3 ! •l X 10 ' i 
·. \Acetate 2 } f.t s ;: · ft hr. 1 ;) 

' ;: 
I. 
!88 0 ' 

., 
.0675 .925 .100 .230 .942 .436 ~ ~ 

" 
.~ j .682.869 .153 .225 ! .92091 ~ .123 

'' ~ 
89 " 

-~ 

.236 .703.1.54 .219 i .895.756 i ~ 

t 
~ 

t '
.160 .a19 } .895 .?28 90 .236 .?56" 

'' 
86 10 .0422 .950 .130 i .201 i 

~ 

.910 .648 
~~ I 

! 
~92 .0675 .925 .151 
f 

.199 
! 
j .903 .751' 

93 " ·~ .123 .869 .157 ~ .192 
~ 
} .872 .815 

~ l 
. ~·.162 .830 .154 ! 

~ 

:; 
. ~:i87 I .848 .82397 " ·'1' •• 

~ ;.214 .782 i.l61 i ~t1B 
i 

.811 .85096 tf 

' 1 i 
; ~ " 
: ~ " 

}· 
! - 10.55 !

~ 

. 
t 

16.50 1.413 t­

17.oo! 
t 

1?.60 ~ 
l 
{ 

~. 4 t 
·, 1 .20 

! 
~ 
t " 

16.4?! 
ir:457 

f") 

1?.87 f 
18.05 t 

1
' 18.63 ~ 

~ 

Co(0Ac) 
2 = -~-~0 ppm 

Speed of Stirrer = · ':.J95. rpm 

Apparatus = Akehata 

A = • '04?5- ·r~2 r 

TABLE 6A MASS TRANSFER COEFFICIENT AND ENHANCEMENT FACTOR AT 

VARIOUS TEMPERATURES AND ACETALDEHYDE CONCENTRATIONS 
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Temp. kcl I 
I 

T 
1 	 I
Expt. N DA-Mixt. DoJ Aoc. 0 ~moles x102 2 


{ 
~ 
' 

No. 2 
 Ai ft32
 hr ! 	 !
-1 l 

t (OK)-lx lo't ~ xlcfJatmrt hr ' ~ 	 ~ 
f I \ 	 ! 

I 
~I 


I
j 
·i 	 l3.017.0 20.0 .917 r 

I 

.2085 
! ! 

3.5? i 
~ 

l 
~ 

" l 
1103.7!1091 
 1	 ~-

.2085 : 1'100.5 l 3.571 i
110 7.0 I 2.96 20,0 ,.9171 	
Fi 
 .:} 1 	 !~ 

21.2 .902 .1990 i 117.0? 3.533 i
~ 105110.0 1 3.13 •j ~ ;,1 

¥ r 	 ~ 

t l1 106 l 10.0 1 3.~8 
 21.2 .9()21 .1990 l128.o ~ 3.533 ! 
1 


~ l f . ·, ' ~ 
I ; 

~ 	 i
i
21.2 ,. 902 .
3.34t 
10? J10.0 .1.990' i .133. 0 f 3.533 lt i 


lA . :.\ : 	 i!f ~ 
~ 108 f 10.0 3.42 21.2 ! . 9021 .1990 X'i 123.3 i 3.533 

! 
~1 
 . t I 


~ j ~ 	 ~ 
-~ 
~ ~·111 i~ 15.0 
 3.56 .1872 t 159.4! 3.472 

i 
~22.7~ .881 I 

~ 5 	 ' 

~ 


1 ! ~ 

;:''3-.49112 f 15.0 22. 70,, 881 ' .18?2 fl53.5 i 3.472 t 
~ 

J. ! 	 j 
·~ i 


~ ~ 1
. 	 ' J ~ ~ 
7 


" 
,.., 

TABLE ?A FIRST ORDER REACTION RATE CO~STANTS 
FROM UNSTEADY STATE ABSORPTION DATA 

I reducing to 1st order!Expt. Tem~~ature k moles(hr)-1 .!
T 

X leY k"(hr)-1 !No. cI 
 Co ft3 ~ 	 ll 
I 

! 


! 
i
i 


! 
I 
 I
10.. 85 
 .538
3.5?1l 109 7.0 i
! l j 

I 
l 

l 10.50110 7.0 .522 J3.571 ll 
! 	 !I 
 105 t 

t 
10.0 11.62 3.533 l .57? l 

!
106 10.0 12.?5 

J 

i 3.533 I .633 

j 

107 10.0 13.22 	 J
l 3.533 1 

' 
~ 

.657 

" ! 


108 10.0 12.26 	 i 3.533 1 .608 

1 \ 

111 15.0 15.00 	 ~ 
I 

3;.472 .74? 
i. 

112 15.0 14.45 	 l 3.4?2 .717 

j 

·; 

Co(OA)	 = 3 ppm2 

Acetaldehyde concentration: 


(before experiment} • . 0675 mole fraction 
(after experiment) = .0655 mole fraction 

TABLE 8A ZEROthORDER REACTION RATE CONSTANTS FROM UNSTEADY - STATE 
ABSCRPTION DATA 
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I I 	 'lExpt. ICBL ICCL CBi CCi .

I sa-moleslge-moles ~-moles.gm-moles 
t 
I 
I 
I I ft. 3 ft. 3 ft. 3 I ft. 3 
i ' i 	 l 

I 
1 4''2 ':. 
l 

' 
3.55 1.16 2.?5 2.30 

[ 

1 25 3.94 .?93 2.90 1.80 
i 

126 9.01 •• 687 2.90 1.70 
I 
I 16 4.02 1.09 2.71 2.90 

18 4.37 1.20 2.90 3.00 

19 4.47 .92 3.00 3.10 

i 33 5.45..:~ 1.?4 3.95 4.60 

134
I 

5.50 1.?0 3.85 4.30 

i 13
l 6.48 1.8? 4.30 ?.00 
I 
! 

·i 15 
l 

6.?6 1.73 4.45 7.00 
I 

t 14 6.91 1.96 4.65 7.00 
I 
l

!22 7.67 3.35 5.45 8.90 

roc =fCBdx/Jt Ik" X 10-2 
B I -. . . -1
r;m-moles ! hr 


ft. 3 -~ 


3.02 .0326 I 
l3.29 .0281 I 

I 
3.29 .0277 

I 

I3.29 .0681 I 

I 
3.49 f 

~ .0779 ! 
f 

l 
3.60 ' .0839 ~ 

1 

i 
~ ' 
J 

l4.63 i .0891 j 
i 

4.52 
~ 
~ .0891! l 
i 
r 

I5.34 .2710J 1
I i 
; t5.65 	 , .2490 

I 
i 

I 
f 

5.86 .2280 a 
J 

i fl6.53 	 1 .2400 fl I 

TABLE 9A REACTION RATE CONSTANTS USING BAWN'S MECHANISM 
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Using Bawn's mechanism, but let 

k'~ = k~ + k;CB 

where 
?.: 

ft.~ 
gm-moles hr 

NA(Expt) I NA{predieted)Expt. CCi. CBi 
No Q!!-moles I &;!-moles 

2 2 
gm-moles\8 1eoles 

rt3ft3 Ift hr rt hr J 
25 .0276 

26 i 2.96 


.02??1.902.95 
.02991.90 •027.5 I.0418 .0310 ~2.5016 2.98 

.04602.91 ~ .0369 i 
~ 

19 I 3.1.3 
18 3.10 

.0486 .0394 
f 

20 3.?2 
2.70 

.0572 .072.5 

21 i 

~ 

3.6.5 

5.40 

.0562 .0692 
1 

5.10 
.0802 l6.20 .078633 3.95f .0?50 I.076234 3.85 5.90~ i ~i .102513 4.35 7.25 .0995 l 

15 t 
! 4.45 .1040 


14 I' 4.53 

?.15 I .0995 

I7.50 	 .0980 .1072 
I~ 

\. 

TABLE lOA 	 PREDICTED ABSORPTION RATES USING FIRST 

CORRELATION (Bawn'e Reaction Mechanism) 
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Expt. 
No. 

. J .3'·.7, I ~ ! I· 26 1 4. 01 687 J 'i_.. • 237 -1.416 l •275 f 5. 06 i -. 40I
25 I ~793 .416 I .237 -1.422 j .277 t 5.06 +3.73II 

I 24 3.55 l .8?7 f .4? i .237 -1.495 ' .291 l 5.06 +2_;;:3lf 

16 l 1.09 I' .19 I .237 -2.150 l .418 I 5.63 -5.781 

4.37 l 1.20 .21 i .237 . -2.3? i .461 ~ 5.63 +5.6?I 18 

4.47 I . 921 I . 237 -2.50 l . 486 I 5. 63 

I :: I5.45 1 1. 74 l . 85 .. 273 -3.92 . ?63 ?.60
I ~i 33 I 5 . .50 
fI 14 I 

j 
6.91 


i 15 

l
6.76 I::: I ::: ::~: :::: :: I::::


t ~ f ~ 

1 13 6.48 1 1. S7 11.oo .236 -5.26 1.025 l 9-391g
I 
~ 12 I 6.o5 t 2. 36 r 1.. 06 . 236 -5 .. 93 1.155 9.39 
~ 1 ~t 1 

-3.73 

- .1+3 

+ .85 

TABLE llA PRODUCT DISTRIBUTION AND ABSORPTION RATES 
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Expt. no. Experimental Predicted 

~ 
INA
l 

=0 J m-moles 

8'!1!-moles f ft
2 hr 

rt4 { 
l 

~-r. 

--­ -­

... _.. '"'". 
~ ... 

-·­ '• 

I 
.. "" 

~=0 
sm-moles 

rt4 

NA 

me-moles 

ft2hr 

I . -l 

26 

25 

24 

16 

I
~ 

I 
l
1 

-141.6 
I 

.0276~ 
I 
i 

-142.2 ~ .0277~ 
i 

-149.5 f 
.0291 

-215.0 l .0418 

-I 
~~ '4 n 
u
f\~ 

-12?·. 9 

-158.5 

-152.0 

-217.0 

.0249 

.0309 

.0296 

.0422 

! 
f. 

I c 18
i 
J 

l 
i 19 

I 
f 34 

33 
~ 

I 
~ 14 

t 
! 

15 

I -23?.0 I .0462 -257.0 .0500 JH 

l: H i 

.0438 i~ 
m 

-250.0 I .0486 r~ -225.0 ! 
~ 

.0798 iI -392.0 { 
I 
l 

.0762 rt -410.0 $I p
' 'f-404.0 i .0786 

J-503.0 .0980f 

,..512 
~ 

.0995 

-407.0 I .0792 

-553.0 l .1076 

-522.0 l .1015 
! 

TABLE l2A PREDICTED ABSORPTION RATF~ USING SECOND CORRELATION 

(Bolland's Reaction Mechanism) 



APPENDIX V EXPERIMENTAL ERRORS AND STATISTICAL EVALUATION 

V.l 	 Estimation of Experimental ~rrors (55) 

u : 	 t(x,y,z) (98A) 

ar ar ar
du = - dx + - dy + - dz 	 (99A)ox ay az 

.. ar ar ar >6u T <a:x)bx + <a;> ~Y. + <az) 6z (lOOA 

Equation ( lOOA) is the basic equation for estimating relative errors. 

Throughout the first part of the experimental work the measure­

menta of acetaldehyde, cobaltous acetate and ethyl acetate concentra­

tions were by weight. Th~ relative errors were very small. Other 

quantities involved in this section are ~*, kJ., and 1 .. 

(1) 	 Errors in k]:.• 

where a is a constant and CAi is estimated by Hildebrand's 

formula. 

Ln kJ.. * = .lna. - .ln C.Ai + .ln VL - Ln t 


Using equation (lOOA), 


6,~.,% 1 ~~ I+ HI 	 (lOlA) 

was measured to the nearest .2 ml by gas burette. However,v1 

temperature change within the period of 2 hr is approximately ± .25°c 

and the volume of the gas s~ace ot t~1e reaction vessel is 600 ml. Thus, 

V , ( , 2S
0 

)
!). 1 , due to tem:r>erature ehanz~, i~ erp1al to bOO x 

2
.
17

o. = . 55 ml. 

105 
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Time was measured to nearest 5 see. 

For higher absorption rates, aay, l50 ml per half hour 

C,.k_ * 
-L .55 + .2 5 
~ = 150 + iSOO

L 

~· 
~· = .ooa 

ft
when kL = lhr , L'\kL = : • 008 ft/hr. 

For lower absorption rates, say, 15 ml every half hour. 

ilkL* 
~ __2__ .053k • = 15 + I800 = 

L 

\'#hen ~• = .1 t~-, l:.k1~· =.t. 0053 ft/hr 

_(2) Errors in ~ 

k. = ~. log(v 
VAi 

_ v ) It 
u Ai L 

VAi 
log YL = log ~ + log (log (V _ V )) - ~og t. 

Ai L 

hVL = .2 + .55 = .75 ml 

Letting VAi ~ 38 ml, VL = 10 ml t =1/2 hour 

=.076 

when 1<r, =0. 040 ~~ l1k:£, = •0'76 (0. 04) = t 0. 003 ft/hr 
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(3) Error in I 

I=~ 
1tr, 

lil-1=1~1 + 1~1 

when k:L = 1.0 !~ , I~I :: .073 + •008 :;: • 081 

when i = 2.50, AI =±.31 

V.2 Statistic~l Evaluation of the Correlations (56) 

V. 2.1 IJinea.r Correlation of '1\.ro '!r~riables by the Lcact Sguareo Hethod 

The straight line through the data points (x1 , y ) is1

expressed by 

A 
y = a + bx (102A) 

where· y is the estimated value for an observed value of x. 

The values of a and b corresponding to the line with the minimum 

squared deviation of y from y are given by 

a = y - bx (103A) 

• 
b = .J: ¥ (104A)I'x·­

where 
I: • xy =% (x - x) (y - y) 


I' x 
2 =~{x - x) 2 




- -
108 

and X = y =~ 	yi 
N 

N is the number of data points. 

The significance of the correlation is given by the correlation 

coefficient yc' which ranges from ! 1.0 for a perfect correlation to 

0 for the case where there is no correlation. For a straight line 

correlation, y is given byc 

(105A) 

To determine whether the correlation is significant at certain 

probability level, y estimated by equation (105A) is compared with the c 

values of correlation coefficient in standard tables (56). 

The variance of estimates may be used to set the confidence 

limits on the least squares line 2 1 ?
(l-ye ) ~ -'1­

Var!anae of slope ~2 (b) = (106A) 
(N:!) ~ ·'x2 

{1-y 2) ~ 'y2 
- '?... c

Variance of y S1yJ =----N~---	 (107A)... 

Confidence limit o! ~ = i ± ts(i} 

Confidence limit of b =b ± ts(b) 

where t is selected at the proper degrees of freedom and the desired 

probability level fro~ stw1dard t-table. 

Curves through the extremes of y are drawn asymptotic to the 

lines ;-Jith minimum a~td ma.-'{imum s~~opes. The area be tween tuo curved 

lines is the confidence ranee 	of t~e eorrelatio!!. 



109 


V.2.2 	 Statistical Evaluation of Firat Correlation (Bawn's Reaction 

Mechanism) 

N = 12 


Degrees of freedom = 10 


'( := • 962 

-

c 

b ::; 1.078 

= -.00390 

y :: . 0602 

The tabulated value of y for 10 degrees of f'reedom at the .001 
c 

level is .823. 

S(b) -- .0963 

S(y) = .00774 

t = 2.228
10, .05 


-confidence range of b =1.078 ± 2.228 (.0963) 


= .e63 to 1.293 


confidence range of y = .0602 ± 2.228 (.00774) 


= .. Ol~29 to . 0775 


}Tescribed value of b =1.0 


V. 2. 3 Stat:i.;:;tical Evaluatton of .'3econd Correlation (Bolland 1 a Reaction 

Mechanism) 

N = 12 

Degrees or freedom = 12 - 2 = 10 

-

.981 


b = .948 


a = - .OU2Y~ 


y = .0655 
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The tabulated value of y for 10 degrees of freedom at the .001 level 
c 

is .823. 

S(b) = .0592 

S(y) = .00189 

t 0 0 = 2.2281 •• 5 
confidence range of b = .948 t 2.228 (.0592) 

. - .816 to l.08o 

confidence range of y = .0655 t 2.228 (.00189) 

= • 0613 to . 0697 

prescribed value for b =1.0 



,, APPENDIX VI DERIVATION OF REACTION RATE EQUATIONS 

VI.l. 	 Bolland's Rate Equation for the Oxidation of Hydrocarbons 

Initiation: 
kl 

ROOH oo· + OH"' (108A) 

kl~
RO· +RH R• + H+ + RO- (109A) 

k ' 2OH.. + RH R• + H 0 	 (llOA)
2 

Propagation: 

k2 


R• ~ RO • 	 {lllA)+ 02 2 

Ro • + RH k3 -- ROOH + R. 	 (112A)2

Termination: 

k,. 


2R" .,. R - R 	 (113A) 

(114A) 


(115A) 


Using the standard steady state approximation for free radical 

reactions, the following rate equations for all free radicals can be 

equated to zero. 

(ll6A) 

(117A) 


111 ·. 
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(118A) 

(119A) 

From equations (116A) and (ll?A), 
klCROOH 

CRO = . (120A) 
. k 1· c 


1 RH 


. klCROOH 
(121A)COH = 1 

k2CRH 

Substituting equations (120A) and (121A) into (118A)~ one obtains 

2 
2klCROOH - k2CRCO + k3CRCO + k3CRO CRH - k4CR - k5CRCRO =0 

2 2 2 2 
(122A) 

Assuming k i k 1/ 2k 1/ 2 and adding (119A) and (122A), one obtains
5 4 6 

(123A) 

The left hand side of (123A) is the rate of initiation. In 

order that the final equation is independent of the method of initiation, 

let y = 2k1CROOH* 

The right hand side is a perfect square and thus, 

1/2 1/2 1/2 (124A)k4 CR =y - k6 CRO 

2 


Substituting {124A) into (122A) and rearranging, one obtains 
1/2 

. ·. kzY- coz 
(125A) 
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(126A) 


(127A) 


By substituting (119A) for CRO and neglecting the second term in {12?A) 
2 	 . 

Bolland's result is obtained as follows: 

- dC
0
2 1/2 k~ 
-=y ...,11ft.


dt k
.	 CRH 
k k 1/2c + k k 1}2c + k i/2k 1/2 1/26 3 4 RH 2 6 o	 4 6 y

2 
·(128A} 

VI.2 Bawn•s Rate Equation for the Oxidation of Acetaldehyde. 

(1) 	 Initiation 

k" 


C~+++ + CH COOOH 1 co++ + H+ + cH cooo· 
3	 3 

k" 
Co++ + CH COOH 2 Co+++ + cH coo· + OH- (130A)

3 3 

k"3CH coo· + CH CHO • CH COOH + CH co· (131A)
3 3	 3 3

(2) 	 Propagation 

k ..

4cH co· + o2 cH cooo· 	 (132A)

3 	 3k" 
CH cooo· + CH CHO 5 • CH COOOH + CH co· (133A)

3 3	 3 3 

(3) Termination 

(134A) 

(135A) 



114 

(4) Equilibrium 

A.M.P. (136A) 

Assuming only reactions (129A), (132A), (133A) and (134A) control the 

overall reaction and that the rate of initiation is negligible compared 

with that of propagation, the following expressions are derived: 

(138A) 

(139A) 

where cfl is the concentration or cH3cooo· free radical; and cr2 

the concentration of CH co· free radical.
3

In steady state, it is assumed that the concentrations of 

these free radicals are unchanged and thus, 

dCfl dCf2 
-=-=0 (lltOA)
dt dt 

From equation (138A), one obtains 

Cf2 = k5ucflCJik4" C A (141A) 

Substituting (141A) into (137A), the following expressioa results: 
k " 1 (142A)Cfl = k " CCa
6 

The rate of oxygen uptake as expressed by equation (139A) can 

now be written in terms of molecular concentrationsas: 



-dC
A k5"k.."-J. 

(143A)d"t = k6 " 

The rate of change of CC and CAMP can be expressed as: 

dCC 
dt = - k1" CCaCC - k6" CflCC + k5" CBCfl - kg" CBCC 

(145A) 

dCAMP 
If instantaneous equilibrium is reached so that dt - 0, then 

CAMP 
(146A)

CBCC 

where K is the equilibrium constant. 

Substituting equation (142A) into (144A} and assuming k " and1 
11k6 are small compared with ks", one obtains 

k "k " dCC = 3 1 (14?A)dt k n
4 

Differentiating equation (146A) and rearranging, the following 

equation is obtained: 

dCAMP dCC dCB 
dt =K(CB dt + Cc dt ) 

=0 

Renee 

ltk_tl c 2k3'J. B (148A) 
-c cca·k4 " c 

The final rate equations are: 
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dC · 
(149A)d~ =k'CcacB 

2 
dCB CCaCB 
-	 =k' (150A)
dt cc 


dCC 

{151A)~t =- k'CcacB 

where k' (152A)-- k3	"~" 


k
I+ " 



APPENDIX VII SOLUBILITY OF OXYGEN IN ETHYL-ACETATE 

Ae the International Critical Tables (57) give the solubility 

of oxygen in ethyl acetate at only one temperature and pressure, 

attempts to measure these values experimentally had been tried,but 

none of them proved to be very slcoesstul. 

Winkler's method consisted of saturating the solution with 

oxygen and determining the amount of dissolved gas by titration. 

Oxygen being very slightly soluble in ethyl acetate only a very small 

amount of impurity in the form of an oxidant would cause considerable 

inaccuracies. Furthermore, the presaturation of the 'liquid with 

oxygen presented another problem. 

In the absorption method the difficulty lay in the fact that 

the present gas burette was simply not precise enough to measure 

emall volumes .. 

The experimental values obtained were only very approximate, 

and moreover, the.y did not show any definite variations with tem• 

perature and pressure. 

A semi-empirical equation (53) for calculating solubilities 

of gases in non-electrolytes developed by Hildebrand and Scott is 

given by 

(153A) 

0where x,2 is the solubility in mole fraction, P , P are vapor
2 2 

117 
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pressure and partial pressure: and v2 is the molal volume at the normal 

boiling point of the solute. 

a and a2 are the solubility parameters of the solvent and the1 

gas. 

The basis of the equation is the energy of mixing and the 

Clausius - Clapeyron equation: 

AH (154A)=r;­

where 6H is the enthalpy of vaporization. 

Equation {141A) is the same equation derived from Raoult's Law 

except f.trr the laat tem which Catl. be conB.idereJl aiS a correction f'or differ­

ent solvents. 

It was shown by Hildebrand that by extrapolating the plot of 

log P0 versus ~ linearly, a hypothetical value oi P0 above the crit:i.cal 

temperature could be used. 

a, called the solubil~ty parameter, is defined as 
Z(AH - RT) 1/2 

a - app (155A}- v,e 
where aH is the apparent enthalpy of vaporization evaluated, aceor­

app 

ding to Clausius - Clapeyron equation, by the slope of the log P0 

versus T1 
plot, and V £ is the .molal volume or ~he liquid at its boiling 

point. 

Using equation (141A) the solubility of oxygen evaluated ~or 

25 C and atmospheric pressure agrees very well with that given in the 

International Critical Tables (57) and the experimental value. Table 

13A shows a comparison of solubility of oxygen in ethyl - acetate by 

various methods. 

0 
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Pressure Temnerature Solubility 

atm. oc gm-moles/litre x 1o' 

Hildebrand experimental Int. Crit. '!'able 

1 

1 

1 

\ 

20 

0 

4 

7.04 

8.60 

. 8.20 
8.4 

(average of 
8 samples) 

6.95 

TABLE 13A COMPARISON OF SOLUBILITY OF OXYGEN IN 

ETHYL-ACETATE BY VARIOUS METHODS 

~t. No. Temperature 

0° t .25 
Solubility 

moles x 10 2 

litre 

Vol. of Samples Used 

For Titration (ml) 

1 0 .72 5 

2 0 .69 ,. 
5 

3 0 • 59 10 

4 0 .85 10 

5 

6 

7 

8 

4 

4 

4 

-4 

.80 

1.30 

.55 

1.13 I 

5 

5 

10 

10 

i 
I 
t 
~ 

t 
~ 

i 

TABLE 14A SOLUBILITY OF OXYGEN IN ETHYL - ACETATE 

BY WINKLER'S METHOD 



·• 

SAMPLE CALCULATION OF SOLUBILITY BY 

Temp.

OK 


89.9 

9'7.0 

108.5 

119.8 

133.0 

142.3 

HILDEBRAND • S FORMULA 

Vapor pressure of 
0 (atm.) P~2 

1 

2 

5 

10 

20 

30 

148.99 40I 


1-T 

(°K)-l X 102 

1.111I I
I 1.030 

.923 
~ 

J 

I 
.834I 
.. 752 

i 
~ .?03 
·i: 

I .672 
~ 

..... ·. '0TABLE 1.5A VAPOR PRESSURE OF OXYGEN 6~·. 
.·' 

SLOPE OF LOG P2° VERSUS~ Bl LEAST.SQ~ARE METHOD • 361°K 

AH 12.303 =361
apJf 

AH =1655 cals/moleapp 

Oxygen 

ethyl-acetate 

TR 

1.9 

1.17 

PR 

.0205 

.0265 

z 

1.0 

1.0 

v cc 

30.8 . 
~Hildebrand) 

97.7 
(Perry) 

AH cal 
app moles 

1655 

10201 
(Perry) 

a 

5.91 

9.92 

Temperature =2930 K 

TABLE 16A SOLUBILITY PARAMETERS BY EQUATION (155A) 

From equation (154A), 

P~O =!222 (1.111 - .341) x 10-2 

4.575 

=2.?87 



From equation (153A}, 

- log x2 =2.787 + 3.08 (9.92 - 5.91)/4.58(293) 

=3.144 
-4= ?.01 x 10 mole fractionx2 

~ ?,08 x 10-3 gm-moles
.litre 



APPENDIX VIII ESTIMATION OF DISPLACMENT TIME 

Before each experiment the reaction vessel was flushed with 

the gas in use. The flushing time necessary to displace 99.5~ o:r the 

air in the vessel was estimated in the following way. 

Assuming the gas in the vessel was completely mixed, and making 

a material balance of oxygen around the vessel then 
dyA1 

Vg d't = F(YOB- YAi) 

where Vg is the volume of gas space in vessel, YAi and Y0B are the mole 

fractionsof oxygen in the vessel and the gas burette; F is the gas 

now rate., 

L Jt dt - J_d,......,Ai.....___ 

Vg - (YOB - YAi) 


0 

Fty = - ln (YOB - YAi) + constant . ).j t;_) (156A) 
g 

At t =0 

Therefore, 

constant =£n (YOB - Yair) • 

Equation (1!>6A) becOIIM 

Ft -= (15?A)v 
g 

The following table summarizes the displacement time for pure 

oxygen as well as mixtures of nitrogen and oxygen. 

122 
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gas~ Approximate 

N2 02 
:·.:~..Displacement .time 

minutes 

0 100 4 

25 75 4 

50 50 4 

80 20 0 

TABLE l?A DISPLACEMENT TIME 

F =10.0 litre/min 

V = .9 litre g 

y . = .2
B.l.r 



APPENDIX IX ANALYTICAL M~~ODS 

As it was pointed out before 1the oxidation of acetaldehyde by 

molecular oxygen gives rise to a number of products. The ones ~hat 

are in,: signi.~icaat quantities and thus of most interest to this study 

are peracetic acid, AMP, acetic acid and acetaldehyde. Analytical 

methods used by Shawinigan Chemicals (23) were adopted to determine 

the concentrations of these compounds. while Bawn•s (25) method was used 

for total peroxide (peracetic acid and AMP) estimation. 

IX.l Peracetic Acid 

Theory 

The method of D'ans and Grey (30) is used for peracetic acid. 

determination. The method is based on the oxidation of potassium 

iodide to iodine in aqueous acidic medium. Iodine liberated is titrated 

with sodium thiosulfate. 

... + 
~l - 0 - 0 - H + 21 + 2B ---- 12 + HlO + CH COOH (158A)

3
0 

(159A) 

Procedure 

(1) Add 1 ml of sample with stirring into 250 - ml erlenmeyer flask 

containing 50 ml of ice-cold H2o and 10 ml of 15% KI solution which 

is freshly prepared. 

(2) Quickly add 10 ml of cold N H2so4­

124 

~~· ,• ­
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0 

(3) Rapidly titrate the liberated 1 with .02N thiosulfate to
2 

near the end.point. 

(4) Add starch and complete the titration. 

IX.2 Acetic acid 

Theory 

The sample is allowed to react with excess acetaldehyde. Peracetic 

acid will then be converted to acetic acid* The concentration of the 

total acid is now determined by acid - base titration and peracetic acid 

is found by difference. 

The reactions are: 

CH3 C u - H + CH3 C 
11 

- 0 - 0 - H ---­ 2 CH C3n - 0 - H 

0 0 0 

CH
3 

C - 0
II 

- H + NaOH CH3 ~ - 0 - 0 - Na + H2o (161A) 

0 0Procedure 

(l) 10 ml of 13% aqueous acetaldehyde solution is placed in 250 ­

ml f'lask. 

(2) Add phenolphthalein, just neutralize with NaOH solution to the 

end point. 

(3) Add 1 ml sample and allow it to react with stirring for five 

minutes. 

(4) Titrate with .lN NaOH solution. 

IX.3 Acetaldehyde 

Theory 

Tomoda's method (23) is used to determine the acetaldehyde 
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contents. The ~ompound is allowed to go through a series of reactions 

as represented by the following equations: 

(162A) 


Finally the Na2so formed is titrated with iodine solution and the equiv­
3 

alent amount of acetaldehyde can then be estimated. 

The acetaldehyde analysis should be done after peracetic acid has 

been destroyed on account of the reaction between the peracetic acid and 

bisulfite. 

Furthermore, as AMP is an addition compound of acetaldehyde and 

peracetic acid, acetaldehyde will be generated during.the titration. 

The r~sult of this analysis, therefore gives the sum of eACH and CAMP 

and thus, 

(163A)eACH ={CACH by titration - CAMP) 

IX.4 Acetaldehyde Monoperacetate 

Theory 

It was found by Bawn that AMP does ·not liberate iodine from 

iodide solution in mineral acids nor in acetic acid conta~ing some 

water. However, it does liberate iodine from KI powder in glacial acetic 

acid. 

Procedure 

The procedure is the same as IX.l except 10 ml of glacial acetic 
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acid and 2 gm of KI powder are used instead of aqueous KI solution 

in H2so4. The flask has. to be absolutely dry. 

IX.5 Precision of Analytical Methods 

In the second part of the experimental work the determination 

or the concentrations of acetaldehyde, peracetic acid, acetic acid and 

M1P by titration was involved~ Standard solutions of these organic 

compounds except Af.IP were made up to test the analytical methods. 

The precision of the measurements are shown in the following 

table. 

No. of Sample M~. Deviation From MeanCompound I
I 

10 + 2]6.acetaldehyde 

I 
I 
~ 

acetic acid 10 
!' -

~ 101~ 

peracetic 10 ...+ -~ 
acid', I 

~;), 

TABLE 18A PRECISION OF ANALYTICAL,M~HODS 
.-::- ·-:--;,.~~ 



APP:E24DIX X ESTIMATION OF REACTION RATE CONSTANT 

FROM BAWN' S EXPERIMENTAL DATA 

The following data was taken from Trans. Fara. Soc. 1951. 

737 Fig. 3. (25) 

Temperature =25°C 

_ 10-sM • 3.8 x Io-5M 249 sm 6 • C 3 8 10 9 0Ca - " x v lOOOgm X . M X := • ppm 

dCA 

Slope of -dt versus CB plot = k C = k " 
Ca : 

• ( fl.~-1)
! • k,tl =1.535 iU!! 

Experiment no. 111 . 

CB =20.2 moles/tt3 

kco = 15.0 moles/rt
3

b = k ~·" CB 

k tf =15.0/20.2 = .74-5 b-l 

Extrapolating the curve of log k,n versus~ to 25°C, k ," = .962 ~-l 

128 




APPENDIX XI ESTIMATION OF DIFFUSIVITIES OF LIQUIDS 

Wilke's relation (58}, 

(164A) 

and the equation (59), 

1 (165A)
DA-Mixture 

were 	used to. estimate diffusivities in multicomponent mixtures. where 

p is the association parameter; 

V, the molal volume at the normal boiling point of liquid; 

,, the viscosity 

M, the molecular weight. 

Table 19A tabulated the estimated value of diffusivities of 

temperatures. 

Viscosity ( 60) ,. 

NB Bn ! 

! 

DAB 

ft2 x lQS 
n~ 

D
A-Mixture 

ft2 _t; 
·-X 10"'
Flr 

.252 .550 19.55 20.00 

20.10 21.20 

22.10 22. 0 

A = 	Oxygen; B = Acetaldehyde; D - ethyl-acetate 
VA= 	25.6 ec/gm-molee (p.27, Ref. 60) 

PB = 	l.O MB = 44 (Ref. 58) f'>o = 1.0 MD = 88 (Ref. 58) 

TABLE 19A DIFFUSIVITIES OF LIQUIDS 
129 



APPENDIX XII ·PRELIMINARY STUDIESfONPRODUCTION OF PERACETIC 

ACID BY VERTICAL COCURRENT REACTOR 

XII.l Summary 

While fundamental studies were carried out using the batch 

reaction - vessel, a laboratory scale cocurrent reactor was set up.· 

to simulate the commercial process for the production of pera~etic 

acid by the autoxidation of acetaldehyde. 

With a liquid ftl,iow.rate of.4.5 :JZLVIid.n. ana a gas flow rate of .075 

cu. ft/min. the yield of peracetic acid reached a steady state in 

approximately two hours. 

With increasing catalyst concentration the yield of peracetic 

acid increased, then ·reached a maximum ot 35%. FUrther increase of 

catalyst concentration only caused the decomposition of peracetic acid 

to acetic acid. 

The concentrations of peracetic acid, acetaldehyde and the 

complex AMP, showed a consistent relation of CBCC/CAMP =K indicating 

the equilibrium of 

ACOOH + HCH At-IP 

may exist as it was reported in literature {25, 26, 27). 

The ~verage value ot the equilibrium constant estimated from 

experimental data at 1)°C is 3.45 litre/moles while that obtained by 

Bawn at 25°C is 3.7 litre/moles 

130 
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XII.2 Apparatus and Experimental Details 

Apparatus 

The 	 apparatus is shown in Figure (llA) 

The 	reactor consists or three stages separating one from the 

o~her by sintered glass which serves two purposes: 

(1) 	 to prevent back mixing of the liquid. 

(2) 	 to allow the gas entering the reactor as tiny bubbles, thus 

providing a large contacting surface for absorption and ensur­

ing complete mixing or the liquid. 

The reactor is provided with two sampling capillary tubes from 

the lower two stages and is jacketed by flowing tap - water. 

Experimental Procedure 

Acetaldehyde solution stored in a nitrogen atmosphere, kept cold 

by immersing into it a cooling coil, was pumped into the reactor by an 

accurately calibrated piston- type·solution pump. Filtered air, after 

passing through a rotameter\entered the bottom or the reactor cocurrently 

with the liquid. 

The product was collected in a storage flask while the gas was 

allowed to pass through two condensers where most of the organic vapors 

were trapped. The coolant used was ethlene - glycol - water mixture 

at - 5°C 

Several experiments were run with constant acetaldehyde concen­

tration, gas and liquid flow rates,but various catalyst concentrat~ons. 

The extent of oxidation was followed by analysing the products for 

peracetic acid, acetaldehyde, AMP and acetic acid at convenient intervals. 
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XII.3 Results 

In the following experiments, the feed compositions with the 

exception of the catalyst were kept app~ximately constant. Acetic acid 

formeda was estimated by material balance• 

Feed Composition 

Acetaldehyde: 75.5 gm = 96 ml. 


Acetic acid: 77.0 gm =75 ml. 


Make up to 1000 ml with ethyl-acetate 


%yield =moles of (E!racetic acid + AMP) 

moles.of acetaldeh1de. in teed 

Tables and Graphs 

Table (18A)'and Figure (12A) show results of a typical run. 
' 

The percentage yield of peracetic and acetic acid at various 

catalyst concentrations are tabulated in Table (18A) and plotted in 

Figure ( 13A) 

Experiment No ~ 	 Amount of catalyst =0.066 gm in 

1000 ml of feed solution. 


I 

Sample Time ACOOH ACH i ACOH PA + AfvtP I Yield 
No. 

1 

2 

Hr Wt% 

1.00 2.36 
l

1.50 ~ 2.51 

12.00 i2,5851 

Wt ., .. l Wt ~',.; i ;;J 

~· 

2.55 i1.51 

2.53!1.15 
J 

it 7~ i % 

i .- j

i 4.33 f 30.0 
li 

4.71 
~ 

32.6) \' 

1 f 
! 

T 
oc 

lit­
~ " i 

n2.51 ~ 1.17 4.71 32.6 
i 

I 2,5() 12,5851 2. 49 ~ 1.19 4.71 32.6 " I.. 3.75 i 2. 625 ~ 2.49;i 1.46 4.44 30.5 I " 
nI 4. 50 ~ 2. 66 I 2.49 i1. 1.46 4.44 30.5 t 

~ 
! ~ J ~. 	 t 

TABLE 20A ANALYTICAL RESULTS OF A TYPICAL EXPERIMENT 


* It was·assumed 	that loss by evaporation was the same for all the runs. 
The estimated values of the acetic acid concentration may be used only
for qualitative interpretation. 

http:moles.of
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7.0 

6.0 

\1 

0 

il:l. 

TDrAL PEROXIDE( ACOOH + »1P 

PERACETIC ACID ( ACOOH ) 

ACErALDEHYDE ( ACH ) 

) 

5.0 

4.0 

2.0 

1.0 

0.0------------------~------~~------~------~--~
1.0 2.0 3.0 4.0 5.0 

TIME HR 
FIGURE 12A WEIGHT %OF PRODUCTS AND REACTAN.~ 

VERSUS TIME 



50 
0 PERACETIC ACID 

~ ACETIC ACID 
6. 

40 
PERACETIC ACID 

30 

0 

/ 
I 

',"'\, 

I 
I 

I \20 

~0 
I 
I 

. j 

,._._____j_ ______L.-______!.._______._____~------'-------L-----_;__""---~~0 

0~05 Ool 0~15 Oo20 0.25 Oo30 Oo35 
AMOUNT OF CATALYST WEIGHT % X 10 

FIGURE 13A %YIELD OF PERACETIC ACID AT VARIOU~ CATALYST CONCF~RATIONS 
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0.00732 

i 
~.0.00988 31.0I i 

l 0.0122 f 34.6i ~ 
0.0244 i 

I 

34.0 

I 
J 

~ 
~ 

f 
~ 

~0.0369 28.7 
0.0488 

~ 

5.0 

Catalyst % Yield T°C 
· ,S Wt P4!racetic Acid Acetic Acid 

0.00244 26.0 9.0 12° 
':' 

0.00488 
r 

14~ 27.0 I} 
1. 32.0 10.1 14 

i 
I 

I 
t 
J. 

I 
~ 

I 
$ 

13 
13.4 

, 
I 
l 

13 
·I 

I 
~ 
! 

13 
43.2 21

l l 
17 

1I 50.7 10 ·~ 
~ i ; 

TABLE 21A YIELD OF PERACETIC ACID MiD ACETIC ACID AT VARIOUS 


CATALYST CONCENT~~TIONS 


The equilibrium constant K estimated from experimental data are 

tabulated in Table (20A). The value of K at ?5°C obtained from Bawn 's 

experimental data was 3.7 litre/mole. 

litreK. Temperature mole 

3.71j 12.5 

I 
l i 

13.. 0 i 4.03 
J. 
l Average 

I 
~ 

I 
13.0 2.}8 = 3.451 i I14.0 3.87 

I ~ I 
~ 

12.0 
·~ 

3.26 
~ 

TABLE 22A EQUILIBRIUM CONSTMJT 

XII.4 Discussions of Results 

Figure (14A) shows that the production of peracetic acid increases 

with time, reaches a maximum, then decreases slightly to a steady • state 
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value. 

The occurrence of the maximum is due to the fact that at the 

beginning of each run, the filling up of the reactor by the liquid took 

approximately 45 minutes. Hence, some of this liquid would have a 

slightly longer contact time with the gas than the average, lead_in£ to 

a higher yield of peracetic acid. 

Figure (15A) illustrates the effect of catalyst concentration on 

product distribution. The increase of peracetic acid production at the 

beginning of the curve was expected as the rate of its formation was 

reported to be proportional to catalyst concentration. However, 

peracetic acid, which is itself an initiator of the reaction, may reach 

a steady- state•, after which a further increase of catalyst concentra­

tion may only accelerate the decomposition of peracetic acid ·to acetic 

acid. 

The equilibrium constant K estimated showed reasonable consistency 

indicating the equilibrium 

ACOOH + ACH ACOOH • ACH 

may nave existed. 

The values of K agreed fairly well with that estimated from Bawn•s 

experimental data (25). 

See I.l.4 "the role of catalyst". 



APPENDIX 	 XIII DIGITAL COMPUTER PROGR~-ms 

XIII.l 	 Correlation using Bolland's Mechanism. 

The basic differential equations to be solved are: ., 

DA 

cr·c 
· A 
~ 

n =RKCBCC (166A) 
dx 

d2C
A

DB ~ 
n=RKCBCC + RKKCBCC (167A). 

dx 

(168A) 

The programme consists of two parts: 

(1) 	 Determining the values of n, RK and RKK that best fit the 

experimental data. 

(2) 	 Predicting the concentration profiles in the film under the 

experimental conditions and thus the absorption rates ~ing the 

values of n, RK and RKK determined previously~ 

The first part of the programme involved a trial-and-error process. 

The step-by-step procedure was outlined as follows: 

(1) 	 choose n =0.5 

(2) 	 choose RKK =0.0 

(3) 	 solve equations (166A), (167A) and (168A} for RK using one set 

of 	experimental data as boundary conditions. For example, 
dCA -NA 

X=O,CA=CAi,(~) =o (169A) 
x=O A 

138 
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(170A) 


(l?lA) 

, NA was measured by the gas burette; CAi and D's were estimated 

by semi-empirica~ formulae; ~L and CCL were determined by 

analytical methods. 

Differential equations (166A) to (l?lA) were solved using 

the Runge Kutta method. The step-wise trial-and-error procedure 

for the determination of RK was as follows: 

(a) 	 Choose values for CBi and CCi' concentrations of 

component ~ and C at the int~rface. 

(b) 	 Vary RK by· the marChing technique until the bOUlldary 

condition as represented by equation (169A) was 

satisfied. 

(c) 	 Vary CBi CCi by the marching technique and repeat 

procedure (b) until the boundary condition as 

represented by (171A) was satisfied 

(4) increase RKK in steps of 0.2 and solve for RK 

(5)) repeat (2), (3), and (4) for all sets of data 

(6) 	 plot RK versus RKK for each set of data as shown in Figure (14A). 

Locate the position where the curves converge or lie closest 

.." -~~ 	 ~::. ..· 
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together. The ordinate and abscissa will give the best values 

for RK and RKK 

However, it was found that for n =0.5 and 1.5 the RK versus 

RKK curves converge at negative values or RK. At n z 2.0, these curves 

become parallel. The best values for RK and .RKK are found to be 0.2 

and 1.134 respectively when n =1.9 

The second part of the programme was straightforward. Letting 

n =1.9. RK =1.134, RKK = .2 in equations (166A) 1 (16?A) and (168A) and 
· dCA 

using the bulk concentrations as the. boundary conditions ,Cii) was 
x=O 

found by a trial-and-error procedure. 

The concentration profiles of the various components as predicted 

by the correlation are given in table 23A. The algorithm ia ·shown in 

Figure 15A. 

XIII.2 	 Diffusion with Second Order Chemical Re1ction 

The differential equations to be solved are: 

d2C
A (172A)DA dx2 = kc2CACB 

{173A) 

The computer programme for the·solution of (172A) and (1?3A) 

is ess.entially the same as gi-ven in XIII. 1. 

XIII.3 	 Computer Programma for StatiGti~al Evaluation 

Notation 


R =r ; SY = S(y); SB =S(b); BETA= b; ALPHA= a;
c 


N =number of data points 




X 
EXPERIMENT 13 

CA CB 
dCA 
dx· 

-, dCB 
di' cc 

dCC 
dX 

• o. 
O.CC0200 
O.OC0400 
O.OC0600 
o.ocoeoo 
o.ooo9oo 
0.001100 
0.001300 
0.001500 

-0.001700 
O.OOl9CO 
0.002100 
O.OC23CO 
O.tl02500 
0.0027CO 
O.OC2900 
O.OC3100 
O.GC33CO 
u.OC35CO 
O.OC37CO 
0.003900 
0.004100 
O.OC43CO 
0.004500 
0.004700 
o.C04870 

0.236000 
0.146076 
0.078398 
C.032894 
O.C0940l 
0.006279 o. o. 
o. o. 
o. 
o. 
o. 
o. o. 
o. o. 
o. o. o. 
o. 
o. o. o. o. 
a. 

2.917500 
2.934095 
2.983947 
3.067128 
3.183573 
3.254195 
3.404154 
3.555258 
3.707513 
3.860921 
4.015483 
4.171195 
4.328051 
4.486042 
4.645156 
4.8053.76 
4.966685 
5.129062 
5.292481 
5.456915 
5.622334 
5.788703 
5.955987 
6.124144 
6.293132 
6.437439 

-496.000000 
-384.687832 
-273.568058 
-163 •. 053545 
-53.647690 

0.173106 
u. 
o. o. 
o. o. o. o. o. o. 
o. o. o. o. 
o. o. o. o. o. o. o. 

o • 
166.106089 
332.879795 
499.701813 
665.776276 
746.966873 
752.670494 
758.411865 
764.175621 
769.946442 
775.709038 
781.448135 
787.148476 
792.794823 
798.371941 
803.864586 
809.257515 
814.535454 
819.683121 
824.685181 
829.526276 
834.190979. 
838.663811 
842.929214 
846.971550 
850.775078 

6.270000 
6.l45622 
6.172715 
6.051833 
5.883742 
5.782301 
5.568766 
5.356967 
5.146914 
4.938610 
4.732056 
4.527248 
4.324176 
4.122825 
3.923176 
3.725207 
3.528887 
3.334183 
3.141058 
2.949468 
2.759365 
2.570697 
2.383406 
2.197429 
2.012700 
1.856678 

o. 
-243.476189 
-484.670181 
-122.620026 
-956.154q68

-1072.010468 
-1063.363205 
-1054.655594 
-1045.911728 
-1037.155624 
-1028.411285 
-1019.702652 
-10 11 • 0 5364 2 
-1002.488159 
-~94.030113 
-985.703407 
-977.531975 
-969.539772 
-961.750809 
-954.189156 
-946. t$78952 
-939.R44437 
-933.10995~ 
-926.699974 
-920. 63'H 14 
-914.952164 

EXPERIMENT 21 
o. 
0.000200 
0.000400 
0.000600 o.oooaoo 
0.001000 
0.001200 
0.001400 
0.001"600 
0.001800 
0.002000 
0.002150 
0.002350 
0.002550 
0.002750 
0.002950 
0.003150 
0.003350 
0.003550 
0.003750 
0.003950 
0.004150 
0.004350 
0.004550 
0.004750 
Q!QQ4870 

0.237000 
0.195310 
0.157961 
0.1249.39 
0.096212 
0.071734 
0.051440 
0.035250 
0.023068 
0.014779 
0.010251 
0.009290 o. o. 
o. 
o. 
o. o. 
o. o. o. o. 
o. o. o. o. 

2.645000 
2.648349 
2.658395 
2.675123 
2.698494 
2.728444 
2.764886 
2.807706 
2.856765 
2.911897 
2.972912 
3.022400 
3.090670 
3.159350 
3.228433 
3.297911 
3.367774 
3.43~013 
3.508618 
3.579579 
3.650885 
3.722523 
3.794482 
3.866749 
3.939309 
3.983014 

-217.500000 
-195.777718 
-174.095665 
-152.534386 
-131.174828 
-110.098761 

-89.389047 
-69.129731 
-49.405894 
-30.303236 
-11.907372 

1.296036 o. o. o. o. o. 
o. o. o. o. 
o. o. o. 
o. o. 

o. 
33.499779 
66.982998 

100.331013 
133.423578 
166.138212 
198.349764 
229.930296 
260.749329 
290.674492 
319.572639 
340.318607 
342.388943 
344.422153 
346.415428 
348.365944 
350.2.70870 
352.127361 
353.932560 
355.683590 
357.3715b7 
35q.Ol1589
360.582729 
362.088051· 
363.524590 
364.889362 

-2.7937SO 
2.789167 
2.775443 
2.752644 
2.720870 
2.680258 
2.630983 
2.573252 
2.507312 
2.433444 
2.351967 
2.286075 
2.195886 
2.106326 
2.017382 
1.929042 
1.841292 
1.754117 
1.667501 
1.5814l8 
1.495880 
1.410840 
1.326288 
1.242203 
1.158565 
1.108637 

o. 
-45.800900 
-91.363439 

-136.509003 
-181.059095;
-224.834604 
-267.655403 
-309.340393 
-349.708080 . 
-388.577736 
-425. 771198 
-452.534637 
-449• .362782 
-446.249004 
-443.1977l0 
-440.213360 
-437.30037J 
-434.4.63234 
-4.H. 706432 
-429.014489 
-426.451942 
-421.963364 
-421.573353 
-419.286541 
-411. 107594 
-415.041210 

1-' 
~ 
1\)TABLE 23A CONCENTRATIONS AND CONCENTRATION GRADIENTS VERSUS DISTANCE FROM INTERFACE 



143 


T 
162 

T 
126 

T 
162 

19 

T 
32 

r:----~~-- ­---- ­-. 1 

READ XL, i 
DA, DB ••• i 

I 
_.....-=:--J 
//

_,.-/ 

<::::___/ 

JS=l 
JK=l 
JR=l 

JJ =t= 2 

F 
CA(N+l)>.Ol 20 

@ SLPAN=SLPA 
(N+l) 

F
~-1~24::;,...-._, ISLP ANI~2 •0 

@,.-----'-~ 
RUNGE KUTTA 
CONCENTRATION 
PROFILES AT 
X-<XR 
--·-.--......--~ 

SLPANI~2.0 

T 
20 

H=H-H2 

r;;_, _ _...____ 
~ H=H+H2 

H2=H2/2. 
H=H-H2 

@ CANN=CA(N+l) 

LLN=N 
XN=X(N+l) 

X(N+l)=XL 

CONTINUE 

FIGURE 15A ALGORITHM--DIGITAL COMPUTER PROGRAMME 



l 

LLL = 26 

G__

'e;:,J 

~ 


T 

44 

SLP A( l) =SLP A( 1) 
-HH 

JK=4 

F 

SLP A ( 1) =SLP A 
(l)+HH
IIH=HH/2.0 
SLP A ( 1 ) =SLP A 
(T)-HH 

SLP A( 1) =SLP 
(l)+HH 

CBN=CB(LLN+l 
SLPBN~SLPB( 

-· LLN+l) 
LL=LLN+l 

7 


I G
"e.JJH=Hl 

rl.UNGE 	 KUTTA 
CONCENTRA­

TION PROFILES 

AT X~XR 


~~-::-"'-~T~Q 

(N+l)<XL j 22 ~f~CNN-CCNLj;..E) 

LLL=N+l 77 

@CONTINUE 

CONCENTRA­
TIONS AT 
X.=XL 

----- ..--­

999-

CB(l)=CB(l) 
-HK 

JR=2 
JK=3 

'f~ 
127 JR=l 

F 

CB(l)=CB(l)+ 7HK HK=HK/2 .o ~:-­
CB(l)=CB(l)­
HK JK=3 

7 


lG~ 

164 

Q 

'e.::Y
8 


I 144 
~- -­
GB(l )=CB (lll
+HK 

I 


F 

CCNN-C CNL-E~?) 
T 

CC(l)=CC(l) 
-HR 
JS=2 JK=3 
JR=l 

JS=l ,......__ 	 __,___ ! 

F 

CC(l)=CC(l)+
HR HR=HR/2. 
CC(l)=CC(l)
-HR 

CC(l)=CC(l)
+HR 
JR=l 
JK=3 

7 

7 

_______, 

PRINT 

CONTINUE 

I 

FIGURE 15A CONTINUED 




C DIFFUSION INTO A FILM WITH CHEMICAL REACTION 	 145 

C BOLLAND'S MODIFIED MECHANISM 
C FILM THICKNESS = 0.00487 FT 

DIMENSION CA(55},CB(55},SLPA<55)tSLPB(55},X(55) ,(((55),SLPC(~ 

15) 

READ 6' XL' DA, DB, H1, SLPSQ, NM ,DC 

PRINT &,XL, DA, DB, H1, SLPBQ, NM ,De 


6 FORMAT CF10.6, 2E10.z, 2Fl0.5, I5,E10.2) 

II=1 


1 CONTINUE 

READ ZOO,E 


ZOO FORMAT (F10.5) 

"READ 9, M, SLPAQ, CBNN, RK, CA(1), CB<l> ,CCNN,CC(1) 

PRINT g,M, SLPAO, CBNN, RK, CA(1), CB<l> ,CCNN,CC(l) 

RK=1.134 

RKK=O.z 


191 	 CONTINUE 

JS=l 

JK=3 

JR=l 


9 	 FORMAT (15, 7Fl0.4) 

SLPACll=SLPAO 

SLPB(ll=SLPBO 

SLPC(ll=O.O 

HR=l.O 

HK==l.O 

HH=lO. 


7 	 X(ll=U.O 

IF<CC(ll.LE.O.O) GO TO 162 

IF <CB{ll.LE.O.Ol GO TO 126 

JJ=4 


100 	 DO 10 N==1,NtV1 

H=Hl 

HZ= .00005 


29 	 CONTINUE 

DUM3=RK*CB(N)*CCC<Nl**l·9l/DA 

TKl=H-'k (SLPA { N}) 

TMl==H7'-DUM3 

TKZ=H*<SLPACN>+TMl/2.) 

Trv12=Tf'vll 

TK3=TK2 
TM3=TM2 

TM4=TM3 

TK4=TK3 

CA{N+1)=CA{N)+(TK1+2·*TK2+2.*TK3+TK4)/6.0 

X(N+l}=X<Nl+H 

SLPA<N+ll=SLPA<Nl+(TM1+2.*TM2+2.*TM3+TM4)/6e0 

DUM2=RK*CC<Nl**l.9/DB +RKK*CC<N)/DB 

SKl=H-~CSLPB<N>) 

SMl=H*CDUMZ*CB<N>> 

SK2=H*<SLPB(N)+SM1/2.) 

SM2=H*<DUMZ*CCBCNl+SKl/Zell 

SK3=H*<SLPb(Nl+SMZ/2.) 

SM3=H*CDUM2*<CB<N>+SK2/2.)) 

SK4=H*<SLPBCNl+SM3) 

SM4=H*CDUM2*<CBCNl+SK3)) 

CB(N+1)=CB(N)+(SK1+2•*SK2+2.*SK3+SK4)/6• 

SLPB(N+l)=SLPB(N)+CSM1+2.*SMZ+2.*SM3+SM4)/6• 

DUMl=-RK*CB<Nl/DC 


http:CB{ll.LE.O.Ol
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DUM4=RKK* CBCN)/DC 
RKl=H*CSLPCCNl) 
RMl=H*CDUMl*CCCNl**1•9+DUM4*CCCN)) 
RK2=H*CSLPCCNl+RM1/2e) 
RM2=H*<DUMl*CCC<Nl+RK112.l**l.9+DUM4*CCC<NJ+RK112.)) 
RK3=H*CSLPCCN}+RM2/2.) 
RM3=H*CDUM1*CCC<Nl+RK2/2.l**1.9+DUM4*CCCCN>+RK212.)l
RK4=H*CSLPCCNl+RM3l 
RM4=H*<DUM1*(CCCN>+RK3l**l.9+DUM4*CCC<Nl+RK312.)) 
CCCN+ll=CCCN>+CRK1+2.*RK2+2.*RK3+RK4J/6e0 
SLPC(N+l)=SLPCCN>+<RM1+2.*RM2+2.*RM3+RM4)/6.0 
CANN=CACN+1) 
SLPAN=SLPACN+l) 
XN=XCN+1} 
IF CCCCN+1l.LE.U.O) GO TO 162 
IF (JJ.EQ.1) GO TO 19 
IF (JJ.EQ.2) GO TO 32 
IF (SLPACN+1l.GE.O.O) GO TO 19 
IF CCACN+1l.GT.O.O) GO TO 1000 

32 	 IFC ABSCCACN+1)).LE~.01 ) GO TO 31 

JJ=2 

IF CCACN+1l-.01 } 20,3lt21 


31 	 SLPAN=SLPACN+1) 

LLN=N 

CANN=CACN+l) 

IF <ABSCSLPANJ.LE.z. ) GO TO 44 

GO TO 124 


19 	 IF CABSCSLPA<N+1)l.LE.2. GO TO 23 

JJ=1 

IF CSLPA<N+l)) 21,23,20 


20 	 H=H-H2 

GO TO 29 


21 	 H=H+H2 

H2=H2/2. 

H=H-H2 

GO TO 29 


23 	 CANN = CACN+l) 

FPT=CANN 

LLN=N 

XN=XCN+1) 

IF CABSCFPT)-.01 44,44,400 


1000 IF CX<N+1l .LE.XL ) GO TO 10 
XCN+1>=XL 
H=.00007 
GO TO 29 

10 CONTINUE 

400 IF <ABSCCANN> .LE. 0.01) GO TO 1001 


IF CCANN> 124,1002,123 
1001 IF CABSCSLPAN> .LE. 2. l GO TO 44 
1002 LLL=26 

GO 	 TO 77 
123 	SLPAC1l=SLPACll-HH 


JK=4 

GO TO 7 


124 	 IF CJK.EQ.3) GO TO 129 

SLPAt1l=SLPAC1l+HH 

HH=HH/2• 

SLPAC1l=SLPA(1)-HH 


http:CABSCFPT)-.01
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PRINT 41' SLPA(1) 

GO TO 7 
129 SLPA(l)=SLPA(l)+HH 

41 FORMAT C6H SLPA2, F20.10) 
GO TO 7 

44 	CONTINUE 

CBN= CBCLLN+1) 

CCN= CCCLLN+1l 

SLPBN= SLPB<LLN+ll 

SLPCN= SLPC<LLN+ll 

LL=LLN+l 


99 	 DO 22 N=LL,50 
H=Hl 
DUM2=RKK*CCCNl/DB 
SKl=H*<SLPB<N> l 
SMl=H*CDUM2*CB<Nll 
SK2=H*CSLPB<Nl+SM1/2.) 
SM2=H*CDUM2*CCBCNl+SK112.)) 
SK3=H*(SLPB(N)+SM2/2.) 
SM3=H*CDUM2*CCB<Nl+SK212.ll 
SK4=H*CSLPB<Nl+SM3> 
SM4=H*<DUM2*CCB<Nl+SK3Jl 
CB(N+ll=CBCNl+(SK1+2•*SK2+2.*SK3+SK4l/6• 
SLPBCN+l)=SLPB<N>+CSM1+2.*SM2+2.*SM3+SM4l/6. 
DUM4=RKK* CB<Nl/DC 
Rl<l=H-*(SLPCCN>) 
RMl=H*( DUM4*CC<Nl) 
RK2=H*<SLPC<Nl+RM1/2.) 
RM2=H*C DUM4*CCC<N>+RK1/2.ll 
RK3=H*CSLPCCNl+RM2/2•l 
RM3=H*( DUM4*(CCCNl+RK2/2.ll 
RK4=H*CSLPCCNl+RM3> 
RM4=H*{ DUM4*CCC<Nl+RK3/2.ll 
CCCN+1)=CC<Nl+CRK1+2.*RK2+2.*RK3+RK4l/6.0 
SLPC(N+l)=SLPCCNl+CRMl+2.*RM2+2.*RM3+RM4)/6.0 
SLPACN+l)=O.O 
CACN+ll=O.O 

XCN+l)=XN+H*FLOATCN-LLNl 

IF CXCN+l).LT.Xll GO TO 22 

LLL=N+1 

GO TO 77 


22 	 CONTINUE 
77 	 FRR=CXL-XCLLL-1))/H 


XCLLL>=XL 

CBNL=CBCLLL-l)+(CB(LLLJ-CB(LLL-1) l*FRR 

CCNL=CCCLLL-ll+CCC<LLLl-CCCLLL-1> l*FRR 

CBCLLLl=CBNL 

CCCLLL)=CCNL 

IFCABSCCBNN-CBNLl.LE •• lOl GO TO 999 

IF CCBNN-CBNL-.10) 125,999,126 


125 	 CBCll=CB<ll-HK 
JR=2 
JK=3 
RH=RK 
HH=10. 
GO TO 7 

126 	 IF (JR.EQ.l) GO TO 127 
CB(l):::(B(l)+HK 

http:CCBNN-CBNL-.10
http:IFCABSCCBNN-CBNLl.LE
http:DUM4*CCC<Nl+RK3/2.ll
http:DUM4*(CCCNl+RK2/2.ll
http:DUM4*CCC<N>+RK1/2.ll
http:SM3=H*CDUM2*CCB<Nl+SK212.ll


147a 
HK=HK/2. 

CB(1l=CB(1)-HK 

RK=RH 

HH=10. 

JK=3 

GO TO 7 


127 	CB<l>=CB<1J+HK 
HH=1U. 
JK=3 
RH=RK 
GO TO 7 

999 	 CONTINUE 
IF<ABS<CCNN-CCNLl.LE.E GO TO 222 
IF <CCNN-CCNL-E > 161,2i2,162 

161 	 CC(l)=CC<l>-HR 
JS=2 
JK=3 
RH=RK 
HH=10. 
JR=1 

HK=1.0 
GO TO 7 

162 IF CJS.EQ.l) GO TO 164 
CC(11=CC(1)+HR 
HR=HR/2. 


CC(1)=CC<1>-HR 

HK=l.O 


JK=3 

RK=RH 

HH=lO. 

JR=l 


GO TO 7 
164 	CC<l>=CC(1)+HR 

JR=l 
JK=3 
RH=RK 

HK=l.O 

HH=lO. 

GO TO 7 


222 	 PRINT 888,M 
PRINT 192, RKK 
PRINT 111,RK 

888 FORMAT (9H EXPT NO=, I10) 
333 FORMAT (6H CANN=,ZF20.5, I51 

PRINT 145 
111 FORMAT (1uX,4H RK=,F20.5) 

PRINT 155' lX(!),CA(l),CB<IJ,SLPA<IJ,SLPB<IJ, 
1CC( I) ,SLPC< I), I=1,LLL) 

155 FORMAT ( 3X, 7Fl6e6) 
145 FORMAT (10X,3H X,l3X,3H CA,13X~3H C8,11X,5H SLPA,l1Xt5H SLPB, 

113X,3H CC, 11X,5H SLPC> 
192 FORMAT (4H RKK, F20.5) 
190 CONTINUE 

IF <II.GE.2 ) GO TO 444 

II=II+1 

GO TO 1 


444 	STOP 
END 
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STATISTICAL EVALUATION OF CORRELATIONS 

READ .10, N ,rvi 

SUM X = o.u 

SUfvJ Y = 0. u 

s u jVJ X y = u • 0 

S U jvj X X = 0 • 0 

s u f'!] y y =0 • 0 

I 	 = 1 

1 	 READ 11, y,x 

SUM X = SUM X + X 

SUM Y = SUM Y + Y 

SUM XY = SUM XY + X*Y 
SUM XX = SUM XX + X*X 

SUM YY=SUM YY+Y*Y 

IF <I - 1\J) 3,2,2 


3 	 I = I + 1 
GO TO l 

2 	 SIZE = N 

SUMlYY=SUM YY-SUM Y*SUM Y/SIZE 

SUM1XX=SUM XX-SUM X*SUM X/SIZE 

SUM1XY=SUM XY-SUM Y*SUM X/SIZE 


R=SUM1XY/(SQRTCSUM1XX*SUMlYYJJ 
PRINT 112 'i\h iVi 

PRINT 113,SUM X,SUM Y,SUM XY,SU~ XX,SUM YY ,SUM1YY,SUM1XX,SUMlXY 
PF<INT 14' R 
S Y = ( 1 • -I~*R } if- S U fvll Y Y I ( S I Z E- 2 • ) 
SB=SQRTCSY/SUM1XX) 
BETA = ISUMX * SUMY - SIZE * SUMXY)/(SUMX * SUMX - SIZE * SUMXXl 
ALPHA = (SUM Y - BETA* SUMX)/SIZE 
PRINT 12, ALPHA, BETA 
Pi~INT 13, SB 

14 FORMAT <2HR=, F20e5) 
111 CONTINUE 
113 .fORMAT {3X,8F12.3l 
112 FORMAT (10HNO OF DATA,I10,5X,7HEXPT NQ,I10//) 

13 FORMAT <17HVARIANCE OF SLOPE, F20.5//) 

1 U F 0 R i'"i AT ( 2 I 5 ) 

11 FORMAT <2F 10.6) 


12 FORMAT (9HINTERCEPT,F20.5,5X,5HSLOPE,F20.K//) 

END 


http:3X,8F12.3l


APPENDIX XIV ANALOG COMPUTER CIRCUIT 

Equations to be solved are given in 11.2.1.2. The method of 

solution is the same stepwise trial-and-error procedure outlined in 

XIII.l 	except that the first two steps are omitted. 

The analog computer circuits are shown in Figure (15A) 

Sgalins 

The maximum values that all the variables may assume are listed 

in Table (24A) 

Variable 	 Maximum Values 

.25 gm-molea/!t3 
CA 


C· 
 10 gm-moles/tt3 
B 

5 gm-molea/rt3cc 
4-500 gm-moles/ftdC/dx 

4
dC:sfdx I 2000 gm-moles/ft 

I 
~ 	 4

dCJdx ; 2000 gm~oles/ft
\.1 	

i 
D's 	 i 20 X 10-5 

~ 

~.k 	
! 

100 hr-l~ 
~ 
~ 
;; 

TABLE (24A) i-!JLXIMUM VALUES OF VARIABLES 

x' = lOOOX; 

then, 

148 
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FIGURE 16A Al1ALOG COMPUTER CIRCUIT 
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