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CHAPTER 1 

INTRODUCTION 

Of many gas-liquid contactors, bubble column reactors are commonly 

used in i ndustry. In such a devi ce, gas is passed through a gas disperser and 

the bubbles so formed react with the liquid during their passage through 

the co lumn . It usually has no means of agitation other than that caused 

by the bubbling action. For this reason, it is relatively inexpensive to 

build and easy to operate. 

As most bubble reactors fall into non-ideal flow orocesses. it is 
-

important to study mixing in a bubble reacto;~ in order to be able to design 

SL!(;h a reactor. 

Ethylene chlorohydrin has been produced by bubbling ethylene and 

chlorine into water, and it still remains an important process for the synthesis 

of ethylene glycol although it is rapidly being replaced by direct oxi·dation 

of ethylene to ethylene oxide and subsequent reaction with water. 

Experiments were carried out in an unbaffled column reactor with 

the ethylene-chlorine-water system. The effect of gas flow rates was investi

gated during the experiments. An enhancement factor was obtained from mass 

transfer with and witl1out chemical reaction, and was compared with Hatta's model. 
I 

The effect of reducing the axial mixing on t he product distribution 

and on the yield of the products was studied. · The results were compared with 

an axi al dispersion model. 

1 



CHAPTER 2 

LITERATURE SURVEY 

In this chapter, the existing literature concerning the present work 

is reviewed. It can be grouped into the following four sections: mass transfer 

~'lith chemical reaction, bubble column reactors, mixing in a reactor and chemistry 

of the system. 

2-l. Mass transfer with chemical reaction 

the liquid phase has been developed by Hatta( 29 ,30 ) based on the assumpti on that 

the resistance to mass transfer exists only in a thin film adjacent to the gas-

liquid interface. This film is assumed to have negligible capacity for holding 

the di ssolved gas as compared with the liquid bulk which is so well mixed that 

no concentration profile exists in it. The assumption of t~'lo such films, one 

in the liquid and the other in the gas, is the basis of Lewis and Whitman's 

two-film theory( 44 ) in which the concept of resistances in series is assumed. 

An alternate theory, proposed by Higbie( 3l), is based on the unsteady

state diffusion. Dankwerts(lS) modified this theory introducing an age distri-

bution function. In his surface renewal theory, the surface is assumed to be 

continually rep 1 aced by fresh 1 i quid. 

In the penetration theory the liquid-phase mass transfer coefficient 

without reaction varies with the square root of the diffusivity, but in the 

2 
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tv-to-film theory it is a linear fun ction of the diffusivity. 

For mass transfer with a rapid second-order, irreversible reaction, 

Hatta( 29 ) and Sherwood (Sl) proposed expressions for liquid-phase mass transfer 

coeffic ients based on the fiim theory and the penetration theory respectively. 

For mass transfe r with a slow first-order reaction, Hatta(JO) and 

Dankwerts(l 4) proposed an enhancemen t factor based on the film theory and the 

penetration theory respectively. 

Astarita (J) reviewed theories of mas s transfer accompanied by various 

orders of reaction for different rates of reaction. He summarized t hese theories 

and organized information on such as chemical absorption, heterogeneous cata lysis. 

axia l mixing in chemical reactors etc, in a coherent fashion. 

Dankwerts( 16 ) surveyed theories involved in gas-liquid reactions and 

gave methods for designing a gas-l iquid contacting reactor. He examined the 

me chanism of absorption processes, and related chemical and phys ical quantities 

such as physical mass tnnsfer coefficient, interfacial area , diffu s ivi ty and 

the rate of reaction to the rate of absorption. 

Severa l theoret ical studies on mass transfer from a sphere have been 

developed recently using boundary layer theory. This theory is based on the 

fact t hat there exists, nex t to the solid body, a very thin layer in v1hi ch 

the flu id friction is significant to the flow of the fl uid when the fluid flows 

over a solid body. 

LeClair and Hamielec( 39 , 40 ) solved the equations of continuity for 

viscous flm'/ through rigid spheres , gas bubbles and infinitely lon g cylinders 

using a surface-interaction model. They a 1 so deve 1 oped mas s t1·ansfel~ correlations 

for bubbles as a function of Reynolds number, Sherwood number and Sc hmidt number. 
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Ishii and Johnson( 33 ) studied mass transfer with and without reaction 

from single bubbles. They solved the equation of continuity numerically using 

the potential flow theory. They suggested that the velocity profile in the 

liquid could be well described by this theory since the viscosity of the 

bubble could be negligible as compared with -the liquid viscosity. 

Johnson et a1( 3S) proposed an equation to calculate the mass transfer 

coefficient for single rising bubbles in water taking the effect of bubble 

size into consideration. They also reported the mass transfer coefficients 

based on the potential flow theory and the penetration theory, and compared them 

as well as those proposed by other authors( 4,9) with the experimental results. 

( 1 ~h \ 
Johnson ana Akeheta· · ,- - , studied mass transfer with a second-order 

chemical reaction from gas bubbles. They calculated an enhancement factor by 

a one-di mension al penetration theory and a three-dimens ional penetration theory, 

and concluded that the analysis of absorption rate should be made carefully 

using the three-dimensional solution for small bubbles or for the liquid of 

high viscosity. 

2-2. Bubble column reactor 

Bubble column reactors have been commonly used for mass transfer with 

chemical reaction because they have some advantages over other devices. 

Because of the complicated bubbl e motion, howe ver , it is difficult to analyse 

a bubble column. In this section, some of the existing work on bubble column 

reactors is surveyed in order t o give a genera l background to this study, 
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Much work has been done on bubble mechanisms and Calderbank(S,lO) has 

revi ewed mass transfer without chemical reaction in bubble columns for a wide 

range of bubble diameters, 

For small bubbles, the works of many authors agree with one another 

since the assumption of spherical shape holds for each bubble. But this is 

not the case for large bubbles. 

Calderbank(g) proposed equations to calculate the bubble volume, 

bubble rise velocity, interfacial area, gas hold up and other properties in 

a multi-nozzle bubble column for nozzle diametersvarying from 1/18 inch to l/16 

inch assuming that the bubble frequency was constant for a gas flow rate greater 

than 30 cc/sec which includes most of the work done in industry. 

The effect of various parameters on the liquid-phase mass transfer 

COt:flil.it:ll ~ irr uuuuit:: l.:Uiumn reactors l1a$ been Studied Dy some autllOrS, 

Shul man and Molstad (53 ) reported that two distinctly different regions were 

found during the investigation of the mass transfer rate. They concluded that 

the rate of mass transfer was a function of the gas flow rate at low gas rates 

(st reamline region), while it was not at high gas flow rates (turbulent region). 

Yoshida and Akita(Sl) studied the effect of nozzle diameter, 

column diameter and gas flow rate on the liquid-phase mass transfer coefficient 

in their sulfite oxidation experiments. These investigations are useful for 

the scale-up of a single-stage bubble column reactor. 

A few studies have been done using commercial-scale bubble column 

reac t ors. Fair et a1( 23 } reported that perforated baffles increased the efficienc 

of t he bubble column reactor significantly, and this is one of the major topics 

considered in this thesis. 
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Even though some studies have been done on bubble column reactors, it 

is still difficult to design an industrial-scale bubble column reactor. Fair( 21 ,22 

gave a guide for designing such large-scale bubble reactors. He pointed out 

that the design of the gas distributor was critical for operation in the stream

line region since gas dispersion is brought about main ly by flow through the 

distributor. 

· On the other hand, the break-up due to the turbulent flow dominates 

gas dispersion in the turbulent region. He suggested that gas dispersion, gas 

hold up, mass transfer, axial mixing of the liquid phase, and the kinetics of 

the system should be well described in order to be able to design such a 

reactor. 

Recently, Russell and co-workers have reviewed most of the work done 

;n n;:lc _. li'nu irl tt.,n _ nh:::leo yo.o~rtn)""~ Tho'' "'""""'"~orf rnnr~ol Ol"''lt::t+;"""('" +'"'"" "'""" ..... 1••,...:"",.. ;:) ..... _ . ·-,- ·- - ·· - r··--- , _ ___ ,.,.,..,. •••-J t"'· , -~---- ,,,...,- .... . ;,...'1"'"-""''v''""" ,_, -·•-•J~•••:;1 

such reactors and methods for evaluating parameters used in model equations for 

tank reactors( 49 ) and tubular reactors. 

Cichy and Russell (ll, 12 ) grouped flO\'/ configurations in two-phase 

tubular reactors into the following regimes: 

i) Continuous fluid phases with a well-defined interface, where continuous 

gas and liquid phases flow simultaneously. 

ii) Continuous fluid phases with complex interfaces and fluid interchange, 

where gas and liquid flows are essentially continuous while a part of one 

phase enters the other phase in the form of droplets or bubbles. 

iii) Alternating discrete fluid phases, where the fluid flow alternates period

ically between principally liquid flow and principal ly gas flow. 

iv) One continuous phase and one dispersed phase, where discrete units of one 

phase are present in the other phase while the second phase is continuous. 



v) Homogeneous two-phase mixtures, where the fluid phases are sufficiently 

intermixed, 

They proposed model equations and evaluated the model parameters for each of 

the above flow configurations. 

2-3. Mixing in a reactor 

2-3-l . Genera 1 

In order to predict the performance of a flow reactor, it is very 

important to have information on mix ing. Until recently, the treatment of 

7 

chemical flow processes has been li mited to the two extreme cases, one in which 

perfect mixing of the liquid is assumed and the other in which no mixing is 

assumed to occur, 

Most chemical rea ctors, however, do not fall into either of these 

two categories, and thus partial mixin9 must be described, This introduces 

mathematical complexity. 

t·1any authors have recently characterized these types of flow patterns 

by means of residence time distt·ibution functions obtained by tracer studies. 

Bischoff and McCracken( S) summarized three dis~ribution functions and gave 

me t hods for the treatment of situations such as dead space and by-passing which 

often occur in real flow processes, 

Levenspiel and Smitl1( 43 ) first showed that the variance obtained from 

a distribution function could be conveniently related to the coefficient of 

axial mixing, 
( '- 5) Van der Laan :.> 

' 
Levenspiel and Bischoff( 42 ), and Himmelblau and 

Bischoff(JZ) summarized the relationships bet\-1een the vari.3.nce of the distri-
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bution functions and the coefficient of axial mixing for various input signals 

and end conditions. 

tvla ny types of models have been proposed to characterize non-ideal 

flow patterns. Dispersion models are based on the analogy between mixing in 

an actual flow and a diffusion process. 

Levenspiel and Bischoff( 42 ) proposed several dispersion models. The 

axial dispersion model in which every property is assumed to be constant ·in the 

radial direction is the most commonly used model because of its simplicity. 

Tanks-in-series models are also commonly applied to non-ideal flow 

processes. In this mode l, the actual f lm'l reactor is represented by a series 

of equal-sized completely-stirred tank reactors. 

Macklenburgh( 4S) proposed general methods for the evaluation of 

concentr~tinn prnf1les and ~he ae·ign of reactors wi~n back-mixing , IJA comparee 

the axial dispersion mode l with the tanks-in-series model, and concluded that 

the difference in the concentration at the reactor outlet using the axial dis

persion model as compared with using the tanks-in-series model was inversely 

proportional to the square of the number of equivalent stirred tanks. 

Levenspiel and Bischoff have also proposed combined models to charac

ter ize non-ideal flow patterns more accurately. 

2-3-2. Axial mixing in a bubble column reactor 

Very little 1vork has been done on axial mixing in bubble column reactors. 

Argo and Cova( 2) investigated the degree of back-mixing as a function of column 

diameter and gas flow rate using a tracer. They concluded that the coefficient 

of axial mixing was reduced in a baffled column and that liquid velocity had 

n0 significant effect on axial mixing. 
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Bischoff and Phillips( 6) and Ottmers and Rase( 4B) carried out tracer 

studies in orifice pl~te gas-liquid contactors for different arrangements of 

plates. They both concluded that plate designs with one large hole in the center 

of the plate or with many small holes tended to perfectly mixed or plug flow 

conditions respectively, 

Koide(JB) investigated the flow mechanisms in a bubble column using 

both perforated plates and porous plates as the distributor. He concluded that 

the coefficient of the axial mixing \vould be strongly affected by column diameter, 

gas velocity relative to liquid velocity, bubble size, and gas hold up, He 

observed no liquid velocity gradient or gas hold up gradient for a liquid 

velocity less than 10 cc/sec, which is the major assumption in the axial 

dispersion model. 
(??' 

Fair'~~, pointed out that information on · liquid mixing is essential 

for designing bubble column reactors as it could affect reaction yields and 

selectivities. 

2-4. Chemistry of the sys tern 

Numerous processes have been developed for the synthesis of ethylene 

chlorohydrin. One of the principal uses of ethylene chlorohydrin is in the 

production of ethylene oxide which in turn is an intermediate in the synthesis 

of ethylene glycol, though ethylene chlorohydrin was first used industrially to 

produce indigo. 

Wurz first prepared ethylene chlorohydrin in 1859 by reacting ethylene , 

glycol with hydrochloric acid(Jl). 

Carius, in 1863, reported a more direct synthesis( 47 ); the addition of 

hypoch l orous acid to ethylene. This has become the basic reactio11 for industrial 

processes. 

,.. 
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In 1921, the first commercial plant using this process was built in 

the United States. A flovt diagram for this plant is given in reference (27). 

Gomberg( 2G) pointed out that there would be t\-10 main methods of 

preparing ethylene chlorohydrin: 

i) the addition of hypochlorous acid to ethylene. 

ii) the action of either sulfur monoch loride, or of hydrochloric acid, or of 

chlorine upon pure ethylene glycol. 

He suggested that the first method would be better from a practical point of 

view. 

Hypochlorous acid is most comr.~only prepared by bringing chlorine into 

water which gives rise to the following equilibrium: 

+ ""!" • ,.. , • """' ' 
~ n T ~• T nu~& 

Various procedures have been proposed in order to shift the above equilibrium 

in favor of hypochlorous acid , and thus in favor of ethylene chlorohydrin 

formation. Gomberg investigated and summarized the effect of various factors 

on the equilibrium. Much work has been done with the chlorine-water system to 

study the equilibrium involved. Spalding( 54) ·proposed that the initial pH 

value5 of the absorbent affected the equilibrium. He concluded: 

i) pH < 3.0 reversible reaction controlling. 

ii) 3.0 < pH < 10.5 forward reaction dominant. 

iii) 10.5 < pH < 12.0 the reaction of chlorine with hydroxyl ion .occurs simul

taneously with the chlorine-water reaction. 

i v) 12.0 < pH the second-order reaction between chlorine and hydroxyl ion 

controlling. 



11 

Brian et al(?) and Spalding investigated the effect of the hydrolysis 

reaction upon the rate of absorption of chlorine into water. The en hancement 

factor was very ~<~e ll represented by the penetration theory in their work. 

Since Wor ld War I, some authors have published papers on the formation 

of ethylene chlorohydrin. Gomberg ·first investigated the influence of various 

factors on the ratio of ethylene consumed in ethylene chlorohydrin formation 

to that consumed in ethylene dichloride formation. He and Damask and Kobe(l?) 

reported that the production of undesired by-products increased as the con

centration of ethylene chlorohydrin increased. Damask and Kobe also suggested 

that high molar ratios of ethylene to chlorine would be favorable to high yield 

of ethylene chlorohydrin. 

Akehata and Johnson(l) studied the absorption of ethylene in aqueous 

.dllur'ine ::iOlution and reported the results in terms ot an enhancement factor, 

which was compared with Hatta•s theory. They desct'ibed the process by a model 

based on mass transfer with second-order chemical reaction. They also reported 

the rates of reaction for ethylene chlorohydrin formation at 0°C, 5°C and l0°C 

and are the only source of the kinetic data available so far. 

For ethylene dichloride formation, Dun and Wood(la,lg) reported a rate 

constant obtained from studies using a wetted tower. 

Shilov( 52 ) criticized proposed mechanisms(l,l?,26 ) for ethylene 

chlorohydrin and ethylene dichloride formation. He pointed out that ethylene 

chlorohydrin would be formed by direct reaction of chlorine with ethylene in 

aqueous solution v1hile ethylene dichloride would be forr11ed due to participation 

of chloride ion. 



CHAPTER 3 

THEORETICAL CONSIDERATIONS 

3-1. Mixing in a reactor 

3-l-1. Axial dispersion model 

Several methods have been proposed in order to characterize non -ideal 

flow patterns in reactors( 4Z). In this section one of the dispersion models, 

the axial dispers ion model, is discus sed, 

1n -ems moae t, every property is assU111eu Lu iJe ~o,,::,LattL i11 l.llt: r·autat 

direction. Koide( 3S) reported that no liquid velocity gl~adient or gas hold up 

gradient was observed in the radial direction in his study on bubb l e mechanisms 

for a liquid velocity less than 10 em/sec. He suggests that this result supports 

the applicability of the axial dispersion model in which the radia l diffusion is 

neglec ted, 

The basic equation for this model is derived from a material balance 

for each component in the liquid phase. 

E ct 2c _ U dC 

L dz2 dz 
+N+r=O (3-l) 

In dimensionless fo rms, by letting Z = z/L be the fractional len gth of the 

reactor measured from the entrance, eq. (3- l) becomes: 

2 
(E /UL) d C - dC + (L/U)( N + r) = 0 

L dZZ dZ 
(3-2) 

12 
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For ethylene chlorohydrin and ethylene dichloride, eq. (3-2) can be written as: 

2 
dCECH 

(EL/UL) 
d CECH 

+ (L/U) rECH = 0 (3-3) 
dZZ dZ 

2 
dCEDC 

(EL/UL) 
d CEDC 

+ (L/U) rEDC = 0 (3-4) 
-dz2 dZ 

Here, i t should be noticed that the term (EL/UL) is the inverse of the Peclet 

number . Eqs. (3-3) and (3-4) could be solved ana lytically assuming that the 

forma t ion of ethylene chlorohydrin and of ethylene dichloride are constan t along 

the co l umn. The resul ts are: 

CECH = (L/U) rECH (Z exp (Pe .Z )/(Pe.exp (Pe) + 1/Pe ) 

= ( :..;u) (Z - eXP (Pe .Z)/( P2.exp (Pe) + 1/Pe 

3-1-2. Coeff icient of axial mixing 

(3-5) 

'" r\ ~ .:> -u J 

The concentration profiles of the products can be predicted by eqs. 

(3-5) and (3-6), provided that the Peclet number is given. In this section, 

determination of the coefficient of axial mixing or Peclet number from the 

distribution function is discussed( 4l). 

The mean residence time, or the first moment of the distribution 

function about the origin, is calcul ated as follows: 

Tm = f TCdT/ l Cdr 

0 0 

(3-7} 

The second moment of the distribution funct ion about the mean Tm comn~nly called 
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the variance, can be calculated in the fo llowing way: 

(3-8) 

This variance has been related to the coefficient of axial mixing or Peclet 

number for different types of input signals and end conditions( 32 •42 ). The 

following correlation was proposed for the conditions involved in this study: 

(3 -9 ) 

The coefficient of axial mixing can be calculated using eqs. (3-7), (3-8} and 

{3-9). 

3-2. Enhanceme nt factor 

Much work has been done on the effect of chemical reaction upon the 

rate of mass transfer. Hatta's model(zg), proposed for mass transfer with a 

ra pid second-order , irreversible chemical reaction, is discussed here. In this 

model) d. solute gas A is assumed to be abs orbed by a solution of a substance B, 

which comb ines with A according to the following reaction: 

A + B + AB (3-10) 

As t he so lution is first brought into contact with the gas, A will dissolve and 

rea~t i mmediately vlith B at the reaction plane. Fig. 3-l shows a sketch of con-

centration profile s based on the two-film theory. RS represents the equilibrium 



Gas l 
PI\ 

film 
f il l m Liqui d bulk Liquid 

I 
p/\i I CB 

Gas bulk 

~------ XL-------~ 

Fig. 3- 1 Concentration prof ! les ba~ cd on the two film theory 
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position of the reaction zone, to which A and B diffuse and from which the product 

AB diffuses toward the main body of the liquid. Other major assumptions are 

as fol lows: 

i) Henry's law applies to the equilibrium at the interface, 

ii) The molal diffusion rates of Band ABare equal, 

iii) The solvent concentration is ·large as compared with the concentrations of 

A, B and AB. 

The result in terms of the liquid-phase mass transfer coefficient is: 

(3-11) 

' ~ - . · ~ - .! .1- J- - -- L • • . 
uc nr 1 ~. ... c:rr uj, 

(3-12) 

In the ethyl ene-chlorine-water system, ethylene is assumed to diffuse 

from the interface, and chlorine and hypochlorous acid from the liquid phase. The 

ionic nature of the reactants is not considered. The enhancement factor, kL/kL0
, 

is calculated for this system as follows: 

(3-13) 

3-3. Chemistry of the system 

In this section, reactions involved in the ethylene-chlorine-water 

system are discussed. Cl1lorine reacts wi th water yielding the following equili brium: 
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(3-14) 

Much work has been done on the above equilibrium, and the equilibrium constant(l 3) 

and the rate expressions( 4S,S4) for the hydrolysis v1ere ·reported. 

Ethylene reacts with hyp~chlorous acid and dissolved chlorine to produce 

ethylene chlorohydrin and ethylene dichloride respectively: 

(3-15) 

(3-16) 

Several authors(l ' 37 ,47 ) pointed out that reaction (3-15) would be much faster 

than reaction (3-16), Akehata ~nd Johnson(l) proposed equations to describe 

the reactions involved in this system: 

( 3-17) 

2 

0HOC1 
d CHOCl 

= kECH CECHOCl - kHOCl (Ccl- G~ClCHOCl/K) (3-18) 
dX2 -

2 
d eHCl 

kHOC1 (eel 
2 (3-19) 0Hel dXZ 

- - - eHel eHoc/K) 

(3-20) 

They reported the rate constants for reactions (3-15) and (3-16), and concluded 

that the former was about 100 times larger than the latter. 



CHAPTER 4 

EXPERI f~ENTAL 

4-l. Apparatus 

A schematic diagram of the experimental apparatus used in this study 

is shown in Fig, 4-l. The bubble column reactor (B), constructed by Yau( 56 ), 

was made 3 inches I.D., 36 inches long glass tube. It had 7 sampling points 

(5) and a liquid outlet along the column. They were located 3 inches apart 

from one another, with the first one 3 inches apart from the top of the nozzles. 

The bottom of the reactor was joined to a $ 103/60 ground glass joint. 

The lower plug of the reactor containing the nozzle cluster was machined to fit 

the ground glass joint from a 6 inch x 6 inch Teflon cylinder. This plug was 

drilled to accommodate 55 1/16-inch holes, each of which was fitted with a nozzle; 

the nozzles were arranged on a 3/8 inch triangular pitch as shown in Fig. 4-2. 

The liquid outlet was placed at the bottom of the Teflon plug. 

The nozzles were made of 1/16 inch O.D., l/32 inch I.D. Teflon tubing 

in order to prevent corrosion. Each nozzle was inserted into the hole of the 

Teflon plug, 

Glass beads, 5 mm in diameter, were used to fill the space between 

nozzles, thus reducing the volume below the point where gases were bubbled to 

avciid a dead space in this section of the reactor. They also supported the 

Teflon nozzles. 
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The chamber (C), made of acry lic resin, \'las connected to the plug of 

the reactor by means of a flanged joint. It had a partition plate (P) in it to 

avoid mixing of two gases before flowing through the nozzles. The chambe r was 

an 8 inch cube and allowed steady bubble rates at the nozzles. 

The bubble column reactor was enclosed in the water jacket (W) made 

of acrylic resin. During a run with chemical reaction, cooling water was passed 

through the water jacket to control the reactor temperature. 

Ion-exchanged vvater was stored in the tank (T) made of type 304 

stainless steel with a capacity of approximately 80 liters. The pressure of the 

tank v;as maintained constant by compressed nitrogen gas. 

The material of the chlorine line was Teflon, glass and polyethylene 

in order to prevent corrosion, The filter (F)~ packed with silica gel, was used 

to gee riu uf 1nub;Lurt: h11::ludt:d in ch1ufine from t he cy1inder, 

Ethylene gas of technical grade, minimum 98.0% pure, and chlorine gas 

of highest pul~ity ~ minimum 99,5%, were fed from the gas cylinders to the chamber 

through rotameters (R). 

Water was also fed through a rotameter and the flow rates of all the 

reactants were controlled by needle valves, 

The outlet gas passed through dry ice-methanol liquid traps (L) and a 

rotamet er to the atmosphere. 

The outlet gas and liquid were separated at the gas-liquid separator (G) 

which allowed gas to the atmosphere and liquid t o the drain, respectively. 

Chromel-Alumel thermocouples were located at the liquid inlet, liquid 

outlet, gas inlet and gas outlet as well as at each sampling point. 

In the later part of the study, nests of baffles (BF) having two 

different free areas were introduced into the bubb le column reactor. These 
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baffles were made of acrylic resin and \'/ere composed of eight perfora ted plates 

and rod spacers. Both of the plates had holes with 3/8 inch triangular pitch as 

shown in Fig. 4-3. The first of these had 37 9/32-inch holes that provided 

a free area representing 32.5% of the total cross-sectional area of the column. 

The other had 43 1/8-inch holes corresponding to a free area of 7.5%. Each nest . 

of baffles was inserted in the bubble column reactor so that each plate was 

l oc~ted just between the sampling points, with the first one just between the 

top of the nozzles and the first sampling point from the bottom. 

For mixing studies, an injection point for the tracer into the column 

was constructed by a 1/4 inch Swagelok nut \·Jith a rubber septum. The injection 

point was placed at the liquid inlet. 

4-2. Operating procedure 

4-2-~. Mass transfer with chemical reaction 

At first, ethylene gas 't~ as fed from the gas cylinder to the bottom of 

the reactor until air in the reactor was purged. The chlorine was introduced, 

followed by water. 

During the early period of a run, the flm-1 rate of chlorine was kept 

lower than the desired rate lest it should come out in the gas outlet. \~hen 

the liquid level was reached at the half of the column height, the flow rate of 

chlorine was raised up to the desired level. 

The operation ~-Jas continued unti 1 the steady-state 'lias reached as 

indicated by reading of the reactor temperature, the flow rate of gas outlet, and 

tht~ concentration of hydrochloric acid. It took approximately t\'IO hours until 
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the steady-state was reached after the liquid level had come to the top of the 

column, Then, liquid samples were taken from the liquid outlet and three of the 

7 sampling points. Temperatures were recorded, the flow rate of the outlet 

gas was read and the gas phase was analysed for chlorine. 

4-2-2. Mass transfer without chemical reaction 

The physical absorption rate of ethylene into water was measured. 

Ethylene and nitrogen were introduced into the bubble column followed by water. 

The operation was carried out in a similar way to that discussed above. 

Water was heated to about 30°C before being fed to the bubble column. 

This was done in order to maintain the same reactor temperature as existed 

during the chlorine and ethyl ene reaction runs. 

Nitrogen flow rates were maintained at the same 1eve1s as those that 

were used for chlorine in the case of chemical reaction. 

From time to time, the gas phase was analysed for ethylene and nitrogen 

by gas chromatograph. After the steady-state had been indicated by the gas 

chromatogram, the observed values were recorded. 

4-2-3. Mixing studies 

The mixing in the reactor was investigated by means of tracer studies. 

The response for an impulse input was obtained Hhich gave a relationship between 

the concentration and time, the so-called C-curve( 4l). Potassium chl oride was 

chosen as the tracer. 

At first, nitrogen gas was introduced into the bubble column, and water 

fo l lowed. After the liquid level had been reached and the flow rates had been 
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steady, about 10 cc of saturated potassium chloride solution was introduced into 

the column through the injection point using a hypodermic syringe of a capacity 

of 10 cc. Simultaneously) a stop watch was started. 

A sample was taken every fifth minute from the liquid outlet and was 

analysed by a conductivity meter. When the concentration at the liquid outlet 

dropped almost to zero, a run was completed. This required about three hours. 

4-2-4. Gas hold up 

Gas hold up v1as mea·sured \'lith and Hithout baffling. The bubble column 

was operated in the same way as mentioned in 4-2-3. After the steady-state was 

reached, both the gas and liquid wereshutoff and the liquid level \'las read. 

4-3. Analysis 

4-3-1. Gas chromatography 

A Beckman GC-2A gas chromatograph with a thermal conductivity detector 

was used during this work. Helium was used as the carrier gas . The output 

signa 1 from the gas chromatograph was recorded by a Servo II laboratory recorder 

with an automatic disc integrator. 

Generally, it is very difficult to analyse a liquid sample which includes 

water in large amounts because of the strong tailing. For determination of 

ethylene chlorohydrin, ethylene dichloride and water, a combination of Porapak P 

and Paraplex G-25 on Teflon was employed in a dual -column system as shown in Fig. 4-4 

Porapak P, a cross-linked polystyrene, was used to successfully separate water 

from ethylene chlorohydrin and ethylene dichloride without any significant tailing, 
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although the latter two components were not separated, The Paraplex G-25 on 

Teflon column separated ethylene chlorohydrin from the other t\'IO ingredient~(l). 

At1 injection point was constructed for the Porapak P column with a l/4 inch 

Swagolok nut \'lith a rubber septum. This part was heated by an electric heating 

tape to 100°C approximately, The operating condition of this system was as 

follows: 

i) Column length 

ii) 

iii) 

iv) 

Paraplex G-25 on Teflon 150 em 
Porapak P 55 em 

Column temperature 

Helium flow rate 30 cc/min 

tlectric current 1!:>0 rnA 

v) Retention time 

Paraplex G-25 on Teflon 
Water and ethylene dichloride 0,5 min 
Ethylene chlorohydrin 10 min 

Porapak P 
WateiA 
Ethylene chlorohydrin and 

ethylene dichloride 

0,5 min 

10 min 

For separation of ethylene and nitrogen, a Porapak P column was success

fully employed. The operating condition was as follows: 

i) 

ii) 

iii) 

Co 1 umn 1 ength 

Column temperature 

Helium flow rate 20 cc/min 



iv) Electric current 

v) Retention time 
Nitrogen 
Ethylene 

150 rnA 

40 sec 
90 sec 

For separation of ethylene and chlorine, a silica gel column was 

recomtnended( 2S). The operating condition was as follows: 

i) Column length 50 em 

ii) Column temperature 40°C 

iii) Helium flow rate 30 cc/min 

iv) Electric current 150 rnA 

v) Retention rate 

Ethylene 2 min 
Chlorine 4,5 min 

4-3-2. Conductivity 
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A Radiometer conductivity meter, type cor~-2, was used for determination 

of the concentrations of hydrochloric acid and of potassium chloride, 

4-3-3, Titration 

A combination of acidimetry and iodometry was adopted for determination 

of hypochlorous acid and chlorine in the liquid sample, 

Scott•s procedure(SO) was followed except that no hydrochloric acid 

was added to the sample during this work. The determination depends on the 



follow i ng reactions: 

2KI + HOCl + KCl + KOH + 12 

2KI + Cl 2 + 2KC1 + r2 
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(4-1) 

( 4-2) 

The alkali liberated by hypochlorous acid and the total iodine were det ermined, 

and ca l culations were made for each component. 

At first, sufficient potassium iodide ~·1as added to complete reactions 

(4-1) and (4-2). The liberated iodine was titrated with sodium thiosulfate. 

(4-3) 

consumed in neutralizing potassium hydroxide produced by reaction (4-1), and the 

excess hydrochloric acid was titrated with sodium hydroxide using methyl orange 

as the indicator. 

NaOH + HCl + NaCl + H20 . ( 4-4) 



CHAPTER 5 

RESULTS AND DISCUSSION 

5-1. Ma ss transfer with chemical reaction 

Experiments were carri ed out with co-current flow in the multi-nozzle 

bubble column reactor with and without baffles. 

5-1-1. Experimental conditions 

During this study, the water flow rate was maintained at 40 ml/rn in. 
1 , I I o '1 , - -"" I • t ,.. -. - •"" f • • ,_ ..- • • ,.. ~ 

~:;"'~;~g~u cc_ ~~·;~cr. . :~:;~ C'-.:/~n}n ~;:'-! .:..l"-.JV ~!;/D~~n ~~ ~:;. t. ~;-;~ 

abnospheric pressure. The flow rate of chlorine ranged from 1070 cc/min to 

1600 cc/min at the same conditions. All the flow rates were kept constant 

during the run. The ethylene to chlorine ratio varied between .1.2 and 1.9. 

Inlet gas temperatures \·tere 25°C and that of Hater was 21°C .during the 

experiment. Cooling water was kept flowing through the water jacket duri ng the 

run with chemical reaction, thus controlling the reactor temperature at 30°C 

approximJte ly. 

Experimental condtiions are summarized in Tables Al-11~, Al-lB and Al-lC. 

Experimental results are shown in terms of concentration profiles of the 

products in Tables Al -2, Al-3 and Al-4. Position 0 means the reactor out let, 2 

means the second sampling point from the top and 4, the 4th and 7, the bottom. 

No appreciable tempP.r.:Jture profiles along the column v1ere observed 

during the study, and the reactor temperatures at the middle of the column reactor 

are given in Table Al-l. 
30 
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5-1-2. Effect of variation in the gas flow rates 

Several effects of gas flow rates were investigated in the unbaffled 

column reactor. 

Fig. 5-l shows the effect of the chlorine flow rate on the yields of 

ethylene chlorohydrin and ethylene dichloride, Here, the yield of the products 

is based on the amount of chlorine fed to the reactor. During this study, the 

flow rate of chlorine was varied keeping other variables constant. The figure 

shah'S that more ethylene dichloride and less ethylene chlorohydrin \'iere produced 

as the chlorine flov1 rate increased, It is suggested that the lovt chlorine flov1 

rate be favored for the formation of ethylene chlorohydrin. This tendency 
. . I 1 (17) agrees with Uomask and Kobes resu t' · ·', 

Fig, 5-2 shows the effect of ethylene to chlorine ratio on the yield 

of ethylene chlorohyddn and of ethylene dichloride, Here, the yield of the 

products is based on the amount of ethylene fed to the reactor. This figure 

\•tas obtained by keeping the chlorine flo~'/ rate at 1350 cc/min at 2S°C and 

atmospheric pressure. It is found that the yields of the products v1ere strong 

funct i ons of the ratio. It shows that the highest yield of ethylene ·chlorohydrin 

was obtained when the flow rate of ethylene was 2120 cc/min corresponding to an 

ethylene to chlorine ratio of about 1.6. This ratio, 1.6, would be the optimum 

for a high yield of ethylene chlorohydrin and a low yield of ethylene dichloride, 

Damask and Kobe suggest that the ratio of 1 .5 be used for the formation of 

ethylene chlorohydrin. 

A set of experiments was done keeping the ratio of ethylene to chlorine 

at 1.6. The result of this study is given in Fig. 5-3, Neither the yield of 

ethylene chlorohydrin nor that of ethylene dichloride seems to be a strong function 
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of the gas f"Jow rates although Damask and Kobe t·eported that they obtained more 

yie ld of ethylene chlorohydrin at low gas flow rates. 

5- 1-3. Effect of baffling 

Two sets of baffles having different free areas were introduced into the 

column r~actor in the l ater period of this work. The first (A) had a large free 

area , 32.5% of the total cross-sectional area of the column , and the otl1er had 

a small free area , 7.5%. 

Figs. 5-4 and 5-5 sho\'1 the effect of baffling on the yield of ethylene 

chlorohydrin. The sets of data for Fig. 5-4 \·Jere obtained by keeping the flo\'/ 

rate of chl orine at 1350 cc/ min. The same effect of the ethylene flow rate on 

the yield of et~1yl ene ch1orohyd rin is shovm both in the baffled and in the un

b;:ff !2d 1\:uc -~vi·. ;:-i~. G-5 i s t ile result at sets of runs in vthich the ethylene 

to chlor ine ratio was ma intained at 1.6. 

Fig. 5-6 shm'ls the effect of baffling on the yield of ethylene dichloride. 

Fig. 5-7 sho'fJS the effect of baffling on the selectivity of ethylene ch1or·ohydrin. 

Here t he sel ecti vity is defined as: 

Fig. 5-8 shows the effect of baffling on the conversion of ethylene. The sets 

of data for Figs. 5-6, 5-7 and 5-8 v1ere obtained by keeping the ratio constant 

at l .6. 

From these figures, the following conclusions were made: 

1) The baff led reactors gave a higher yield of ethylene chlorohydrin and a lower 

yield of ethylene dichloride than the unbaffled reactor. 
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2) The baffled reactor (B) provided more ethylene chlorohydrin and less ethylene 

dichloride than the baffled reactor (A). 

3) The selectivity of ethylene chlorohydrin was increased in the baffled reactors . 

4) An improved conversion of ethylene was obtained in the baffled reactors. 

The perforated plates in the baffled reactor caused more bubbles to be 

broken than the broken-up in the unbaffled reactor. Also more bubbles are broken 

up in the baffled column (B) than in the baffled column (A). Thus, gas hold · 

up and the interfacial area between gas bubbles and the liquid phase are increased. 

Fig. 5-9 shows the effect of baffling on gas hold up, It was increased about 

50% in the baffled column (B). This is one of the reasons for the enhanced 

conversion of ethylene. 

fig. S-10 shows that more hydrochloric acid was produced near the reactor 

outlet in the baffled reactor. flhen the axial mixing is controlled by baffling, 

the reaction (3-14) is proceeding as the liquid phase moves up the column. In 

the lower part of the column, low concentration of hydrochloric acid should 

affect the equilibrium in favor of hypochlorous acid formation. As the liquid 

phase moves further up the column, the forward reaction of (3-14) proceeds, thus 

increasing the hydrochloric acid concentration as indicated by Fig. 5-10. Although 

it might be suspected that the accumulation of hydrochloric acid tends to restrict 

the forward reaction. chlorine should have been largely used up before this 

happens. Hence, it is suggested that the improvement in conversion of ethylene 

to ethylene chlorohydrin may be related to the control of hydrochloric acid 

concentration. 
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Little entrainment of liquid in the outlet gas in the baffled column 

reactor, and even less entrainment in the baffled reactor (B) was observed. 

It is because the baffles caused a less violent bubble action. 

5-1-4. Material balance 

Material balances were checked based on ethylene and chlorine around 

the apparatus. This gives an indication of the performance in the reactor and 

the reliability of the analysis carried out. The outl et gas flow rate and the 

inlet gas flow rates of ethylene and chlorine were measured by using calibrated 

rotamet ers. The outlet liquid i'laS analysed for -vmter, ethylene chlorohydrin, 

hydrochloric acid, ethylene dichloride, hypochlorous acid and chlorine, The 

gas phase was also analysed by means of the gas chromatograph. However, no 

chlod ne Has detected in the outlet gas during the experiraents. 

The ethylene balance based on the amount of ethylene fed to the reactor 

involved an imbalance less than . ± 8% on molar basis; that for chlorine was less 

thart ± 5%, A result is shown in Table Al-5. 

5-l-5. Reproducibility 

Several experiments \vere carried out in order to determine the reproduci

bility of the results in terms of the product concentration \.,i th and \'lithout 

baffling, The results are shown in Table Al-6. Discrepancies were less than 

± 5% for both ethylene ch 1 orohydri n and ethylene di.ch loride concentration. 
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5-2. Mixing in the reactor 

5-2-1. Tracer studies 

Tracer studies were carried out in order to investigate the degree of 

mixing in the baffled column as well as in the unbaffled column. Table Al-7 

shows the experimental results, and Fig. 5-11 is a typical result in terms of 

the C-curves for the unbaffled column, the baffled column (A), and for the 

baffled column (B). These runs were made with a nitrogen flow rate of 4000 cc/min 

at room temperature and atmospheric pressure. The flow rate of wate r was 40 ml/min. 

The coefficient of axial mixing was calculated numerically for each run 

by the me thod mentioned in 3-l-2. 

Fig. 5-12 is the result of tracer studies in terms of the inverse Peclet 

number in the baffled and unbaffled columns. It shows that back-mixing was 

appreciably reduced by introducing baffles. As mentioned previously, Argo and 

Cova( 2) reported that back-mixing was reduced in the baffled column. Their 

conclusion agrees ~lith this result. Fig. 5-12 also shm'is that the baffled column 

(B) produced less back-mixing than the baffled column (A). Bischoff and Phillips(fi} 

pointed out that the plate design with one large hole in the center tended to 

perfect mixing while plates with many small holes tended to plug flov1. This 

result coupled with the fact that the baffle (B) had less free area than the 

baffle (A) is probably the reason for baffled column (B) providing less back

mixing than the baffled column (A). 

The variance was also related to the tanks-in-series model .: 

2 2 l/n = at /T
01 

(5-2) 
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Experimenta l results were al so treated by eq. (5-2), which gives the number of 

equivalent stirred tanks. It is shown in Table Al-BA. 

The effect of the liquid flow rate on the coefficient of axial mixing 

\</as also investiga ted. The result is shown in Table A1-8B. As reported by 

several authors( 2, 22 ,38 l, the liquid flow rate did not affect the coefficient of 

ax i al mi xing appreciably. 

5-2-2. Axial dispersion model 

The axial dispersion model, discussed in 3-1-1, was tested for the con-

centrat i on profiles in the baffled and unbaffled reactors. Experimental values 

of Peclet number, and the production of ethylene chlorohydrin and of ethylene 

dichlori de were substituted into eqs, (3-5) and (3-6). Predicted concentration 

profiles of the products were compa red with the experimental results in figs. 

5-13, 5-14 and 5-15. Gas flow rates for these runs were 2310 cc/min for 

ethylene and 1460 cc/min for chlorine. The- ethylene to chlorine ratio was 1.6. 

The term (EL/UL) was obtained from Fig. 5-12 and substituted into eqs. (3-5) and 

( 3-6) • 

Fig. 5-13 shows a very good agreement of the equations ~1ith the 

experimental results. It is because the assumption of constant product formation 

along t he column holds well in the unbaffled column reactor due to strong axial 

mixing. Gut in the baffled column reactor (A) (Fig. 5-14), the concentration 

profiles predicted by the equations show less change with position than the 

experimental results, and this deviation is more pronounced in the baffled 

reactor (B) (Fig. 5-15). 

As shown in Fig. 5-12, back-mixing is appreciably reduced in the 

baffled columns. It caused more pronounced concentration profiles of the products 
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in the baffled reactors (Figs. 5-14 and 5-15). For that reason, the assumption 

of constant formation of the products along the column shoul d be modified .under 

reduced back-mixing conditions. 

5-3. Enhancement factor 

The physical absorption rate of ethylene into water as measured. 

Nitrogen gas was introduced into the bubble column instead of chlorine in order to 

make t he same hydrodynamic condition as that existed in the case of chemical 

reaction. Results \'/ere treated in terms of the enhancement factor and compared 

with Hatta's model. 

5-3-l. Physical absorption of ethylene into water 

The physical absorption rate of ethylene into water was measured as 

mentioned in 4-2-2. The flm-1 rate of \'later ~'las maintained at 40 ml/min. The 

reactor temperature was maintained at 30°C ± 0.5°C by pre-heat ing water by 

means of an electric heating tape. The results al·e shm·m in Table Al-9. 

5-3-2. Enhancement factor 

The enhancement factor predicted by Hatta' s mode 1 was compared \'lith the 

experimental results from the unbaffled reactor. Enhancement factors were obtained 

from the absorption experiments with and without chemical reaction: 

(5-3) 
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Fig. 5-16 shows a comparison of Hatta's model, eq, (3-13), with the experimental 

results. Concentrations in eq. (3-13) were obtained from experiments, and 

diffusivities(l) and the saturated concentration of ethylene< 34} were taken from 

literature. Eq. (3-13) agrees fairly \'/ell vlith the experi mental results. 

Akehata and Johnson(l) reported that the enhancement factor predicted by Hatta 's 

model was higher than their experimental results at lower temperatures while 

slightly lower at 20°C. They suggested that better agreement \'lith the model 

would be observed at higher t~npe ratures. 
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CHAPTER 6 

CONCLUSIONS 

Experiments were carried out with the ethylene-chlorine-water system 

in t he multi-nozzle bubble column reactor with and without baffling. The 

eff ect of axial mixing on t he product distribution was investigated. The 

following conclusions were obtained: 

1) For hi gh yi elds of ethylene chlorohydrin and low yields of ethylene di

ch l ori de, high molar ra t ios of ethylene to chlorine were favored. 

2) An ethylene to chlorine ratio of about l.b was found to be opLi111u11i fur 

hi gh production or et hylene chlorohydrin and low production of ethylene 

di chloride in the apparatus studied. 

3) The gas flow rates did not affect the formation of t he products when the 

et hylene to chlorine ratio was constant. 

4) The baffled reactor gave higher yields of ethylene chlorohydrin and 

lower yields of ethylene dichloride tnan the unbaffled reactor. 

5) The baffled reactbr with perforated plates having a less free area 

yielded more ethylene chlorohydrin and less ethylene dichloride than that 

wi th plates having a larger free area. 

6) An improvement in the conversion of ethylene was observed in the baffled 

reactors. 
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7) In the baffled reactors, more appreciable concentration profiles of the 

products were observed because of reduced back-mixing. 

8) The axial dispersion model with the assumption of constan t product 

formation along the column predicted the concentration profiles of the 

products well when large axial mixing existed. 

9) Axial mixing was reduced in the baffled columns. 

10) Gas hold up was increased about 50% in the baffled column (B). 

56 

11) Hatta•s model predicted the enhancement factor fairly \·tell in this system. 



CHAPTER 7 

RECOMt·lENDATI ONS 

In the course of this study, the reaction of chlorine with water has 

caused serious trouble by corrosion in the experimental apparatus. For the 

material to construct the apparatus for this system, Teflon, . glass and poly

ethylene are recommended. 

It is very difficult to analyse a sample of aqueous solution by 

gas chromatography since water causes a strong tailing. However, it could 

be overcome by choosing a suitable column. It is preferable to have a column 

which separates ethylene ch1orohydrin and ethylene dichloride without significant 

tailing. 

For this system, very few kinetic data are available. More \'tork 

should be done on the reaction rate for production of ethylene chlorohydrin 

and ethylene dichloride. 

In this study, an axial dispersion model was tested, which predicted 

the concentration profiles of the products well when the liquid-phase axial 

mixing v1as large. It is suggested that eq. (3-2) be solved numerically for 

each component in the liquid-phase in the case of small axial mixing. 

Experiments carried out during this study covered the range between 

1 and 10 for the inverse of Peclet number. It is suggested that experiments 

be made under more reduced back-mixing conditions. 

The yield of the desired product v1as increased by baffling during 

this work. The effect of baffling on the yields of products should be studied 
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with other systems~ · 

During the study, no concentration profiles of reactants were obtained. 

It is suggested that the concentration profiles be developed for the reactants 

as well as for the products. 



NOMENCLATURE 

A area (counted by the integrator) (-) 

C concentration {g -moles/1) 

Co initial concentration of the tracer {g-moles/1) 

D diffusivity (cm2tsec) 

coefficient of axial mixing in the liquid phase 

detector response factor (-) 

k rate constant (1/g-mole.sec) 

K equilibrium constant (-) 

K. liquid-pnase mass ~ransfer coerr1c1en~ (cmjsec) 
L 

·2 (em /sec) 

kl0 liquid-phase mass transfer coefficient without chemical reaction (em/sec) 

L length of the column (em) 

N chemical absorption rate (g-moles/cm2 .sec) 

N° physical absorption rate (g-moles/cm2.sec) 

n number of equivalent stirred tanks (-) 

Pe Peclet number (= UL/EL) (-) 

Q quantity of a component (g) 

r rate of reaction (g-moles/l.sec) 

T time (min) 

Tm mean residence time (min) 

U linear liquid velocity (em/sec) 

X distance (em) 

XL liquid-film thickness (em) 
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z length measured from the reactor entrance (em) 

Z dimensionless length (=z/L) (-) 

Greek Letters 

p density (g/cm3) 

crt variance defined by eq. (3-8) (min) 

a variance (= crt2fT1/) (-) 

enhancement factor (-) 

Subscripts 

Cl chlorine 

E ethylene 

ECH ethylene chlorohydrin 

EDC ethylene dichloride 

f float 

HCl hydrochloric acid 

HOCl hypochlorous acid 

i interface 

N2 nitrogen 

WAT water 
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APPENDIX I 

TABLES OF THE EXPERIMENTAL RESULTS 

Experi mental results obtained in this study are summarized in Tables 

here. They were obtained from mass transfer with and without reaction studies, 

and from mixing studies carried out in the baffled and unbaffled column. 
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Table Al-lA 

E~erimental Conditions in the Unbaffled Reactor 

Run No. Ethylene Chlorine Ethylene to Reactor 
flow flow Chlorine temperature 

(cc/min) (cc/min) ratio (oc) 

01 1670 1200 1.39 29.3 

02 1550 1200 1.29 29.5 
03 1800 1460 1.23 29.8 
04 2700 1600 1.69 31.0 
05 1900 1070 1.77 30.5 
06 1900 1200 1.58 31.0 

I 07 I 1900 1350 I i . q 1 I ::su .z I 

08 1900 1460 1.29 31.2 
09 1900 1600 1.18 31.5 
10 1760 1350 1.30 30.2 
11 2120 1350 1.58 31.0 
12 2410 1350 l. 78 31 .o 
13 2600 1350 1.92 30.3 
14 1700 1070 1.58 29.5 
15 2310 1460 1.58 29.8 
16 2510 1600 1.58 30.1 
17 2000 1350 1.48 30.0 
18 2250 1350 1.67 29.9 



Run No. 

Al 

A2 
A3 

A4 
A5 

A6 
A7 
AS 

A9 
AlO 

Bl 
B2 
83 

84 

Table Al-lB 

Experi mental Conditions in the Baffled Reactor (A) 

Ethylene 
flow 

(cc/ rn in) 

2120 

2510 
2310 

1900 
1900 
2410 
2600 
1760 

1900 
2700 

Chlorine 
flow 

(cc/min) 

1350 

1600 
1460 

1200 
1350 
1350 
1350 
1350 

"1070 
1600 

Ethylene to 
Chlorine 

ratio 

1.58 

1 .58 
1.58 
1.53 
1 . 41 
1. 78 
1.92 
1 30 

1. 78 
1.69 

T a b·1 e A 1 -1 C 

Reactor 
temperature 

(OC) 

30.2 

30.5 
29.5 

31.3 
31.0 
31.0 
31.2 
30 1 

31.0 
31.5 

Exper i mental Conditions in t he Baffled Reactor (B) 

2120 1350 1.58 31.5 

2310 1460 1.58 31.5 

2510 1600 1.58 31.0 

1900 1200 1.58 30.8 
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Table Al-2 

Concentration Profiles in the Unbaffled Reactor 

Position Run EDC ECH Run EDC ECH" 
No. (wt. %) (wt.%) No. (wt.%) (wt.%) 

0 0,49 3.18 0,39 3,32 
2 0.47 3.15 0,36 3.10 

1 2 
4 0,45 3,08 0,33 3,05 
7 0,49 3,03 0,34 3.12 

0 0.62 3,68 0,99 5,68 
2 0,59 3,52 0,95 5,48 

3 4 
4 0,58 3,55 0,93 5,29 
7 0,53 3,51 0,95 5,25 

' " .., v ••• -·-· -·-- -.- .. I n 117 I ~ ~1 I -~ g1 

2 0,40 3,41 0.47 3.79 
5 6 

4 0,39 3.27 0.52 
', 

3.47 
7 0.40 3,22 0,46 3,46 

0 0,65 3,87 0.70 3,84 
2 0,63 3,83 0,72 3.56 

7 8 
4 0,65 3,77 0,63 3,53 
7 0.46 3,63 0,61 3,34 

0 0,85 3.97 0.76 3,30 
2 0.78 3.79 0,65 3,33 

9 10 
4 0.70 - 3.74 0,58 3,26 
7 0.71 3,65 0,54 3,04 

0 0,93 5. l 0 0,95 5,21 
2 0,92 4,85 0.97 5,00 

l1 12 
4 0.66 4.73 0,63 4,89 
7 0.88 4.80 0,69 4,80 
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Table Al-2 (contd) 

Position Run EDC ECH Run EDC ECH 
No. (wt.%) (wt. %) No. ( v1t. %) (vlt, %) 

0 0.98 5.39 0.49 3.88 
2 0,88 5.38 0,52 3.87 

13 14 
4 0.84 5,07 0.42 3,59 
7 0,86 4,88 0,43 3.78 

0 0,99 5.10 1.00 5.73 
2 0,99 5.08 0.93 5.75 

15 16 
4 0.95 5.04 0.92 5.69 
7 0.94 4,96 0,.90 5.69 

0 0,80 4.50 0.94 5.15 
2 0.75 4.39 0,88 5.13 

17 18 
4 0,74 4,35 0.89 5.05 

. 7 0.67 4,38 0.82 4.98 
i I I I I 

I 
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Table Al-3 

Concentration Profiles in the Baffled Reactor (A) 

Position Run EDC ECH Run EDC ECH 
No, (wt. %) (wt. %) No. (wt. %) (wt.%) 

0 1.08 5.68 0.99 6.61 
2 1.03 5,21 0.82 6,29 

Al A2 
4 1.05 4,77 0.70 6.23 
7 0,95 4,31 0,54 5.90 

0 0,93 5,83 0,79 4.52 
2 0.95 5.68 0.75 3.90 

A3 A4 
4 0,93 5,56 0,53 3.75 - ·- - - - . - . - ' I I I ll Ytl I !J IJIJ I f) t~lo I J 3Y . ... ~ - ;. .... . ' 

0 0.69 4,03 0,98 5,55 
2 0.59 3.91 0,96 5.25 

AS A6 
4 0.54 3,63 0,79 4,88 
7 0,49 3,37 0.81 4.62 

0 1.00 5,63 0,91 3.45 
2 0,94 5,39 0,85 3.26 

A7 A8 
4 0,87 5,07 0,83 3,04 
7 0.75 4.77 0,73 2.76 

0 0,56 4.79 0.95 5.94 
2 0.54 4,03 0.91 5.70 

A9 AlO 
4 0.44 3,93 0,91 5,47 
7 0,42 3.50 0,89 5,26 



70 

Table Al-4 

Concentration Profiles in the Baffled Reactor (B) 

Position Run EDC ECH Run EDC ECH 
No. (wt. %) (wt. %) No. ( wt. %) ( wt. X) 

0 0,85 5,82 0,88 5.98 
2 0.73 5,47 0.70 5.39 

Bl B2 
4 0.70 4.75 0,53 4,95 
7 0,55 3,52 0,50 3.18 

0 0,92 7.20 o. 77 4,86 
2 0.82 6,64 0.71 4.77 

[33 84 
4 0.72 6,07 . 0,55 4.28 
7 0.55 4.62 0.55 3.23 



Table Al-5 

Material Balance (Run No, 06) 

Ethyl ene balance (in g-mole/min) 

Ethylene in Ethylene out 

7,30 X 10-2 ECH 
EDC 

Unreacted 

-2 2,27 X 10_
2 0,49 X 10_2 3,90 X 10 

6, 96 X 10-Z 

Imbalance= (7.30- 6,96) x 100/7,30 

= 4,66 (%) 

Chl orine balance (in g-mole/min) 

Chlorine in Chlorine out 

-2 4,88 X 10 ECH 
EDC 
HCl 
HOCl 
Cl 2 

1.15x10=~ 
0,49 X 10_2 1.24xl0_2 0,43 X 10_3 1,24xl0 

4,78 X 10-2 

Imbalance = (4.88 - 4,78) x 100/4,88 

= 2,09 (%) 
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Table Al-6 

Reproducibility of the Product Concentration 

Position 

0 
2 
4 
7 

0 
2 
4 
7 

0 
2 
4 
7 

Unbaffled reactor (Run No. 6) 

EDC ECH EDC ECH 
(wt. %) (\'i t.%) ( \•/t . ) (\'It. %) 

0.55 
0.47 
0.52 
0.46 

1.03 
0 .9~ 
1.08 
0.93 

3,81 0.55 3,80 
3.79 0,48 3.85 
3,47 0,49 3.51 
3.46 0.47 3.48 

Baffled reactor A (Run No. Al) 

r 5 .72 
I r:- , ,.., 

;J, I U 

4.75 
4.41 

1 , OR 
1 " ~ 
1 .u~ 

1.05 
0,95 

5 )58 
5.2i 
5.77 
4.31 

Baffled reactor B (Run No. Bl) 

0,85 5.82 0,84 5.86 
0.73 5.47 0.78 5.53 
0.70 4.75 0.72 4.77 
0.55 3.52 0,58 3.49 
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Table Al-7 

Experi me ntal C-Curve 

. ---· 

Ti me Concentra tion (g-mo1e/1) X 103 

(min) Unbaff1ed 8aff l ed Baffled 
Column Col urnn (A) Column (B) 

0 2. 68 1.14 0,28 
5 3,15 3,07 0,51 

10 3,01 3.04 l ,03 
15 2,80 2,91 l .46 
20 2.68 2.76 l ,73 
25 2.57 2.55 1,97 
30 2.40 2,41 l .99 
35 2.38 2.27 1.94 
40 2.17 2.13 1.89 

I 4~ I. 2 .06 I / . IJO I ! J30 
50 1.95 1,38 1.74 
55 1 .87 1 .79 l .69 
60 l ,78 1,69 1.64 
65 1.67 l. 61 l ,50 
70 1.56 1.53 l .34 
75 1.47 1.43 1.25 
80 1.37 1.33 l • 17 
85 1.30 1.28 1.10 
90 1 .23 1.23 1.03 
95 l .17 1.17 0.98 

100 1.11 l . 10 0,91 
lOS 1.05 1.06 . 0.84 
110 

;. 

1.00 ·· l .02 0,78 
115 0.95 0,98 0.73 
120 0,90 0.93 0.68 
125 0,85 0,89 0,65 
130 0.80 0.84 0.60 
135 0.77 0.81 0,56 
140 0.73 0.78 0.52 
145 0,70 0.75 0.48 
150 0.66 0.72 0.46 
155 0.67 0.69 0.45 
160 0,58 0.66 0.43 
165 0,55 0.65 0,39 
170 0.52 0.63 0.36 
175 0.50 0,60 0.30 
180 0.48 0.58 0.25 

' 
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Table Al-8A 

Number of Equivalent Stirred Tanks 

Nitrogen Number of Equivalent Stirred Tanks 
flow rate Unbaffled Baffled Baffled (cc/min) Column Column (A) Column (B) 

2300 1.1 1 • 6 2.2 
3000 1.1 1 .4 2.0 
3500 1.1 1.3 .. 1 .8 
4000 1.0 1.2 1.7 
4-200 1 .o 1 . 1 1.7 

Table Al-SB 

Coefficient of Axial Mixing 

Nitrogen ~Jater flow rate 
fl O'r'l rate 
(cc/min) 40 (ml/min) 45 (ml/min) 

2300 4.6 4.5 
3000 6.3 6.3 
3500 7.2 7.3 
4000 8.9 8.5 
4200 . 9.4 9 .. 4 



Table Al-9 

Physical Absorption Rate 
(cc/min) 

Ethylene Nitrogen flow rate 
fl ov1 rate (cc/mi n) 
(cc/min) 1200 1350 1450 1600 

1900 54 58 48 38 

2120 61 72 94 65 

2410 79 84 71 96 

2600 175 135 138 160 
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APPENDIX 2 

GAS CHRQfqATOGRAPHY 

A2-l Calibration of the gas chromatograe_h 

The gas chromatograph used in this work was calibrated using detector 

response factors( 20). This method is based on the fact that the area of each 

peak recorded is proportional to the amount of the respective sample component. 

Usually, the detector response or rroportionality factor is not 2xpressed as 

an absolute quantity but rather is expressed relative to a given standard. 

fhis relative detector response factor can oe expressed in an equal molar 

or volume or weight basis for each component. If this factor is known, the 

concentrations can be calculated directly from the peak areas. 

· The relative detector response factor is determined in the following 

way. As mentioned above, the peak area for each component in the sample is 

proportional to the amount of corresponding component. 

A = f Q (A2-l) 

If a sample containing a knm-Jn amount of each component is injected into the 

gas chromatograph, the detector response factors can be calculated using 

eq. (A2-l). Any one of the detector response factors could be assigned the 

value of 100, and all others would be expressed as relative detector response 

factors. 
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The calibrations were obtained by using this method. Samples 

of known concentration were prepared and the response factor for each component 

was calculated using eq. (A2-l). Water was chosen as the standard and its 

detector response factor was assigned the value 100. 

Attenuation of 200 for water and that of 2 for the combined ethylene 

chlorohydrin and ethylene dichloride peak were used when the gas chromatograph 

was operated with the Porapak P column. For the calibration with the Paraplex 

G-25 on Teflon column, attenuation of 100 for the combined water and ethylene 

dichloride and that of 2 for ethylene chlorohydrin were used. 

The relative detector response factors obtained are given in 

Table A2-l and are on a weight basis. · 

A2-2. Interpretation of the gas chromatogram from the reaction runs 

The concentration of each component in the sample is calculated from 

t he peak area obtained from the chromatogram. 

From the chromatogram from the Paraplex on Teflon column, the peak 

area for ethylene chlorohydrin and for other components are obtained; Then 

the concentration of ethylene chlorohydrin was calculated as follows: 

(A2-2) 

Using the chromatogram from the Porapak P column, the concentration of ethylene 

dichloride is calculated in the following way: 

(AECH/fECH) X 100 
CECH = ----~----~------ (A2-3) 

(AWAT/fWAT) + (Ar-AECH)/fEDC + AECH/fECH 



ECH 
( wt. %) 

2.340 
2.340 
5,963 
5.963 

11 ,310 
11. 310 
7.398 

Table A2-l 

Relative Detector Response Factors 

Porapak P Column 

fECH ECH 
(wt. %) 

2818 7.398 
2835 4,923 
2851 4,923 
2880 4.923 
2895 7,276 
2890 7,276 
2879 

fECH = 2815 

Discrepancies ~ 1 .57% 

fECH 

2890 
2869 
2879 
2889 
2824 
2821 

Paraplex G-25 on Teflon Column 

ECH EDC 
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( V/t, %) 
fECH 

(wt. %) 
fEDC 

7.276 5272 o .75G 
7.276 5287 0.756 
7.276 5264 0,756 
4,923 5233 0,695 
4,923 5309 0.695 
4.923 5227 0.695 
7.398 5294 1. 015 
7.398 5281 1. 015 
5.963 5297 0,839 
5.963 5289 0.839 
2,340 5281 0.455 
2.340 5278 0 .455 

fECH = 5280 
< Discrepancies- 1.78% 

5165 
5170 
5156 
5124 
5196 
5163 
5183 
5145 
5125 
5158 
5096 
5140 

fEDC = 5150 

Discrepancies ~ 2·54% 
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\'1here (A2-4) 

Similarly to eq. (A2-3), the concentration of ethylene dichloride is calculated 

by: 

(AEoclfEDC) x 100 
CEDC = ---------------- (A2-5) 

(AWAT/fWAT) + (AEDC/fEDC) + (AECH/fECH) 

From eq. (A2-3), AECH can be calculated since CECH is known. 

(A2-6) 

into eq. (A2-5), Lhe concentration of ethylene 

dichlori de can be given. 

Relative response factors of ethylene chlorohydrin were checked 

using pure water, 0.2 N-HCl solution, 0.5 N-HCl solution, and l .0 N-HCl 

solution as the standard. Discrepancies among the relative response factors 

of ethylene chlorohydrin were less than 1 percent • . 

~-3. Interpretation of the gas chroma tog ram from the phys i ca 1 absorption runs 

During the physical absorpiton runs, the gas chromatograph was 

not cali brated by the method given above since it v1as difficult to measure the 

amount of gases accurately. 

A physical absorption run was carried out as follows. At first, 

desired amounts of ethylene and nitrogen were fed to the bubble column. The 



outlet gas led to the gas sampling valve of the gas chromatograph. The gas 

mixture which had passed through the column was analysed by gas chromatograph 

from ti me to time until the chromatogram showed no change in the composition 
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of the gas mixture. Then, water was introduced and a physical absorption run 

was carried out. After the chromatogram had shown no change in the composition 

of the gas from the bubble column, the run was completed . . 

The physical absorption rate of ethylene into water was calculated 

assuming that the absorption rate of nitrogen into water could be neglected. 

(A2-7) 

Here 0.. is the flow rate of nitroqen. A•s are peak areas before the absorption 
- ~~ ,... 

c. 
run, and A0 •s are peak areas after the run. 



APPENDIX 3 

CALIBRATION OF ROTAMETERS 

Rotameters used in this study were calibrated at the same operating 

condition as that existed during the experiments. 

The rotameters for measuring the flow rates of inlet ethylene and 

the out let gas were calibrated with ethylene by a wet test meter as shown in 

Fig. A3-l. The rotameter for chlorine was calibrated in the same way with 

nitrogen gas. The flow rates were converted to those of chlorine by the 
I ""4 n II\ 

,. , , - ·1' ·- - - - .. - t ~ - \ ,J • ,_ •t J ru I I UW II':J t::\1UO I VII ; 

(A3-l) 

The rotameter for water was calibrated measuring the water flow at the reactor 

outlet by a measuring cylinder. 

Calibration curves are shown in Figs. A3-2, A3-3, and A3-4. 
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8: Bubble column 

E: Ethylene gas cy I i nder 

tJ : Nitrogen gas cyl · nde r 

R: Rotameter 

'v'/ : ~~et test mete r 
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