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Abstract:
A number of extractive distillation agents were investigated to separate ethyl acetate and ethanol from
methyl ethyl ketone and water in an ethyl acetate-ethanol-methyl ethyl ketone-water mixture, and ethyl
acetate from ethanol and water in an ethyl acetate-ethanol-water mixture by means of extractive
distillation. A measure of separation is the relative volatility, which was calculated by the Fenske
equation. The method of analyzing samples from the distillate and bottoms was gas chromatography.
Packed columns as well as the vacuum jacketed perforated plate column were employed. The results
showed that it is possible to separate the components from these two mixtures by extractive distillation
with a distillation column containing relatively few theoretical plates. It was found that the proper
extractive distillation agent completely eliminated azeotrope formation among the components in the
mixtures investigated. Packed columns can be used in extractive distillation even though they are not
quite as efficient as perforated plate columns.

For the separation of ethyl acetate and ethanol from methyl ethyl ketone and water one of the more
attractive extractive agents is comprised of 25.0 wt.% hydroquinone, 25.0 wt.% ortho-tert-butylphenol,
25.0 wt.% catechol and 25.0 wt.% dimethylformamide, and the relative volatilities of ethanol to methyl
ethyl ketone obtained was 1.51 and ethyl acetate to methyl ethyl ketone was 1.69. For the separation of
ethyl acetate from ethanol and water a typical attractive extractive agent is comprised of 33.33 wt.%
glycerol, 33.33 wt.% ethylene glycol and 33.33 wt.% triethylene glycol, and the relative volatility of
ethyl acetate to ethanol obtained was 3.9 3. 



SEPARATION OF ETHYL ACETATE AND ETHANOL FROM METHYL ETHYL 
KETONE AND WATER, AND ETHYL ACETATE FROM ETHANOL 

AND WATER BY EXTRACTIVE DISTILLATION

by
Pisant Ratanapupech

A thesis submitted in partial fulfillment 
of the requirements for the degree

of
Doctor of Philosophy 

in
Chemical Engineering

MONTANA STATE UNIVERSITY 
Bozeman, Montana

March 1983



ii

3 ) 3 ^
R l %
dOjD, «5

APPROVAL

of a thesis submitted by 

Pisant Ratanapupech

This thesis has been read by each member of the thesis 
committee and has been found to be satisfactory regarding 
content, English usage, format, citations, bibliographic 
style, and consistency, and is ready for submission to the

Studies

Date duate Committee

Approved for the Major Department

AL 7 /ff-3
Date ^

T' ̂Lc ̂ .0
d, Major Department

Approved for the College of Graduate Studies

3 -Tb - S3
Date Graduate Dean



iii

STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of 
the requirements for a doctoral degree at Montana State
University, I agree that the Library shall make it 
available to borrowers under rules of the Library. I 
further agree that copying of this thesis is allowable only 
for scholarly purposes, consistent with "fair use" as 
prescribed in the U .S . Copyright Law. Requests for 
extensive copying or reproduction of this thesis should be 
referred to University Microfilms International, 300 North 
Zeeb Road, Ann Arbor, Michigan 48106, to whom I have 
granted "the exclusive right to reproduce and distribute 
copies of the dissertation in and from microfilm and the 
right to reproduce and distribute by abstract in any 
format."

Date
Signature



iv

ACKNOWLEDGMENTS

The author wishes to thank Dr. Lloyd Berg, the 
research advisor, for all his help, encouragement and 
suggestions on this work. Mr. Lyman Fellows is thanked for 
the equipment maintenance. The author wishes to 
acknowledge the assistance of the Chemical Engineering 
staff at Montana State University. The author also wishes 
to acknowledge the fellowship from the Royal Thai Navy, 
Thailand and. the research support from Celanese Chemical 
Company, Pampa, Texas.



V  ■ ■ • •

TABLE OF CONTENTS

Page

LIST OF TABLES .................................. *.........vii
LIST OF F I G U R E S ... ................... ...........-.......  ix

' ABSTRACT ...-------"................. -.................. « • • x
INTRODUCTION......      I
BACKGROUND .............................................   7
SELECTION OF EXTRACTIVE DISTILLATION AGENTS ............  20

EQUIPMENT ..........V - V ..................• • •............ '•••.. 22
S t i l l - p o t .............................   22
Heating E q u i p m e n t ....................    22
Condenser .................     2^
Extractive Agent Feed S y s t e m ..................... w 24
Distillation C o l u m n ........     25

EXPERIMENTAL PROCEDURE .............'........ ............  28
Vacuum Jacketed Perforated Plate Column ...........  28
Column Packed with Berl Saddles . .......... . .. . 33
Column Packed with Helices ........ ..... ........... 35
Column Packed with Raschig Rings ..................  37
Column Packed with Intalox Saddles ............. •••

RESULTS AND DISCUSSION .................. ................  4 2
Vacuum Jacketed Perforated Plate Column .......... 42

Ethyl acetate-ethanol-methyl ethyl ketone-
water. mixture ..................    42.
Ethyl acetate-ethanol-water mixture ...........   59

Column Packed with Berl Saddles  ........ • • •  .....  70
Column Packed with Helices ....     72
Column Packed with Raschig Rings ........   74
Column Packed with Intalox Saddles ......••••■.....  74

SUMMARY AND CONCLUSIONS .................... • ♦ • .......... 79



TABLE OF CONTENTS-Continued

Page
RECOMMENDATIONS FOR FURTHER S T U D Y ... ................... 82
REFERENCES C I T E D ........ ............ ...... ............ . 85
APPENDICES ...................... ................... .......  89

APPENDIX A: SAMPLE CALCULATIONS ................... 90
APPENDIX B : PURE COMPONENT DATA . .. . ............ 92
APPENDIX C : STATISTICAL ANALYSIS ..................  94

' APPENDIX D: EXTRACTIVE AGENT COMMENTS .... ..... . 96

vi



vii

LIST OF TABLES

Table Page
1 Boiling point and azeotropic data at I atm

(101325 Pa)........     5
2 Comparison of relative volatilities of butadiene

and hydrocarbons, and the number of theoretical 
plates required for the same separation with and 
without the extractive agent......................  17

3 Extractive agents, and relative volatilities of 
ethanol to methyl ethyl ketone and ethyl acetate 
to methyl ethyl ketone in ethyl acetate-ethanol- 
methyl ethyl ketone-water mixture run in the
vacuum jacketed perforated plate column...........  44

4 Summary of the best extractive agents investigated
for the separation of ethyl acetate and ethanol 
from methyl ethyl ketone and water.................  49

5 Summary of the extractive agents which are not 
quite as effective as those in Table 4 for the 
separation of ethyl acetate and ethanol from
methyl ethyl ketone and water................ ......  50

6 Dipole moments (in coulomb-meter units) for some
components........................................ . 52

7 Theoretical and actual plates required vs.
relative volatility.    ............ ................  58

8 Extractive agents, and relative volatilities of
ethyl acetate to ethanol in ethyl acetate-ethanol-
water mixture fun in the vacuum jacketed
perforated plate column.............................  62

9 Summary of the extractive agents which gave the
relative volatilities of ethyl acetate to ethanol 
of 3.5 or higher for the separation of ethyl 
acetate from ethanol and water. ....... ........... 6 7



viii
LIST OF TABLES-Continued

Table Page

10 Extractive agents, and relative volatilities of
ethyl acetate to ethanol in ethyl acetate-ethanol- 
water mixture run in the column packed with Berl 
saddles....................... .........................

11 Extractive agents, and relative volatilities of
ethyl acetate to ethanol in ethyl acetate-ethanol- 
water mixture run in the column packed with 
helices.................. .............................

12 Extractive agents, and relative volatilities of
ethyl acetate to ethanol in ethyl acetate-ethanol- 
water mixture run in the column packed with 
Raschig rings............................. ...........

13 Extractive agents, and relative volatilities of
ethyl acetate to ethanol in ethyl acetate-ethanol- 
water mixture run in the column packed with 
Intalox saddles...................................

14 Extractive agents, and relative volatilities of 
ethyl acetate to ethanol in ethyl acetate-ethanol- 
water mixture run in the vacuum jacketed 
perforated plate column and packed columns........

15 Melting points and boiling points of pure
components used as extractive agents at I atm 
(101325 Pa) unless otherwise indicated............

16 Testing the difference between the average
relative volatilities of ethanol to methyl ethyl 
ketone in extractive agent no. 34 in Table 4 and 
in extractive agent no. 15 in Table 5 ........ 94



ix

LIST OF FIGURES

Figure Page
1

2

3

4

5

6

7

8

Extractive distillation with solvent recovery
by fractionation.;.........   9
Flow diagram of Celanese ethyl acetate and
methyl ethyl ketone plant, Pampa, Texas............ 19
Schematic cross section showing assembled 
equipment............................................. 23
Theoretical plates vs. time for vacuum
jacketed perforated plate column..................   30
Theoretical plates vs. time for column
packed with Berl saddles.............................  34
Theoretical plates vs. time for column
packed with helices................................... 36
Theoretical plate’s vs. time for column
packed with Raschig rings...........................  38
Theoretical plates vs. time for column 
packed with Intalox saddles........... 40



X

,■ABSTRACT

A number of extractive distillation agents were 
investigated to separate ethyl acetate and ethanol from 
methyl ethyl ketone and water in an ethyl, acetate-ethanol- 
methyl ethyl ketone-water mixture, and ethyl acetate from 
ethanol and water in an’ethyl acetate-ethanol-water mixture 
by means of. extractive distillation. A measure of 
separation is the relative volatility, which was calculated 
by the Fenske equation. The method of analyzing samples 
from the distillate and bottoms was gas chromatography. 
Packed columns as well as the vacuum jacketed perforated 
plate column were employed. The results showed that it is 
possible to separate the components from these two mixtures 
by extractive distillation with a distillation column 
containing relatively few theoretical plates. It was found 
that the proper extractive distillation agent completely 
eliminated azeotrope formation among the components in the 
mixtures investigated. Packed columns can be used in 
extractive distillation.even though they are not quite as 
efficient as perforated plate columns.

For the separation, of ethyl acetate and ethanol from 
methyl ethyl ketone and water one of the more attractive 
extractive agents is comprised of 25.0. wt.% hydroquinone,
25.0 wt.% oftho-tert-butylphenol, 25.0 wt.% catechol and .
25.0 wt.% dime thyIfofmamide, and the relative volatilities 
of ethanol to methyl ethyl ketone obtained was 1.51 and 
ethyl acetate to methyl ethyl ketone was 1.69. For the 
separation of ethyl acetate from ethanol and water a 
typical attractive extractive agent is comprised of
33.33 wt.% glycerol, 33.33 wt.% ethylene glycol and
33.33 wt.% triethylene glycol, and the relative volatility 
of ethyl acetate to ethanol obtained was 3.9 3.
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INTRODUCTION

In order to separate two or more components occuring 
in a mixture, fractional distillation is one of the methods 
which is simple. Distillation is defined as the separation 
of two or more liquids of different volatility (I). 
Separation here refers, to a division into parts, each of 
different composition, as the result of relative 
differences in volatility of the components of the mixture 
being separated. The method is particularly applicable when 
the components to be separated differ considerably in 
volatility. It frequently happens that the components to be 
separated boil close together or form an azeotrope. The 
components are then entirely incapable of separation by 
simple distillation. In these instances, extractive 
distillation, azeotropic distillation or a two-column 
distillation which changes the conditions of the 
distillation process is essential if the components are to 
be separated by a distillation process. However, extractive 
distillation is more flexible than the other types of 
distillation processes listed above in that a wider variety 
of conditions may be run in a given tower or a wider 
variety of towers may be designed for the separation of a 
given mixture. Extractive distillation, is defined as
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distillation in the presence of a substance which is 
relatively non-volatile compared to the components to be 
separated. The column, therefore, is charged continuously 
near the top so that an,appreciable concentration is 
maintained on all the plates of the column (2) . In other 
words, extractive distillation is fractional distillation 
in the presence of a solvent.

In extractive distillation, separation of two 
components is effected by the addition of a third 
component. This third component is usually called the 
extractive agent or solvent. The extractive agent usually 
is of low volatility, is added at or near the top of the 
column, is present throughout the tower, washes the 
ascending vapors and absorbs one of the components 
preferentially, and exits with tile bottoms. The solvent 
must be subsequently separable from the original 
component(s) by some method (often distillation) . The 
temperature of the system is such that the liquid and 
vapor phases coexist." The partial pressure of one 
component is lowered, thus raising the relative volatility 
of the two-component mixture to be separated (3) . This 
process can be applied to multicomponent mixtures as well 
as binaries.

The most convenient measure of the difficulty of 
separation of two liquids is the relative volatility. The 
relative volatility is defined as the ratio of the
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compositions of the two components in the vapor phase to 
their ratio in the liquid phase. The relative volatility of 
components I and 2 is represented by a^  :

where: y^ and y^.= mole fraction of the two components in 
the vapor, and and Xj2 = mole fraction of the two 
components, in the liquid. If a > I/ substance I is more 
volatile. The greater the value of relative volatility, the 
easier the separation (4). The number of theoretical plates 
or stages required in distillation is a direct function of 
the value of relative volatility. Colburn and Schoenborn 
(5) offered the approximate generalization that the number 
of theoretical plates required for a separation of a binary 
mixture to yield products each of 99.9% purity, varied as 
the. ratio 4/(a-1) . The larger the number of plates, the 
higher the capital investment cost. In general, the 
relative volatility does not remain constant because vapor 
pressures do not change proportionally between two 
components. Often the change is small and average relative 
volatilities are used. The purpose of extractive agents is 
to increase the relative volatility from values close to
1.0 or even 1.0 (an azeotrope) to values of 1.5 and higher.

In this work, a number of extractive agents were 
investigated to separate ethyl acetate and ethanol from 
methyl ethyl ketone and water as well as. ethyl acetate from
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4

ethanol and water by means of extractive distillation.
These components have boiling points close together and 
can form binary and ternary minimum-boiling azeotropes as 
shown in Table I. Ethyl acetate is used as a general 
solvent in coatings and plastics, organic synthesis, 
smokeless powders, and pharmaceuticals. Methyl ethyl ketone 
is used as a solvent in nitrocellulose coatings and vinyl 
films, Glyptal resins, paint removers, cements and 
adhesives, organic synthesis, the manufacture of smokeless 
powder, cleaning fluids, printing inks, catalyst carrier, 
lube oil dewaxing, and acrylic coatings. Ethanol is used 
as a solvent for resins, fats, oils, fatty acids, 
hydrocarbons, alkali hydroxides, an extractive medium, in 
the manufacture of intermediates, organic derivatives 
especially acetaldehyde, dyes, synthetic drugs, esters, 
elastomers, detergents, cleaning solutions, surface 
coatings, cosmetics, pharmaceuticals, explosives, 
antifreeze, beverages, antisepsis, medicine, gasoline 
additives, and yeast-growth mediums (10).

The controlled oxidation of butane generally results 
in a mixture of. ethyl acetate, ethanol, methyl ethyl 
ketone, water, and trace impurities such as methanol, 
formic acid, methyl propionate, etc. Ethyl acetate is also 
obtained by heating acetic acid and ethanol in the presence
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Table I. Boiling point and azeotropic data at I atm

(101325 Pa).

Component (s) Boiling point,°C Composition,wt.% Reference

EtAc 77.1 6
EtOH 78.3 6
MEK 79.6 7
H 2O 100.0 6
EtAc/HgO 70.38 91.53/8.47 8
EtAc/EtOH 71.8 , 69,2/30.8 9
MEK/HgO 73.3 88.4/11.6 7
MEK/EtOH 74.8 . 66/34 6
MEK/EtAc 77.05 11.8/88.2 6
EtOH/HgO 78.1 95.5/4.5 9
E tAc/E tOH/H gO 70.23 82.6/8.4/9.0 6
MEK/E tOH/H gO 73.2 75/14/11 7

EtAc = ethyl acetate 
EtOH = ethanol 
MEK = methyl ethyl ketone 
HgO = water
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of sufuric acid and distilling off the resulting ternary 
minimum-boiling azeotrope of ethyl acetate, ethanol and
water.
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BACKGROUND

Extractive distillation is the method of separating 
close boiling components or azeotropes by carrying out the 
distillation in a multiplate rectification column in the . 
presence of an added pure liquid or liquid mixture having a 
boiling point higher than the components being separated.
The extractive agent is introduced at or near the top of 
the column and flows downward until it reaches the 
still-pot or reboiler. Its presence on each plate of the 
rectification column alters the relative volatility of the 
key components in a direction to make the separation on 
each plate greater and thus either requires fewer plates to 
effect the same separation or makes possible a greater 
degree of separation with the same number of plates. When 
the components to be separated normally form an azeotrope, 
the proper extractive agents will cause them to vaporize 
separately during extractive distillation and thus make 
possible a separation in a rectification column that can 
not be done at all when no extractive agent is present.
The extractive agent should boil considerably higher than 
any of the components in the mixture being separated and 
not form azeotropes with them. Usually the extractive agent 
is introduced a few plates from the top of the column in
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order to insure that none of the extractive agent is 
carried over with the lowest boiling component. This 
usually requires that the extractive agent boils twenty 
Celsius degrees or more higher than the lowest boiling 
component.

At the bottom of a continuous column, the less 
volatile components of the close boiling mixtures and the 
extractive agent are continuously removed from the column. 
The usual methods of separation of these two components are 
the use of another rectification column, cooling and phase 
separation, or solvent extraction. The typical flow pattern 
for an extractive distillation process is shown in 
Figure I.

The amount of solvent used is an important variable in 
effecting a separation. A common rule of thumb is: I to 4 
mole of solvent per mole of feed, but this is only a.rough 
generalization (4). Each system has its own range which can 
be determined by experiment. The extractive distillation 
agent should be heated to about the same temperature as the 
plate into which it is introduced. Thus extractive 
distillation imposes an additional heat requirement on the 
column as well as somewhat larger diameter plates for the 
same production output. To be economically attractive, the 
extractive distillation system must save more in the 
reduction of the number of. theoretical plates and the 
height of the column than it adds in the cost of larger
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Figure I. Extractive distillation with solvent recovery
by fractionation.
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plates and additional heat requirement. This will vary

of heat.
In extractive distillation the extractive agent or . 

solvent which is added must induce a difference in the 
partial pressures of the components in the mixture to be 
separated at a given concentration. Thus the basic 
phenomenon upon which this process depends is the 
difference in the deviations from ideality which is 
manifested by nonideal solutions.

From the general criterion of vapor-liquid equilibrium 
of a multicomponent system of N nonreacting chemical 
species (11)

depending on the difficulty of the separation and the cost

fT = ff (i = 1,2,--- - N)9 •••• 9 (A)
where f^ is the fugacity of component i and the
superscripts v and I denote the vapor and liquid phases.

The:defining expression for the fugacity coefficient
is written for each phase :
Vapor :

(B)
Liquid :

(C)

where <|k  = fugacity coefficient of component i in solution 
y^ = mole fraction of component i in the vapor phase
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Thus

= mole fraction of component i in the liquid phase 
> = total pressure

Av a i y.f. =

The simplest result is obtained when the major 
assumptions are that the vapor phase is an ideal gas and 
the liquid phase is an ideal solution : .
1. When the vapor phase is an ideal gas,

' ' Av '<j>y = i (E)
2. When the liquid phase is an ideal solution in the sense
of the Lewis-Ran da11 rule,

11
<$>i fI
i XiP X1P

.1where fi is the fugacity of pure liquid i at the 
temperature and pressure of the system.
3. It is also necessary to assume that the fugacity of pure 
liquid i is insensitive to pressure.
Then we can write

fi = fiat (G)
^sat 
,sat

where f?**1" is evaluated at the temperature of the system
but at Pi

The defining fugacity coefficient for either 
saturated liquid or vapor s

*!at
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Since the vapor phase is assumed to be an ideal gas,

. s a t I. Thus,

Thus E q . (G) may be written :

,sat

fsat _ psat
I I

= P=at I I
where PT is the vapor pressure of pure i at the system 
temperature.

Combining this result with E q .(F) gives
psat 

21 i 
*i = "P“

Substitution of Eqs. (E) and (H) into Eq. (D) yields

Yip - V i * *

(H)

(I)
This is known as Raoult1s law and solutions which do not 
obey this law are called nonideal.

From the definition of the activity a^ of component i 
in solution,

/, f.
ai = 75"

• £i
where f? is "the standard-state fugacity.

From the definition of the activity coefficient of 
component i in solution,

ai
Ti = ST

Y
1 xi£i

(J)
Thus
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For a component in a liquid solution E q .(J) becomes

f i  = xi V i  <K>
Substitution of Eqs. (B) and (K) into Eq. (A) yields

YiJiP =VxiYifI (i = —  (L)
Superscripts v and I need not be used here if it is 
understood that. <f>̂ refers to the vapor phase and that 
and f? are liquid-phase properties.

If the standard-state fugacity is taken in the sense 
of the Lewis-Randall rule, then f? becomes f^, the fugacity 
of pure liquid i at the temperature and pressure of the
system. Then we may write the identity

f sat f
£i = £i = pZat(d s t >  <TS5t>

At low to moderate pressures it can be assumed that the 
liquid-phase properties and f? are independent of 
pressure.
Therefore, f^/fV is equal to unity. Thus,

_sat,sat
pi *i

and E q . (L) becomes

YiJiP = xIYiPiat^ at (i = 1, 2, . . . ,N) (M)
At pressures of I atm (101325 Pa) and less, the assumption 
of ideal gases introduces little error. When this 
assumption is made, E q .(M) becomes

YiP = XiYiPaat (i = 1,2,...,N)
The product y^P is the partial pressure p^ of component i 
in the gas mixture..
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Thus X1Y1P 1

x2Y2p r*
where p^and are the partial pressures of components I 
and 2 which are to be separated, and and are the 
vapor pressures of components I and 2. The superscript sat 
need not be used here if it is understood that P^ and P^ 
are the same as P^a *" and P^a **, respectively.

Their relative volatility from solution is the ratio 
of their partial pressures divided by the ratio of their 
concentrations in the liquid. And it can be shown that :

Y 1P 1 iY2tT
This equation illustrates some important principles 

about extractive distillation. The purpose of any solvent 
is to give as great a relative volatility as possible and, 
in that case, the solvent must allow the lower boiling 
component to pass overhead so that advantage will be taken 
of the P^/P 2  ratio in addition to the ratio of the activity 
coefficients. Obviously if a solvent gives a greater 
activity coefficient for the higher boiling component of 
the mixture, the difference in the activity coefficients is 
partly neutralized by the ratio of the vapor pressures, 
whereas in the opposite case, the relative volatility is 
augmented by the ratio of the vapor pressures. Since the 
ratio P ^ P 2  is essentially constant for small temperature
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changes, the only way that the relative volatility is 
affected is by introducing a solvent which changes the 

ratio Y]/Y2 ’ t^ s ratio, in the presence of the solvent, is 
called selectivity, •

S12 = {y 1/ y 2^solvent
As an example of the effectiveness of extractive 

distillation, Benedict and Rubin (2) reported the 
separation of a mixture of paraffins and toluene using 
phenol as a solvent. Without the solvent, a = I, giving no 
separation. On the addition of phenol, the a increases to 
3.7, corresponding to a usual difference in boiling point 
of 44 °C.

Dicks and Carlson (12) compared directly one instance 
of extractive distillation and ordinary fractional 
distillation by using the same column as a batch-enriching 
fractional distillation column and as an extractive 
distillation column. When a mixture consisting of 10 mole 
per cent methyIcyclohexane and 90 mole per cent toluene was 
distilled in the column studied, an average! of 17.8 
theoretical plates was obtained, giving a distillate 
.consisting of 84-89 per cent methylcyclohexane. When the 
same column was used as an extractive distillation column, 
using aniline as a solvent, 100 per cent me thy!cyclohexane 
was recovered in the distillate. A study of the vapor . 
pressure curve of the system toluene-methy!cyclohexane
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shows, that a separation to give more than 92 per cent 
methylcyclohexane in the distillate is extremely difficult. 
Therefore this is a case in which extractive distillation 
accomplishes very easily what would be impractical by 
ordinary fractional distillation.

The same authors used the same column to compare the
. I

separation of n-heptane-methy!cyclohexane by thti two 
techniques. With fractional distillation a value of 13.1 
theoretical plates was obtained. The relative volatility, 
reported previously, is 1.074 for the mixture. When 
n-heptane-methylcyclohexane was extractiveIy distilled, 
using aniline as the solvent, a separation equivalent to 
that which would be obtained in a fractional distillation 
column of 51.9 theoretical plates was obtained. On the 
basis of the separation reported in a column of 13.1 
theoretical plates, the relative volatility was raised from 
1.074 to 1.30. Using a different concentration of aniline, 
Griswold, et al. (13) reported an increase of a from 1.074 
to 1.47 for the same system.

This method was also applied to the separation of the 
cyclohexane-benzene azeotrope. Using aniline, the azeotrope 
of 47 mole per cent cyclohexane was broken so as to give 
100 per cent cyclohexane as distillate.

Buell and Boatright (14) studied the separation of 
butadiene from a number of hydrocarbons, using furfural 
as the solvent. The relative volatility of the mixture of
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butadiene with the second component is given for normal 
distillation and for extractive distillation in Table 2.

Table 2. Comparison of relative volatilities of butadiene 
and hydrocarbons, and the number of theoretical 
plates required for the same separation with and 
without the extractive agent.

Butadiene with
Normal .

Plates
Re I. vol. required

With 
ReI. vol

furfural 
(" Plates 
. required

isobutane 1.209 4 8.4 2.614 9.6
isobutylene 1.070 135.7 1.666 18.0
1-butene 1.046 204.4 I. 718 17.0
n-butane 0.871 66.6 2.020 13.1

In Table 2 the plates required for the separation of 
the given mixture, both with and without the addition of 
furfural, are calculated by the Fenske equation based on 
99 mole per cent of the more volatile component in the 
distillate and one per cent of the more volatile component 
in the residue.

Berg (15) studied the separation of ethylbenzene from 
para-xylene. Without the solvent, a = 1.06. For 99% purity 
of the products 157 theoretical plates are required at 
total reflux, somewhat more under a finite reflux ratio. 
When ethylbenzene-para-xylene was extract!vely distilled, 
using m-nitro acetophenone as the solvent, the a increases 
to 1.25 and 41 theoretical plates are required for the same 

purity of the products.
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When producing methyl ethyl ketone from the controlled 

oxidation of butane, not only methyl ethyl ketone but also 
ethyl acetate, ethanol, water and trace impurities such as 
methanol, formic acid, methyl, propionate, etc. are 
obtained. The principal method of manufacturing ethyl 
acetate , is to react acetic acid with ethanol in the 
presence of a catalyst such as hydrochloric acid or 
sulfuric acid. An excess of ethanol is used, thus 
converting all of the acetic acid to ethyl acetate and 
water. However, when the mixture is subjected to 
rectification, a ternary minimum-boiling azeotrope at 
70.23 °C and comprising 82.6 wt.% ethyl acetate, 8.4 wt.% 
ethanol and 9.0 wt.% water comes off. The flow diagram of 
the present methods to separate the components from these 
two mixtures is shown in Figure 2.

The purpose of this work is to investigate as many 
extractive agents as possible to separate ethyl acetate and 
ethanol from methyl ethyl ketone and water as well as ethyl 
acetate from ethanol and water by extractive distillation., 
The purpose of separating ethyl acetate and ethanol from 
ethyl acetate-ethanol-methyl ethyl ketone-water mixture is 
to find a substitute for the present method which is 
represented by the two blocks, ethyl acetate hydrolysis and 
separation of methyl ethyl ketone from ethanol by 
extraction, in Figure 2.
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SELECTION OF EXTRACTIVE DISTILLATION AGENTS

Prior to beginning the experimental work, extractive 
agents must be chosen. Since the theory has not been well 
documented, extractive agents (solvents) have to be chosen 
according to some criterions.

Berg (16) suggested that a successful extractive agent
. .

should boil considerably higher than the components being 
separated, form no minimum-boiling azeotropes with the . 
components, and be a highly hydrogen-bonded liquid.

Van Winkle (17) suggested that a solvent must have 
some or all of the following characteristics :

1. It must change the relative volatility of the key 
components in a mixture.

2. Its volatility will be very low compared to that of 
the mixture so that it will associate with the residue.

3. It has to be thermally stable.
4. It must be nonreactive with the other components in 

the mixture to which it is to be added.
5. It has to be available and inexpensive.
6. It must be noncorrosive.
7. It must be nontoxic.
8. It has to be easily separable from the components 

with which it associates.



9. It must be completely soluble with the components 
in the distilling system, at the temperatures and 
concentrations in the column. The solvent should be 
completely miscible with the feed components, because, 
troubles can arise with immiscibility including two-phase 
azeotrope formation, foaming, reduction of relative 
volatilities, and operational instabilities.

Scheibel (18) suggested for non-hydrocarbon mixtures 
that the•proper solvent can be found among the members of 
the homologous series of either key components, i or j .
Any member of either homologous series can be used. This 
does not give all the possibilities and others may be 
found which are somewhat more effective. The reason behind 
this approach is that while the members of a homologous 
series form essentially ideal solutions, they form 
nonideal solutions with the other component.
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EQUIPMENT

The experimental equipment used in this work consists 
of five main parts : I) the still-pot; 2) the heating 
equipment; 3) the condenser; 4) the extractive agent feed 
system; and 5) the distillation column. The schematic cross 
section showing assembled equipment is shown in Figure 3.

Still-pot

The still-pot used was a round bottom flask and made 
of Pyrex glass. It had a capacity of 5,000 ml. The flask 
had two necks and a thermometer well. The center neck was 
vertical and the side neck was at an angle of 20° to the 
vertical. The well and the side neck were 180° apart. The 
sidearm for sampling was connected to the side neck by a 

clamp.

Heating Equipment

The heating equipment consisted of a still-pot heating 
mantle, two transformers, and a heating cord.

The still-pot heating mantle used had a spherical 
shape, and. was designed for a flask of 5,000 ml capacity. 
The maximum allowable temperature of the heating.mantle 

was. 450°C (723.15 K) .
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Figure 3. Schematic cross section showing assembled 
equipment.
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The transformers controlled the input voltages to the 

heating mantle and the heating cord to provide smooth and 
accurate temperature control. The input side was for 115 
volts, 50/60 Hz, single phase; and the output was 0 to 140 
volts, maximum amperage of 10, and a maximum rating of 1.4 
KVA.

The heating cord used was a flexible heating cord. It 
was wrapped on the extractive agent feed tubes to heat the 
extractive agent while it was pumped to the column.

Condenser

The condenser used was a water-cooled Corad condensing 
head. The inside of the inner tube was divided by means of 
vertical strips into six different sized parallel surfaces. 
The vapor was condensed on the inside of the inner tube.
The condensate from one. surface could be taken off as 
product while the remainder was returned as reflux to the 
column.

Extractive Agent Feed System

The extractive agent feed system consisted of a fluid 
metering pump, two feed lines, and a feed tank.

The fluid metering pump used was a micro-bellows 
metering pump made by Research Appliance Company. It was a 
standard model, 0.5 in. (1.27 cm) I.D. bellows-316
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stainless. All parts of the pump that were in contact with 
the liquid pumped wer$ stainless steel. The pump rates were 
15-750 ml per hour. The flow rate of liquid could be 
adjusted by. adjusting the position of the stroke.

The feed lines were made of copper, 0.375 in.
(0.95 cm) O.D. One feed line was connected between the top 
of the column and the fluid metering pump, another was 
connected between the fluid metering pump and the 
extractive agent feed tank.

The extractive agent feed tank used was a steam 
jacketed separatory funnel. It was made of Pyrex glass and 
had a capacity of 200 ml. The steam flowed in and out in 
the jacket to heat the extractive agent while it remained 

in the feed tank.

Distillation Column

Five types of distillation columns were used in this 
work : I) the vacuum jacketed perforated plate column; 2) 
the column packed with porcelain Berl saddles; 3) the 
column packed with glass helices; 4) the column packed with 
glass Raschig rings; and 5) the column packed with 
porcelain IntaIox saddles.

The vacuum jacketed perforated plate column was 1.5 
in. (3.81 cm) I.D., 4.0 in. (10.16 cm) O.D. and 1.6 7 ft. 
(50.9 cm) long. It contained six Oldershaw perforated
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bubble plates and had a 65/40 male ball-and-socket joint 
on the bottom and a 65/40 female ball-and-socket joint on 
the top. The ground glass joints were used to connect to 
the still-pot and the Corad condensing head.

The column packed with Berl saddles was I.15 in.
(2.92 cm) I . D. and 2.0 ft. (60.96 cm) long. It was packed 
with 1.27 cm porcelain Berl saddles. The column had a 35/25 
male ball-and-socket joint on the bottom and a 29/42 female 
ball-and-socket joint on the top. Around the distillation 
column was a concentric glass tube with an outside diameter 
of 1.75 in. (4.45. cm) that was wrapped with a nichrome 
heating wire. The heating wire was hooked to the 
transformer to allow the column to be operated at adiabatic 
conditions. Around the second tube was another concentric 
glass tube with an outside diameter of 2.5 in. (6.35 cm). 
This tube was there for the purpose of insulation.

The column packed with helices was made of Pyrex. 
glass, 0.75 in. (1.91 cm) I.D. and. 9.0 in. (22.86 cm) 
long. It was packed with 7 mm Pyrex glass helices. The 
column was wrapped with asbestos strips for insulation.

The column packed with Raschig rings was the same as 
that of packed with helices except it was packed with 
6x6 mm flint glass Raschig rings.
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The column packed with Intalox saddles was the same as 

that of packed with Berl saddles except it was packed with 
1.27 cm porcelain Intalox saddles.

These columns were used interchangeably. The packed 
columns were also used in this work to see if extractive 
distillation would work in these columns.
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EXPERIMENTAL PROCEDURE 

Vacuum Jacketed Perforated Plate Column

To begin the experimental work, the column was 
calibrated to determine the number of theoretical plates 
or stages present in the column. The calibration was done 
at total reflux. The calibration mixture used was 25 wt.% 
ethylbenzene and 75 wt.% meta-xylene, which has a known 
relative volatility of 1.08. The. reason for using this 
mixture as the calibration mixture is that these two 
components do not form an azeotrope and have a.uniform 
relative volatility throughout their concentration range 
(15). By knowing the relative volatility of the mixture 
and by analyzing the samples from the condenser and 
still-pot, the number of theoretical plates present in the 
column could be determined by using the Fenske equation 
(19) :

n
in{(yE/yM) (XmA e) }

In aEM
n = number of theoretical plates 

y^ = mole fraction ethylbenzene in distillate 
yM = mole fraction meta-xylene in distillate 
x^ = mole fraction meta-xylene in bottoms

where
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Xe = mole fraction ethylbenzene in bottoms 

aEM = relative volatility of ethylbenzene to 
meta-xylene

Four samples of the distillate and bottoms were collected 
from the Corad condensing head and the still-pot at 1.0 
hour, 2.0 hours, 3.0 hours and 4.0 hours. The average 
number of theoretical plates was 4.5 as shown in Figure 4. 
After the calibration of the column was completed, the 
extractive runs were made.

To begin an extractive run in the vacuum jacketed 
perforated plate column, the extractive agent was prepared 
and heated to a temperature of about 80-90 °C (353.15- 
363.15 K ) . It was necessary to heat the extractive agent 
because if the extractive agent was not heated when it 
contacted with the vapor in the column, the vapor would 
condense before it reached the condenser. This would lower 
the efficiency of the column. The multicomponent extractive 
agents were prepared on a weight per cent basis. The 
still-pot was charged with a 650 ml of 24.2 wt.% ethyl 
acetate, 11.8 wt.% ethanol, 40.8 wt.% methyl ethyl ketone 
and 23.2 wt.% water or 20.65 wt.% ethyl acetate, 77.10 wt.% 
ethanol and 2.25 Wt.% water, depending on which mixture was 
to be separated. The transformer which controlled the heat 
input to the heating mantle for the still-pot was turned 
on. The valves on the water line were turned on to allow
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the cooling water flow to cool the condenser. The valves 
on the steam line were turned on to allow the steam flow 
to heat the steam jacketed separatory funnel. The 
extractive agent feed line heater was turned on. When the 
column had vapor from the still-pot on each plate and 
condensate in the Corad condensing head, the extractive 
agent was poured into the feed tank and the pump turned on. 
The feed pump was set to deliver 24 ml.per minute of 
extractive agent. By counting the number of drops per unit 
time of the condensate from the Corad condensing head, the 
boil-up rate could be determined. In this way, a constant 
boil-up of about 12 ml per minute was maintained. This 
corresponded to a ratio of two parts of solvent to one of 
boil-up. The extractive runs were done at total reflux. It 
was found that in the extractive runs this column required 
about one hour to reach equilibrium. After one hour of 
operation the relative volatilities became essentially 
constant.

As the run progressed, more extractive agent 
accumulated in the still-pot. This caused the boiling point 
of the mixture in the still-pot to.increase and required 
more heat to maintain the constant boil-up rate. In order 
to maintain tiie constant boil-up rate, the still-pot 
mantle heat had. to be gradually increased during the run.
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Three samples of the distillate and bottoms were 

collected per run from the Corad condensing head and the 
still-pot at 1.0 hour, 1.5 hours, and 2.0 hours. These 
samples were analyzed by gas chromatography. The samples 
were injected into the gas chromatograph and subsequent 
peaks, whose areas correspond to quantities in the samples, 
were drawn out on the recorder which was connected to the 
gas chromatograph. The recorder had an automatic integrator 
which measured the area, under each peak. The compositions 
of the distillate and bottoms then were determined from 
these areas. From the data obtained from the gas 
chromatograph and from the number of theoretical plates 
determined in the calibration run, the relative 
volatilities could be determined by using the Fenske 
equation : -a' y
where = relative volatility of component I to

component 2
n = number of theoretical plates at total reflux 

y ^ = mole fraction of component I in distillate
Y2 = mole fraction of component 2 in distillate

= mole fraction of component I in bottoms
Xg = mole fraction of component 2 in bottoms
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Since the expression in the parenthesis contains mole 
fraction ratios, mass or mole values or equivalent 
fractional values can be used directly, as all conversion 
factors cancel out. After the third sample was collected 
the operation was shut down. The extractive agent then was 
recovered in a distillation flask and reused.

Column Packed with Berl Saddles

The procedure for operating the column packed with 
Berl saddles is basically the same as that of the vacuum 
jacketed perforated plate column. First the column was 
calibrated to determine the number of' theoretical plates 
present in the column. The still-pot was charged with a 
650 ml mixture of 25 wt.% ethylbenzene and 75 wt.% 
meta-xylene. The calibration was run at total reflux. Four 
samples of the distillate and bottoms were collected from 
the Corad condensing head and the still-pot at 1.0 hour,
1.5 hours, 2.0 hours and 2.5 hours. The average number of 
theoretical plates present in the column was 3.1 as shown 
in Figure 5. After the calibration of the column was 
completed, the extractive runs were made.

The procedure for extractive runs in the column packed 
with Berl saddles was the same as that of the vacuum 
jacketed perforated plate column with one more step to be 
added. The heater for the column was turned on as soon as 
the heating mantle for the still-pot was turned on.
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Figure 5. Theoretical plates vs. time for column packed
with Berl saddles.
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Throughout all of the runs the temperature of the column 
was maintained at about 80 °C (353.15 K) to prevent the 
vapor from condensing on the wall of the column. The 
extractive runs were done at total reflux. It was found 
that in the extractive runs this column required about one 
hour to reach equilibrium.

Three samples of the distillate and bottoms were 
collected per run from the Corad condensing head and the 
still-pot at 1.0 hour, 1.5 hours, and 2.0 hours. After the 
third sample was collected the operation was shut down.

Column Packed with Helices

The procedure for operating the column packed with 
helices is exactly the same as that of the vacuum jacketed 
perforated plate column. First the column was calibrated 
to determine the number of theoretical plates present in 
the column. The calibration was done at total reflux. Five 
samples of the distillate and bottoms were collected from 
the Corad condensing head and the still-pot at 0.5 hour,
1.0 hour, 1.5 hours, 2.0 hours, and 2.5 hours. The average 
number of theoretical plates present in the column was 2.5 
as shown in Figure 6. After the calibration of the column 
was completed, the extractive runs were made.

The procedure for extractive runs in the column packed 
with helices is the; same as that of the vacuum jacketed
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perforated plate column. The extractive runs were done at 
total reflux. It was found that in the extractive runs this 
column required about 0.75 hour to reach equilibrium.

Three samples of the distillate and bottoms were 
collected per run from the Corad condensing head and the 
still-pot at 0.75 hour, 1.25 hours, and 1.75 hours. After

ithe third sample was collected the operation was shut down.

Column Packed with Raschig Rings

The procedure for operating the column packed with 
Raschig rings is the same as that of the column packed w ith. 
helices. First the column was calibrated to determine the 
number of theoretical plates present in the column. The 
calibration was done at total reflux. Four samples of the 
distillate and bottoms were collected from the Corad 
condensing head and the still-pot at 1.0 hour, 1.5 hours,
2.0 hours, and 2,5 hours. The average number of theoretical 
plates present in the column was 3.2 as shown in Figure 7. 
After the calibration of the column was completed, the 
extractive runs were made.

The procedure for extractive runs in the column packed 
with Raschig rings is the same as that of the column packed 
with helices. The extractive runs were done at total 
reflux. It was found that in the extractive runs this 
column required about one hour to reach equilibrium.
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with Raschig rings.
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Three samples of the distillate and bottoms were 

collected per run from the Corad condensing head and the 
still-pot at 1.0 hour, 1.5 hours, and 2.0 hours. After the 
third sample was collected the operation was shut down.

Column Packed with Intalox Saddles

The procedure for operating the column packed with 
Intalox saddles is the same as that of the column packed 
with Berl saddles. First.the column was calibrated to 
determine the number of theoretical plates present in the 
column. The calibration was done at total reflux. Five 
samples of the distillate and bottoms were collected from 
the Corad condensing head and the still-pot at 0.5 hour,
1.0 hour, 1.5 hours, 2.0 hours, and 2.5 hours. The average 
number of theoretical plates present in the column was 3.9 
as shown in Figure 8. After the calibration of the column 
was completed, the extractive runs were made.

The procedure for extractive runs in the column packed 
with Intalox saddles is the same as that of the column 
packed with Berl saddles. The extractive runs were done at

Itotal reflux. It was found that in the extractive runs this 
column required about one hour to reach equilibrium.

Three samples of the distillate and bottoms were 
collected per run from the Corad condensing head and the
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still-pot at 1.0 hour, 1.5 hours, and 2.0 hours. After the 
third sample was collected the operation was shut down.
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RESULTS AND DISCUSSION 

Vacuum Jacketed Perforated Plate Column

Ethyl acetate-ethanol-methyl ethyl ketone-water mixture
Fifty extractive agents were investigated to separate 

ethyl acetate and ethanol from methyl ethyl ketone and 
water. These extractive agents were chosen according to the 
suggestions by Berg (16) and Van Winkle (17). The major 
considerations in choosing an extractive agent are:

1. It must have high boiling point compared to the 
components being separated. Since contamination of the 
solvent in the distillate is u n d e s i r a b l e i t  must be easy 
to separate the solvent from the bottoms to make recycle 
economical.

2. It should not form an azeotrope with any components 
in the mixture being separated.

3. It must, be nonreactive with the other components in 
the mixture to which it is to be added.

4. It must be completely soluble with the components 
in the distilling system at the temperatures and 
concentrations in the column. Troubles can arise otherwise 
with immiscibility including two-phase azeotrope formation, 
foaming, reduction of relative volatilities and operational 

instabilities.
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5. It has to be available and inexpensive.

Each extractive agent was used twice to make sure that the 
extractive agent could be reclaimed and reused. It was 
found that the relative volatilities obtained for the 
reclaimed extractive agent were about the same as those . 
obtained for the fresh extractive agent. The degrees of 
separation were determined by the relative volatilities of 
ethyl acetate to methyl ethyl ketone and ethanol to methyl 
ethyl ketone. Water could not be detected by the gas 
chromatograph used; therefore, the relative volatilities 
of ethyl acetate and ethanol to water were not determined. 
Since the boiling point of water is considerably above 
that of ethyl acetate, ethanol and methyl ethyl ketone, 
water would remain in the still-pot. During all of the 
runs, the extractive agent feed rate was maintained at 24 
ml per minute and the boil-up rate was maintained at about 
12 ml per minute. This corresponded to a ratio of two 
parts of solvent to one of boil-up.

The extractive agents and the relative volatilities 
are tabulated in Table 3. The relative volatilities 
presented in this table were the average relative 
volatilities of two runs (fresh extractive agent and 
reclaimed extractive agent runs). In some runs the 
distillate separated into two layers, the lower layer 
containing water. This indicated that the water formed a
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Table 3. Extractive agents, and relative volatilities of 
ethanol to methyl ethyl ketone and ethyl acetate 
to methyl ethyl ketone in ethyl acetate-ethanol- 
methyl ethyl ketone-water mixture run in the 
vacuum jacketed perforated plate column.

No. Extractive agent Rel. vol. Rel, vol.
EtOR-MEK EtAc-MEK

I 50.0%
50.0%

meta-cresol 
para-cresol .

2 25.0% meta-cresol
25.0%
50.0%

para-cresol
catechol

3 50.0%
50.0%

phenol
catechol

-

4 25.0% m-p cresol
25.0%
25.0%
25.0%

catechol 
hydroquinone 
dimethyIformamide

1.33

5 25.0% m-p cresol
25.0%
25.0%
25.0%

resorcinol 
hydroquinone 
ethyl acetoacetate

6 25.0% dimethylformamide
25.0%
25.0%
25.0%

resorcinol 
hydroquinone 
ethyl acetoacetate

1.49

7 25.0% m-p cresol
25.0%
25.0%
25.0%

catechol 
hydroquinone 
ethyl acetoacetate

8 25.0% ortho-sec-butylphenol
25.0%
25.0%
25.0%

catechol 
hydroquinone 
ethyl acetoacetate

9 25.0% ortho-sec-butylphenol
1.3425.0%

25.0%
25.0%

catechol 
hydroquinone 
dime thylformamide

1.43

1.31

1.25

1.75

1.48

1.85

1.57

1.58

*1.52



Table 3. (Continued)
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No. Extractive agent Rel. vol. 
EtOH-MEK

ReI. vol 
EtAc-MEK

10 33.33% xn-p cresol 
33.33% acetophenone 
33.33% ethyl acetoacetate

1.28 1.23

11 25.0% ortho-tert-buty!phenol 
25.0% catechol 
25.0% hydroquinone 
25.0% dimethylformamide

1.51 1,69

12 33.33% phenol
33.33% ortho-sec-butylphenol 
33.33% dimethylformamide

1.14 1.42

13 25.0% ortho-tert-butylphenol 
25.0% resorcinol 
25.0% hydroquinone 
25.0% dimethylformamide

1.27 1.76

14 25.0% ortho-tert-butylphenol 
25.0% m-p cresol 
25.0% ethyl acetoacetate 
25.0% acetophenone

1.59 *1.30

15 25.0% phenol 
25.0% hydroquinone 
25.0% dimethyIformamide 
25.0% ethyl acetoacetate

1.39 1.61

16 25.0% phenol
.25.0% or tho-sec-buty lphenol 
25.0% dimethylformamide 
25.0% ethyl acetoacetate

1.18 1.48

17 33.33% phenol 
33.33% acetophenone 
33.33%. hydroquinone

1.38 1.41*

18 33.33% phenol 
33.33% acetophenone 
33.33% resorcinol

1.48 1.51*

19 dimethylformamide 0.78 1.57
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Table 3. (Continued)

No. Extractive agent ReI. vol. ReI. vol.
EtOH-MEK EtAc-MEK

20 25.0% meta-cresol 
25.0% para-cresol 
50.0% dimethylformamide

1.13 1.60

21 50.0% phenol
50.0% dimethylformamide

1.15 1.58

22 25.0% meta-cresol 
25.0% para-cresol 
50.0% ortho-tert-butylphenol

1.32 *1.14

23 50.0% dimethyl sulfoxide 
50.0% resorcinol

0.83 1.74

24 33.33% ortho-sec-butylphenol 
33.33% ortho-tert-butylphenol 
33.33% dimethyl sulfoxide

1.12 1*48

25 50.0% dimethylformamide. 
50.0% acetophenone

1.02 1.38

26 dimethyl sulfoxide 0.48 1.43
27 50.0% dimetliylformamide 

50.0% hydroquinone
0 ,93 1.76

28 . 50.0% dimethyl sulfoxide 
50.0% ortho-ter t-butylphenoI

0.82 1.54

29 33.33% m-p cresol 
33.33% dimethyl sulfoxide 
33.33% hydroquinone

1.11 ■ 1.78

30 33.33% dimethyl sulfoxide 
33.33% m-p cresol 
33.33% catechol

1.13 1.65

31 33.33% dimethylformamide 
33.33% ethyl acetoacetate 
33.33% hydroquinone

1.27 1.78
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Table 3. (Continued)

No. Extractive agent1 ReI. vol. Rel. vol.
EtOH-MEK EtAc-MEK

32 25.0% dimethyl sulfoxide
25.0% m-p cresol 1.32 1.44
25.0% resorcinol
25.0% hydroquinone

33 . 50.0% dimethylformamide 1.12 1.68
50.0% resorcinol

34 25.0% dimethyl sulfoxide
25.0% m-p crespl 1.50 1.59
25.0% hydroquinone
25.0% catechol

35 25.0% dime thy If ormamide
25.0% ethyl acetoacetate 1.47 1.87
25.0% resorcinol
25.0% 1-naphthol

36 50.0% dimethyIformamide
25.0% catechol 1.00 1.62
25.0% 2-naphthol

37 50.0% dime thy lformamide.
. 25.0% hydroquinone 1.04 1.76
25.0% 2-naphthol

38 25.0% dime thyIformamide
25.0% ethyl acetoace tate 1.46 1.70
25.0% resorcinol
25.0% 2-naphthpl

39 hexylene glycol 0.67 1.49
40 triethylene glycol 0.52 1.44
41 tetrae thyIene glycol 0.53 1.42
42 I,5-pentanedioI 0.52 1.57

43 25.0% hexylene glycol
25.0% tetrae thy Iene glycol 0.52 1.45
25.0% glycerol
25.0% I,5-pentanediol
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Table 3. (Continued)

No. Extractive agent ReI. vol. 
EtOH-MEK

Re I. vol, 
E tAc-MEK

44 diethylene glycol 0.47 . I. 35

45 50.0% diethylene glycol 
50.0% glycerol

0.56 I. 34

46 dipropylene glycol 0.49 1.38

47 33.33% diethylene glycol
33. 33% glycerol
33.33% trie thyIene glycol

0.46 1.38

48 propylene glycol 0.50 1.50

49 polyethylene glycol 300 0.45 1.27

50 dihexyl phthalate 0.51 I. 26

*The distillate separated into two layers, the lower layer
containing water.
EtOH = ethanol
MEK = methyl ethyl ketone
EtAc = ethyl acetate
Lowest standard deviation of Re I. vol. EtOH-MEK = ±0.01 
Highest standard deviation of Rel. vol. EtOH-MEK = ±0.27
Average standard deviation of Rel. vol. EtOH-MEK - ±0.07
Lowest standard deviation of ReI. vol. EtAc-MEK = ±0.01 
Highest standard deviation of Re I. vol. EtAc-MEK = ±0.30
Average standard deviation of ReI. vol. EtAc-MEK = ±0.08
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minimum-boiling azeotrope with the overhead product. As 
seen from Table 3, the extractive agent nos. 6, 11, 34, 35, 
and 38 gave better separation of ethyl acetate and 
ethanol from methyl ethyl ketone than other extractive 
agents investigated. These extractive agents and the 
relative volatilities of ethanol to methyl ethyl ketone 
and ethyl acetate to methyl ethyl ketone are summarized in 
Table 4.

Table 4. Summary of the best extractive agents investigated 
for the separation of ethyl acetate and ethanol 
from methyl ethyl ketone and water.

N o . Extractive agent Rel. vol. 
EtOH-MEK

Re I. vol. 
EtAc-MEK

6 25.0% dime thyIfpfmamide
25.0% resorcinol I.49±0.03 I. 85±0.09
25.0% hydroquinone
25.0% ethyl acetoacetate

11 25.0% or tho-ter t-buty lpheno I.
25.0% catechol I. 51±0.0 8 I.69 ±0.09
25.0% hydroquinone.
25.0% dime thyIformamide

34 25.0% dimethyl sulfoxide
25.0% m-p cresol 1.50+0.12 I. 59±0.26
25.0% hydroquinone
25.0% catechol

35 25.0% dime thy If or mamide
25.0% ethyl acetoacetate I. 47±0,10 I.87+0.06
25.0% resorcinol
25.0% 1-naphthol

38 25.0% dimethylformamide
25.0% ethyl acetoacetate I. 46±0.04 I. 70 ±0.10
25.0% resorcinol
25.0% 2-naphthol
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Table 5 lists the extractive agents that are successful but
do not have.quite as high a relative volatility of ethanol
to methyl ethyl ketorie as that possessed by those in
Table 4.

Table 5. Summary of the extractive agents which are not 
quite as effective as those in Table 4 for the 
separation of ethyl acetate and ethanol from 
methyl ethyl ketone and water.

No. Extractive agent ReI. vol. 
. EtOH-MEK

ReI. vol. 
EtAc-MEK

13 25.0% ortho-tert-butylphenoI 
25.0% resorcinol 
25.0% hy dro q uinone 
25.0% dimethylformamide

I. 27±0.12 I. 76±0.16

15 . 25.0% phenol 
. 25.0% hydroquinone 
25.0% dimethylformamide 
25.0% ethyl acetoacetate

I. 39±0.10 I. 61±0.10

31 33.33% dimethylformamide 
33. 33% ethyl acetoace tate 
33.33% hydroquinone

I. 27±0.03 I. 78±0.10

32 25.0% dimethyl sulfoxide 
25.0% m-p eresoI .
25.0% resorcinol 
25.0% hydroquinone

I. 32+0.09 I. 44±0.30

The values of Student's t-distribution of the 
differences between the average relative volatilities of 
ethanol to methyl ethyl ketone obtained from the extractive 
agents listed in Table 4 to those listed in Table 5 are 
significant at the 5% level except for extractive agent 
no. .15 in Table 5. When comparing the difference between
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the average relative volatilities of ethanol to methyl 
ethyl ketone of extractive agent no. 34 in Table 4 and 
tiiat of no. 15 in Table 5, the value of Student's 
t-distribution is significant at the 20.4% level. The 
extractive agent no. 15 in Table 5 is not listed in Table 4 
because the average relative volatility of ethanol to 
methyl ethyl ketone obtained from this extractive agent is 
somewhat lower than those listed in Table 4.

No single-component extractive agent listed in Table 3 
has been found to be effective in separating both ethyl 
acetate and ethanol from methyl ethyl ketone and water. The 
dipole moments of the components which constituted the 
extractive agents listed in Tables 4 and 5 and those of 
ethyl acetate, ethanol and methyl ethyl ketone are 
tabulated in Table 6. If the solvent has a greater 
polarity than either of the two components to be 
separated, it generally increases the volatility of the 
less polar constituent relative to the more polar 
constituent (21). When using extractive agent no. 32 in 
Table 5 (25.0% dimethyl sulfoxide, 25.0% m-p eresoI, 25.0% 
resorcinol and 25.0% hydroquinone) a relative volatility 
of ethanol to methyl ethyl ketone of I. 32 and that of ethyl 
acetate to methyl ethyl ketone of 1.44 was obtained. By 
replacing resorcinol with catechol (extractive agent no. 34 
in Table 4) the relative volatility of ethanol to
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Table 6. Dipole moments 

components.
(in coulomb-meter units) for some

Component Dipole moment xlO-3® Reference

dime thyIformamide 12.876 9
dimethyl sulfoxide 13.009 9
catechol. 9.840 20
hydroquinone 8. 306 20
resorcinol 6.971 20

1 / ‘ '
ethyl acetoacetate 10.741 9
orthor-tert-b uty !phenol N.A.
m-eresoI 7.972 20
p-cresol 7.839 20

1-naphthol 6.371 20

2-naphthol 6.705 20

phenol 4.837 9

ethyl acetate 6.038 9

ethanol 5.637 9

methyl ethyl ketone 9.173 9
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methyl ethyl ketone increased by 0.18 to 1.50 and that of 
ethyl, acetate to methyl ethyl ketone by 0.15 to 1.59. 
Catechol is more polar than resorcinol, and methyl ethyl 
ketone is more polar than ethanol and ethyl acetate. Both 
catechol and resorcinol contain two OH groups; therefore, 
the effects of hydrogen bonding of these two components 
and others are almost the same. The small improvement 
appears to be due to an increment in polarity. For the 
case of extractive, agent no. 11 in Table 4 (25.0% catechol, 
25.0% ortho-tert-buty!phenol, 25.0% hydroquinone and 
25.0% dime thyIformamide) versus extractive agent no. 13 in 
Table 5 (25.0% resorcinol, 25.0% ortho-tert-butylphenol, 
25.0% hydroquinone and 25.0% dime thyIformamide) the 
increase in relative volatility of ethanol to methyl ethyl 
ketone can be explained in the same way as in the case of 
extractive agents no. 32 in Table 5 versus no. 34 in 
Table 4. It is again just the substitution of resorcinol 
for catechol. In extractive agent no. 6 in Table 4 (25.0% 
dimethylformamide, 25.0% resorcinol, 25.0% hydroquinone 
and 25.0% ethyl acetoacetate) , resorcinol was replaced by 
phenol (extractive agent no. 15 in Table 5). The relative 
volatility of ethanol to methyl ethyl ketone decreased 
from 1.49-to 1.39 and that of ethyl acetate to methyl 
ethyl ketone decreased from 1.85 to 1.61. This is because
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phenol is less polar than resorcinol. This indicates the 
effect of polarity when hydrogen bonding is unchanged and 
the effect of reduction in hydrogen bonding when the 
highly polar compounds (dimethylformamide and ethyl 
acetoacetate) remain the same. The results indicate that 
both polarity and hydrogen bonding affect the relative 
volatility with the latter the most important.

In some extractive agents the relative volatility of 
ethanol to methyl ethyl ketone was less than one. This 
means that the volatility of methyl ethyl ketone is greater 
than that of ethanol in the presence of a particular 
solvent. This may be explained by the concept of hydrogen 
bonding and dipole-dipole interaction. Hydrogen bonding is 
a special type of dipole-dipole interaction which is much 
stronger than ordinary dipole forces. According to the 
Pauli principle (22) the hydrogen atom can be associated 
with, no more than two electrons. The hydrogen atom acts as 
a link between the electronegative atoms. The strength of 
the hydrogen bond increases with the electronegativity of 
the bonds linked by the hydrogen. The H bond, A-H— B, is 
usually considered to be a bond in which a hydrogen atom 
coordinates between two electronegative atoms, A and B .
The atoms A and B are usually identified as oxygen, 
nitrogen, or fluorine, and occasionally carbon containing
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an electronegative group (23). Ewell et al. (24) made a 
study of the relationship between hydrogen bonding and 
azeotrope formation for the purpose of selecting 
azeotropeT-forming combinations to separate close boiling 
compounds and minimum-boiling azeotropes. They concluded 
that hydrogen can coordinate between two atoms of oxygen, 
nitrogen, fluorine, and can coordinate between oxygen, 
nitrogen, and fluorine and carbon if a number of negative 
atoms are attached to the carbon atom. They suggested the 
following classifications of hydrogen bonds as 'strong' or 

1 weak1 :
Strong Weak

O-HO
N-HO
O-HN

N-HN
HCCl2

0- HCCl-CCl 
N- HCNO2 

HCCN

As an example, consider extractive agent no. 19. in
Table 3. The extractive agent is dimethylformamide
(HCON(CH3)2). The relative volatility of ethanol (CH3 CH 2 OH)
to methyl ethyl ketone (CH3 COCH 2 CH3) obtained with
dime thy lformamide is 0.78 and that of ethyl acetate
(CH^COOCH^CH-) to methyl ethyl ketone is 1.5 7. Since the 3 2 J
molecule of ethanol contain both active hydrogen and
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donor atoms in the OH group, the active hydrogen atom from 
ethanol can bond with oxygen and nitrogen atoms of 
dimethylformamide to form hydrogen bondings 
,(O-HO and N-HO) . In addition, the molecules of ethanol 
themselves can form hydrogen bondings (O-HO). The active 
hydrogen atom from ethanol can form hydrogen bonding with 
oxygen atom of methyl ethyl ketone; but when comparing 
hydrogen bonding between ethanol and dime thyIfo rmamide, and 
ethanol and methyl ethyl ketone, the formation of hydrogen 
bonding between ethanol and dimethylformamide is much more 
than that between ethanol and methyl ethyl ketone. Since 
dimethylformamide and methyl ethyl ketone contain no active 
hydrogen atoms, they cannot form hydrogen bonding. In this 
instance, ethanol would be expected to be tied up with 
dimethylformamide more than methyl ethyl, ketone. When 
considering dimethylformamide, ethyl acetate and methyl 
ethyl ketone, these three components contain no active 
hydrogen atoms; therefore, they cannot form hydrogen 
bondings. The dipole moment of dimethylformamide is 
1.2876x10™^ C.m, that of ethyl acetate is 6.038x10 ^  C«m 
and that of methyl ethyl ketone is 9.173x10 ^  C*m. The 
dipole-dipole interaction between dimethylformamide and 
methyl ethyl ketone is stronger than that of between 
dimethylformamide and ethyl acetate; therefore,
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methyl ethyl ketone would be expected to be tied up with 
dimethylformamide more than ethyl acetate. For 
multicomponent extractive agents, the interaction between 
molecules is complicated. The extractive agent no. 11 in 
Table 4, which is comprised of 25.-0% hydroquinone, 25.0% 
catechol, 25.0% ortho-tert-butylphenoI and 25.0% 
dimethylformamide, is probably the best extractive agent 
investigated since the relative volatility of ethanol to 
methyl ethyl ketone and that of ethyl acetate to methyl 
ethyl ketone obtained are 1.51 and 1.69, respectively. The 
extractive agent is not difficult to run and handle, but 
there is possibility of freeze-up. in the feed lines. The 
advantage of using extractive agent no. 11 in Table 4 can 
be seen from Table 7. Without the extractive agent the 
components in this mixture cannot be separated by ordinary 

. fractional distillation since they can form minimum-boiling 
azeotropes. With extractive agent no. 11 in Table 4, a 
minimum of 34 theoretical plates are required to separate 
ethanol from methyl ethyl ketone. A minimum of 26 
theoretical plates are required to separate ethyl acetate > 
from methyl ethyl ketone using the same extractive agent. 
Since both ethanol and ethyl acetate have to be separated 
from methyl ethyl ketone and water, a minimum of 34 
theoretical plates are required. This however is at total 
reflux. At a specific reflux, it will be more. Other
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x

Table 7. Theoretical and actual plates required vs. 
relative volatility.

Relative
volatility

Theoretical plates required 
at total reflux, 99.9% purity

Actual plates 
required, 75% eff.

1.01 1388.25 1851
1.02 697.56 930
1.03 467.32 623
1.04 352.20 470
1.05 283.12 377
1.06 237.06 316
1.07 204.16 272
1.08 179.49 239
1.09 160.29 214
1.1 144.9 3 19 3
1.2 75.76 101
1.3 52.65 70
1.4 41.05 55
1.5 . . . 34.07 45
1.6 29.39 39
1.7 26.03 35

H CO 23.50 31
1.9 21.52 29
2.0 19.93 27
2.1 18.62 25
2.2 17.52 23
2. 3 16.58 22
2.4 15.78 21
2.5 15.08 20
3.0 : 12.57 17
3.5 11.03 15
3.9 . 10.15 14
4.0 9.96 13
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extractive agents gave lower relative volatilities of 
ethanol to methyl ethyl ketone than extractive agent no. 11 
in Table. 4 and required more plates to obtain the same 
separation. This shows that extractive distillation 
accomplishes easily what would be impossible by ordinary 
fractional distillation. The theoretical plates have to be 
converted to actual plates. Plate efficiencies of 75% are 
commonly employed, and this is the basis of the actual 
plates, listing in Table 7.

Ethyl acetate-ethanol-water mixture
Sixty, extractive agents were investigated to separate 

ethyl acetate from ethanol and water. The major 
considerations in choosing extractive agents dre the same 
as those for the separation of ethyl acetate and ethanol 
from methyl ethyl ketone and water with one more 
characteristic to be added. The solvent should be a highly 
hydrogen-bonded liquid or contain only donor atoms such as 
oxygen and nitrogen. The reason is that ethanol contains 
both active hydrogen and donor atoms in the OH group while 
ethyl acetate contains only donor atoms. If a solvent 
containing both the active hydrogen and donor atoms is 
chosen, the active hydrogen atom from the solvent can form 
hydrogen bonding with the oxygen atom of ethanol and the 
active hydrogen atom from ethanol can form hydrogen bonding 
with the donor atom of the solvent, while only the active
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hydrogen atom from the solvent can form hydrogen bonding 
with the oxygen atoms of ethyl acetate. In this instance 
ethanol would be expected to be tied up with the solvent 
more than ethyl acetate; therefore, the relative volatility 
of ethyl acetate to ethanol will be increased. If a solvent 
which contains only donor atoms such as oxygen or nitrogen 
is chosen, the active hydrogen atom from ethanol can form 
hydrogen bonding with the donor atoms.of the solvent, 
while the solvent and ethyl acetate cannot form hydrogen 
bonding since they contain no active hydrogen atoms.
Even though the dipole-dipole interaction between the 
solvent and ethyl acetate may be stronger than that of 
between the solvent and ethanol, the hydrogen bonding is 
much stronger than dipole-dipole interaction. In this 
instance the relative volatility of ethyl acetate to 
ethanol would be expected to be increased, but to a lesser 
extent than in the case of the solvent containing both the
active hydrogen and donor atoms.

Each extractive agent was used twice to make sure that 
the extractive agent could be reclaimed and reused. It was 
found that the relative volatilities obtained for the 
reclaimed extractive agent were about the same as those 
obtained for the fresh extractive agent. The degree of 
separation was determined by the relative volatility of 
ethyl acetate to ethanol.
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The extractive agents and the relative volatilities 

are tabulated in Table 8. The relative volatilities 
presented in this table were the average relative 
volatilities of two runs (fresh extractive agent and 
reclaimed extractive agent runs). The multicomponent 
extractive agent was also used to avoid immiscibility with 
the component(s) in the mixture to be separated. During 
all of the runs, the extractive agent feed rate was 
maintained at 24 ml per minute and the boil-up rate was 
maintained at about 12 ml per minute. This corresponded to 
a ratio of two parts of solvent to one of boil-up.

Table 8 showed that several extractive agents push the 
relative volatility of ethyl acetate to ethanol higher than 
3.00. The extractive agents which gave relative 
volatilities of ethyl acetate to ethanol of 3.5 or higher 
are summarized in Table 9. These extractive agents 
contained the following components: .1,4-butanediol,
I,5-pentanediol, propylene glycol, triethylene glycol, 
tetraethyIene glycol, ethylene glycol, glycerol and 
dimethyl sulfoxide. They are either liquids capable of 
forming three-dimensional networks of strong hydrogen 
bonds or liquids composed of molecules containing donor 
atoms. The highest relative volatility listed in Table 8 
was 3.93 with glycerol-triethyIene glycol-ethylene glycol 
and the lowest was 1.31 with dimethylformamide-
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Table 8. Extractive agents, and relative.volatilities of
ethyl acetate to ethanol in ethyl acetate-ethanol- 
water mixture run in the vacuum jacketed 
perforated plate column.

No. Extractive agent Rel. vol. 
EtAc-EtOH

I dimethylformamide 1.65
2 50.0% dimethylformamide 

50.0% ortho-tert-butylphenol
1.31

3 . 50.0% dimethyl sulfoxide 
50.0% ortho-tert-butylphenol

1.56

4 dimethyl sulfoxide 2.71
.5 50.0% dimethyl sulfoxide 

50.0% di-isodecyl phthalate
1.79 .

6 50.0% dimethyl sulfoxide 
50.0% diethylene glycol

2.71

7 ' 50.0% dimethyl sulfoxide 
50.0% di-iso-octyl phthalate

2.49

8 50.0% dimethyl sulfoxide 
50.0% glycerol

2.92

9 50.0% dimethyl sulfoxide 
50.0% propylene glycol

2.67

10 • propylene glycol 2.82
11 . 33.33% dimethyl sulfoxide 

33.33% glycerol 
■33.33% ethylene glycol

2.36

12 50.0% glycerol
50.0% propylene glycol

3.25

13 50.0% glycerol 
50.0% ethylene, glycol

3.20

14 33.33% glycerol 
33.33% ethylene glycol 3.35
33.33% diethylene glycol
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Table . 8 . • (Continued)

No. Extractive agent Rel. vol. 
EtAc-EtOH

15 33.33% glycerol 
33.33%. ethylene glycol 
33.33% triethylene glycol

3.93

16 50.0% glycerol
33.4% ethylene glycol
16.6% propylene glycol

3.27

17 33.33% glycerol 
33.33% ethylene glycol 
33.33% I,5-pentanediol

3.49

18. I,5-pentanediol 3.19 .
19. 50.0% I,5-pentanediol 

50.0% ethylene glycol
3.65

20 I,4-butanediol 3.18
21 50.0% dimethyl sulfoxide 

50.0% I,4-butanediol
3.77

22 33.33% dimethyl sulfoxide 
33.33% I,4-butanediol 
33.33% glycerol

3.61

23 25.0% dimethyl sulfoxide 
25.0% I,4-butanediol 
25.0% glycerol 
25.0% diethylene glycol

2.45

24 tetraethyIene glycol 2.30
25 50.0% I,4-butanediol 

50.0% tetraethyIene glycol
3.02

26 33.33%. I, 4-butanedibl 
33.33% tetraethyIene glycol 
33.33% glycerol

3.76

27 25.0% I,4-butanediol 
25.0% tetraethylene glycol 
25.0% glycerol 
25.0% propylene glycol

3.64
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Table 8. (Continued)

No. Extractive agent Rel. vol. 
EtAc-EtOH

28 hexylene glycol 2.14
29 triethylene glycol 2.74
30 50.0% hexylene glycol 2.28

50.0% tetraethyl^ne glycol
31 33.33% hexylene glycol

33.33% tetraethyIene glycol 2.77
33.33% glycerol

32 25.0% hexylene glycol
25.0% tetraethylene glycol 2.97
25.0% glycerol
25.0% I,5-pentanediol

33 diethylene glycol 1.98
34 50.0% diethylene glycol 3.39

50.0% glycerol
35 dipropylene glycol 1.72
36 33.33% diethylene glycol

33.33% glycerol 2.58
33.33% triethylene glycol

37 50.0% dipropylene glycol 3.28
50.0% I,5-pentanediol

38 33.33% dipropylene glycol
33.33% I,5-pentanediol 2.10
33.33% triethylene glycol

39 25.0% diethylene glycol
25.0% glycerol 3.25
25.0% triethylene glycol 
25.0% propylene glycol

40 25.0% dipropylene glycol
25.0% I,5-pentanediol 2.72
25.0% triethylene glycol 

■ 25.0% hexylene glycol
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Table 8. (Continued)

N o . Extractive agent Rel. vol. E tAc-E tOH

41
42

43

44

45

46

47

48

49

50

51

52

polyethylene glycol 300
50.0% polyethylene glycol 300 
50.0% propylene glycol
33.33% polyethylene glycol 300 
33.33% propylene glycol 
33.33% tetraethylene glycol
50.0% polyethylene glycol 300 
50.0% dimethyl sulfoxide
25.0% polyethylene glycol 300 
25.0% propylene glycol 
25.0% tetraethylene glycol 
25.0% I,5-pentanediol
33.33% polyethylene glycol 300 
33.33% dimethyl sulfoxide 
33.33% propylene glycol
50.0% polyethylene glycol 300 
50.0% dipropylene glycol
25.0% polyethylene glycol 300 
25.0% dimethyl sulfoxide 
25.0% propylene glycol 
25.0% triethylene glycol
33.33% polyethylene glycol 300 
33.33% dipropylene glycol 
33.33% dimethyl sulfoxide
50.0% polyethylene glycol 300 
50.0% diethylene glycol
25.0% polyethylene glycol 300 
25.0% dipropylene glycol 
25.0% dimethyl sulfoxide 
25.0% triethylene glycol
33.33% polyethylene glycol 300 
33.33% diethylene glycol 
33.33% dimethyl sulfoxide

1.71 
2.42

2.44

2.72

2.84

2.15

2.95

2.25

2.02

2.43

2.09

2.21
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Table 8. (Continued)

No. Extractive agent Rel. vol. 
EtAc-EtOH

53 ' 50.0% triethylene glycol 
50.0% dimethyl sulfoxide

2.75

54 25.0% polyethylene glycol 300 
25.0% diethylene glycol 
25.0% dimethyl sulfoxide 
25.0% glycerol

2.29

55 33.33% triethylene glycol 
33.33% dimethyl sulfoxide 
33.33% hexylene glycol

1.96

56 50.0% tetraethyIene glycol 
50.0% dimethyl sulfoxide

2.36

57 25.0% triethylene glycol 
25.0% dimethyl sulfoxide 
25.0% hexylene glycol 
25.0% dimethylformamide

2.11

58 33.33% tetrae thy Iene glycol 
33.33% dimethyl sulfoxide 
33.33% I,5-pentanediol

2.38

59 50.0% polyethylene glycol 300 
50.0% triethylene glycol

2.27

60 25.0% tetrae thy Iene glycol 
25.0% dimethyl sulfoxide 
25.0% I,5-pentanediol 
25.0% diethylene glycol

2.40

EtAc = ethyl acetate 
EtOH = ethanol
Lowest standard deviation of Rel. vol. EtAc-EtOH = ±0.02 
Highest standard deviation of Rel. vol. EtAc-EtOH = ±0.33 
Average standard deviation of Rel. vol. EtAc-EtOH = ±0.0 8
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Table 9. Summary of the extractive agents which gave the

relative volatilities of ethyl acetate to ethanol
of 3.5 or higher for the separation of ethyl
acetate from ethanol and water.

N o . Extractive agent Re I. vol. 
EtAc-EtOH

15 33.33% glycerol 
33.33% ethylene glycol 
33.33% triethylene glycol

3.93+0.17
I

17 33.33% glycerol 
33.33% ethylene glycol 
33.33% I,5-pentanediol

3.49±0.32

19 50.0% I,5-pentanediol 
50.0% ethylene glycol

3.65±0.20

21 50.0% dimethyl sulfoxide 
50.0% I7 4-butanediol

3.77+0.07

22 33.33% dimethyl sulfoxide 
33.33% I,4-butanediol 
33.33% glycerol

3.61+0.05

26 33.33% I74-butanediol 
33.33% tetraethyIene glycol 
33.33% glycerol

3.76 ±0.0 3

27 25.0% I,4-butanediol 
25.0% tetraethyIene glycol 
25.0% glycerol 
25.0% propylene glycol

3.64+0.07

EtAc = ethyl acetate
EtOH = ethanol
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ortho-tert-butylphenol. In the case of glycerol-ethylene 
glycol-triethyIene glycol extractive agent, these three 
components are capable of forming three-dimensional 
networks of strong hydrogen bonds. The active hydrogen atom 
from ethanol can form hydrogen bondings with the oxygen 
atoms from glycerol, ethylene glycol and triethylene 
glycol. The active hydrogen atoms from glycerol, ethylene 
glycol and triethylene glycol can form hydrogen bondings 
with the oxygen atom of ethanol. When comparing with ethyl 
acetate, the active hydrogen atoms from glycerol, ethylene 
glycol and triethylene glycol can form hydrogen bondings 
with oxygen atoms of ethyl acetate, but no active hydrogen 
atom from ethyl acetate can form hydrogen bonding with 
oxygen atoms of the solvent. In this instance, more ethanol 
is expected to be tied up with the solvent than ethyl 
acetate. Since the components of the extractive agent can 
form strong networks, the relative volatility of ethyl 
acetate to ethanol is considerably increased.

In the case of dimethylformamide-ortho-tert- 
buty lphenol extractive agent, or tho-ter t-buty lphenol 
contains only one OH group and dimethylformamide contains 
no active hydrogen atom. The active hydrogen atom from 
ethanol can form hydrogen bondings with the donor atoms 
of dimethylformamide and ortho-tert-butylphenol, but only 
the active hydrogen atom from Or tho-ter t-butylphenol can
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form hydrogen bondings with the oxygen atom of ethanol, 
when compared with ethyl acetate, only the active hydrogen 
atom from ortho-tert-butylphenol can form hydrogen bonding 
with oxygen atoms of ethyl acetate and no hydrogen bonding 
involved between dimethylformamide and ethyl acetate. In 
this instance, more ethanol is expected to be tied up with 
the solvent than ethyl acetate. Therefore, the relative 
volatility of ethyl acetate to ethanol is increased. Since 
the components of this extractive agent are incapable of 
forming three-dimensional networks as glycerol, ethylene 
glycol and triethylene glycol do, the relative volatility 
is much lower than in the case of glycerol-ethylene glycol- 
triethylene glycol extractive agent.

In terms of separation, the extractive agent no. 15 in 
Table 9, which is comprised of 33.33% glycerol, 33.33% 
ethylene glycol and 33.33% triethylene glycol, is probably 
the best extractive agent investigated since it gave the 
highest relative volatility of ethyl acetate to ethanol 
(3.9 3) . As seen from Table 7, only 10 theoretical plates 
are required to separate ethyl acetate from ethanol and 
water at total reflux. Other extractive agents gave lower 
relative volatility than extractive agent no. 15 in Table 9 
and required more plates to obtain the same purity of 
ethyl acetate. In practice, which extractive agent will be 
chosen depends on many factors such as separation, cost, 
availability, toxicity, corrosivity, etc.
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This column was used to see if extractive distillation 
would work in a packed polumn. Ethyl acetate-ethanol-water, 
mixture was used as a test mixture. Ten extractive agents 
were investigated in this column. These extractive agents 
were the same as those run in the vacuum jacketed 
perforated plate column. The extractive agents and the 
relative volatilities are tabulated in Table 10.

As seen in Table 10, extractive distillation worked 
well in the column packed with Berl saddles. The relative 
volatilities of ethyl acetate to ethanol obtained in this 
column were lower than those obtained in the vacuum 
jacketed perforated plate column for all of the extractive 
agents. This may be because the packing density, i.e., the 
number of packing pieces per unit volume, is less in the 
immediate vicinity of the tower walls, and this leads to 
a tendency of the liquid to segregate toward the walls and 
the gas to flow in the center of the tower (channeling).
The diameter of the individual packing pieces used was 
bigger than one-third the tower diameter. The tendency of 
channeling is much less pronounced when the diameter of 
the individual packing pieces is less than one-eight the 
tower diameter (25) . Another factor is the shape of the 
packing which can cause the liquid and vapor to bypass 
each other.

Column Packed with Berl Saddles
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Table 10. Extractive agents, and relative volatilities of

ethyl acetate to ethanol in ethyl acetate-
ethanol-water mixture run in the column packed
with Berl saddles.

No. Extractive agent ReI. vol. 
EtAc-EtOH

I 25.0% tetraethyIene glycol 
25.0% dimethyl sulfoxide 
25.0% I,5-pentanedioI 
25.0% diethylene glycol

1.92

2 50.0% polyethylene glycol 300 
50.0% triethylene glycol

1.79

3 I,5-pentanediol 2.0 8
4 dimethyl sulfoxide 2.67
5 tetrae thy Iene glycol 1.87
6 propylene glycol 2.50
7 50.0% tetraethyIene glycol 

50.0% dimethyl sulfoxide
2.32

8 33.33% polyethylene glycol 300 
33.33% dimethyl sulfoxide 
33.33% propylene glycol

2.12

9 triethylene glycol 2.01
10 hexylene glycol 2.02

EtAc = ethyl acetate
EtOH = ethanol

I K
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The reason for operating in this column is the same as 
that of the column packed with Berl saddles. Ethyl acetate- 
ethanol-water mixture was used as a test mixture. Eight 
extractive agents were used to run in this column. These 
extractive agents were the same as those run in the 
previous columns. This column was difficult to operate 
because of high pressure drop. The boil-up was difficult 
to maintain. The extractive agents and the relative 
volatilities are tabulated in Table 11.

As with the column packed with Berl saddles, 
extractive distillation worked reasonably well in the 
column packed with helices. Most of the extractive agents, 
except nos. 5 and 6 in Table 11, gave slightly lower 
relative volatilities than those obtained in the vacuum 
jacketed perforated plate column. Extractive agents nos. 5 
and 6 in Table 11 gave slightly higher relative 
volatilities than those obtained in the vacuum jacketed 
perforated plate column. This might be because the ratio 
of extractive agent feed rate to boil-up rate was higher 
than that of the run in the vacuum jacketed perforated 
plate column, due probably to the difficulty in maintaining 
the boil-up rate. For other extractive agents the 
difference might be because of channeling.

Column Packed with Helices
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Table 11. Extractive agents, and relative volatilities of

ethyl acetate to ethanol in ethyl acetate-
ethanol-water mixture run in the column packed
with helices.

No. Extractive agent Rel. voI. 
EtAc-EtOH

I I, 5-pentanediol 2.32
2 dimethyl sulfoxide 2.56
3 tetraethylene glycol 1.97
4 propylene glycol 2.17

5 50.0% tetraethylene glycol 
50.0% dimethyl sulfoxide

2.55

6 33.33% polyethylene glycol 300 
33.33% dimethyl sulfoxide 
33.33% propylene glycol

2.27

7 triethylene glycol 1.87

8 hexylene glycol I. 82

EtAC = ethyl acetate
EtOH = ethanol
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The reason for operating in this column is the same as 
that of the previous packed columns. Ethyl acetate-ethanol- 
water mixture was used as a test mixture. Eight extractive 
agents were used to run in this column. These extractive 
agents were the same as those run in the previous columns. 
The extractive agents and the relative volatilities are 
tabulated in Table 12.

As with the previous packed columns, extractive 
distillation worked well in the column packed with Raschig 
rings. The relative volatilities of ethyl acetate to 
ethanol obtained in this column were lower than those 
obtained in the vacuum jacketed perforated plate column 
for all o f ,the extractive agents. These differences may be 
explained in the same way as in the case of a column packed 
with Berl saddles. The shape of the packing has a 
pronounced effect on the liquid and vapor bypassing each 
other.

Column Packed with Raschig Rings

Column Packed with Intalox Saddles

The reason for operating in this column is the same as 
that of the previous packed columns. Ethyl acetate-ethanol- 
water mixture was used as a test mixture. Ten extractive
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Table 12. Extractive agents, and relative volatilities of

ethyl acetate to ethanol in ethyl acetate-
ethanol-water mixture run in the column packed
with Raschig rings.

No. Extractive agent Rel. vol. 
EtAc-EtOH

I I,5-pentanedioI 2.08

2 dimethyl sulfoxide 2.35

3 tetraethyIene glycol 1.69

4 propylene glycol 2.03

5 ' 50.0% tetraethylene glycol 
50.0% dimethyl sulfoxide

1.87

6 33.33% polyethylene glycol 300 
33.33% dimethyl sulfoxide 
33.33% propylene glycol

1.79

7 triethylene glycol 1.66

. 8 hexylene glycol 1.54

EtAc =' ethyl acetate
EtOH = ethanol
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agents were used to run in this column. These extractive 
agents were the same as those run in the previous columns. 
The extractive agents and the relative volatilities are 
tabulated in Table 13.

As with the previous packed columns, extractive 
distillation worked well in the column packed with Intalox
saddles. The relative volatilities of ethyl acetate to

.ethanol obtained in this column were lower than those 
obtained in the vacuum jacketed perforated plate column 
for all of the extractive agents. These differences may be 
explained in tiie same way as in the case of a column 
packed with Berl saddles.

The relative volatilities of ethyl acetate to ethanol 
obtained in the vacuum jacketed perforated plate column and 
packed columns are compared in Table 14. These data showed 
that although packed columns are not quite as efficient as 
perforated plate columns, they can indeed be used in 
extractive distillation.
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Table 13. Extractive agents, and relative volatilities of

ethyl acetate to ethanol in ethyl acetate-
ethanol-water mixture run in the column packed
with Intalox saddles.

No. Extractive agent Rel. vol. 
EtAc-EtOH.

I 25.0% tetraethyIene glycol 
25.0% dimethyl sulfoxide 
25.0%.I,5-pentanediol 
25.0% diethylene glycol

1.94

2 50.0% polyethylene glycol 300 
50.0% triethylene glycol

1.65

3 I,5-pentanediol 2.02
4 dimethyl sulfoxide 2.24

5 tetraethyIene glycol 1.84

6 propylene glycol 2.12

7 50.0% tetraethyIene glycol 
50.0% dime thyI sulfoxide

2.09

8 . 33.33% polyethylene glycol 300 
33.33% dimethyl sulfoxide 
33.33% propylene glycol

2.07

9 triethylene glycol 1.84

10 hexylene glycol 1.65

EtAc = ethyl acetate
EtOH = ethanol

f!
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Table 14. Extractive agents, and relative volatilities of 

ethyl acetate to ethanol in ethyl acetate- 
ethanol-water mixture run in the vacuum jacketed 
perforated plate column and packed columns.

Extractive agent P B H R I

I, 5-pentanedioI 3.19 2.08 2.32 2.0 8 2.02

propylene glycol 2.82 2.50 2.17 2.0 3 2.12

triethylene glycol 2.74. 2.01 1.87 1.66 1.84

dimethyl sulfoxide 2.71 2.67 2.56 2.35 2.24

25.0% tetraethyIene glycol 
25.0% dimethyl sulfoxide 
25.0% I,5-pentanedioI 
25.0% diethylene glycol

2.40 1.92 - . - 1.94

50.0% tetraethylene glycol 
50.0% dimethyl sulfoxide

2.36 2.32 2.55 1.87 2.09

/tetraethylene glycol 2.30 1.87 1.97 1.69 1.84

50.0% polyethylene glycol 300 
50.0% triethylene glycol

2.27 1.79 — — 1.65

33.33% polyethylene glycol 300 
33.33% dimethyl sulfoxide 
33.33% propylene glycol

2.15 2.12 2.27 1.79 2.0 7

hexylene glycol 2.14 2.02 1.82 1.54 1.65

P = vacuum jacketed perforated plate column 
B = column packed with Berl saddles 
H =■ column packed with helices 
R =  column packed with Raschig rings 
I = column packed with Intalox saddles
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SUMMARY AND CONCLUSIONS

A number of extractive agents were investigated to 
separate ethyl acetate and ethanol from methyl ethyl ketone 
and water in an. ethyl acetate-ethanol-methyl ethyl ketone- 
water mixture, and ethyl acetate from ethanol and water in 
an ethyl acetate-ethanol-water mixture by means of 
extractive distillation. The measure of separation was the 
relative volatility. The calculation method was based oh 
the Fenske equation. The method of analyzing samples from 
the distillate and bottoms was gas chromatography.

The results showed that it is possible to separate the 
components from these two mixtures by extractive 
distillation with a distillation column containing 
relatively few theoretical plates. The proper extractive 
distillation agent completely eliminated azeotrope 
formation among the components in the mixture to be 
separated. The extractive agent can be reclaimed and 
reused without losing any of its separation effect.

The selection of the proper components for the 
extractive agent is essential for success. The extractive 
agent should be so chosen that it will reduce the partial 
pressure of one key component much more than that of the 
other. Packed columns can be used in extractive
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distillation even though they are not quite as efficient as 
perforated plate columns.

tOne of the better extractive agents investigated to 
separate ethyl acetate and ethanol from methyl ethyl ketone 
and water was 25.0% ortho-tert-buty!phenol, 25.0% catechol, 
25.0% hydroquinone and 25.0% dime thyIformamide, giving a 
relative volatility of ethanol to methyl ethyl ketone of 
1.51 and for ethyl acetate to methyl ethyl ketone of 1.69. 
One of the more attractive extractive agents investigated 
to separate ethyl acetate from ethanol and water was 
33.33% glycerol, 33.33% ethylene glycol and 33.33% 
triethylene glycol, giving a relative volatility of ethyl 
acetate to ethanol of 3.93. Good candidates for the 
separation of ethyl acetate and ethanol from methyl ethyl 
ketone and water are four-component mixtures which are a 
combination of the following: 'dime thyIformamide, catechol, 
dimethyl sulfoxide, hydroquinone, resorcinol, ethyl 
acetoacetate, ortho-tert-butylphenol. These mixtures are 
composed of components capable of forming strong hydrogen 
bonds and/or contain donor atoms and are highly polar.
Good candidates for the separation of ethyl acetate from 
ethanol arid water are I,5-pentanedioI, I,4-butanediol, 
propylene glycol, triethylene glyCol, tetraethyIene glycol, 
ethylene glycol, glycerol, dimethyl sulfoxide and 
combinations of two to four of these compounds. They are



/

either liquids capable of forming three-dimensional 
networks of strong hydrogen bonds or liquids composed of 
molecules containing only donor atoms and are highly polar.

The magnitude of the relative volatility is a function 
of several variables. First, it is a specific function of 
the particular components in the mixture to be separated.
It is also related to the composition of the mixture. The 
relative volatility is influenced by the extractive agent 
and the extractive agent feed rate. There is no known 
theoretical way of precisely determining the relative 
volatility for a given extractive distillation system; it 
must be determined experimentally.

81
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RECOMMENDATIONS FOR FURTHER STUDY

If one is interested in studying the effect of 
multicomponent extractive distillation agents on the 
relative volatility of key components, one can :

1. Determine the relative volatility of the key 
components in the presence of a single pure extractive 
agent.

2. Determine the relative volatility of the key 
components in the presence of mixtures of two, three or. 
more-component extractive agents for all the possible 
combinations at several different concentrations.

In carrying out the above investigation, all other 
factors, such as the ratio of solvent feed rate to boil-up 
rate, temperature of the extractive agent, etc., must be 
kept constant. In this manner one may be able to correlate 
the effect of the addition or subtraction of one or more 
of the components of the multicomponent extractive agent 
on the relative volatility.

As an example, for the extractive agent no. 37 in 
Table 8 which comprised 50.0% dipropylene glycol and 50.0% 
1,5-pentanediol, the relative volatility of ethyl acetate 
to ethanol was 3.28. By the addition of triethylene glycol 
as one of the components in the extractive agent and using



83
equal amounts of each component. (extractive agent no. 38 in 
Table 8), the relative volatility decreased to 2.10. In 
order to determine why the relative volatility is decreased 
by the addition of an equal amount of triethylene glycol as 
one of the components in the extractive agent, the 
following steps may be done :

1. Determine the relative volatility of ethyl acetate 
to ethanol in the presence of a single pure dipropylene 
glycol, I,5-pentanediol, and triethylene glycol.

2. Determine the relative volatility of ethyl acetate 
to ethanol in the presence of mixture of two-component 
extractive agents for all the possible combinations at 
50-50% concentrations and/or at other concentrations.

3. Determine the relative volatility of ethyl acetate 
to ethanol in the presence of mixture of three-component 
extractive agents at equal amounts of each component 
concentrations and/or at other concentrations.

Some of the above steps have been done in this work.
In this manner one may be able to correlate the equation 
for the relative volatility in terms of the concentrations 
of the components of the extractive agent, i.e. : 

a = aX + bY + cZ + dXY + eXZ + fYZ + gXYZ 
where X ..= mole fraction of dipropylene glycol 

Y = mole fraction of I,5-pentanediol 
Z = mole fraction of triethylene glycol 
a,b,c,d,e,f,g = constants (positive or negative)
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The terms in the above equation may be polynomial or 
exponential, depending on the data obtained. From this 
equation the relative volatility at other concentrations 
of the components of the extractive agent can be predicted 
and the optimum relative volatilities can, be determined.

From the above procedure one may be able to determine 
why the addition of triethylene glycol caused the relative 
volatility to decrease. For the separation of ethyl acetate 
and ethanol from methyl ethyl ketone and water, the 
components that should work are dimethylformamide, 
dimethyl sulfoxide, catechol, hydroquinone, resorcinol, 
ethyl acetoacetate and ortho-tert-buty!phenol. For the 
separation of ethyl acetate from ethanol and water, the 
components that should work are I,5-pentanediol,
I,4-butanediol, propylene glycol, triethylene glycol, 
tetraethyIene glycol, ethylene glycol, glycerol and

dimethyl sulfoxide.
I



85

REFERENCES CITED



86

REFERENCES CITED

1. Young, S . 1922. Distillation Principles and
Processes. The Macmillan Company, London.

2. Benedict, M., and L. C . Rubin. 1945. Extractive and 
Azeotropic Distillation. Trans. Am. Inst. Chem.
Engrs. 41:353.

3. Carney, T. P . 1949. Laboratory Fractional
Distillation. The Macmillan Company, New York, N.Y.

4. Schweitzer, P . A. 1979. Handbook of Separation 
Techniques for Chemical Engineers. McGraw-Hill Book 
Company, New York, N.Y.

5. Colburn, A. P., anql E . M. Schoenborn. 1945. The
Selection of Separating Agents for Azeotropic and 
Extractive Distillation and for Liquid-Liquid 
Extraction. Trans. Am. Inst. Chem. Engrs. 41:421.

6. Horsley, L. H . 1973. Azeotropic D a t a - i n . American
Chemical Society, Washington, D.C.

7. Horsley, L . H . 1962. Azeotropic Data-II. American
Chemical Society, Washington, D.C.

8. Horsley, L. H . 1952. Azeotropic Data. American
Chemical Society, Washington, D.C.

9. Dean, J. A. 1979. Lange's Handbook of Chemistry.
12th ed. McGraw-Hill Book Company, New York, N.Y.

10. Hawley, G. G. 1981. The Condensed Chemical 
Dictionary. IOth ed. Van Nostrand Reinhold Company, 
New York, N.Y.

11. Smith, J. M., and H . C. Van Ness. 1975. Introduction 
to Chemical Engineering Thermodynamics. 3rd ed. 
McGraw-Hill Book Company, New York, N.Y.

12. Dicks, R. S., and C. S. Carlson. 1945. Extractive 
Distillation of Hydrocarbon Mixtures in Packed 
Column. Trans. Am. Inst. Chem. Engrs. 41:789.



87
13. Griswold, J., D , Andres, C. F . Van Berg, and

j. E . Kasch. 1946. Pure Hydrocarbons from Petroleum.
Ind. Eng. Chem. 38(1):65.

14. Buell, C. K., and R. G . Boatright. 1947.. Furfural. 
Extractive Distillation for Separation and 
Purification of C . Hydrocarbons. Ind. Eng. Chem.
39 (6):695 .

15. Berg, L. 1981. Separation of Ethylbenzene from para 
and meta-Xylenes by Extractive Distillation.
U. S . Patent 4, 299, 668.

16. Berg, L. 1969. Selecting the Agent for Distillation 
Processes. Chem. Eng. Progr. 65(9):52.

17. Van Winkle, M. 1967. Distillation. McGraw-Hill Book 
Company, New York, N.Y.

18. ScheibeI, E . G. 1948. Principles of Extractive 
Distillation. Chem. Eng. Progr. 44(12):927.

19. Fenske, M. R. 1932. Fractionation of Straight-Run 
Pennsylvania Gasoline. Ind. Eng. Chem. 24(5): 482.

20. McClellan, A. L. 1963. Tables of Experimental 
Dipole Moments. W. H . Freeman and Company,
San Francisco, California.

21. Bennett, C. 0., and J. E . Myers. 1974. Momentum, 
Heat, and Mass Transfer. 2nd ed. McGraw-Hill Book 
Company, New York, N.Y.

22. Pauli, W . 1925. Uber den Zusammenhang des
Abschlusses der Elektronengruppen im Atom mit der 
Komplexstruktur der Spektren. Z. Phys. 31:765.

23. Pimentel, G . C., and A. L . McClellan. 1960. The 
Hydrogen Bond. W. H . Freeman and Company,
San Francisco and London.

24. Ewell, R. H., J. M. Harrison, and L. Berg. 1944. 
Azeotropic Distillation. Ind. Eng. Chem. 36:871.

25. Treybal, R. E . 1980. Mass-Transfer Operations.
3rd ed. McGraw-Hill Book Company, New York, N.Y.



88
26. Reid, R. C., J. M. Prausnitz, and T. K . Sherwood.

1977. The Properties of Gases and Liquids. 3rd ed. 
McGraw-Hill Book Company, New York, N.Y.

27. Aldrich Chemical Company. 1982-1983. Aldrich Catalog 
Handbook of Fine Chemicals. Milwaukee, Wisconsin.

28. Weast, R. C . 1976-1977. Handbook of Chemistry and
Physics. 57th ed. CRC Press, Inc., Boca Raton, 
Florida.

I



APPENDICES



90

The samples from the distillate and bottoms were 
injected into the gas chromatograph and subsequent peaks, 
whose areas correspond to quantities of components in the 
samples, were drawn out on the recorder which was connected 
to the gas chroma tograph. The values of these areas were 
then substituted into the Fenske equation to determine the 
relative volatility a

APPENDIX A: SAMPLE CALCULATIONS

where = relative volatility of component I to
component 2

n = number of theoretical plates
= mole fraction of component I in distillate

Y2 = mole fraction of component 2 in distillate
= mole fraction of component I in bottoms
= mole fraction of component 2 in bottoms

Since the expression in the parenthesis contains mole 
fraction ratios, mass or mole values or equivalent 
fractional values can be used directly, as all conversion 
factors cancel out.

The sample calculation given below is for the two-hour 
samples using diethylene glycol-glycerol-triethyIene glycol
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as the extractive agent (no. 47 in Table 3) ran in the 
vacuum jacketed perforated plate column to separate ethyl 
acetate and ethanol from methyl ethyl ketone and water in 
ethyl acetate-ethanol-methyl ethyl ketone-water mixture.

The areas correspond to quantities of components in 
the distillate :

ethanol = 0 . 1  
ethyl acetate = 27.0 
methyl ethyl ketone = 11.2 

The areas correspond to quantities of components in 
the bottoms :

ethanol = 2.3 
ethyl acetate = 4.0 
methyl ethyl ketone = 7.0

This run was made in the vacuum jacketed perforated plate 
column so n = 4.5.

Calculation of the relative volatility of ethanol to 
methyl ethyl ketone :

I
01AM ,0.1 , 2.3, 4.5

tIl.2 ' 7.0J
= 0.45

Calculation of the relative volatility of ethyl 
acetate to methyl ethyl ketone :

I
aEM

,27.0 . 4.0. 4.5
tIl.2 ' 7.0
1.38
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I

APPENDIX B : PURE COMPONENT DATA

Table 15. Melting points and boiling points of pure
components used as extractive agents at I atm 
(101325 Pa) unless otherwise indicated.

Component M.P.,°C to ? 0 O Reference

meta-cresol - 203.0 10
para-eresoI 35.26 202.0 10
catechol 104.0 • 2 45.0 10
phenol 40. 8 181. 8 26
hydroquinone 170.0 2 85.0 10
dime thylformamide - 152.8 10
ethyl acetoacetate - 180-181 10
resorcinol HO. 7 281.0 10
ortho-sec-buty!phenol - 226-228 27
acetophenone - 201. 7 26
or tho-tert-butylphenol - 224.0 10
dimethyl sulfoxide - 189.0 . 10
1-naphthol 96.0 278.0 10
2-riaphthol 121.6 285.0 10
propylene glycol - 187.3 26
1,5-pentanediol - 260.0 28
I, 4-butanediol - 2 35.0 28
tetraethyIene glycol - 327.3 10
hexylene glycol — 19 8.3 10
triethylene glycol - ■ 287.4 10
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Table 15. (Continued)

Component M.P.,°C B.P.,°C • . Reference

glycerol - 2 89.8 26
diethylene glycol - 245.8 26
dipropylene glycol - 231. 8 9
di-isodecyl phthalate - 533.29 Pa250-257 10
di-iso-octyl phthalate - 370.0 10
ethylene glycol - 19 7. 2 26
polyethylene glycol 300 
dihexyl phthalate - 97.99 kPa

350.0 10

- denotes component which is liquid at room temperature. 
M.P. = melting point 
B.P. = boiling point
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APPENDIX C: STATISTICAL ANALYSIS

Table 16. Testing the difference between the average
relative volatilities of ethanol to methyl ethyl 
ketone in extractive agent no. 34 in Table 4 and 
in extractive agent no. 15 in Table 5.

Rel. vol. 
Extractive agent 
no.34 in Table 4

EtOH-MEK
Extractive agent 
no.15 in Table 5

I. 41 
I. 39

1.41
1.25

1.63 I. 49
1.56 1.41

n 4 4
Mean 1.50 I. 39
E (Xi- X i ) ? 0.041 0.0 30
d. f. 3 - 3

2Pooled s
Z (X1--X1) 2+Z (X3- X 3 )2 _ 0.041+0.0 30 _  ̂ n i-I

2 (n-1) 3+3 " 0.01-

, I I
,2szx 2 _ ,2(0.012), 2 

X1-X2 ~ 1 n J ( 4 , “

t =
2

1.50-1. 39 
0.077 1.429

With 6 d.f., the value of t is significant at the 
20.4% level. Extractive agent no. 34 in Table 4 gives 
higher average relative volatility of ethanol to methyl 
ethyl ketone than extractive agent no. 15 in Table 5.
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The 95% confidence limits for are

(S1-S2 Iit0 i05sX1-X2
(I. 50-1. 39) ■>-(2.447) (0.077) = -0.078, and 
(I.50-1.39)+(2.447)(0.077) = 0. 2 98  

This means that one has 95% confidence that the difference 
between the average relative volatility of ethanol to 
methyl ethyl ketone obtained from extractive agent no. 34 
in Table 4 and that obtained from extractive agent no. 15 
in Table 5 will fall between -0.078 and 0.298.
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APPENDIX D: EXTRACTIVE AGENT COMMENTS

50.0% meta-cresol 
50.0% para-cresol
25.0% meta-cresol 
25.0% para-cresol 
50.0% catechoI

Extractive agent

50.0% phenol 
50.0% catechol
25.0% m-p eresoI 
25.0% catechol 
25.0% hydroquinone 
25.0% dimethylformamide
25.0% m-p eresoI 
25.0% resorcinol 
25.0% hydroquinone 
25.0% ethyl acetoacetate
25.0% dimethylformamide 
25.0% re sbr cinol 
25.0% hydroquinone 
25.0% ethyl acetoacetate
25.0% m-p. cresol 
25.0% catechol 
25.0% hydroquinone 
25.0% ethyl acetoacetate
25.0% ortho-sec-butylphenol 
25.0% catechol 
25.0% hydroquinone 
25.0% ethyl acetoacetate
25.0% ortho-sec-butylphenol 
25.0% catechol 
25.0% hydroquinone 
25.0% dimethylformamide
33.33% m-p cresol 
33.33% acetophenone 
33.33% ethyl acetoacetate

Cdmments
Easy to run and handle.

No difficulty to run and 
handle, but there is 
possibility of freeze-up in 
the feed lines.
Difficult to run and 
handle.
No difficulty to run and 
handle, but there is 
possibility of freeze-up in 
the feed lines.
No difficulty to run and 
handle, but there is 
possibility of freeze-up in 
the feed lines.
No difficulty to run and 
handle, but there is 
possibility of freeze-up in 
the feed lines.
No difficulty to run and 
handle, but there is 
possibility of freeze-up in 
the feed lines.
No difficulty to run and 
handle, b u t .there is 
possibility of freeze-up in 
the feed lines.
No difficulty to run and 
handle, but there is 
possibility of freeze-up in 
the feed lines.
Easy to run and handle.
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25.0% ortho-tert-butylpheno.l 
25.0% catechol 
25.0% hydroquinone 
25.0% dimethylformamide
33.33% phenol
33.33% ortho-sec-butylphenol 
33.33% dimethylformamide
25.0% ortho-tert-butylphenol 
25.0% resorcinol 
25.0% hydroquinone 
25.0% dimethylformamide
25.0% ortho-tert-butylphenol 
25.0% m-p cresol 
25.0% ethyl acetoacetate 
25.0% acetophenone
25.0% phenol.
25.0% hydroquinone 
25.0% dimethylformamide 
25,0% ethyl acetoacetate
25.0% phenol
25.0% ortho-sec-butylphenol 
25.0% dimethylformamide 
25.0% ethyl acetoacetate
33.33% phenol 
33.33% acetophenone 
33.33% hydroquinone

Extractive agent

33.33% phenol 
33.33% acetophenone 
33.33% resorcinol
dimethyIformamide

25.0% meta-cresol 
25.0% para-cresol 
50.0% dimethylformamide
50.0% phenol
50.0% dimethylformamide

No difficulty to run and 
handle, but there is 
possibility of freeze-up in 
the feed lines.
Easy to run, but difficult 
to handle.

Comments

No difficulty to run and 
handle, but there is 
possibility of freeze-up in 
the feed lines.
Easy to run and handle.

No difficulty to run, but 
difficult to handle.

Easy to run, but difficult 
to handle.

Very difficult to run and . 
handle. Hydroquinone is 
immiscible with other 
components. There is 
possibility of freeze-up in 
the feed lines.
No difficulty to run, but 
difficult to handle.

Very easy to run and 
handle.
. Easy to run and handle.

Easy to run, but difficult 
to handle.
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25.0% meta-cresol 
25.0% para-cresol 
50.0% ortho-tert-buty!phenol
50.0% dimethyl sulfoxide 
50.0% resorcinol

Extractive agent
Easy to. run and handle.

Comments

No difficulty to run and 
handle, but this mixture 
polymerized when it was 
heated.

33.33% ortho-sec-butylphenol Easy to run and handle.
33.33% ortho-ter t-butyIphe noI 
33.33% dimethyl sulfoxide
50.0% dimethyIformamide Easy to run and handle.
50.0% acetophenone
dimethyl sulfoxide Very easy to run and

handle.
50.0% dimethylformamide 
50.0% hydroquinone
50.0% dimethyl sulfoxide 
50.0% ortho-tert-butylphenol
33.33% m-p cresol 
33.33% dimethyl sulfoxide 
33.33% hydroquinone
33.33% dimethyl sulfoxide 
33.33% m-p cresol 
33.33% catechol

No difficulty to run and 
handle.
Easy to run and handle.

No difficulty to run and 
handle.

No difficulty to run and 
handle.

33.33% dimethylformamide 
33.33% ethyl acetoacetate 
33.33% hydroquinone
25.0% dimethyl sulfoxide 
25.0% m-p cresol 
25.0% resorcinol 
25.0% hydroquinone

No difficulty to run and 
handle.

No difficulty to run and 
handle, but this mixture 
polymerized when it was 
heated. There is 
possibility of freeze-up in 
the feed lines.
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50.0% dimethylformamide 
50.0% resorcinol
25.0%. dimethyl sulfoxide 
25.0% m-p cresol 
25.0% hydroquinone 
25.0% catechol
25.0% dimethylformamide 
25.0% ethyl acetoacetate 
25.0% resorcinol 
25.0% 1-naphthol
50.0% dimethylformamide 
25.0% catechol 
25.0% 2-naphthol
50.0% dimethylformamide 
25.0% hydroquinone 
25.0% 2-naphthol
25.0% dimethylformamide 
25.0% ethyl acetoacetate 
25.0% resorcinol 
25.0% 2-naphthol
50.0% dimethylformamide 
50.0% ortho-tert-butylphenoI
50.0% dimethyl sulfoxide 
50.0% di-isodecyl phthalate

Extractive agent

50.0% dimethyl sulfoxide 
50.0% diethylene glycol
50.0% dimethyl sulfoxide 
50.0% di-iso-octyl phthalate

50.0% dimethyl sulfoxide 
50.0% glycerol

No difficulty to run and 
handle.
No difficulty to run and 
handle, but there is 
possibility of freeze-up in 
the feed lines.
No difficulty to run and 
handle.

Comments

No difficulty to run and 
handle.

No difficulty to run and 
handle.

No difficulty to run and 
handle.

Easy to run and handle.

Easy to run, but not easy 
to handle. These two 
components are immiscible 
at room temperature.
Easy to run and handle.

Easy to run, but not easy 
to handle. These two 
components are immiscible 
at room temperature.
Easy to run and handle,but 
these two components are 
immiscible at room 
temperature.
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50.0% dimethyl sulfoxide 
50.0% propylene glycol
propylene glycol

33.33% dimethyl sulfoxide 
33.33% glycerol 
33.33% ethylene glycol

Extractive agent

50.0% glycerol
50.0% propylene glycol
50.0% glycerol 
50.0% ethylene glycol
33.33% glycerol 
33.33% ethylene glycol 
33.33% diethylene glycol
33.33% glycerol 
33.33% ethylene glycol 
33;33% triethylene glycol
50.0% glycerol
33.4% ethylene glycol
16.6% propylene glycol
33.33% glycerol 
33.33% ethylene glycol 
33.33% I,5-pentanediol
I,Srpentanediol

50.0% ethylene glycol 
50.0% I, 5-peritanediol.
I,4-butanediol

50.0% dimethyl sulfoxide 
50.0% I,4-butanediol
33.33% dimethyl sulfoxide 
33.33% I,4-butanediol 
33.33% glycerol

Easy to run and handle.

Very easy to run and 
handle.
Easy to run and handle, but 
.these components are 
immiscible at room 
temperature.
Easy to run and handle.

Easy to run and handle.

Easy to run and handle.

Easy to run and handle.

Easy to run and handle.

Easy to run and handle.

Very easy to run and 
handle.
Easy to run and handle.

Very easy to run and 
handle.
Easy to run and handle.

Easy to run and handle.

Comments
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Extractive agent Comments

25.0% dimethyl sulfoxide 
25.0% I,4-butanediol 
25.0% glycerol 
25.0% diethylene glycol

Easy to run and handle

tetraethyIene glycol Very easy to run and 
handle.

50.0% I,4-butanediol 
50.0% tetraethyIene glycol

Easy to run and handle

33.33% I,4-butanediol 
33.33% tetraethyIene glycol 
33.33% glycerol

Easy to run and handle

25.0% I,4-butanediol 
25.0% tetraethylene glycol 
25.0% glycerol 
25.0% propylene glycol

Easy to run and handle

hexylene glycol Very easy to run and 
handle.

triethylene glycol Very easy to run and 
handle.

50.0% hexylene glycol 
50.0% tetraethylene glycol

Easy to run and handle

33.33% hexylene glycol 
33.33% tetraethylene glycol 
33.33% glycerol

Easy to run and handle

25.0% hexylene glycol 
25.0% tetraethylene glycol 
25.0% glycerol 
25.0% I,5-pentanediol

Easy to run and handle

diethyIene glycol Very easy to run and 
handle.

50.0% diethylene glycoi 
50.0% glycerol

Easy to run and handle

dipropylene glycol Very easy to run and. 
handle.
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Easy to run and handle.
Comments

Easy to run and handle.

Easy to run and handle.

Easy to run and handle.

Easy to run and handle.

Very easy to run and 
handle.

50.0% polyethylene glycol 300 Easy to run and handle. 
50.0% propylene glycol
33.33% polyethylene glycol 300 Easy to run and handle. 
33.33% propylene glycol 
33.33% tetraethylene glycol
50.0% polyethylene glycol 300 Easy to run and handle. 
50.0% dimethyl sulfoxide
25.0% polyethylene glycol 300 Easy to run and handle. 
25.0% propylene glycol 
25.0% tetraethylene glycol 
25.0% I,5-pentanediol
33.33% polyethylene glycol 300 Easy to run and handle. 
33.33% dimethyl sulfoxide 
33.33% propylene glycol
50.0% polyethylene glycol 300 Easy to run and handle. 
50.0% dipropylene glycol

33.33% diethylene glycol
33.33% glycerol
33.33% triethylene glycol
50.0% dipropylene glycol 
50.0% I,5-pentanediol
33.33% dipropylene glycol 
33.33% I,5-pentanediol 
33.33% .triethylene glycol
25.0% diethylene glycol 
25.0% glycerol 
25.0% triethylene glycol 
25.0% propylene glycol
25.0% dipropylene glycol 
25.0% I,5-pentanediol 
25.0% triethylene glycol 
25.0% hexylene glycol
polyethylene glycol 300

Extractive agent



Extractive agent Comments
25.0% polyethylene glycol 300 
25.0% dimethyl sulfoxide 
25.0% propylene glycol 
25.0% triethylene glycol
33.33% polyethylene glycol 300 
33.33% dipropylene glycol 
33.33% dimethyl sulfoxide
50.0% polyethylene glycol 300 
50.0% diethylene glycol
25.0% polyethylene glycol 300 
25.0% dipropylene glycol 
25.0% dimethyl sulfoxide 
25.0% triethylene glycol
33.33% polyethylene glycol 300 
33.33% diethylene glycol 
33.33% dimethyl sulfoxide
50.0% triethylene glycol 
50.0% dimethyl sulfoxide
25.0% polyethylene glycol 300 
25.0% diethylene glycol 
25.0% dimethyl sulfoxide 
25.0% glycerol
33.33% triethylene glycol 
33.33% dimethyl sulfoxide 
33.33% hexylene glycol
50.0% tetraethyIene glycol 
50.0% dimethyl sulfoxide
25.0% triethylene glycol 
25.0% dimethyl sulfoxide 
25.0% hexylene glycol 
25.0% dimethylformamide
33.33% tetraethyIene glycol 
33.33% dimethyl sulfoxide 
33.33% I,5-pentanediol

Easy to run and handle.

Easy to run and handle.

Easy to run and handle.

Easy to run and handle.

Easy to run and handle.

Easy to run and handle.

Easy to run and handle.

Easy to run and handle.

Easy to run and handle.

Easy to run and handle.

Easy to run and handle.
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Extractive agent Comments

50.0% polyethylene glycol 300 
50.0% triethylene glycol Easy to run and handle.

25.0% tetraethylene glycol 
25.0% dimethyl sulfoxide 
25.0% I,5-pentanediol 
25.0% diethylene glycol

Easy to run and handle.

dihexyl phthalate Easy to run, but difficult 
to handle. Dihexyl 
phthalate is immiscible 
with water. Foaming 
occurred in the still-pot 
and the bottoms separated 
into two phases.
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