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Abstract:

The separation of the close-boiling mixture, m-xylene-o-xylene; three binary azeotropes: ethanol-water,
methyl acetate-methanol, acetone-methanol, and four ternary azeotropes: n-propyl
acetate-n-propanol-water, isopropyl acetate-isopropanol-water, n—butyl acetate-n- butanol-water,
isobutyl acetate-isobutanol-water has been enhanced by extractive distillation. The azeotropes have
been negated and the relative volatilities of key components have been reversed by the agents used.

The plot of polar interaction versus hydrogen bonding, called polarity diagram, was used to compare
the affinity of agents for key components. Thus the key component which will be the overhead product
can be predicted. The three solubility parameters were used to describe the intermolecular forces
occurring between agents and key components in extractive distillation. The MOSCED model was
used to calculate the activity coefficients of the key components using the properties of the pure
compounds. The calculated values fitted the experimental data well. The advantage of this model was
to calculate the. relative volatilities of key components in the presence of the agent using the properties
of pure compounds instead of using the properties of mixtures.

Temperature inversion, where the overhead temperature was higher than the stillpot temperature, was
observed for the acetone-methanol system when ketones were used as the agents. The data showed that
the temperature inversion could be caused by the dissolving of the vapor of key components in the
liquid agents.
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ABSTRACT

The separation of the close~-boiling mixture, m—xylene-o—xylene;
three binary  azeotropes: ethanol-water, methyl acetate-methanol,
acetone-methanol, and four ternary azeotropes: n-propyl acetate-n-—

propanol-water, isopropyl acetate-isopropanol-water, n-butyl acetate-n-— .

Jbutanol-water, isobutyl acetate-isobutanol-watér has been enhanced by
extractive distillation. The azeotropes have been negated and the
relative volatilities of key components have been reversed by the agents
used.

The plot of polar interaction versus hydrogen bonding, called
polarity diagram, was used to compare the affinity of agents for key
components. Thus the key component which will be the overhead product
can be predicted, The three solubility parameters were used to describe
the intermolecular forces occurring between agents and key components in
extractive distillation. The MOSCED model was used to calculate the
activity coefficients of the key components using the properties of the
pure compounds, The calculated wvalues fitted the experimental data
well, The advantage of this modél was to calculate the relative
volatilities of key components in the presence of the agent using the
properties of pure compounds instead of using the properties of
mixtures.

Temperature inversion, where the overhead temperature was higher
than the stillpot temperature, was observed for the acetone-methanol
system when ketones were used as the agents., The data showed that the
temperature inversion could be caused by the dissolving of the vapor of
key components in the liquid agents.




I. INTRODUCTION

~Separation processes are tﬂose operations which transfer a mixture
of substances into two or more products which differ from each other in
composition. Often separation i;self can be the main function of an
entire process. The need for separation processes can account for most
of the cost of a pure substance. A simple schematic of a separation
process is shown in Figure 1. The feed may consist of one or of several
streams of matter., There must be at least twd'product.streams which
differ in composition from each otﬁer. This follows from the fundamental
nature of a separation. The separation is caused by the addition of a
separating agent,‘which takes the form of lanother stream of métter
or/and energy. Usually the energy input required for the separation is
supplied by the separating agent, and the separating agent could cause.
the formation of a second phase of matter.

We can categorize geparation ‘processes in several ways: (i)
mechanical vs. diffusional processes, (ii) equilibration processes vs.
rate—governed processes, (iii) energy;separating—agent vsS. mass-—
separating—agent process. . A separation device which receives a
heterogeneou; feed consisting of more -than ‘one pﬁése of matter and
singly serves to separate the phasés from each. other is called a
mechanical separation process. Mecﬁanical processes are important
industrially but-afe not a primary céncern of this study. Diffusional

separation processes receive a. homogeneous feed and involve a




Separating agent

(matter or energy)

Feed stream

(one or more)

Figure 1. General separation

Product streams

(different compositions)

process
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diffusional transfer of matter from the feed stream to one of the
product streams., Most diffusional separation processes operate through
equilibration of two immiscible phases which have different compositions
at equilibrium. They are the principal sﬁbject matter éf this study.
On the other hand, some separation processes work by wvirtue of
difference in transport rate through some medium under the impetus of an
imposed force, resulting from a gradient in pressure, temperatufe,
composition, electric potential, or the like. These are the rate-
governed processes. Energy-separating-agent processes use energy as thg
'separating agent such as distillation, In mass-separating-agent
processes, matter is used as the separating agent such as liquid-liquid

extraction,

Separation Factor

The degree of separation which can be obtained with any particular
separation process is indicated by the separation factor. Since the
object of a separation device is to produce prodﬁcts of differing
compositions, it is logical to define the separation factor in terms of

product compositions,

o = e il-— ' (1)

The separation factor usij between components i and j is the ratio ?f
the mole fractions of those two components in product 1 divided by the

ratio in product 2. The separation factor will remain unchanged if all
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the mole fractiéns are replaced by weight fractions. by molar flow rates
of the individual components, or Sy mass flow rates of the individual
cémponents.

An effective separation is accomplished to the extent that the

separation factor is significantly different from unity. If O S = 1,

i]

no separation of components i-and j has been accomplished. If aijs > 1,
component i tends to concentrate in product 1 more than component j.
does, and component j tends to concentrate in product 2 more than
component i does. On the other hand, if aijs < 1, component j tends to
concentrate preferentially in product 1; " By convention, components i
and j are generally selected so that aijs’ defined by Equatiog 1, is
greater than unity.

The seParation factor reflects the differences in equilibrium
compositions and fransport rates due to the fundémental physical
phenomena wunderlying the separation. It can also reflect the
construction and flow copfiguration of the separation device. For this
reason it is convenient to define an inherent separation factor, which
we shall denote by aij" This dinherent separation factor is the
separation factor which would be obtained under idealized conditions, as
follows:

1. For equilibration separation prﬁcesées. the inherent separation
factor corresponds to those proddét compositioné'which will be obtained
when simple equilibrium is attained between the product fhases.

2. For rate-governed separation processes, the inherent separation
factor corresponds to those product coﬁpositions which will oécur in the

presence of the underlying physical transport mechanism alone, with no
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complication from competing transport phenomena, flow configurations, or
other extraneous effects.,

Both the inherent separation factor aij and the actual separation
factor aijs’ based on the actual produét compositions through Equation
1, can be used for the analysis of separation processes. When uij can
be derived relatively easily, the most common approach is to analyze a
separation process on the basis of the inherent separation factor dij
and allow for deviations from ide‘ality through efficiencies., This

procedure is advantageous since aij is frequently insensitive to changes

in mixture composition, temperature, and pressure.

Fractional Distillation

The ultimate application of distillation dis for the purpose of
separating two or more components occurring in a mixture to produce
products which meet certain specifications. These specifications méy be
sales specifications which require certain purity or characteristics
based on boiling range, or process specifications which require purity
or concentration with respect to one or more components for use in
subsequent processes. The economic consideration of yield of ﬁaterial
of specified characteristics has resulted in the development of the
fractional distillatioq which may be of the stage type or differential
type.

A conventional fractionating column is shown in Figure 2., From a
simplified point of view, multi-stage fractional distillation may be

considered to be ‘a process in which a series of flash vaporization

3




Distillate

Residue

Figure 2. Conventional fractionating column.
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stages are arranged in series in such a manner that the products from
each stage are fed té adjacent stages. The vapor produced in one stage
is conducted to the stage above and the 1liquid to the stage below. In
turn, this stage receives the liquid from the stage'above and the vapor
from the stage below as its feed material, In this arrangement the
concentration of the lower boiling component(s) is being increased in
the vapor from each stage in the direction of vapor flow and decreased
in the liquid in the direction of the 1liquid flow. Because the lower
boiling constituents are concentrating in the vapor from each successive
stage, the temperature decreases from stage' to stage and reaches the
minimum as the final vapor is produced from the process. Similarly, the
temperature increases along with the direction of flow of the liquid,
and the maximum temperature is reached at the point where the liquid
product is withdrawn from the process. Since temperature i; a measure
of the level of heat energy, it is obvious that heat energy is necessary
to the distillation process. In addition to the heat energy involved in
maintaining a’temperature differential, an amount of heat energy roughly
equivalent to the latent heat of the vapor evolved from the last stage
(with respect to vapor flow) must'be. supplied. This heat energy may be
supplied in the feed, in the lastﬂétage from which ;he liquid product is
withdrawn, or in both places. |

In general, fractional distillation can apply when:
1. The components h;ve appreciable differences in wvolatility or the
relative volatility of the ‘components to be separated is 1.05 or
greater,

2. There is no azeotrope formation.
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3. There is no chemical reaction between components,
4. There is no decomposition or polymerization of one or more of the

components,

5. The components are capable of vaporization at practical temperature

and pressure.

However, in some cases, distillation techniques other than fractional
distillation have to be used for a specifié separation. Those cases are
(a) two or more of ;he components to be separated have but slight
difference in volatility (relative volatility approximately equal to
unity) and their wvapor pressure curves are essentially of the same
shape; (b) two or more of the components form a hémogeneous minimum
azeotrope which is not pressure sensitive or which is pressure sensitive
but will not provide sufficiént relative volatility change near x; = 1
or x, = 03 (c) one or more of the compounds will decompose or change
chemically at temperature and pressure within economic distillation

ranges.,

Extractive and Azeotropic Distillation

Azeotrope-is a synonym for constant-boiling mixture, a specific

mixture of two or more components, which cannot be readily separated by

ordinary distillation. Also, it is very difficult to separate mixtures

whose components boil very close together, These are the cases a and b
for which fractional distillation is not applicable. The separation
can be sometimes greatly facilitated by adding a third component, called

herein an "agent". In these cases two methods , namely azeotropic and

¥
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extractive distillation, have been developed commercially. Azeotropic
and extractive distillation are old processes which have become widely
used since about 1930. . In 1908 Guillaume [1] patented an extractive
distillation process for the removal of fusel -o0il from fermentation
alcohol. Extractive and azeotrofic distillation have the property in
common that a substance not normally present in the mixture to be
separated is added to increase the difference in volatility of the most
difficultly sepafable components. Benedict and Rubin fZ] have defined
extractive and azeotropic distillation. Extractive distillation is
distillation in the presence of a substance which is relatively non-
volatile compared to the components to be separated and which,
therefore, is charged continuously near the top of the distilling column
so that an appreciable concentration is maintained on all the plates of
the column. Azeotropic distillation is the process in which the
substance added forms an azeotrope with one or more of the components
and by virtue ;f this fact is. present on most of the plates of the
- column in appreciable concentration. Applications of azeotropic and
extractive distillation have continued to expand because many very close
boiling mixtures ﬁay be separated economically by use of those
tech;iques. The separatién of such mixtures by conventional
distillation methods is usuaily uneconomical because of the large number
of plates which would be requiré& to affect such separation. Fof a
separation of a binar& mixture, both overhead and bottomg products ére
specified to have 997 purity. Figure 3 shows the number of theoretical
plates as a function of relative volatility. It can be seen that the

theoretical plates number approaches infinite as the relative volatility

’
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u 420

Relative volatility

Figure 3. Number of theoretical plates as a function of the relative
volatility. 1In a separation of a binary mixture, the
overhead and bottoms products are specified to have 99%
purity.
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becomes closer to unity. That is the situation fér the presence of a
minimum-boiling azeotrope. The theoretical plates number drops rapidly
when the relative volatility increases +to about 1.25. If the plate
efficiency is 75% and the column cost is linearly proportional to the
plate number, the comparison of the column cost for different relative
volatilities is shown in Table I. The column cost is a relative value
which is based on a value of relative volatility of 1.05. The linear
proportionality of column cost to plate number occurs up to some point.
Beyond that point, the column will become more expensive than the
linearly proportional price. In addition, higher pressure drop
accompanys more plates. This causes more heat requirement to evaporate
the liquid mixture and operational difficulties. Therefore, it is very
advantageous to increase the relative volatility.

In azeotropic distillation the agent has about the same vapor
pressure as the feed components and is removed with the overhead product
with which it forms a minimum-boiling azeotrope. Figure 4 shows the
schematic of dehydration of ethanql with benzene by azeotropic
distillation. In column I the minimum ternary azeotrope, ethanol-water-
benzene, comes out as the overhead product. ©Ethanol is obtained from
the bottoms, Benzene is recovered from. column II and then recycled.

Water is removed from column III. In extractive distillation the agent

has a low vapor pressure, so the agent is added near the top of the’

column and removed with the bottom product. The agent flows down the
column, washing the ascending vapors and absorbing one of the components
preferentially. A typical scheme for separating a binary mixture,

components A and B, by extractive distillation is shown in Figure 5. 1In
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Table I. Column cost for different relative volatility.

Relative Plate Column
volatility number . cost
1.01 1231.5 £90.25
1.02 618.8 246.34
1.03 414.5 165.01
1.04 312.4 124.36
1.05 188.4 100.00
1.06 210.3 R 83.72
1.08 ' 159.2 63.38
1.10 128.5 51.15
1.12 | 108.1 43.03
1.15 . 87.7 34,91
1.17 78.0 31.05
1.20 67.2 | 26.75
1.30 46.7 18.59
1.40 36.4 14,49
i.so 20.8 8.28
2.00 17.7 7.05
2.40 ' . 14,0 . 5,57
2.80 | 11.9 o 4,74
3.00 - 11.2 . 4uke
3.50 | 9.7 ' 3.86

4,00 ' 8.8 3.50

The column cost is a relative value based on a value of relative
relative volatility of 1.05.




Recycle water/EtOH azeotropes

Water/EtOH/Benzene azeotrope

Ternary azeotrope

Decanter
Makeup
benzene
Ternary mixture
water/EtOH azeotrope
EtOH Water

water/EtOH

Figure 4. Azeotropic distillation scheme for ethanol dehydration with benzene.
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Makeup agent

(A & B)

B/agent

Agent recycle

Figure 5. Schematic diagram of an extractive distillation process.
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column I, component A is obtained as- overhead prqduct. The bottom
product, mixture of compoﬁent B and the agent, is fed to the second
column and B is obtained as overhead product. The agent is recovered
and recycled. |

Obviously, for azeotropic or extractive distillation to be
economically attractive, the improvement in relative volatility, and
resulting saving in column height and steam and water costs, shoﬁld more
than offset the added costs of ‘recirculating the agent, recovering it
from the products, and providingl make up agent because of losses in
recircﬁlation. In azeotropic'distillation an agent immiscible‘ witﬁ the
overhead product can be separated by decantation, aﬁd with a hydrocarbon
overhead product a water-soluble agent can used and then recovered by
washing the overhead product with water. As shown in Figure 4, three
colums are needed to complete ‘the separation of water and ethanol,
agent recovery, and water removai. ~ In extractive distillation, égénf
recovery from the bottoms product is easily affected in a separate
stripping column because of the agent's low vapor pressure. As;shown in
Figure 5, only two columns are required to complete the separation of a
binary mixture and agent_redovgry, Céﬁparing Figures 4 and 5 shows tbat'
the capital cost for ‘extracfive &isfillétién could be lower thgn that-
for azeotropic distillafion.

The principal differenée between the processes of azeotropic and
extractive distillation is that the ageﬁ% is almost entirely’recovered
in the distillate in azéotropic distillation, and in extractive
distillation the agent.iS'reéove;ed' in fhe residue or bottoms. Also.u

the optimum point of adding of the agent to the column:is different for
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the two types of processes.  Gerster [3] illustrated the difference
between these two methods by the wvarious special-agent distillations
required at Celapese's Bishop, Texas plant. If the feed is a close-—

boiling hydrocarbon pair, the differences in the nature of the feed

components are usually comparatively small, so that the agent is -

¢

required to improve the relative volatility over the entire height of
the column. This is achieved best in extractive distillation where the

agent enters at, or near, the top and is discharged at the bottom of the

column. Azeotropic distillation is particularly useful where the feed

component selected to come overhead as an ézeofrope with the agent is
present in the feed in small amount. In such an instance the émount of
agent needed to be circu;ated is small, resulting in only small
additional steam costs because of. the presence of the agent and in a
low—-agent recovery cost.

In many industrial mixtures the key components under consideration

can be separated either by extractive or azeotropic distillation by the

selection of the proper agent, and the economic coﬁparison of the
processes will usually indicate the one more suitable for the purpose.
Another important consideration in the selection of a process is- the
thermal stability éf the components, particularly that of the heavy key
and heavier key components. If one of these coﬁponentS‘is unstable or
tends to decompose, polymerize, or otherwise react at a higher
temperature level, it is better to use azeotropic distillation to keep
the bubble-point temperature of the bottoms at its lowest point. A
heavy agent would increase the bubble point above this temperature and

could have a deleterious effect on the components in the residue.
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Treybal [4] has pointed out that extracfive distillation is
generally considered to be more desirable than azeotropic distillation
since (i) there is a greater choice of agents because the process does
not depend upon the accident of azeotrope formation and (ii) generally
smaller quantities of agent must be vaporized. Due to the increage in
energy costs, extractive distillation is worth considering even when the
conventional approach is feasible. Sucksmith [5] has shown that 42
million Btu/hour é;g_fequired to separate the mixture of n-heptane and
toluene by conventional distillation; only 18 million Btu/hour are
rgquired for the same “separation by extractive disfillation. If an
agent provides approximately 407 greater relative volatility, Bojnowski

and Hanks [6] suggested that the extractive distillation could be

considered instead of conventional fractional distillation.

Behavior of Agents

An effective agent for an extractive distillation is one which is
attractive to one or more of the components. This attraction o£ the
agent for these components reduces the volatility of the agent as well
as the volatility of the ‘components to which it is attracted; It is
desirable that the attraction occur in the natural direction, that is,
that the agent be attracted to the relatively heavy components.
However, this is not a necessary condition for tﬁe behavior.of the
agent. Many separations are carried out in which one of the relatively

light components is attracted by -the agent and removed in the bottoms

product with the agent. In this case, the energy consumption for
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recovering the agent %n a stripping column can be reduced due to lower
bubble point of the mixture of the agent and the relatively light
component,

A variety of theories has been advanced for the roles of the agent
in azeotropic and extractive distillation. In the case of extractive
distillation, attraction of the agent for certain components of the
mixture is commonly attributed to one or more or a combination of the
following phenomena: (1) hydrogen bonding, (2) polar characteristics of
the agent and components of the mixture, (3) the formation of weak
unstable chemical complexes, and (4) cﬁemical reactions between the
agent and one or more of the components of the mixture. -

In the case of azeotropic distillation, the agent should have the
capacity to reduce the tendency of attrac£ion between molecules. TFor
example, a nonpolar agent may be added to a mixture of polar molecules
in order to increase the volatilities of the more polar compounds
relative to the less polar compounds.

Although - any one theory does not sufficiently explain all
applications of azeotropic and extractive distillation, the theories do
provide qualitative values for the selection of agents. The role of

polarity has been elucidated by Hopkins and Fritsch [7] who described

the use of products obtained by oxidation of selected hydrocarbons.

Because of the dissimilarities in molecular structure, the oxidation
products can be arranged in the order of increasing polarity [8],
namely, esters, oxides, aldehydes, ketones, acetals, and alcohols. In

any class of compounds, the polarity is inversely'proportional to the

molecular weight, the polarity of straight—chain molecules is greater.
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than that of branched-chain structures, and olefinic compounds are more

polar than their corresponding paraffin derivatives.

Choice of Agents

Among the desirable features for an agent are the following:
1, It should have a high capacity for the species being separated by it,
The higher the agent capacity, the 1lower the agent circulation rate
required.
2. It should be selective, having a wider range of temperature and
concentration of miscibility with one or more of the components being
separated while having a small range of the miscibility with other
components,
3. It must have a low molar latent heat since it is to be vaporized.

4, It should be chemically stable, i.e., it should not undergo

irreversible reactions with components of the feed stream or during.

recovery.

5. It should be easily separable from the components with whicﬂ it
associates. Thus it can be reused again and again.

6. It should be nontoxic and noncorrosive and should not be a serious
contaminant to the process stream being handled.

7. It should be inexpensive to‘ keep the éost of maintaining agent
inventory and of replacing lost agent low.

8. It should have a low enough viscosity to be pumped and flow by
gravity easil&.

9. It should have a density different enough from- that of the feed
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stream for the phases to counterflow and separate readily.
10. Tt should not form so staﬁle an’ emulsion that the phases cannot be
separated adequately.
11. It should be completely soluble with the components in the
distilling system at the temperature and concentrations in the column.

The selection of the agent can be based upon its ability to modify
the relative volatility of the system. However, its final selection
must be determined through economic evaluation wherein all variables and
criteria are considered in c&njuction with selectivity to determine the
minimum operating and investment cost for the process. Colburn and

O
Schoenborn [9] and others have analyzed the selection of agents on the

cost basis. : ‘ ]

In some cases an agent mixture may be used to derive properties
that cannot be achieved with pure agents. Gerster [10] discussed agent
selection in more detail. Obviously no agent will be best from all of
these viewpoints, and the selection of' a desirable agent involves
compromises between these various factors, e.g., between capacity and
selectivity.

It is necessary to emphasize that the whole process must be
considered in the selection of an effegtive agent, and the recovery
process must be included in the evaluation. An agent must havg the best
selectivity of all of those of an entire group cénsidered, but it might
be more difficult to be separated from the components with which it

associates than an agent  Thaving low selectivity, and economic

considerations might prove the use of the latter to be more feasible.
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Research Objective

Close-boiling compounds and azeotropic mixtures are difficult or
impossible to separate by ordinary distillation. The objective of the
research is to study the solution behavior of agents in terms of
molecular interactions. To accomplish this, some agents, which (i)
would negate the azeotropes or alter the relative volatility of the
close-boiling compounds and (ii) are easy to recover from the bottoms
product, have been examined to énhance the separation by extractive
distillation. The agent could be a pure coﬁpound or a mixture of

.

compounds.

Selection of Mixtures

Four binary mixtures which dincluded one close-boiling pair of
compounds and three binary azeotropes énd‘four acetate—alcohol-water

ternary azeotropes were studied. These systems are described following.

m-Xylene and o-Xylene System

Xylenes are major precursdrs to many processes for making‘plasfics
and dyes. In these uées it is essential that the xylengs be very pure.
It is the presence of impgrities that Qake them}poor polymerization
agents as a plastic or rendér them inconsistent as dye intermediates.
Tﬁe xylenes of commerce originate either from coal tar or from
petroleum, usually via the hydroforming of the corresponding naphthenes

and thus are always found as mixtures of isomers., m—Xylene boils at
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139.2°C and o—xylene boils at 144,5°C at one atmosphere...Berg tll] has
reported that the relative volatility of m-xylene to o-xylene is 1,12,
Extractivg distil}ation would be an attractive method if agents can be
found to increase the apparent relative volatility of m—xylene to o-
xylene to a value higher than 1.3.

The operation to prepare benzene from close boiling non—aromatic
hydrocarbons has been well described by Butler [12]. He suggested a
large number of pure compounds including alcohols, glycol ethers aﬁd
sulfolanes to separate both benzene and toluene. No information was
given on the relative volatility -and thus rélative performance of these
compounds as extractive distillation agents. Atlani et al., [13]
described the use of several cyanamide derivatives as agents for
separating aromatics including benzene from naphthenes and dienes.
Cooper [14] employed molten phthalic anhydride as the agent to separate
aromatics including benzene from non-aromatic hydrocarbons. Mikitinko,
Cohen, and Asselinieau [15] used these same reagents with water added to‘
bring the non-aromatic hydrocarbons off overhead as a two-phase
azeotrope and thus lower the boiling point.’ Eisenlohr and Mueller [16]
reported an improved equipment arrangement to separate both benzene and
toluene from. non—aromatic hydrocarbons by extractive distillation.
Preusser et al. [17] described the use of morpholine and some of its
derivatives for this separation. Improved equipment for this separafion
was presented by Mueller and John [18]. Berg [19] described the use of
chloro compounds and oxygenated compounds to separate ethylbenzene from

p—xylene and m—xylene. Although the separation of hydrocarbons has been
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studied, the separation by eﬁtractive distillation of one xylene from
another xylene has not been studied.
Berg et al. [20] have shown that packed columns can also be used in
extractive distillation. _In this study, both the perforated plate and

packed columns were used to examine the effects of agents.

Ethanol and Water System

The separation of water (normal b.p.=100°C) from ethanol (nermal
b.p.=78.5°C) is one of the world's oldest technical problems. Two
principal methods of producing ethanol are by the fermentation of
carbohydrates and the hydration of ethylene. Both methods are in
aqueous solutions and so the separation of ethanol from the reaction
mixture in either case involves the formation of the ethanol-water
azeotrope. The fermentation of carbohydrates to ethanol typically
produces a product, wine, with 14 wt.% ethanol. At that level, the
bacteria‘die and the fermentation ceases. Distillation of the wine wiil
increase the ethanol content, The minimum azeotrope of water and
ethanol contains 95.5 wt.% ethanol, 4.5 wt.% water and limits the upper
concentration of ethanol that «can be obtained by rectification
regardless of the number of theoretical plates employed. This is the
case shown in Figure 3. The theoretical plates number approaches
infinite when the relative volatility is unity.

In order to produce ethanol free of water, absolute alcohol, three
general methods can be employed. 'Distillation with a third c&mponent
which forms a mipimum azeoirope that boils 1lower than 78.15°C, the

boiling point of the ethanol-water azeotrope, such as water—ethyl ether,
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reported by Othmer and Wentworth [21], or a ternary azeofrope such as
benzene-water—ethanol, well described in Kirk and Othmer [22], Whiie
the benzene-water—ethanol ternary is érobab;y the ﬁost widely used
method of dehydrating ethanol, thése methods reqﬁire a great deal of
boiling and consequently a 1érge heat requirement. Figure 4 shows that
three columns are needed to carry out the separation.

Removal of water with. a solid dehydrating égent is well known.
Fresh quicklime, anhydrous calcium chloride, anhydrous calcium sulfate,
fused anhydrous pétassium acetate and sodium acetate, barium oxide and
silica gel have been widely used. Barium oxide used to react with water
to form barium hydfoxide gets the last traces of water from ethanol.
Bilica gel is probably currently the' most ~widely used, All of these
reagents have the disadvantage.in that they muét be‘exfensively treated
to remove water befo;e they can be reused;

Extractive distillation is a third general method. The earliest
application of extractive distillation to the dehydration of ethanol is.
probably Schneible [23] who used glycerine as the extractive agent.
Smith and Carlson [24] employed ethoxyethanol and butoxyethanol as the
extractive agents and Catterall [25] repérted gasoline as being
effective. Drout and quiing [26] used glycolé, glycol ethers or glycol
esters as the agents and Washall_ [27] dehydrafed the higher alcohols
using ethyiene glycol as the extfactive distillation agent.. All of
these extractive distillation processes have ‘one‘thiﬁg in common; they -
took out ethanol as the overhead product and water and the‘agent.came
out the bottom of the column,. Only two columns are required for this

process.
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Water has a higher latent heat, 970 btu/lb at its normal boiling
point, than ethanol, 367.5 btu/lb at its normal boiling point. in the
previous studies, water was taken out as bottoms product, i.e., wa?er
was heated twice in the whole separation process. In the first step
water was heated in the ext;active distillation column and taken out as
the bottoms product with the agent. As a component of the bottoms
product, water gives up its latent heat in the first column and becomes.
liquid. In the agent recovery column, water was heated again. Energy
consumption can be reduced if water is vaporized only once instead of
twice. In the second method, water is the overhead product of.the
extractive distillation column. It was attempted to screen out some

agents which can reverse the volatility of ethanol and water.

Methanol and Methyl Acetate System

Methyl acetate can be uséd as a solvent for nitrocellulose,
acetylcellulose, many resins and oils, and in the manufacture of
artificial leather. Also it has a new use in the manufacture of
artificial leather. One of the commercially imﬁortant wayé to
manufacture methyl acetate is by the catalytic esterification of
methanol with acetic acid. Methyl acetate (normal b.p. of 56.3°C) and
methanol (normal b.p. of 64.5°C) form a binary azeotrope boiling at 54°C
and containing 81.3 wt.% methyl acetate, 18.7 wt.%’methanol. Methyl
acetate also forms a binary ;zeotrope with water which boils at 56.1°C
and contaiﬁs 95 wt.%Z methyl acetate. Methyl acetate, methanol, and
water do not form a ternary azeotrope. Thus in rectification of

methanol with acetic acid to form methyl acetate and water, the
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rectification of this mixture ' yields the lowest boiling constituent,
namely the methyl acetate-methanol azeotroée.

Berg and Yeh [28] have applied some agents, such as DMSO and
ethylene glycol, to separate methyl acetate from methanol by extractive
distillation. They obtained methyl acetate as the overhead product, a
normal result, the lower boiling component coming out overhead.
However, Yeh [29] reported that nitrobenzene could cause methanol to be’

more volatile than methyl acetate.

Acetone and Methanol System

Acetone and methanol are two of the most widely used solvents, and
mixtures of these two occur with great frequency, The usual method of
récovering volatile solvents is by rectification in a multiplate column.
However, in this case, complete recovery by rectification is practically
impossible due t§ the formation of the minimum azeotrope between these
two compounds. Table II [30] shows the boiling points of acetone,
methanol, and the minimum-boiling azeotrope at one atmosphere. The
normal boiling point of acetone ' is 8.6500 1owe¥ than that of methanol.

The effect of pressure change on the vapor liquid equilibrium of acetone

Table II. Properties of components and azeotrope at 1 Atm,

o Azeotrope
n.b.p., C - composition
Acetone 56.15 '
Methanol 64,7
Acetone - Methanol 55.0 86 wt.Z acetone
azeotrope :




27
and methanol has been reported by Britton et al. [31]. However, a
minimum-boiling azeotrope with about 25 wt.% methanol exists at 200 mm
Hg. It would be very éostly to separate this binary mixture by vacuum
distillation. Extractive distillation would be an attractive methoa to.

separate this mixture.

Ternary Azeotropes

One of the commercially important ways to manufacture acetates,
such as n-propyl acetate, is by the catalytic esterification of the
corresponding alcohol, such .as n-propanol, with acetic acid. The

reaction can be generalized as

R-OH + CH3C00H _— ROCOCH3 + HZO (2)
(Alcohol) (Acetic acid) (Acetate) (Water)
Water is always a by-product of this synthesis, Many of the lower

ﬁolecular weight acetates form minimum ternary azeotropes with alcohol
and water and therefore recovery by distillation brings most of the
acetate out overhead as the ternary azeotrope. Table III [32] lists the
uses of some alcohols and acetates.

Four systens, n—-propyl acetate(nPAc)-n-propanol(nPOH)-water,
isopropyl acetate(IPAc)-isopropanol(IPOH)-water, n-butyl acetate(nBAc)-
n-butanol (nBOH)-water, and isobutyl acetate(IBAc)-isobutanol (IBOH)-water
were studied. However, there are three minimum binary azeotropes and
one minimum ternary azeotrope in each of these syétems. Table IV [30]

lists the normal boiling points of the key components and azeotropes.
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Table III. The uses of some alcohols and acetates,  “

Compound

n-Propanol

n-Propyl acetate

Isopropanol

Isopropyl acetate

n-Butanol

n-Butyl acetate
Isobutanol

Isobutyl acetate

Uses
A solvent for resins and cellulose esters, etc.

Manufactufing flavqrs, peffumes. solvent for
resins, cellulose derivatives, plastics.

In antifreeze compositions, as solvent for gums,
shellac, essential oils; in the extfaction of

alkaloids, in quick-drying oil, in quick-drying

inks; in denaturing ethanol, in body rubs,hand

lotions, after-shave lotions, and similar
cosmetics, solvént for c?esol, resins and gums.
Solvent for cellulose derivatives, plastips, oils
and fats, in perfumery.’

Solvent for fats, waxes, resins, shellac, varnish,
gums, manufacture lacquers, rayon, detergents,
other butyl ;ompounds,lin microscopy for preparing
paraffin imbedding materials,

Manufacture lacquers, artificial leather,
photographic films, plas?ics, safety glass,
Manufacturing esters for fruit flavoring essences,
solvent in paint, varnish removers,

Flavoring and solvent.
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Table IV. The normal boiling points of pure components and azeotropes.

Normal boiling

Compounds ‘ point,OC
HZO ) 100.0
n-Propanol 97.2
n-Propyl acetate _ 101.6a
n-Propanol,H,0O . 81.7b
n-Propyl ace%ate, H,0 82.4
n-Propyl acetate, n=propanol 94,7
n-Propyl acetate, n—propanol,HZO 82.5
Isopropanol , : 82.5
Isopropyl acetate 91.0
Isopropanol, H,O _ 80.1
Isopropyl &cetdte, HZO ' 76.6
Isopropyl acetate, iSopropanol 80.1
Isopropyl acetate, isopropanol,_HZO 75.5
n~Butanol 117.8
n—-Butyl acetate 125.5
n—-Butanol, H O N 92.4
n-Butyl acet&te, H,O 90.2
n—-Butyl acetate, n=butanol 116.2
n-Butyl acetate, n—butanol,HZO 90.7
Isobutanol 108.0
Isobutyl acetate 117.2
Isobutanol, H.O 89.8
Isobutyl acet&dte, H,0 87 .4
Isobutyl acetate, iSobutanol - 107 .4
Isobutyl acetate, isobutanol, HZO ' 86.8

a: at 600 mm Hg; b: at 700 mm Hg.
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In these four systems, the acetate, except isopropyl acetate (n.b.p.
91°C), is the highest boiling individual component in each ternary
mixture. Table V [30] lists the azeotropic compositions for biﬁary and
‘ternary azeotropes. The solubility of acetates in water is very low,
Only n-propanol and isopropanol are miscible with water at any
compositions. Table VI [33] shows the solubility of acetates and

alcohols in water.
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Table V. Azeotropic compositions of binary and

Azeotrope

nPAc,
nPAc;
nPOH,
nPAc,
IPAc,
IPAc,
IPOH,
IPAc,
nBAc,
nBAc,
nBOH,
nBAc,
IBAc,
IBAc,
IBOH,

IBAc,

nPOH

nPOH, HZO

IPOH

i

H20

H20

IrOH, HZO

nBOH

HZO

HZO

nBOH, H,O
IBOH

HZO

HZO

IBOH, HZO

ternary azeotropes,

Composition, wt.Z%

51.17 nPAc+48.97 nPOH

86% nPAc+14% HZO

71.5% nPOH+28.5% HZO

73% nPAc+10%Z nPOH+ 177 HZO
47 .7% IPAc+52.3% IPOH
89.6% IPAc+10.47% HZO

88% IPOH+127 HZO

767% IPAc+13% IPOH+11%H20
36.7% nBAc+63.3% nBOH
71.3% nBAc+28.7% HZO
57.2% nBOH+42.8% H,0

63% nBAc+8% n§0H+ 29% HZO

45% IBAc+55% IBOH

83.5 IBAc+16.5% H20

 67% IBOH+33%‘H20

46 ,5% IBAc+23.17 IBOH+30.47 HZO
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Table VI. Solubilities of acetates and alcohols in water.

Compound Solubility, g./100 g. water

16
n—-Propyl acetate 1.6

20
Isopropyl acetate 3.0
n—-Butyl acetate - ' 0.7

25
Isobutyl acetate 0.6
n—Propanol Miscible
Isopropanol Miscible
n—Butanol 9.015
Isobutanol ) 10.015

The numbers of the superscript are the degrees in C.
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IT. THEORECTICAL ASPECTS

Vapor-Liquid Equilibrium

Distillation is a method of separatiné the components of a liquid
mixture. It depends upon the distribution of the substances between a
gas and a liquid phase applied to cases where all components are present
in both phases at the pressure and temperature of the system; Instead
of introducing a new substance into the mixture in order to provide the
second phase, as is done in gas absorption or desorption, the new phase
is created from the original solution by vaporization or condensation.
This process is concerned with the separation of a solution where all
the components are appreciably volatile. When the two (or more) phases
are in a state of physical equilibrium, the maximum relative difference.
iﬁ concentration of the materials in the phases occurs. Therefore, .
attainment of an equilibrium condition is desirable in the distillation
process, The application of distillation methods depgnds greatly upon
an undersfanding of the equilibria existing between the vapor and liquid
phases of the mixture encountered.

Vapor-liquid equilibrium data, except in the special situations of
ideal and regular solutions, must be determined experiméntally. ' Phase -
diagrams are used to describe two—component systems by plotting two of
the three independent variables, composition, temperature, and pressure,
at a constant value of the remaining one. In Figure 6, the a, e, i

diagrams are typical of regular or normal systems. The b, £, j diagrams
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TEMPERATURE CONSTANT

Normal System Minimum azeotrope Maximum azeotrope Heterogeneous
minimum azeotrope

(a) (b)

PRESSURE CONSTANT

PRESSURE CONSTANT

(1) (1) (k) (n

Figure 6. Phase diagrams for various types of binary systems.
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are typical of minimum-boiling homogeneous azeotropes, the c, g, k
diagrams of maximum-boiling homogeneous azeotropes, and the .d, h, 1-
diagrams of minimum-boiling heterogeneous azeotropes. In the first
three systems only one liquid phase exists; whereas in the fourth, two
liquid phases can exist at and below the azeotrope temperature.

For an ideal solution, the equilibrium partial pressure pio of a
constituent at a fixed temperature equals the product of its vapor

‘pressure, p., when pure at this temperature times its mole fraction, X

in the liquid phaée. This is Raoult's law
= p. X, ‘ (3)

In a nonideal solution, the extent of deviation from nonideality of
components in liquid mixtures is measured by the activity coefficient,
Y. When the observed activity coefficients are greater than unit&, the

solution is said to exhibit positive deviation from Raoult's law. This
is the.usual case, and all solutions where dispersion o? van der Waals
forces dominate exhibit positive deviations ffom Raoult's law. Strong
positive deviations are also typical of solutions that are termed
associated. An associated solution is one in which one (or more) of
the components undergoes exceptionally strong selfﬁinteractions? but
which exhibits only normal intermolecular potentials with the other
components. For example, in‘ the solutions of alcohols in hydrocarbons,
the alcohols hydrogen—bond stronglj with themselves, but not with

hydrocarbons.. As a result, dilution of the alcohol by the hydrocarbon
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causes disruption of hydrogen bonding, and this dincreases the
volatility, or fugacity, of the alcohol to well above the ideal case.

On the other hand, negative deviations from Raoult's law are
defined by activity coefficients of - less than unity. Frequently, but
not always, strong negative deviations from Raoult's law are
attributable to the phenomenon known as solvation, Solvated solutions
occur when the unlike-pair intermolecular forces are markedly stronger
than the like-pair interactions, thus reducing the fugacities of the
components in the mixture., An example of such behavior is the solution
of chloroform with ether. The proton in chloroform can form a hydrogen
bond with the ether oxygen, but neither pure species can hydrogen-bond
itself,

Strong deviations from Raoult's law may often result in the
phenomenon known as azeotropy. Very strong positive deviations lead to
liquid-liquid dimmiscibility. For example, the strongly associated
solution of ethanol-benzene shows a . maximum in the isothermal vapor-
pressure curve, and the solvated solution of acetone-chloroform shows a
minimum in this type of plot. The extremum in the ethanol—benzene
solution is called a minimum-boiling azeotrope, The extremum in the
acetone—chloroform solution is called a maximum-boiling azeotrope,

Applying this correction factor to Raoult's law results in

i

o _ .
p.' - Y xi P- . . ' . . (4)

. o
Here we assumed that the standard state fugacity, ,fi » .can be

approximated by the pure—component vapor pressure, P;, at low—to-
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moderate pressures and temperature, At equilibrium, the fugacities of
any component i in the vapor and liquid phases must be equal. This can

be expressed as:

d)i s P = Yi x; Py : ' (5)
where ¢i is the fugacity coefficient of component,
P is the total pressure of the system, and
s is the mole fraction of i in vapor phase.

The greater the distance between equilibrium curves and diagonals
of Figure 6 i, i, k, 1, ;he difference in vapor and liquid compositions
is greater and the easier the‘separatioﬁ by distillation. One numerical
measure of this is called the sepération factor, or, particularly in the
case of distillation, the relative wvolatility, % e This is the ratio
of the concentration ratio of i and j in one phase to that in the other

phase and is a measure of the separability.

o _ yi/yj _ Yipi(bj (6)

ij _

The value of qij will'prdinariiy change as x varies from d to 1.0. If
y; = % (except at x = 0 or 1.0), o = 1.0 and no separation is possible
by conventional rectification. . The larger the value of.a above unity,
the greater the Qegree of separability. o

Britton et al. [31] have reported that pressure has a marked effect

on the azeotropic composition and vapor liquid equilibrium diagrams of

alcohol-ketone systems. If the system is insensitive to pressure, the
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addition of an agent is anéther method to change the equilibrium curve.
The.addition of an agent was believed to alter the relative volatility
of two key components being separated. An effective agent should alter
the relative volatility in the direction of making the separation
easier, i.e., the relative volétility is increased. However, some
agents may reverse the relative volatility‘ 6f two compounds.. In other

words, the less volatile compound would become more volatile.

The Fenske Equation

In an ideal case the ratio of vapor pressures of the key components
is very close to a constant, i.e.f the relative volatility is constant.
If this case can be assumed without introducing excessive error in a
digtillation process, the number of theoretical plates required at total

reflux may be calculated by fhe Fenske equation [34]

A o .
Oy = (=D (—D) 7

av %
Yj 1

where N is the minimum theoretical plates at total reflux and subscripts

0 and B denote the overhead and bottoms products.

o, may be evaluated as the arithmetic average between the overhead

]

and bottoms temperature.

o= (% +AoaB)/‘2 o , o (8)

where % is the relative wvolatility at the overhead temperature and

composition, and
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Op is the relative wvolatility at the ;bottoms temperature and
composition.
However, o, Bay be also be evaluated as the geometric average of the
values of the overhead and bottoms products [4].

The weight percent can be expressed in terms of molecular weight

and mole fraction as follows:

vapor phase:

Wio m;Y;
Wyi = =2 = Z (9)
W7o m:y; t MYy

where Wio is the weight of component i in the vapor phase,

WTO is the total weight in the vapor phase, and

m, is the molecular weight of component ij;

liquid phase:
W. m.x,

W, =22 e S - . (10)
B T R '

where wiB is the weight of component i in the liquid phase and WTB is

the total weight in the liquid phase.

Substituting Equation 9 and 10 into Equation 7 yields

W . W S '
N_ oy (X :
a = (;V—)o('w )y R | (11)

A xi

The basic assumption for the  Fenske equation is constant relative

volatility. In the other words, the validity of the Fenske equation is
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restricted to ideal solutions. In extractive di;tillation the solution
behavior is very non-ideal. Thus the use of the Fenske equation in this
study is only an approximate approach and thus the comparison can be
made on the same basis. Equation 11 was used to calibrate the
rectification column and calculate the relative volatilities in this
investigation. Thus everything was done on a consistently compérable

basis.

Effect of Adding An Agent

Examination of Equation 6 dindicates that the relative volatility
may be changed by three wayé: |
1. Alter the ratio Aof pure-component vapor pressures, This ratio
increases slightly as temperature is reduced, but not usually enough to
eﬁhance separation to a significant degree.
2. Alter the ratio of wvapor—phase fugacity coefficients, These are
measures of the nonideality of the vapqr—phase mixture.‘ At moderate
pressures, these coefficients are wusually close to one and do not
provide a practical means of changing relative volatility,
3. Alter the ratio of liquid—phaée activity coefficients. Many liquid
mixtures are highly nonideal, and therefore these coefficients can be
much greater than one. The ratio of ;he two coefficients can be changed
substangially by adding an agent that is chemically more similar to one
component than to the other. This approach is £he basis of extractive

distillation.
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Scheibel [35] has pointed out three main: ideas on selecting a
proper agent: (i) the agent must not form an azeotrope with any
components in the mixture to be separated, (ii) it must be less volatile
than any components, (iii) the agent must have’a aifferent effect on the
partial pressure of each of -the components in the mixture. Berg [11]
suggested that the boiling point difference between the compounds being
separated and the agent should be twenty degrees Celsius or more. As
the previous discussion on the deviation from Raoult's law shows that an
agent can best enhance the separation. if .the agent forms a positive
deviation with one key component and a negative deviation with another
key component., The ratio of the activity coefficients will be changed
considerably.

Besides the relative wvolatility, selectivity can be used to
indicate the effect 'of an agent on separation. Quantitatively,
selectivity ie defined as the ratio of the relative volatility of the
key components in the ﬁixture_which are to be separated in the presence
of the separating agent to their rela;ive volatility before the addition

of the agent. One expression used to define selectivity [36] is

_Doggly  LOy/a) /Gty Dygpgba/vipstily

S.. (12)
1] [

[yy/e)/(r3/x )1, D ypy 0/ ¥ips0,1,

a,.
1J]A
where the subscript P indicates the presence of agent and the subscript
A indicates the absence of agent.

To obtain the selectivity on a strictly comparable basis, it should

be evaluated for the same relative ~1iquid composition of the key
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components; and, if the temperature is widely different, the activity
coefficients and vapor pressures of the components should be corrected
to the same basis, If the agent used in extractive distillation is
added at the bubble point of the agent-free mixture, and if the
temperature is far below the boiling point of the agent (i.e., its vapor
pressure is low), the correction is small and negligible.

Selectivity or the ability of a compound to affect the behavior of
other compounds in solution to the extent that their relative
volatilities are changed is the result of molecular interaction. The
. work of Hildebrand [37], wvan Arkel [38], London [39] and others have
resulted in the recognition of twb broad forms of molecular intefactioﬁ,
namely physical and chemical fotrces. Figure 7.i11ustrates the physical
interactions in a solution containing one polar and one nonpolér or one
polar component.

The physical forces causing molecular interactiong in which energy
effects are thermodynamically positive in sign (endothermié)‘ are
classified by Hildebrand [37] as:

1. Dispersion forces which tend to cause a perturbation in the
electronic motion of one molecule as ‘the result of its being within the
field of influence of another. This ig-gonsidered a nonpolar effect.

2. Induction forces which are exerted by  one molecule on another, the
first having a permanent dipole moment which makes it capable of
inducing a polarization or dinduced dipolé in the other, Tﬁis is an
attractive force. |

3. Orientation forces which are exerted by the action of one permanent
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Molecule Interactions

Dipole - Dipole

Polar Dipsersion

Dipole-induced
dipole

Dispersion
Polar

Dipole-induced
dipole

Molecule

Polar

Polar

Figure 7. Physical interactions between molecules
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dipole on another permanent dipole causing molecules to orient with
respect to one another,

It has been shown [37, 38, 39] that molecules which are nonpolar in
makeup or electroneutral - such as the saturated hy&rocarbons ~ when
forming a nonideal solution' with other nonpolar molecules, only
dispersion forces are involved. Where nonideal mixtures of nonpolar and
pélar moleculés are formed, both dispersion and induction forces are
involved with the mixture formation accompanied by an endothermic heat
of mixing. When polar-polar mixtures .are formed, all three physical
effects of dispersion, inductioh, and orientation are in evidence to
contribute to a positive endothermic heat of mixing.

The chemical forces are usuall& attributed to hydrogen bonding or
complexing of the molecules in a solution. These forces cause molecular
interactions in which the energy effec£s are thermodynamically negative
in sign or exothermic. Effective. chemical-complexing agents and key
components tend to give reaction bbnd energies falling in a certain
critical range. Figure 8 shows this range and gives four examples of
classes of chemical interactions with bond energies within that range.
It is believed that wvan der Waals 'forceé, acid-base interactions and
hydrogen bonding occur mostly in this range for extfactive distillation.

Ewell et al. [40] concluded that hydrogen can coordinate between
N

two molecules of 0O and/or F, and can coordinate between 02, NZ’ F

2* 72

and C if a number of negative atoms are attached to the carbon atom.
They suggested the following claésification of hydrogen bonds as

"strong" or "weak".
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Strong Weak
0 —>HO N —> HN
N —> HO HCCI2
O —> HN 0 HCCI -Cd
N HCNO2
HCCN

They also classified the liquid materials into five groups based on the

potential for forming hydrogen bonds as follows:

Class 1. Liquids capable of forming three-dimensional networks of
strong hydrogen bonds, e.g., water, glycol, glycerol, amino alcohols,
hydroxylamine, hydroxy acids, polyphenols, amides, etc. Compounds such
as nitromethane and acetonitrile also form three-dimensional networks of
hydrogen bonds but the bonds are much weaker than those involving OH and
NH groups. Therefore, these types of compounds are placed in class 11.

Class I'l. Other liquids composed of molecules containing both
active hydrogen atoms and donor atoms (oxygen, nitrogen, and fluorine),
e.g., alcohols, acids, phenols, primary and secondary amines, oximes,
nitro compounds with cx-hydrogen atoms, nitriles with a-hydrogen atoms,
hydrazine, hydrogen fluoride, hydrogen cyanide, etc.

Class 111. Liquids composed of molecules containing donor atoms but
no active hydrogen atoms, e.g., ethers, ketones, aldehydes, esters,
tertiary amines (including pyridine type), nitrocompounds and nitriles

without a-hydrogen atoms, etc.
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Class IV. Liquids composed of molgcules éonFaining active hydrogen
atoms but no donor atoms, These are molecules having two or three
chlorine atoms on the same carbon as a hydrogen atom, or one chlorine on
the same carbon atom and one or more chlorine atoms on adjacent carbon

atoms, e.g., CHCl CH2012, CH_,CHC1

39 3 e CHZCl—CHZCI. CH:Cl—CHC;—CH201.

CH201—CH012, etc, '
Class V. All other liquids, i.e., liquids having no hydrogen-bond-
forming capabilities, e.g., hydrocarbons, . carbon disulfide, sulfides,

mercaptans, halohydrocarbons not in class IV, nonmetallic elements such

as iodiné, phosphorus, sulfur, etc.

Factors Affecting Selectivity

The variables affecting selectivity of one compound for another are
numerous, and the quantitative extent, énd in some instances even the
qualitative extenf° and direction of the effects are little understood,
Experimental study of the effects of some of the variables has given
some insight to the problem for some systems, but in the study of some
systems the experimental results are not readily explained by accepted

theory.

Temperature

Temperature is believed to affect selectivity in that an increase
in temperature tends to increase mutual solubility of compounds in a
liquid mixture and thus decrease the selectivity of one component for

another. This may be referred to as a physical effect as contrasted to
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a chemical effect. In addition to the physical effect of solubility,
the chemical effect of complexing is generally considered to be affected
by temperature, Prausni;z [41] and others observed that the complex
stability decreased with an increase in temperature and, therefore, the
selectivity attributed to complexing was decreased by an increase in
temperatﬁre. This is consistent with the generalization that exothermic

reactions are favored by lower temperature level.

Pressure
In general, the specific effect of pressure on activity coefficient
is negligible, and therefore pressure can be said to have no effect on

selectivity at low-to-moderate ranges.

Volume Fraction of Agent

The quantity of agent relative to the quantity of original mixture
-(as vplume.fraction, mole fraction, or weight fraction) can exert a
strong effect on. the selectivit&; It  is possible for the dilution
effect of fufther additions of agent to break cdmplexes formed in the
golutions with less content of the agent, to reduce the absolute values
of (yi/xi)(yj/xj) to insignificance, and to.reduce the solubility of the

less soluble component to the point of immiscibility.

. Relative Size of Molecule

Anderson et al., [42] pointed out that the logarithm of the activity
coefficient for individual paraffin hydrocarbons mixed with a polar

. agent increased approximately linearly with theé number of carbon atoms °
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in the paraffin molecule where there is no hydrqgen bonding or chemical
effect. In addition, the larger molecule will have the greater activity
coefficient of .that of two differently sized paraffin molecules in the

same agent,

Chemical Effect of Hydrogen Bonding

The hydrogen—boﬁding theory accounts for' molecular association
between like and also unlike molecules, usually designated as the
chemical effect in nonideal behavior of liquids. H-bond energies vary
from 2 to 8 "Kcal/mole compared to a regular bond strength of 87
Kcal/mole for C-H bonds and 84 XKcal/mole :for N-H bonds. This ;céounts

for easy breaking of H bonds.

Approaches to the Activity Coefficients

Partial molar excess Gibbs energy, which yields an activity

coefficient is given by

In Y, = [3 (nTGE/RT) fonly o o - (13)
3 ~
Thus the excess Gibbs energy represénts a SOIQtion to. the Gibbs-Duhem
differential equation, and from it, expressions for Y ﬁay be evaluated.
Innumerable solutions havé been proposed for the Gibbs-Duhem
equation, ranging from the empirical to the highly thebretiCal° In

general, these take the form of models of excess Gibbs energy, and as
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long as they satisfy proper boundary‘conditions,ﬁall of them give valugs
of activity coefficients from Equation 13.

Basically, there are two major types of solutions — enthalpic and
entropic. The former, including .the Margules, van Laar, and regular
solution treatment, accounts for energetic difference between solutions
and pure components. The entropic freatments,‘én the other hand, tend
to emphasize differences in structure or arrangement in solutions,
ordering or disordering, the mixing of large and small molecules, or
local ordering. Typicél of such treatments a?e Flory-Huggins and Wilson

equations.

Enthalpic Models

Perhaps the simplest conceptual model of the liquid state is the
lattice liquid, or the strictly regular sélution theory of Guggemheim
[43]. The liquid is pictured as a pseudocrystal in this treatment, in
whiéh molecules of the same sizé and shape ére interchangeable on the
lattice sites. It is assumed further that the excess entropy and excess
volume of mixing are both zero, and finally that éne has a knowledge of

the potential energies for all pairwise interactions, and these are

given as
1-1 interaction, potential energy = wll/s,
2-2 interaction, potential energ& = wzz/s,
1-2 interaction, potential energy = wlé/s,

where s is the assumed coordination number for the quasilattice. The
internal energy of the mixture is then taken as the sum of all pairwise

interactions, so that a quadratic expression in composition results.
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E _ 2 2 _
M= 1/2{(x "y g +2x X0, X, w,,)—x

where the factor of 1/2 prevents double counting. Thus excess Gibbs

1%117E R o) (14)

energy is
AG" = x,x, 0 . ' . (15)

Then from Equation 14 the activity coefficients are

. _ o 2 : : . -
1in Yl =%, ‘ (16)
_ .2 :
in Yy = x 7w ‘ (17)
where the interchange energy represents physically the difference

between like-pair and unlike—pair interactions.

If the‘interéhange energy is taken not as a quantity determined
from intermoleéular forces, but merely as an empirical measure of‘two—
body interactions, strictly regular solution provides the leading term
in a series expansion, several of which are commonly used. The Redlich-
Kister [44] series is given as

AG = xx, [A+B(x,~x,) +C(x =x,) +....] \ | ' (18)

1% 1

from which one obtains the activity coefficients,

RT 1n v, = x,° [A-B(4x,~3) 4C(22,=1) (6x,-5) =1 .. ] ' (19)

RT In v, = &, [A+B(4x,-3)4C(2x,~1) (6x,-5) 4aurnn] (20)

In this type of expression, the first term is similar to the pair
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interchange energy, and in a loose semse, higher—ofder terms tend to
correspond to higher-order interactions. In any event, one often uses
either this series form or the similar one of Margulgs [45], which gives
a series expansion of vy. For two constants and a binary solution, the -

Margules series are

in Yy = xZZ[A+2(B—A)x1] 21)

% 2
1

in 'y, [B+2(A-B)x,] : ' (22)

Van Laaf [46, 47] began by‘ assuming that both the e#cess entropy
and volume are zero and that van der Waals equations apply to fluid and
fluid mixtures. He then calculated the internal energy of mixing pure
liquids into liquid mixture as the sum of three parts:

AU = AU AU+ AU ' (23)

where AUI = energy to evaporate pure liquid to ideal gases,

IT

AUIII = energy to condense ideal-gas mixture to liquid mixture.

AU__ = energy to mix ideal gases,

= 0,.and AUi and AU may be found if the functional

Of course, AUII ITT

dependence of molecular‘volume, v,'pﬁ the internal energy, U, is known:
(3U/3v) g = T(R/3T) - B = a/v® Ty

Equation 24 was applied to both pure "components and to the mixture,
using the empirical mixing rules for the usual van der Waals constants a

and b,
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Vonix T ¥1V31 1 xy/ay o (25)
Ppix = XgPy + b, ' , (26)

and the result for the excess Gibbs energy is given as

E _ _ _ 2 ’
AGE = At = x%,b b, (/&7 /by =/ /b,) %/ (x,b +xb,) (27)
Equation 27 thus gives a relationship for calculating activities in
solution from pure component properties only - the wvan der Waalé

constants, The constants are defined as

A =b /b, - - - (28)
B = b, (va;/b, + /a_z/bz)z/R _ (29)

Then
AGE/RT = x B/T(Ax /x,#1) (30)

and the activity coefficients in a binary mixture are given in the

familiar wvan Laar form as

lny, = B/T(1+Ax,/x,)” | NEEY

iny, AB/T(A+x2/x1)2 ' ) . (32)

Not only did van Laar's method provide a good empirical equation,
“but it also. formed a basis for the ‘development of the Scatchard- .

Hildebrand regular solution theory [48, 49, 50], which is probably the

B
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- most generally applicable method now available for the prediction of
mixture properties from pure component properties. |

" The development of Hildebrand was quite similar to that of van
Laar; he assumed zero excess volume and zero excess entropy, but he did

not use the van der Waals equation. Rather he observed that in Equation

24 the term T(OP/JT) was far larger than P, and may be expressed in

terms of the isothermal compressibility, R, and the coefficient of
thermal expansion, o, which have been measured experimentally for many

common nonpolar liquids:

T(9P/OT) = -T(aP/av)T/(aT/év)P = To/B | (33)
Empirically, he found thét to. a good approximation (BU/Bv)T was
given by the configurational energy (very close to the interna; energy
of vaporization) per unit volume, wﬁere the energy (intrinsically
negative) is proportional to the volume,
-U = cv | : (34)
and the constant of proportionality is the ‘cohesive energy density.

Then the energy of a binary mixture is given as

.8 2.2, 2.2,
—U(mlx.)—(cll\)llx1 +2c12V1v2x1x2+c22v2 x, )/(xiv1+x2v2) (35)
This can be4expreésed in terms of volume fraction ¢
9, = xlvl/(x1v1+x2v2) . - | : (36)
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and the following relationship results when the pure-component

properties are subtracted:

E

AuE = ( 2¢, 00,0, (x,V 40 ,) ' (37)

¢11%¢22” 17%2Y9

If the substances 1 and 2 are nonpolar or only slightly polar, the

London theory suggests the mixing rule for unlike-pair interactions

12 = "°11%2 (38)
Using this result, and defining the solubility pafameter § as the square
root of ¢, we obtain .from Equation 37
AGE = (x,v +x.)0, 0, (5.~6,)2 - (39)
171727277172 71 "2
Note that the right-hand side of Equation 39 contains only pure-
component properties, as the solubility parameter may be estimated from

the heat of wvaporization (available in turn £from the vapor-pressure

curve and the Clausius—-Clapeyron equation):

. 1/2 _ ' 1/2
§ = (Auvap/v) = ‘[(Ahvap - RT) /1777 | N (40)

The resulting expressions for the activity coefficients in the

mixture are then

2.

"

RT Iny, = v;3,°(8,-5,) (41)
RT Iny, = v, *(8,~5,) (42)

-
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Entropic Model

The first of the entropic expressions wag that developed by Flory
[51, 52, 53] and Huggins [54, 55] for athermal solutions. It applies
rigorously to solutions with no differences in intermolecular forces,
but only in molecular size, such as, the solution of a poly ethylene
polymer in a hydrocarbon solvent. The excess Gibbs energy for a general

N-component mixture is given by
B
AG /RT = ¥ x,1n(9,/x,) (43)
1 1 1 » .

where ¢ is the volume fractioﬁ as described by Equation 36.

Although the major entropic concept embodied iﬁ the Flory-Huggins
treatment is the effect of size differences, entropic contribution due
to nonrandom mixing .can also be. shownv té ﬁave large effects. In
addition, effects occur in ~many associated solutions that can not be
rationalized by any of the common enthalpic expressions.

The Wilson equation [56] uses an entropic approach based on the
concept of "local volume fraction", which has been successfully applied
to the representation of both binary and multicomponent.data [57, 58,
59}. Wilson assumed that in 'a‘ binary soiution of types‘l and 2, a
central molecule of type 1 would hgve a fraction X, of type—2 neighbors
and a fraction of x.. of type-1 neighbors;

1t

xlz/x11 = xzexp(lez/RT)/xlexp(—uﬁl/RT) (44).

where the probabilities are weightéd: by Boltzman factors and wij are
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pair potential energies between molecules i and j. This lead to a local

volunme fraction'g1 of type-1 neighbors about a type-1 central molecule

as:

;1=x1v1exp(—w11/RT)/[xlvlexp(—wll(RT)+x2v2

exp(—wlZ/RT)] _ (45)
A similar expression is derived for ;2 (note that Cl and CZ are

independent, C1+c2#1). When these local wvolume fracfions< are

substituted into the Flory-Huggins expressions, the result is

Inyy = ~In(xp4xyhy )4, [y o/ Gt Ay )Ny / Gyt Ay )] (46)

1721

1oy, = ~Inleytxghyy ) =xg g/ Grptmohyg) -y / Gegiz Ay )] (47)

where Aij = vjexP[(wij_uEi)/RT}/vi' When- x1=0, 1nY£D=—1nA12 +1;A21;
when-x2=0, lny2w=—1nA21+1-A12.

For practical . purposes only the terms wij_wii are empirically
determined, and they represent energy terms related to the difference in
cohesive energy between an i-j pair of molecules and an i-i pair. To a
good first: approximafion ‘ this energy difference is relétively .
temperature independent over a modest range.

Wilson's equation has a .nugber of distinct advantages, but also
certain limitatioﬁs. It requires only two pérameters per binary
mixture, and it doés have a "built-in" temperature dependence. It gives
excellent results for some highly nonideal systems - such as dilute

alcohols in hydrocarbons. The parameters are relatively easy to obtain,

and they have more physical significance. The great advantage is the
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unambiguous extension to multicomponent systems. The two greatest
limitations of Wilson's equation are its incapacity to predict either
partial immiscibility or a maximum in the activity coefﬁiéient.

A number 6f other very useful entropic expressions have been
developed. For exémplé, the NRTL equation of.Renon and Prausnitz [60]
provides a good entropic expression for use with partially miscible
system, though it is probably not as good for vapor-liquid eqﬁilibrium
in fully miscible mixtures,

Quite recently a muéﬁf more ‘general expression was developed by
Hsieh and Eckert [61] on the basis of the concept of "free'coo;dinétes".
They have shown that in real liquid mixtures the number of inde?endently
determinable neighbors for a given molecules 1lies closer to uﬁity than
the actual coordination number, depending on structure. From the
application of statistical mechanics to such as apprqacha'the Zeta

equation, is derived as ,

E _ .
G /RT -e(x1v1+x2v2)[®1ln(®1+w12®2)+®21n(®2+¢21®1)]+

xlln(®1/x1)+x2®2/xz : . ‘ (48)

where the ¢'s are volume fractions, & is the constant proportional to
the number of "free coordinates", and the parameters, ¥, are given in
terms of the cohesive energy density ¢ as

11)12
W21 = eXp[-(czz—clz)/éRT] : ' o | (50)

expl-(cy ¢ ,)/ERT] | (49)
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This Zeta equation' has a number of very interesting and useful
properties. First of all, for certain vélues of the paraméters it
degenerates in limiting cases ‘to the Scatchard-Hildebrand regular
solution theory, to the Wilson equafion, or to the NRTL equation. It ig
capable of great precisionr in representing binary vapor-liquid
equilibria, and this representation is quite insensitive to the value of
e used. Conversely, it is not possible to determine € by fitting such
data.

However, heats of mixing, partial miscibilities, and infinite
dilution activity coefficients are all quite sensitive to the value of
€, and may be used to determine it. The Zeta equation is found to
represent successfully not only wvapor-liquid equilib;ia, but also
liquid~liquid . equilibria and enthalpy .'data. Moreover, it is
particularly well suited for use with limited data, such as infinite
activity coefficients measured by chromatographic techniques. Thus this
very general type of semiempirical equation, including all of the common

forms as special cases, shows great promise for future application,

MOSCED Model

Van Arkel [38], Small [62] and Prausnitz and co-workers [41, 48,
63, 64, 65, 66, 67] divided up the total cohesive parameter into two
‘main components, defining a nonpolar cohesion parameter (S;) and a polar
parameter (§,). Although. this " tends to neglect induction interactions,
these may be taken care of by an additional parameter. Thése parameters

are related to the Hildebrand parameter by
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8% =6.%+ 6 - (51)

The assumption for evaluating §. and GT is that the polar energy of

A
vaporizatiop is the difference between the experimentally determined
total energy of vaporization and the energy of &aporization of a
nonpolar liquid having molecules very nearly the same size and.shape as
those of the polar 1iqﬁid.

If it is assumed that the cohesive energy is made up of a linear
combination of contributions from nonpolar or dispe;sion interactions,

(—Ud), polar interactions, (—Up). and hydrogen bonding or similér

specific association interactions, (_Uh)° then it is given by
-U=-9Y,~-U -1 : : - (52)

It follows that the corresponding cohesive pressure and cohesion

parameter can be defined so that

=U/v = U, /v —Up/v -u /v (53)

L2 2 2 2 ‘

-

This method was developed by Hansen et al. [68 - 83] on an empirical
basis and by means of semiempirical equations [83, 84, 85], but it may‘
‘ also be used for theoretical subdivisions of the Hildebrand parameter.
With the aid of relationships of the physiealrforces causing molecular
interactions, tﬁe ﬁansen parameters can be described in terms of

molecular parameters related to intermolecular forces and molecular size
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[86]. With the comparison of Equations 51 and 54, the relationship

between the parameters are

8, =6 - " (55)

+ 68, 2 ' (56)

8, or the square root of (6§2+5h2) is considered as the polarity of the
molecule [67].

While the regular solution equation gives a good semiquantitative
representation of the excess Gibbs energy. of nonpolar or moderately
polar solutions, it dis not applicable to mixtures containing highly
polar or protic components. To extend the usefulness of Equations 41
and 42, later researchers (Arkel and Vlex [86]; Arkel [38]; Blanks and
P?ausnitz [64]; Weimer and Prausnitz [66]; Gordon [87]; Hansen [69];
Helpinstill and van Winkle [é8]; Néison et al. [89]; Keller et al.‘[90];
Hsieh [91]; Barton [92]; Koenhen and Smolders [93]; Karger et al. [94];
Tijssen et al.'[95]; Karger and Snyder - [96]) assumed that the forces

contributing to ¢ act independently and are additive. Most such

extensions yield forms for the cohesive energy density similar to

2 2
= g T
epp AT AT 9T By (57)
2 2
Cap T Ay F Ty 0Ty HouB L (58)
= [e)
cyy >\1>\2 T, + O.S(Osz 0T+ ocle + OLZBI) (59)

where the A,A,, T.T.
1]

», 0.T,, and «,B, terms represent the dispersion,
i i i j
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orientation, induction, and hydrogen bonding forces, respectively. Here
A is a measure of a molecule's polarizability, T repfesents its
polarity, O reflects the ability of the‘ nonpolar part of moleéule to
interact with a dipole, and o and B are acidity and basicity parameters,
respectively, Using the above expressioﬁ for the cohesiveAenergy
densities, the activity coefficient for component 1 infinitely dilute in
solvent 2 becomes

o

Iny, = \)1[(Al—)\z)2+(T1—T2)2+(01~02) (T1~T2)+(041‘"0L2) (B,-B,)1/RT . (60)

To account for differences in molecular size, a Flory-Huggins [51, 52,

54] term d12 was added where
djy = Inluy/vy) + 1 = (v /V,) (61)
The final expression then becomes

w _ 2 _ 2 _ L
in Yl = \)1[()\1 Xz) +(T1 Tz) +(O1 O‘z)(T1 T2)+

(“1-@2)(81—52)]/RT + 1n(v1/V2)+1—(V1/V2} | . (62)

Table VII is a summary of some previous attempts at a model of this
type. To simplify Equation 62, it is rewritten in a form analogous to

-

Weimer and Prausnitz [66]

1n v,” = vlml._xz)2+q12q22u142)2+(a1-a2) (8,-8,)1/RT+

1p(v1/v2)+1—(v1/v2) ) (63)
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Table VII. Previous formulations of activity coefficients

using solubility parameter.

Expressions Investigator
[s0]
=v, (8,~6_)%0 2 ;
1ny1 Vl( 1 2) 2 /RT Hildebrand

® - s 2
Iny, vl[(Gn1 §n2)+ 02 1+2v /RT

2812

oy, =9y [0 =3p) P4 (ry=1) 220, 1 /R vy /v,)

. g y2
=V Vg5 Wy pme(T=T))

o ‘ 2 2 '
lnyl =v1[(X1—A2) +(T1~T2) +(01—02)(11—T2)]/RT

' -V
+ln(V1/v2)+1 1/V2

oo= N _ 2 3 2 s 2
Iny, =V, [( 1 Az) +(ry-1,) "+ oy By 0282) 1/RT+

1n(\)1/\)2)+1—\)1/\)2

1ny1“;v1[(Xl—Az)2+(T1—T2)2+2(a1—a2)(81—82)]/RT

] -V
+1n(v1/v2)+1 1/V2

oo 2. . \2 e n
Loy, =v [ =2,) “+(t =1,) “+2 (0 ~0) (B, 82)

+2(u'1_u'2) (Tl—T 2)] /RT

& Scott [37].

Prausnitz and

Anderson [4lj°

Weimer and

Prausnitz [66]

Hsieh [91] &

Newman [97].

Hansen [69].

Tijsser et al.

[95].

Karger et al.

[94].

\
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Weimer [66] assumed that q is a function only of the class of
compound of the solute, i.e., paraffin, olefiq, or aromatic, where q is
a measure of the dipolé—induced dipole energy. However, the greater the
differences in polarity or degree of hydrogen bonding, the more the
symmetry in volume fraction assumption appears to fail. Thomas and
Eckert [98] modified Equation 63 to include a term Y and a term £ to
account fo? this asymmetry effect. Their model is called a modified

separation of cohesive energy density model (MOSCED). The equation is

In Y1°°=\)1 [ O\l.—}\Z)2+q12q22(Tl—TZ)‘Z/IPZ.‘-(OLI—OLZ) (81_82) /gz] /RT+

1n(v1/v2)+1—(vi/v2) . (64)

Tﬁomas and Eckert has reported that MOSCED model yielded better results
than UNIFAC which applies the grouﬁ contribution method. However, some
limitations restrict the applicability of this model. The prediction
were poorest for systems where . steric coﬁsiderations predominate.
Another 1iﬁitation is the model's inapplicability to aqueous system;
They also described the parameter estimation and temperature dependence.
These are summarized in Appendix A.

The parameter ¢ reflecté the ability of the nonpolar part of a
molecule to interact with a polar part. Equatién 64 can be modified to

be

o0 2 2
o vy =y (=2 *+ay %) Lt =t ) 2/ +ay-0,) (8 1=8,) /6 1} /R

+1n(\)1/v2)+1—(\)1/\)2) . - (65)
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When studying solution behavior in the past, scientisfs and
engineers frequently embraced solubility parameter approaches because of
their simplicity and intuitive appeal, but they often shunned them
because of their qualitative predictive ability. This work attempted toj
apply solubility parameters to study the molecular interactions between

organic molecules in extractive distillation.

Proposed Effect of The Agents

The net energy of interaction or internal energy, U, of nonbonded
atoms or molecules is the result of both attractive and ;epulsive
effects. There is one major repulsive interaction, the tendgncy of fwo
molecules to avoid occupying the same space, this energy term rising
very steeply to high positive values when the intermolecular separation
falls below a certain distance but otherwise having little effect on the
internal energy. There are several possible attractive interactioms,
collectively called van der Waal's forces, . and all of these have weaker
dependence on intermolecular -separation than the repulsife interactions,

and therefore dominate at larger distances. Consequently,‘

1. The equilibrium intermolecular separation is largely determined by

the repulsive interactions,
2. The net energy of interaction at equilibrium is mainly & function of
the attractive interaction. |

It is assumed that the repulsive interactions are negligible,
Therefore, thenattractive interactions will qominate the effect of an

agent in extractive distillation. As shown in Figure 7, there are three
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kinds of physical interactions occurring between two polar molecules.
Thus in a mixture two key components and an agent, there are three pairs
of molecular interactions, i.e., (i) key component 1 - key component 2,
(ii) key component 1 — agent, (iii) key component 2 - agent. If the
first pair of molecular interactions is negligible, only two pairs of

attractive interactions need to be considered. In this case, the

selectivity of the agent is dependent upon which pair has greater

attractive interaction. If the second pair, key component ; - agent,
has greater interaction,'the key component 1 will be brought by the
agent to the bottom of the column K and the key component 2 will be the
overhead product, and vice versa.

The comparison of the attractive interactions is the major problem
on selecting-agents. The solubility parameter is proposed to be the
measure of the attractive interactioms. It is assumed that the three
solubility parameters can describe the attractive interactions in terms

of dispersion force, § polar interaction, Gp, and hydrogen bonding,

dl
Gh. In this study, the three solubility parameters were used to compare
the attractive interactions between the agent and Lkey components.

Therefore, the solubility parameter can be used for initial evaluation

of agents,
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III. APPARATUS AND CHEMICALS

Vapor-Liquid Equilibrium Still

An Othmer type equilibrium still was used to conduct the
experiments for vapor-liquid equilibrium. Figure 9 shows the setup of
the eqﬁipment. The still is constructed of Pyrex glass and wrapped &ith
insulation to prevent heat loss from the ‘stilll Heat is supplied by a
heating coil around the still. There are 'two condenseféc The main
condenser is to céndense the vapor coming from the still. The secondary
condenser around the vent tube is to condénse any vapor going out the
vent and preventing a loss of Qapor. Thus the quantity of tﬁe compoﬁnds
being tested remains constant. The vent keeps the still at atmosphéric
pressure and is a safety measure. The condensate will accumulate in the
sampling tube and then flow back to the still. The liquid level in the
still must be lower than point B and higher thaﬁ point A to assure good
operation. Due to the negligible’ heat loss from the still, vapor does
not condense on the inside wall of the still. In several hours running,
the vapor and liquid phase will reach equilibrium.  Thus this setup
comprises one theoretical stage. The samples can be taken from the
sampling tube of the condenser and still. A gas chromatograph was usea
to analyze the samples. They represent the vapor and liquid composition
at equilibrium. A mercury thermometer was ﬁsed to measure thé vapor

temperature. A K-type thérmocouple was used to detect the temperature
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Condenser

Sampling
Tube

Figure 9. Othmer-type vapor-liquid equilibrium still.
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of the 1liquid phase. A temperature indiéator, OMEGA 2176A, was

connected to the thermocouple to read the temperature.

Plate Column

In order to carry out the necessary operations for batch extractive
distillation, a setup was designed incorporating a condenser, a vapor-
liquid extractive distillation contacting section, a heat source for
"introducing vapor to the bottom of the contacting section, and a means
of feeding the agent to the top of the extractive distillation section.
The general assembly of the equipment is ghown in Figure 10. It
consisted of eight parts as described below.

(1) A Corad condensing head, A, condensed the vapor to the liquid phase.
The vapor that condensed on the inside surface of the inner tube and was
divided by means of 'vgrtical strips dinto six different. sized parallel
parts. The condensate from any one pért could be taken off as product
while the remainder was returned as reflux to the column, A'sidearm
sampling port was suspended from the Corad condensing head., The Corad
head was considered a total condenser. |

(2) A contacting section which was 20 inch long and 1.5 inch in
diameter, B, contained five Oldershaw perforated plates. It was made of
Pyrex glass. The arrangement of the glass perforated plate is shown in
Figure 11. The tray spacing was 1.8 dinch .and the weir was 3/8 inch
high, Figure 12 illustrates the direcfion of liquid flow on the plate.
The column was equipped with a silvered vacuum jacket with a thickness

of 3/4 in. The silvered vacuum jacket effectively reduced heat loss
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COOLING WATER OUT

STEAM 1IN

COOLING WATER IN

STEAM OUT

THERMOCOUPLE
7THERMOCOUPL E
THERMOCOUPLE
SAMPLING
TUBE

Figure 10. Diagram of the batch-wise extractive distillation column.
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PERFORATED PLATE

WEIR

Figure plate arrangement
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perforated area

Figure 12. Perforated-plate scheme. Arrows show the direction
of liquid flow.
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from the column to a negligibly small amount.
(3) A 5-liter round-bottom Pyrex gléss flask served as a reboiler or
stillpot, C. It was fitted with a thermocouple well and sampling fube.
(4) Column heat was supplied electrically by means éf"a Glag-Col mantle,
D, which was further lagged to reduce the heat loss from thé stillpot.
The maximum allowable temperature wa; 450°C.,
(5) A Variae, E, adjusted the heat dinput into the stillpot and
controlled the boil-up rate. The input side was for 115 volts, 50/60
Hz, single phase; and the output waé 0 to 140 volts, and a maximum
rating of 1.4 KVA. :
(6) Agent was stored in a cylindrical, F, steam-jacketed sepa?atory
funnel. It was made of Pyrex glass and had a capacity of 200 ml; The
steam jacket was used to control the temperature of the agent ente?ing
the column.
(7) A fluid metering pump, G, adjusted the addition rate of agents, The
ﬁump was a micro;bellows metering pump made by Research Appliance
Company. It was a standard model, 0.5 inch I.D., 316-stainless bellows;
(8) Five K-type thérmocouples were used to measure the temperature at
the overhead, stillpot, vapor and.liquid of the top plate, and the agent
entering the column. The thermocouples for vapor and liquid éhases of
the top plate are not shown in ;he drawiﬁg. |

Auxiliaries not shoWn'on the drawing inéluded a nichrome heating
wire wrapped én the pump 1line, a Glas-Col mantle connécted to the
heating wire, a digital temperature indicator, OMEGA 2176A, connected to
the K-type thermocouples, and two ball-and-socket joints. The first two

were used to control the temperature of the agent entering the column.
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The teméerature indicator was wused to read the temperature at the
overheaa, stillpot, top plate, and pump line. A .65/40 female ball—and;
socket joint and 65/40 mele ball-and-socket joint connected the column

with the Corad condensing head and stillpot, respectively.’

Packed Column

Berg et al. [20] have reported that packed columns can also be used
for extractive distillation. The assembly of the equipment was similar
to that of the plate column except the type of the column. Berl saddle
packipg used is shown in Figure 13. The packings were made of ceramics
and packed randomly in the column. The packed column had a diameter of
1.25 inches and contains 90 gm. of the packing. The size of the Berl
saddle was 3/4 inch from one end to the other end and with the width of
3/8 inch. The depth of the packing was 5 inches. The column was

wrapped with insulation to reduce the heat loss from the columm.

Calibration of the Extractive Distillation Columns

The glass perforated plate rectification column with the sfillpot '
was calibrated with a ethylbenzene and p-xylene which possesses an
average relative volatility of 1.06. The setup was found to have 4.5
theoretical plates [99]. This number was tested against the vapor-
liquid equilibria data reported by Harper et al. [100] using the
methanol—-acetone mixture. The experimental data was obtained from

ordinary distillation. The relative volatilities calculated from the
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Figure 13. Berl saddle packing.
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Table VIII. The calculated relative volatilities of methanol
to acetone,

Corresponding VLE data Relative
wt.Z of methanol from Harper et al,[79] volatility
10.5 in vapor 9.6 in liquid 1.105
7.1 in 1iquid - 7.8 in vapor - 1.107
literature data are shown in Table VIII. : The average relative

volatility of 1.106 can be calculated by Equation 8. If the errhead
product contains 10.5 wt.%Z methanol and the bottoms con?ains 7.1 wt.Z%
methanol, a relative volatility of 1.10 can be obtained by using the
Fenske equation with 4.5 theoretical plates. This is the experimental
result, This comparison fits well that the column has 4.5 theoretical
plates.

However, it is necessary to check the theoretical plates of the
setup under the operation of extractive distillation., The equilibrium
data in the presence of agents was gathered from the chmer—type.vapor—
liquid equilibrium still at atmospheric pressure, Isopropyl ether-
acetone and methyl acetate-methanol systems were used with dimethyl
sulfoxide (DMSO) as the agent. The acetone-methanol system was
investigated with methyl ethyl ketone (MEK) as the agent. The methanol—
acetone system with MEK as -the agent was conducted in the extractive
distillation column, The overhead and bottoms compositions were
obtained. Yeh [29] has reported the data for the other two systems.
Figures 14, 15 [101] and 16 show the equilibrium curves with the

compositions based on agent free and the pseudo McCabe-Thiele method,
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wt.% of isopropyl ether in liquid phase

Figure 14. Pseudo McCabe-Thiele method for isopropyl ether-
acetone system with DMSO as the agent.
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Figure 15. Pseudo McCabe-Thiele method for methyl acetate-
methanol system with DMSO as the agent.
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Figure 16. Pseudo McCabe-Thiele method for acetone-methanol
system with MEK as the agent.
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using the step-by—step procedure, During the operafioﬁs, the
temperature of the outlet cooling water' was 1in the range of 5 to 10°C.
It is reasonable to say that the Corad head is a total condenser. Thus
the condensates have the same compositions as the vapor coming out from
the top plate. Thus the overhead composition is- considered a vapor
composition on the top plate. . Dug to the total reflux operation, the
45° diagonal was the operating line. The step—-by-step procedure started
at the overhead composition and tried to reach the experimental bottoms
composition. The corresponding compositions were called “predicted
bottoms compositiong"™. Table IX 1lists the experimental and. predicted

bottoms compositions,

Table IX. The comparison of bottoms composition from experiments
experiments with pseudo McCabe~Thiele method.

Bottoms c¢omposition, wt?

Run Overhead composition, wt.7% Experimental Predicted
1. 98.7 Isopropyl ether . 3.0 IPE 3.6 IPE
2, 33.4 Methanol 6.4 MeOH 6.1 MeOH:

3. 99.9 MeAc 9.2 MeAc 8.3 MeAc

From the figures, it ;ppeared that the setup has 5.5 theoretical
plates. The addition of the agent into the column would ingreasé the
efficiency of the plates. If the setup has 5.5 thedretical p;gfés{ the
column has an average plate efficiency of 90%. It is fa£:from the
average plate efficiency of 40 - 460% which has been reported. It is

more reasonable to say that the setup has 4.5 theoretical plates, i.e.,
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the average plate efficiency is 70%. To compare the effect of agents'on
the same basis, 4.5 theoretical plates and Fenske were used to calculate
the relative volatilities of key components. The packed column was
calibrated with a ethylbenzéne and p-xylene mixture which possesses an .
average relative volatility of 1.06. The packed column was found to
have 1.5 theoretical plates. This number was used without further
checking. The data obtained from the VLE still is just one péint in a
phase diagram and the data obtained from the extractive distillation
columns is an average value. Therefore, the data obtained from the
columns are considered more reliable than that obtained froﬁ the VLE

still.

Analyticai Equipment

A gas chromatograph was used to analyze the samples. The actual
apparatus included an Aerograph 1800 ionization gas chromafograph hooked
to a Sargent recorder, Model SR. The column in the chromatograph was 15
feet'long and 1/8 inch.in outside diameter. The column packing was made.
up.as follows: 0.5 ;. each of Bentone 34 (an organo clay comélex,
National Lead Bariod Division) and diisodecyl phthalate were deposited
on 9.0 g. of chromosorb P using the conventional -vaporization and slurry
techniques. The detector was of the four—-filament typé, tungsten-
rhenium WX, hot wire which had a temperature 1limit of 400°C. . The
operating conditions used Qere: column temperature, 7590; injection port

temperature, 2000; detector temperature, 140°C; helium flow rate, 20-30
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ml. per minute; hydrogen flow rate, 20-30 ml, per minute; air flow rate,

250-400 ml. per minute,

Gas Chromatograph Calibration

~N

A series of known composition mixtures were made up and analyzed on
the gas chromatograph. The peak height percents of the chromatograph
tracing of the components in the mixtures were correlated to the actual
weight percents of the components in the mixtures. The calibrations are
shown in Figures 17 through 23. The calibration curve for methyl
acetate-methanol mixture has been reported by Yeh [29]. The shape 6f
the calibration curve wvaries from system to system, Thus it is
necessary to calibrate the gas chromatograph for a particular system.
From these calibration curves, the wéight percents of the components in
the samples were obtained., In this study, all the analyses‘were on an

agent—free basis.

Equipment for Agent Recovery

The agents were reclaimed by simple distillatien. Figure 24
illustrateg thé assembly of the apparatus, A 2-liter distilling flask
sérved as a stillpot. A mercury thermometer was used to indicate the
temperature of vapor in the distilling flask. Aftér every run made in
extractive distillation column, the agent was recovered by distilling
off everything below the boiling point of the mixture being studied.

The operation was typically carried out in one hour for each batch., The
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Calibration curve for the m-xylene-o-xylene mixture.
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Calibration curve for the methanol-acetone mixture.
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0. 00 , 40. 00 0. 00 0. 00
Mjght X of n—propyj acetate

Figure 20. Calibration curve for the n-propyl acetate-A—propanol
mixture.
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Figure 21. Calibration curve for the isopropyl acetate isopropanol
mixture.
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Figure 22. Calibration curve for the n-butyl acetate-n-butanol
mixture.
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HbjgAt X of JsobutyJ acetate

Figure 23. Calibration curve for the isobutyl acetate-isobutanol
mixture.
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Figure 24. Diagram of the simple distillation.
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purpose of reclaiming the ' agents is to check the stability of the
agents. To reuse the agent, the stability is a requirement for

industrial application.

Chemicals As The Agents

The chemicéls used as the agents can be categorized into five
groups: glycols, nitrocompounds, ketones, benzoates, and miscellaneous.
Tables X through XIV [32, 102, 103] .list the moleculér formulas, boiling
points, melting points and vapor pressure of the agents. The glycols

were donated by Dow Chemical Co. Nitrocompounds‘were supplied by W. R.

Grace & Co. Methyl ethyl ketone was obtained from Columbia Paint
Company Manufacturers. Other ketones were obtained from Aldrich
Chemical Co., Inc. Benzoates except dipropylene glycol dibenzoate

(DGDB) were produced by Hercofina Co. DGDB was manufactured by Kalama
Chemical Inc. Dimethyl sulfoxide (DMéO) was from Crown Zellerbach.
Adiponitrile and dimethyl formamide (DMFA) were from E. I. du Pont Co.
1-Pentanol.was supplied by Aldrich Qhemical C‘c‘J,,‘Inc° The acetates and

alcohols were supplied by Union Carbide Company.

Experimental Procedures

Vapor-Liquid Equilibrium

The Othmer-type equilibrium gtill was used to conduct the

experiments. For the systems without any agents added, 100 grams binary

mixture of a specific composition was charged into the still and then
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Table X. Molecular structures and physical properties of glycols.

Compound
Ethylene glycol

Propylene glycol

1,3-Butanediol

I, 4-Butanediol

1.5- Pentanediol

Diethylene glycol

Triethylene glycol

Dipropylene glycol

1.6- Hexanediol

197.6
OH OH
CHOCH-CH~ 188
oH O
GHOCHOGHQCHY  207.5
OH  OH
GHOCHOCHQGHY 230
OH OH
GHGCHGCHOCHOGH 2239
OH OH
0-CH2CH20H 244.8
XCH2CH20H

GHQOCHQCHOOH 290
CH20CH CH20H
/CH-CHOHCH”

CH2CHOHCh 3

QHQCHQCHQOH 208

CH2CH2CHZ20H

231.8

M.P.
oC

-13

—60

below

-18

-6.5

42.8

Vapor

3 @ 70°C

I @ 45°C

0.06 @
20°C
10 @
120°C

3 @ 12°C

< 0.01
@ 20°C

14 a
165°C

0.03 @
20°C

10 @
134°C



Table XI1. Molecular structures and physical properties of
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nitrocompounds.

Compound
Nitromethane

Nitroethane

I-Nitropropane

2-Ni1tropropane

Nitrobenzene

o-Nitrotoluene

m-Nitrotoluene

p-Nitrotoluene

2-Nitro-m-xylene

Molecular
structure

CHfO;
CH3CH2NO?2
CB3CH2CH2

NO2

CH3CHCHS3
NO;

N -

V c-
101.2

114

131.6

120.3

210.9

222

231.9

238

246

M, P .
4C

-29
-50

-108

5.7

-10

15.5

53

Vapor
pressure
mm Hg

40 9 27°€
100 9 47°C

16 9 20°C

7.5 9 20°C
94 9 70°C

7 9 100C
95 9 60°C

2.2 P 50°C

10 @ 94°C

10 9 1000C
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Table X 11. Molecular structures and physical properties of ketones.
Vapor

Molecular B.P. M6P. pressure
Compound structure 6C mm Hg
Methyl ethyl ketone  CH2CCH-CH1 79.6 -86 100 @
y Y 3 23 25°C
I-Choloro-2-Propanone CICH-CCH1 119.7 -44.5 12 O
2 3 20°C
2-Pentanone CH%CHZCHZECH§ 102 -78 %%08
0
3-Pentanone CH1CH5GCH=CH 101.5 -472 100 P
3 z,g >CHE Eaoc
Methyl isobutyl ketone ~NCH-. 117 -s 7 15.7 P
CH--CCH-CH 20°C
- -2- CH-CHCH1CH=CCH1 127
5-Hexen-2-one 5 515Ny
0
2-Heptanone H=CH5CH5CH 151.5 -35 21 @
P 25221 IiTc
CH1CCH1
201 3
3-Heptanone CH2CH2CH2CH3 148 -39 ég g
CCHI1CH1
I 2 3
Methyl isoamyl ketone /CR 144 -73.9
CHI1CCHICHI1CH
0 XGH 3
2-0ctanone CH2CH2CH2CH3 172 -16 10 @
60.9°C
CH%CH%ﬁCH%
0
Diisobutyl ketone CH-CiTcs 3 168.1 -7 3 %_Z @
/ = ""CM] 0°C
0=C
\ /CHg
CHICH

"'CH3
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Table X11. Molecular structures and physical properties of ketones.

(continued)

Compound
2-Undecanone

2 ,4-Pentanedione

2,5-Hexanedione

Ethyl acetoacetate

Phorone

Cyclopentanone

Cyclohexanone

Ace tophenone

Phenyl ethyl ketone

o-Hydroxy acetophenone

Molecular
structure

CH3CH2CH2CH2 CH2
CH2CH2CH2CH2

O0=CCH3

CKCCH-CCH-
36 2 3

CH=CCH=CH=CCH=
31 2 28 3

0

CHACCH-COCH-CH -
3 28 273

9?1 0
Q%ZCH&CH

I
CCH.

CH1
-/ 3

V c-
231

140.5

180.8

198

130.6

155.6

202

218

213

Vapor
pressure
X - mm Hg
15 10 9
109°C
-23 -
-9 0.43 9
20°C
-45 5 9
54 C
28 17 9
88°C
-58.2 10 @
23 C
-32.1 609
78°C
20.5 10 9
73°C
21 10 9
92 C
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Table X 11I1I.

Molecular B.P.
Compound structure 6C
Methyl benzoate 0 198

COCH3
0
Ethyl Benzoate o 211
1
COCH-CH3
d )
Methyl p-hydroxybenzoate 270
0
&OCH
OH
Benzyl benzoate
Dipropylene glycol 250
dibenzoate
23| @ 10 mm Hg
CH-CHOC
/72
\

Molecular structures and physical properties of benzoates.

Vapor
MaP. Pressure
6C mm Hg
-15 10 @
77 C
-34
131
21 4.5 @
156 C



Table XIV. Molecular structures and physical properties of
miscellaneous agents.

Compound
I-Pentanol

N ,N-Dimethylformamide
(DMFA)

Dimethyl sulfoxide
(DVSO)

Glycerine

Adiponitrile

Benzil

H

CH

Molecular
structure

CH2CH2CH2CH2CH3
OH

X4{°
[

3 CH3

H3C

SO

H3C

%H
OH

QH

CN

—CH-CH-

2121 2
OH OH

SCH5CHAGH
CN

0]
1 11-

2

BP.

137.5

153

189

290

308

Vapor

M P . pressure
uc Mm Hg

-79 10 @ 45°C

40 @ 6S0C

-61 4 P 25°S

39 @ 76°C

18.5 5 P 57°C

179 1P
125°C

1.0 10P
154°C

9% 12 P

188°C
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refluxed for 6 hours. . For the systems with an agent added, 50 grams
agent and 50 grams binary mixture with different compositions were
charged into the still ana then refluxed for 6 hours too. All the

samples were analyzed by a gas chromatograph and on an agent—free basis.

Extractive Distillation

The operational procedurés for the semi-batch extractive
distillation are described as féllows:
(1) The stillpot was filled with 4Q0 grams of the mixture to be studied
and then heated. |
(2) When the condensate refluxed and the system was stable, the agent
was added ét a iate of 20 ml/min. and thé temperature desired. The time
‘ for initial addition of the agent w;s recorded as the time Zero.
(3) The total reflux rate was controiled by adjusting the Variac for
varying the heat input to the stillpot. If reflux rate is too high, the
effect of the agent will be reduced, sometimes even causing flooding.
If the reflux rate is too low, the operation becomes more and more
difficult.
(4) The temperatures of the aéent, overhead, stillpot, vapor and liquid
phases on the top plate were recorded every ten minutes from time zero.
(5) The system was operated at total reflux. Therefore, no products
were taken out’except the samples. By allowing the system to reach
equilibrium, the highest ;elative volatility could be obtained,
(6) Three sets of samples were taken from overhead and stillpot at one
hour, one and half hours and two hours operation. The samples were

-analyzed by gas chromatography and the weight percents were obtained
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from thé calibration curves. The average of three sets of data was
reported.

(7) During the operation, the agent was pumped continuously into the
system and accumulatéd in the stillpot during the operation.

(8) After the system was shut down, the mixture of the agents and
components being studied was poured into the distilling flask for agent
recovery. The reclaimed agent was reused in order to check its
stability.

The same procedures -‘were used for both the plate and paéked
columns. Here, one can define a term "blank run". It was defined as
the system operating without adding any agents. Therefore, the steps
(2), (7), and (8) were omitted.

The operation time for the methanol-acetone system was 30 minutes.
longer than for the other systems., The addition of agents was-conducted
for 120 minutes and then stopped.- After stopping the agents, the system
was operated 30 minutes more and shut . down. The initial compositions
and temperatures of the agents for separating binary pixtures are listed
in Table XV. For the ternary mixtures, the initial compositions were
the azeotropic.compositions listed in Table V. The agents were added at
temperatures of 60°C and the total reflux rate was controlled at 10 -16

ml/min,

Liquid-Liquid Equilibrium for Ternary Mixtures

The experiments were conducted by adding the third component(water)

into the binary mixture with a specific ratio of two components(acetate
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Table XV. The initial compositions and temperatures of agents
for separating binary mixtures.,

Initial composition Temperature of Total

Mixture ’ wt.7Z agents,QC reflux
m-Xylene & 30%Z m—xylene and 65 5-10
o—xylene 70% o-xylene
Ethanol & five different 67 10-16
water compositions, see

Table XII.
Methanol & 157 methanol and 48 10-15
methyl acetate 85% methyl acetate ’
Methanol & 7% methanol and 25 . 15-20

acetone 93% acetone

Total reflux is in the units of ml/min.

and alcohol) until two phases appeared. 'This‘was repeated for severai
different ratios of acetate to aleohol, |

For a ternary mixture, the apalysis becomes more complicated than
that for a biqary mixture. Figure 25 shows that the constant ratio of
component B to component C is on a straight line with varied contént of
component A. Therefore, the ratio of acetate to alcohol can be an
indication of the composition exéept water content. So the relative
volatility of acetate to alcohol was used to evaluate fhe effectiveness

of agents,

Agent Recovery

After every run made in extractive distillation columns, the agent
was recovered.by distilling off everything boiling 20°C higher than the

boiling points of the key components in the simple distillation system,
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/> o0

wt.% of component c

Figure 25. The map for constant ratios of one component to another
one in a ternary mixture.
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The operation was typically carried out in one hour for each batch,

reclaimed agent was reused without checking the purity.

The
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IV. RESULTS AND DISCUSSION

Vapor-Liquid Equilibria

Figure 26 shows the vapor—liquid equilibria of isopropyl ether and
acetone. It is a comparison between the systems wifh and without an
agent. The agent used was DMSO.  The experiments were conducted by
using the Othmer-type equilibrium still, Due to the limitation of the
equipment, the pressure of the system could nof be controlled and could
only be the same pressure as the barometric -pressure. However, the
barometric pressure only variedh from 630 to 645 mm Hg during ;hg
experiments. The variation was small and‘ignbred. |

In the system wifhout the agent, isopropyl ether (n.b.p. 68.5°C)
was less volatile than acetone (n.b.p. 56.590) when the content of
isopropyl ether was higher than 42 wt.%, and the‘miﬁimum—boiling
azeotrope existed at a composition of 42 wt.% isopropyl ether.  However, ‘
not only the azeotrope was mnegated but also fhe relative voIatilify of
isopropyl ether to acetone was increased by adding DMSO as the agent.
Berg and Yeh [104] have reported this 'phenomeﬁon from the results of
extractive distillation,

The vapor—-liquid equilibrium data for the aqetone—methanoi mixture
is shown in Figure 27. There were two agents, DMSO and methyl ethyl
ketone, used. When no agents were added, the minimum azeotrope with a
composition of 86.1 wt.% acetone existed in:the system. The azeotrope

was negated by adding DMSO and MEK. However, the relative volatility of
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i) 80

c 60

0 20 * No agent

W ith DMSO

wt.% of isopropyl ether in liquid phase

Figure 26. Vapor-liquid equilibrium curves for the isopropyl
ether-acetone system.
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No agent
With DMSO
With MEK

20 40 (50
wt. % of acetone in liquid phase

Figure 27. Vapor—iquid equilibrium curves for the methanol-
acetone system.
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acetone to methanol was increased by DMSO and reversed by MEK. Thus
methanol became more volatile than acetone when MEK was used as the
agent.

Assuming that the gas phase is ideal gas, Equation 5 can be
simplified to be

y.P = Y.x.p. (66)

Under the barometric pressure, with the same value of X;o ¥y can be
changed only by a;tering the wvalues  of Yy and P;- Even with 20°C
variation, Py will not have a sgignificant effect of increasing or
decreasing Y. The results show that yi's have been altered quite a bit
by adding the agent. This shows that the main effect of adding an agent

is to alter ‘the activity coefficients.

m-Xylene and o—Xylene System

The comparison of the two kinds of columns is shown in Table XVI.
The results show that both plate and packed columns are suitable for
extractive aistillation. The felative volatilities obtained in the
packed column were a little bit higher than those obtained in the plate
column. This could be due to slight foaming in the plate column. When
foam is formed, the packed column is better than the plate column.

Pure compounds;.“methyl benzoate and ethyl benzoate, did not
increase the relative volatility to be higher: than 1.3. The performance

of the plate and packed columns is similar. Thus the choice of the
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Table XVI. The performance of plate and packed columms.

wt.Z of m-xylene Rélative
égggg’ Column type Overhead  Bottoms volatility
Methyl- (1) Plate 51.2 31.1 1.21
Benzoate (2) Packed 40.7 28.4 1.26
Ethyl- (1) Plate 50.0 30.6 1,26
Benzoate (2) Packed 41,6 26.1 1.29

Relative volatility is of m—xylene relative to o-xylene.

Table XVII. The results of separating m-xylene from o-xylene.

. wt.% of m~xylene Relative
Agent Column type Overhead Bottoms volatility .
Benzyl Plate 50.7 27.8 1.24
Benzoate
DGD+DM'SO Plate 54.3 24,9 1,33
Adiponitrile Packed 40.6- 31.0 1.19

Methyl-2- Packed - 40.8 29.7 1.23
hydroxy benzoate+

DMSO

Relative volatility is of m—xylene relative to o—xylene.
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column was dependent upon whether foaming was present or not. If
foaming existed, the packed column was chosen. Table XVII lists the
effectiveness of some agents in plate o? packed columns, Only the
mixture of dipropylene glycol dibenzoate (DGDB) and DMSO ensured a yalue
of relative volatility higher than 1.3. - The weight ratio of DGDB to
DMSO was one. From Table I, the column cost for o=1.3 is less than half
of that for a=1.12. Not only is the column cost lower, but also the
ease of operation and heat required are more advantageous. Thus
extractive distillation is a wvaluable method for separating m-xylene
from o-xylene. Both plate aﬁd packed columns can be used in extractive

distillation.

Ethanol and Water System

The initial evaluation of tﬂe agents - has been reported elsewhere
[105]. One pure agent, l-pentanol, .and one mixed agent, 1—pentanbi and
dipropylene glycol dibenzoate, were used as the agents for extractive
distillation. There were five different initial compositions tested for
each agent. This was to study the effect of water content on the
separation, Table XVIII shows. the relative vélatilities of water to
ethanol with'and without agents.

The relative wvolatility of water to ethanol decreased with an
increase of water content in the initial mixture for blank runs, 'The
water composition of the overhead producty varied from 6.2% to 6.9% when
the initial water content varied from 29.94% to 80.05%. It appeared to

have an upper limit for water content in the overhead product. This
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Table XVIII. The effect of initial composition on relative
volatilities of water to ethanol.

Agent: None

Iﬁitial composition wt.% of water Relative
wt.%2 of water Overhead Bottoms volatility
5.0 Co 4,0 5.6 . 0.92
19.25 5.9 - 17.5 . 0,76
29.94 6.2 25,7 0.69
40,63 . 6.3 35.0 - 0.63

80.05 6.9 84.2 0.39

Agent: 1-Pentanol

Initial composition wt.% of water Relative
wt.Z of water Overhead Bottoms volatility
5.0 ' 22.1 3.8 _ 1,55
19.25 31.9 14.3 1.26
29,94 30.3 21.8’1 1.10
40.63 33.5 33.5 1,00

80.05 40.7 70.3 . 0.75

Agent: 1-Pentanol + Dipropylene glycol dibenzoate

Initial composition wt.% of,watef Relative
wt.Z of water Overhead Bottoms - ‘volatility
5.0 18.4 3.2 1.53
19,25 .20.8 14,9 1.09
29.94 28.6 21.6 + 1,09
40.63 . 25.1 © 32,9 0.92"

80.05 31,4 83.8 ' 0.58
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could be due to the strong hydrggen bonding between water molecules.
More water molecules yield stronger hydrogen bonds and thus less
volatile. This could be the characteristics of water. 1-Pentanol
caused water to be more wvolatile than ethanol when the initial binary
mixture contained less than 40 wt.% water. The mixture of l-pentanol
and dipropylene glycol dibenzoate caused water to be more volatile than
ethanol when the initial binary -mixture contained less than about 35
wt.7Z water. Dipropylene glycol dibenzoate reduced slightly the effect
of l-pentanol. When water is mofe volatile, higher relative volatility
was obtained if l-pentanol was used as the agent., However, when water
is less volatile than ethanol, the.mixed aéeﬂt’&ieIéed a‘higher relative
volatility., |

The affinity between homologous compounds usually is higher than
that between nonhomologous compounds. 1—Peﬂtanol is a homologéus
compound of ethanol. The other reason could be the molecular sizes of
water and ethanol. Ethanol is about three timgs the size of water (see
Table XXVII). The ageént would collide ﬁore frequently with the molecule
with the larger size. So the larger molecules would be brought down to
the stillpot by the agent. In this case, it was ethanol. These two
reasons could be why 1-pentanol' brought water down‘to the stillpot.
However water moiecules haQe very strong hydrégen bonding. This coﬁld
offset the effects mentioned above. Therefore which key component would
be brought by down to the stillpot by l-pentanol would depend upon the
strength of the hydrogen bonding of water moleculeé. When Qéter content
is small, less water and less hydrogen bonding capacity existed. Thus

1-pentanol brought its homologous compound, ethanol, down to the

<
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stillpot. Once water has enough hydrogen bonding capacity to compete
with ‘the molecular interaction between two homologous compounds, water
would interact more strongly with Il-pentanol than ethanol and ethanol
was obtained as overhead produgt, So in the presence of 1;pentanols
water was more volatile than ethanol only at low water content. This
result shows that water behaves differently in solution due to strong

hydrogen bonding.

Methyl Acetate and Methanol Systen

Some of the initial evaluation 'are listed in Table XIX., The
detailed results are reported elsewhere [106], The effect of some
agents were illustrated by wusing the extractive distillation column.
The results are shown in Table XX. In Table XX, the relative volatility
increases with the increase of carbon number of.nitrocompouqd—which is a
nitro paraffin. However, nitrobenzene has a lower relative volatility.
That could be due to the characteristics of the benzene ring Whicﬁ
withdraws electrons from nitro functional groups and decreases its

potential of attractive intermolecular forces with methyl acetate.

Acetone and Methanol System:

The initial evaluation of the agents was done using the Othmer type
still. Table XXI lists the results for some agents which increased the
relative volatility of acetone to methanol. The details of the results

are reported elsewhere [107]. The glycols with two to five carbons
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Table XIX, The initial evaluation of the nitrocompounds for
the methyl acetate-methanol system.

wt.% of methanol Relative
Agent Vapor - Liquid volatility
Nitromethane 20,3 10.9 1.98
Nitrobenzene 23.3 12.1 2.21
2-Nitrotoluene 18.2 ’ 16.1_ 1.98
3-Nitrotoluene 18.0 9.6 2.07
4-Nitrotoluene 19.8 . 10,5 2.10

2-Nitro-m—xylene 19.0 13.4 1.52

The relative volatility is of methanol to methyl”écetate.

Table XX, The relative volatility of methanol to methyl acetate
examined by extractive distillation.

_ Temp. , °c - wt.% of methanol
Agents Overhead Qverhead Bottoms gij
Nitromethane 62.2 . - 75.3 10.6 2.06
Nitroethane 61.8 7749 6.4 2.40
1-Nitropropane 60.8 74,0 3.4 2.65
2—-Nitropropane 61.8 78.9 3.7 2.77

Nitrobenzene 60.6 76.5 11.0 2.08

0y 5 is the relative volatility of methanol to methyl acetate.
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Table XXI. Initial evaluation of the agents which cause acetone
to be more volatile. ‘

wt.Z of acetone ‘ Relative
Agent? . Vapor Liquid Volatility
Glycerine 89.8 72,7 : 3.3
DMSO 88.5 3 70.1 3.3
Ethylene Glycol _ 90.2 77.0 2.7
fropylene Glycol - 88.7 I76.7 2.4
1,3-Butanediol 88.5 77.9 2.2
1,4-Butanediol 90.0 78.2 ‘ 2.5
1,5-Pentanediol 88.é 77.7 - 2.3
DMSO, 3-Pentanone 93.0 88.5 1.7
DMSO, Isophorone 93.5 13.5 2.2

a: The weight ratio of agents in mixtures is one.
*: The relative volatility is expressed in terms of acetone

relative to methanol.
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are reported elsewhere [107],. The glycols with ‘tﬁo to five carbons
yielded almost the same values of  the relative volatility. ‘The glycols
were chosen due to their hydrogen bonding capability. However, 3-
pentanone and isophorone reduced significantly the effect.of DMSO. DMSO
and glycerine were two effeétive agents. = Ketones could attract more
strongly with acetone than with methanol due to higher affinity. If so,’
methanol should be the overhead product when Lketones were used as the
agents, Figure 27 has shown this effect with MEK as the ageﬁt. Table
XXII lists the results of the initial evaluation for ketones. All
ketones caused methanol to be more volatile. The most effecéive one Was
3-hexen-2-one which yielded a relative volatility (methanol relative to
acetone) of 5.2.

Warren [108] demonstrated the effect of some agents listed in
Table XXI wusing an extractive distillation column. .- His results
confirmed that DMSO was at very effective agent. Acetone was the
overhead product when DMSO and -glycols were the agents. Several runs
with the ketone agents were &émonstrated in the plate e#tractive
distillation column. The relative volatilities of methanol to acetone
are listed in Table XXIII. The results are very close to those listed
in Table XXII. This eonfirmed that methanol was-brought out overhead in
extractive distillétion when Lketones ‘Qefe used. as the agents. This
phenomenon could be altered by changing the composition of the initial
mixture similar‘to that of the ethanol-water system. Table XXIV shows
that the negation of the azeotrope by"methyl ‘ethyl ketone (MEK) is
independent of the initial mixture composition. The methanol content in

the initiél‘binary mixture was varied from 7 to 80 wt.%. Methanol was
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Table XXII. Initial Evaluation of Ketones.

wt.Z of methanol Relative

Agent Vapor . Liquid Volatilitz*
Methyl ethyl ketone 15.5 12,7 1.3
3-Pentanone ' 19.7 14,9 1.4
2-Pentanone 19.4 15.3 . 1.3
3-Heptanone 18.7 10.8 1.9
Methyl isobutyl ketone 19.4 - 14,0 1.5,
Methyl isoamyl ketone 20.0 15.3 | 1.4
Acetophenone © 19,2 9.1 : ’2;4
2,4~Pentanone 19.6 11.1 2.0
Acetonylacetone 18.4 11.9 1.7
Ethylacetoacetate _ 10.8 5.2 2,2
2-Heptanone 19.2 14.3 1.4
2-Octanone 18 1t 1.9
Cyclopentanone 19.7 14,9 1.4
Cyclohexaﬁong 18.7 15.3 1.3
2~Undecanone . 1§.2 13.8 1.5
Chloro—~2-propanone 19.2 12,6 - 1.6
Diiscbutyl ketone 17.9 13.8 1.4
Phenyl ethyl ketone 18.8 13.5 1.5
Ethyl butyl ketone 19.7 12.0 : - 1.8
Phorone 19.5 " 14,3 1.5
3-Hexen—-2-one : 19.4 - 7.0 j - 3.2
o-Hydroxyacetophenone = 20.4 11.9 1.9

*: The relative volatility is expressed in terms of methanol
relative to acetone,
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Table XXIII, The effects of ketones used as the agents in
extractive distillation. :

a wt.Z of methanol Relative
Agent Overhead Bottoms Volatility
Blank 10.5 7.1 1.10
Methyl ethyl ketone 33.4 6.4 1.56
2-Pentanone l46;1' 7.8 1.67
3-Pentanone , 46.4 6.7 1.74
Methyl isobutyl ketone  24.8 7.5 1.37
Methyl isoamyl ketone 30.5 ° 5.1 1.59.
2,4-Pentanedione ‘52.9 : 6.1 1.88
Diisobutyl ketone 32.1 5.3 1.61
Acetophenone ' 38.4 5.5 1.69
Ethyl acetoacetate 33.7 4.3 1.71
Methyl éthyl ketone, |

Benzil 39.4 - 6.4 1.65

-at The weight ratio of the agent in mixtures is one,
*%: The relative volatility is expressed in tetms of methanol
relative to acetone, also in Table XXIV.

Table XXIV. Results from different initial compositions using
methyl ethyl ketone as the agent.

Feed composition wt.%Z of methanol Relative
wt.%Z of methanol Overhead Bottoms Volatility
7.0 31.1 6.2 1.53
25.0 72.4 29.2 | 1,51
55.0- ‘84,5 64,7 - 1.27

80.0 97.6 94.4 1.21
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found to be more volatile than acetone in the entire range. The
relative volatility of methanol to acetone changed slightly from i.53 to
1.21, High purity methanol was obtained when the initial mixture
contained 80wt.% of methanol. In terms of the- three solubility

3,1/2

parameters, methanol has a hydrogen bonding of 24 (J/cm and water

has a hydrogen bonding of 40.4 .(J/cm3'1/2

« Thus methanol molecules do
not have so strong hydrogen bonding as water molecules. This could be

the reason why the methanol content does not change the reversal of the

relative volatility of methanol to acetone.

Temperature Inversion

When the ketones were used as the agents, not only’did methanol
become more volatile but also "temperature inversion" was observed. The
temperature inversion was that the overhead température was higher than
the stillpot temperature. The thermocouples and temperature indicator
were recalibrated against a .mercury thermometer, '~ The readings were
correct. The measurement was chécked by measuring the boiling point of
methanol. At an atmospheric pressure of 643.5 mmHg, the boiling point
of methanol was measured as 60.4°C using the same apparatus.
Interpolating from the data repo?ted by Smith [109] yielded a boiling
point of 60.6°C. A value of 60.5°C. was calculated from the Antoine
equation provided by Reid et al., [110]. The measurement was assured,

Figure 28 shows a typical examplév of the progress of the overhead
and stillpot temperature. The dinitial binary mixture contained 15 wt.%
methanol and’ 85 wt.Z acetone. Before fhe addition of the agent, MEK, the

overhead temperature is lower than that of the stillpot. After the
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Figure 28. The progression of the overhead and stillpot temperatures for the methanol-acetone system
with MEK as the agent.
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addition of MEK, the overhead temperature rose rapidly to 6§°C in about
ten minutes and then stayed at about 70.0 - 70.8°C-during the rest of
the operation. The stillpot temperature rose gradually dﬁe to the
addition of agent; MEK. After two hours running tige? the addition of
MEK was stopped. The stillpot temperature did not change but the .
overhead temperature dropped rapidly t§ about the temperature at time
zero. This result dimplies that the separating effect of the agent
occurs principally in the column. Similar progression of the overhead
and stillpot .temperatures with other ketones as agents was - observed and
shown in Appendix C. The difference of the temperature of overhead and
boFtoms, AT=TO—TS, is an indigation .0of the reversed temperatufe.
Temperature inversion exists'when‘AT is positive. Figure 29 shows that
AT changes with time and the normal boiling points of ketones., Thg
numbers on the curves are the minutes ‘during which the opgration
proceeded. At time zero, the dasﬁed line, AT'was negative and almost
the same for all agents. The :ovefhead temperature was lower than the
stillpot temperature. The same AT's at time zero was due to the same
initial binary mixture. Once the. agent was added, the AT rose in all
the cases studied. Then AT decreased gradually due to the gradual rise
of the stillpot temperature. This figure shows that the agent with
1o§est normal boiling point gives the greatest AT. As the normal
boiling point of the agents increases, AT becomes smaller and the time
of positive AT becomes shorter. The value of norma; boiling point is an
indicationlof the wvolatility vof ’the compound. , MEK. has the lowest

boiling point among the ketones used.
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Heat of mixing was the first reason suggested. However, no
significant temperature rise was observed when MEK was mixed with the
acetone—mephanol mixture. It has been reported By Christensen et al.
[111] that the heats of mixing between methanol acetone, methanol and
MEK and acetone and MEK are positive values. Thus no exothermic heat of

mixing occurs. MEK can hardly react with acetone or methanol under. the

operating conditions. To study if +the phenomenon was related to

azeotropy, pure acetone and pure methanol were used instead of the
binary mixtufe.

The material fed iﬁto the stillpot initially was puré acetone (or
methanol). The experiments were'loperated by the procedures described
previously except the ;gent, MEK, was stopped at 50 minutes operation

and re-added at 90 minutes operation. Total operation time was 140

minutes., In Figure 30, the overhead'.temperature dropped when MEK was

stopped in both cases. Temperature inversion existed in the two systems
when MEK was added into the extractive distillation column. From the
analysis, it was found that the overhead containea more MEK than thg-key
component. Table XXV.lists the MEK éonfent in;phe overheadyand bottoms
" products for the pure methanol and pﬁre' acetone systems. In the pufe
methanol system,. MEK content was much higher than methanol in the
overhead which had higher wt.% ‘of MEK than the bottoms at 50 minuteé
;oferation. At 90 ‘minutes operation, MEK had been stopped for 40
ninutes, wt.%Z of MEK dropped from 79.5 to 26.4 which was lower than
66.6, the wt.Z of MEK. in the gottoms; MEK content in overhead was
highe: again at 140 minutes operation, as MEK had been re-added for 50

minutes. Similar temperature progression was observed for pure acetone.
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Figure 30. The progression of the overhead and stillpot temperatures for pure methanol and pure
acetone using MEK as the agent.
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Table XXV. The overhead and bottoms compositions: for pure methanol
methanol and pure acetone systems with MEK.

wt.Z of MEK

50 min, * 90 min, 140 min,
Pure methangl
Overhead 79.5 26.4 76.3
Bot toms 63.9 66.6 80.0
Pure acetone
Overhead 85.1 6.4 80.7
Bot toms 56,8 . 58.6 71.8

However, the MEK content at 90 minutes for pure acetone (6.4 wt.%Z) was
lower than that for pure methanol (26.4 wt.%). That was why the
ovefhead temperature for the pure acetone system was lower than that for
the pure methanol .system during the operation period from 50 to 90
minutes., The boiling point of a solution is a function of the
composition, Due to higher content of MEK iﬁ;the overhead, the boiling
point of the overhead is higher than that of the bottoms solution.
Therefore, the overhead..temperature was higher than_ the bottoms
temperatire. The change of the. compositions in the pure acetone system
behaved similarly. However, the MEK content was 8.9 wt.% higher than
that in the"bottoms at 140 minutes' operation.  Thus the overhead
temperature was higher than the stillpot temperature, 'This demonst;ated
that the temperature inversion was not relateé to the aieotfopy but to

the solution composition.
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The agent was added near the top ?f the column. At the beginning
of adding an agent, the composition of the agent at the overhead was
higher than that in the bottoms, If the agent is much less volatile,
the vapor will be condensed and no wvapor exists until the stillpot
reaches a temperature 'high- enough. If the . agent is comparatively
volatile, the agent will be vaporized by the wvapor. Due to the
continuous addition of the agent, the agent content would decrease from
the top to bottom of the column.  This could cause the temperature
inversion. Table XXVI shows - higher MEK content in the overhead unless
MEK was stopped. To maintain the boiling on each plate, more vapor is
required. Thus vapor éoming into a plate will pértially condense and
partially go through the plate. From the idea discussed, one could
expect the effect of the agent tempefature. Usually, the latent heat of

a compound decreases as the temperature increases. If the temperature

Table XXVI. The compositions for acetone-methanol system using
MEK as the agent.

Composition in wt.Z%

1 hr. 1,5 hrs. 2 hrs. no agent,
Overhead:acetone 10.1 9.3 6.3 ©79.2
methanol 4.6 3.8 3.2 15.2
MER 85.3 86,9 90.5 5.6
Bottoms: acetone 41,8 33.8 26.7 25,1

methanol © 2.7 1.7 1.8 ‘ 1.4

MEK 55.5 64.5 71.5 . 73.5
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of the agent is raised and the operafional conditions are the same,
there would be more agent vaporized due to lower latent heat of the
agent at a higher temperature. However, this effect would not be very
significant. Thus the overhead temperature would be increased a little
bit. Figure 31 shows the comparison of the temperature of the agent,
MIBR, at 25°C and 50°C. The 'stillpot temperature behaved very
similarly. The:ibverhead temperature gith MIBK at 50°C was slightly
higher than that at 25°C. This indicated that the temperature inversion
.could be caused by the dissolving of the vapor into the liquid phase.
The key components coming up the column as a vapor dissolve into the
liquid phase’on the plate and give up their latent heats. The latent
heats given up by the wvapor would partially evaporate the liquid and
partially increase the temperature of the liquid. To test this idea,
the solubility of the vapor of Lkey cémponénts in the agents is needed
for theoretical calculation. The solubility of the vapor of methanol in
liquid methyl ethyl ketone has not been found. However, Copley et al.
[112] have reported that the mole ffaction solubilities of methanol in
amines are in the range of 0.4 to -0.6. To do a hypothetical
calculation, the mole fraction solubility of methanol and acetoné is
assumed being 0.15. The detailed calculation is shown in Appendix D.
" The calculated results show that it is quite reality possible to heat up
the liquid MEK from 45 to 70°C by thé latent heats given up by the vapor-
of methanol and acetone according to the 1listed vapor solubilities.

However, more studies are needed to verify this hypothesis.
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-The Reversing of Relative Volatilities

The reversal of the relative wvolatility was first reported in 1947
by Buell and Boatright [113] and more recently in 1983 by Yeh [29].
However, this phenomenon has not been explained satisfactorily., The
understanding of the effects of the extractive agents would be improved
by studying the reversal of relative volatilities.

The potential of the key component to interact with the agent can
be an indication of the effect of the agent. Solubility parameter
which includes dispersion force, polar interaction and hydrogen bonding
can be used to study the physical forces occurfing between molecules.
However, the physical forces should be attractive. This indicates that
the molecules must have some similar characteristics. ° This work
attempted to categorize the molecules and find a way totselect an
effective agent by using solubility paraﬁeter. Table XXVII [114] lists
the three solubility parameters and specific volumes of the key
components studied.

The differences between key components in solubility parameters in

h-

each system are mainly polar interaction, GP, and hydrogen bonding, §
For the acetone-methanol system, the difference in dispersion force
between acetone and methanol is only 1.4 (J/cms)l/?; which is a very

small value compared with the differences in polar interaction, 3.2

3)1/2 3)1/2;

(3/cm » and the difference in hydrogen bonding, 13.0 (J/cm

Also the difference in specific volume, 34 cm3/mol, is appreciable.
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Table XXVII. Solubility parameters and specific volumes of
key components.

V- Gd GP Gh
Compounds (cm3/mol) (J/cm3)1/2 (J/cm3)1/2 (J/cm?’)ll2
Acetone 74.0 13.0 9.8 11.0
Methanol 40,7 11.6 13.0 24,0
Ethanol 58.7 12.6 11.2 20.2
Water 18.1 12,2 22,8 40,4
Methyl acetate 79.9 13.3 9.5 10.4

This discussion can be applied to the ethanol-water and methanol-
methyl acetate systems as well and it can be concluded that that the
dispersion force can be ignored when discussing the molecular
interaction in this study. Figures 32, 33, and 34 show the plots of Sp
versus Gh' herein called polarity diagram, for the systems of acetone-
methanol, ethanol-water, and methanol-methyl acetate respectively. .In
Figure 32, tﬁe location of methanol is .referred to as the point A and
the location of acetone is referred to as the point B, We can draw a
segment AB to connect these two points. There is one point C which
makes the ratio of AC to CB equal the ratio of the specific volume of
" acetone to that of methanoia Drawing a line perpendicular to AB through
the point C divides the polarity diagram in;o two parts, Onevis thé
methanol side and another is fhe acetone side. Agents, such as
glycerine and ethylene glycol, on the methanol éide have greater
affinity for methanol than for acetone. Those égents would bring

methanol down to the stillpot and acetone would be the overhead product.
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This concept was confirmed by the data reported ig Table XXI. The
agents, such as methyl ethyl ketone and acetophenone, on acetone side
have greater affinity for acetone than for methanol. Therefore acetone
would be the bottoms product. The results presented in Tables XXII.and
XXIIT, with the exceptioniof DMFA, are in ac;ord with this:theory. bMFA
is on the acetone side but brings methanol down to tﬁe stillpot. This
indicates that there is a greater molecular interaction between DMFA and
methanol. Ritchie [115] has shown that DMSO and DMFA can induce the
acidity of alcohols. DMSO and ' DMFA behaved as the bases. Thus there
existed strong molecular interaction between these agents and methanol

and thus acetone was obtained as the overhead product. As shown in

- Figure 8, the acid-base interactions could cause the presence of a

chemical complex.

Applying the same technique in Figures 33 and 34 shows the saﬁe
result as the previous observation. The values of solubility pérameters
for a number of compounds have been edited by Barton [114]. Thus the
method presented previously might be considered the simplest way to
predict which key component would be the overhead product._

The method presented above can' be . an initial estimation of the

performance of an agent. However, a more accurate predication of the

performance of an agent might be dependent upon the expression of the

activity coefficient. Equation 65 was used to calculate the activity
coefficients of the key componenté in the agenfs. Substituting these
values in Equation 6 and assuming that ¢'s are unity yield the values of
the relative volgtilities. pi's were calculated from Antoine equations

with the parameter values provided by .Reid et al. [110]. Tables XXVILI
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Table XXVIII. The comparison of the relative volatility for
methanol(l)-—acetone(2) system.

Agent ' Experimental %y . Calculated 05
MEK " 1.53 1.46
2-Pentanone 1.66 _ 1.60
3—Pentan6ne 1.76 - 1,60

Methyl iso-

butyl ketone 1.48 ' 1.69
Diisobufyl

ketone 1.64 ' 1.65
Acetophenone 1.71 1.33

Table XXIX. The compariéon of the relative volatility for
methanol(1l)-methyl acetate(2) system.

Agent Experimental o Calculated o

12 12
Nitromethane 2.06 L 1.72
Nitroethane 2,40 ‘ 2,41
1-Nitropropane 2,65 . 2.91
2-Nitropropane 2.77 : 2.96.
Nitrobenzene 2.06 : . 2.3

Experimental ¢.. are the values obtained by uéing the plate
. .12 .
extractive dls%lllatlon column.
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and XXIX show the calculated results’-compared wiéh the experimental
data. In these two tables, the "Experimental" indicates that the
relative volatilities were obtained by using the plate extractive
distillation column.
In Table XXVIII, the average error is 9.1% with a maximum error of
22.2%.' The minimum error is 0.7%. in Table XXIX, the average error is.

14.5% with a maximum error of 38.7% and a minimum error of 0.4%. The

.average error for two tables is 11.5%. The calculated alz's fit the
experimental alz's fairly well except for the aromatic compounds,
nitrobenzene and acetophenone. This could be due to the electron

withdrawal of the functional group on the benzéne ring in addition to
: other characteristics of the molecule. The advantage of this modgl is
that only the properties of pure 'compénents need be known to calculate
the relative volatility of the Lkey components. Unfortunately’the model

is inapplicable to aqueous systems.

Ternary Azeotropes

Liquid-Liquid Equilibrium

Figures 35, 36, 37, and 38 show the one phase region for each
ternary mixture. For the n-butyl and  isobutyl systems, a small one
phase region in high concentration of water exists. This is due to the
solubility of alcohols and acétates in' water, If mixtures are in the
two phase region, they can be separated ‘first by phase separ;tionignd
then by distillation. However, if a ternary minimum azeotrope exists,

the separation of a one phase mixture can not be done by conventional
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Figure 35. Liquid-liquid equilibrium diagram for the n-propyl acetate-
n-propanol-water system.
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Figure 36. Liquid-liquid equilibrium diagram for the isopropyl acetate-
isopropanol-water system.
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Figure 37. Liquid-liguid equilibrium diagram for the n-butyl acetate-
n-butanol-water system.
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Figure 38. Liquid-liquid equilibrium diagram for the isobutyl acetate-
isobutanol-water system.
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distillation. If alcohol can be separated from the mixture, the further
separation between acetate and water can be done by decantation due to

low miscibility of acetate in water.

Application of The Polarity Diagram

This work attempted to apply the polarity diagram to ternary
mixtures. To simplified the situation, the acetate and alcohol were
considered as the key components in each system. Table XXX [114] lists
the three soiubility parameters for the key components'and water, 'The '
main differences between aéetates and the corresponding alcohols is the
size of the molecule, 6p’ and Gh. The key componentS‘haye almést the

same values of § The dif{grence of the molecular size between

a°
acetates and the corresponding aiéohols is aboqt'41 cm3/mol. This is an
appreciable amount and believed to affect significantly the selectivity-
of the agent. Alcohols have gréater hydrogen bonding and slightly
highei polar interaction forces than the corresponding acetétes. This
implies that an agent with high hydrogen bonding and polar interaction
forces would attract more strongly with alcohol than ~acetate. The
polarity of the agent was the main concern in selecting agents. Table
XXXI [114] liéts’ the three solubility parameters and the specific
volumes of the agents used. .The.glyéols have greatetr hydrogen bonding.
Among the glycols, ethylene glycol’has the highest polarity and smallest.
molecular sige. DMSO and DMFA have moderate. hydrogen bonding but
comparatively greaf polar - interaction forces and modéréte specifié

volumes.
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Table XXX. Solubility parameters and specific volumes of the
key components.

y s 8 8

d P h
Component e /mole (J/cm3)1/2 (‘J/cm?’)l/2 (J/cm3)1/2
n-Propyl acetate 115.9 14,1 8.1 7.8
n-Propanol 75.2 14.1 10.5 17.7
Isopropyl acetate 117.9 14.3 8.4 5.7
Isopropanol‘ . 77.0 14,0 9.8 16.0
n-Butyl acetate 132.6  14.5 7.8 6.8
n—Bqtanol : 91.9 15.0 10.0 15.4
Isobutyl acetate 134.2 14,5 7.8 5.1
Isobutanol 92.9  14.4 9.8 15.0

Table XXXI. Solubility parameters. and specific volumes of
the agents. -

Agent Y S4 §P Sy

DMSO 71.3 18.4 16.4 10.2
DMFA 77.0 17.4 13.7 11.3
Ethylene glycol 55.9 10.1 15.1 - '29.8
1,4-Butanediol 88.9 15.0 13.6 27;0
Propylene glycol 73.7 11.8 13.3 25.0
Diethylene glycol 95.3 - 12.4 }2.3 : :23.3
:Triethylene glycol 120.3 15.0 12.2 - 21.8
Dipropylene glycol 132.1 12,2 ;0.3 17.4

Note: v, Gd, GP, and 6h have the same units as which in Table XXX.
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Figure 39 shows the location of those compounds in a polarity
diagram. The location is an indication of the polarity of the.
component, We can see that the polarity increaseé from acetates,
alcohols, agents and then water, DMSO and DMFA are two exceptions to
this tendency. Applyiﬁg the same technique as for Figﬁre 52,7a11,the
agents are on the alcohol side. Thus those agents would have greater
affinity for alcohols than for 'acetates. It was expected that the
alcohols were carried down by the agents to the stillpot and the
acetates were forced into the overhead. ‘fhus the effect of the agents
can be explained by'fhe attraction of intermolecular forces. Among the
glycols, ethylene. glycollhas thé highest wvalues of'6p and Gh, This
indicated that ethylene glycol has a greater capability for hydrogen
bonding and polar intéraction than the‘.bther-vglycols, Thus eth&lene
glycol would have the highest effect “on enhancing the separation.
Dipropylene glycol, which has the smallest wvalues of 6p'and Gh’ would

yield the poorest performance.

Effects of Agents

Two series of experiments were used to study the effects of the
agents. First, the agents were evaluated by using the Othmer type VLE
- still. After the dinitial evaluation, the effect of the agents were
demonstrated by using the plate extraétive distillation column.,

Some of the results for initial evaluation of the agents are listed
in Tables XXXII. The details of the results have been reported
elsewhere [116, 117, 118, 119]. DMSO had the highest relative

volatilities except for n-butyl acetate-n-butanol-water system. In both
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Table XXXIT. Initial evaluation of the agents for the
acetate—alcohol-water systems.

Relative volatility of acetate to alcohol

éggEE nPAc-nPOH IPAc~IPOH nBAc-nBOH IBAc-IBOH
DMSO 2.73 - 2.08 1,67 . 2.55
Ethylene glycol - - 1.99 2.18
Propylene glycol - » 1.68 ’1.31 ‘ 1.67
1,4~Butanediol 1.70 | 1.82 1.18 1.84
Diethylene glycol - - 2,12 - 1.64
1,5-Pentanediol 1.58 ~1.81 - 1.66
Triethylene glycol - 1.98 - 1.53
Dipropylene glycol  1:05 1.74 . - 1.15
1,6-Hexanediol 1.30 1.67 - 1.31

Table XXXIII, The effectiveness of the agents shown in the
plate extractive distillation column,

Relative.volatility of acetate to alcohol

Agent nPAc-nPOH IPAc~IPOH nBAc-nBOH IBAc-IBOH
Blank f 1.25 1.03 0.82 - 1.12
DMSO | 2.77 2,19 2.11 3.05
DMFA 1.85 1.4 1.76 2.65
Ethylene.glycol ' 2.21 1.96 1.86 2.90
1,4~Butanediol 2.00 1.88 1.67 2.48
Propylene glycol | 1.74 1.59 1,46 2,55
Diethylene glycol  1.89 1.75  1.61 1.70
Triethylene glycol 1,81 1.49 1.39 1.58

Dipropylene glycol 1.53 1.15 1.37 1.55
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n-butyl acetate-n-butanol-water and isobutyl acetate-isobutanol-water,
ethylene glycol was the most effective glycol agent. The effects of
the agents demonstrated in the plate extréctive distillation column are
listed in Table XXXIII  Again, DMSO yielded -the highest relative
volatilities for four systems and ethylene glycol was tpe most effectivg
agent of glycols. Most of the agents had poorest performance in n-butyl
acetate-n-butanol-water system with the exception of DMFA and
dipropylene glycol. Both of them had the least effect on the isopropyl
acetate—-isopropanol-water system. In all -cases, the acetate and wéter
were obtained in the overhead product which condensed into two layers.
The discussion will be based on the results from the extractive
distillation column rather than those from the equilibrium stiil because
the column has more theoretical plates and yields more reliable reéults.

Figure 40 shows the selectivity of thg agent varying with polarity.
The selectivities were calculated using Equation 12, In Figufe 40, the
six different values of polarity correspond to the six agents used. In
the order of the increase of the polarity, they are dipropylene glycol,
triethylene glycol, diethylene glycol, propylene glycol, 1,4-butanediol,
and then ethylene glycol. The -selectivities of ethylene glycol, 1,4—
butanediol and p;opyléne glycol increase in the order of n-propyl
acetate, isopropyl acetate, n-butyl acetate, and isobutyl acetate.
However, the seléctivities of diethylene glycol, triethylene glycol and
dipropylene glycol do not ‘follow this order. Diethylene glycol and
triethylene glycol have about the same seiectivity on n-propyl acetate
and isobutyl acetate and the highest selectivity on.n—butyl acetate.

Dipropylene glycol has the highest selectivity on n-butyl acetate.
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The specific volume of acetates (Table XXX) are in the increasing
order of n-propyl acetate (115.9 cm3/mole). isopropyl acetate, n-butyl
acetate, and isobutyl acetate (134,2 cm3/mole). The specific volumes of
alcohols are in the same order but have smaller values. This indicates’
that the agent would have higher selectivity when the key components’
have larger specific volumes. This is due to more frequent cﬁllisions
between the agent and larger:moiegule. However, if the agents, such as
diethylene glycol, triethylene glycol, and dipropylene glycol, have
comparatively large specific volume, the selectivity. would not be
expected in this order and was lower than that’ yielded by small
molecules. This could be because the chance of collision bétween the
agent and two key components was about the same probability and in a
random manner.

DMSO . and ﬁMFA are aprotic agents and have similar molecular
structures as presented in Figure 41. Ritchie [115] has shown that DMSO
apd DMFA increase the acidities of some alcohols,l The increése of
acidities of alcohols due to the presence of DMSO and DMFA could occur
in this study. DMSO and DMFA would thus become bases. Thus a chemical
complex, e.g., a Lewis acid-base complex, could form when these two
agents were added. Thus DMSO and DMFA had higher selectivities.

Rouw and Somsen [120] have shown that the negative enthalpy of -
transfer from DMFA to‘water"of isopropanol"is higher than that of n-
propanol. The difference between n-butanol and isobutanol is
negligible, ‘This.could be the reason why DMFA had a higher selectivity
for n-propyl acetate-n-propanol-H,0 mixture than for isopropyl acetate-

2

isopropanol—HZO mixture. In the mixture of n-propyl acetate-n-propanol-
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DMFA

Figure 41. Proposed conformational structures for DMSO and DMFA.
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H20, DMFA. had a more basic effect on n-propanol due to lesser
intermolecular forces with water and thus has higher 'selecfivity° The
difference in selectivity of DMFA on n-butyl acetaté and isobutyl
acetate could be caused by the comforﬁational structure of the
molecules. The DMFA molecule could be more compatible with isobutanol
due to its short chain length.

Krishnan and Friedman [121] have reported that the sfandard
enthalpy of solution of isopropanol in DMSO (0.87 kcal/mole) is higher
than that of n—propanol‘ in DMSO (0.61 kecal/mole). The enthalpy of
solution is contributed by two forces: (i) physical forces which give
rise to an endothermic heat of mixing, (ii) chemical force which give
rise to an exothermic heat of mixing due to the formation of a chemical -
complex. Thus, there is more chemical complex formed between n—-propanol
and DMSO. Thus DMSO has a higher selectivity for n-propyl acetate than

for isopropyl acetate. Comparing n-butyl acetate and isobutyl acetate,

the same reasoning for DMFA can be applied again.
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V. SUMMARY
Conclusions

1. The separation of one close-boiling pair of compounas, m—xylené—o—
xylene; three binary azeotropes: methyl acetate-methanol, ethanol—water,-
acetone-methanol; and four ternary azedtropes: n—pfopyl acetate-n-
propanol-water, isopropyl acetate-isopropanol-water, n-butyl acetate-n-—
butanol-water, isobutyl acetate-isobutanol-water, can be enhanced by
extractive diétillation. The azeotropes can be negated and the relative

volatilities of key components were reversed.

2. The separation of m—xylene from o-xylene has been enhanced by
extractive distillation with a proper selection of agents, such ag the

mixture of dipropylene glycol dibenzoate and DMSO.

3. The relative volatility of water to ethanol can be reversed up to a
limitation of water content by extractive distillation. The agents are

alcohols which are water— soluble, for example, l-pentanol.

4. Nitrogenous compounds can reverse the relative volatility of methanol
and methyl acetate and negate the binary azeotrope.
5. Ketones can reverse the relative volatility of methanol to acetone.

and negate the binary azeotrope.
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6. The acetate-alcohol-water ternary azeotropes have been negated by
extractive distillation. The relative volatility of acetate to the

corresponding alcohol can also be reversed.

7. The major factors which affect the solution behavior in extractive
"distillation are the molecular interactions between the key components
and agent,

8. The polarity diagram can be used- to compare the affinity of an agent
for key components in binary and ternary mixtures, Thus the key

component which will be the overhead product ¢an be predicted.

9. The MOSCED model for activity coefficients can be applied
successfully to all the extractive distillation systems except the

aqueous systems,

10. The MOSCED model is more accuréte than the polarity diagram in
predicting extractive disti%lqtion behavior. However, a large amount of
data dis needed to apply this model, Only the three solubility
parameters and specific volumes of fhe-compounds are needed to apply the
polarity diagram. Therefore, the polarity diagram is much easier than
the MOSCED model for initial evaiuation of the extractive distillation

agents.
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Recommendation for Further Studies

1. A continuous extractive distillation column would be helpfulrtp
understand the temperature inversion. The compositions and temperatures

on the plates must be capable of being measured,

2. Statistical mechanics might be a good tool to investigate the .

temperature inversion.

3. A study of the formation and stability of chemical complexes should
be undertaken to improve the ' understanding of the role. of the chemical

complex in extractive distillation.

4, A computer simulation using the model developed here should be
conducted to understand the whole process and for the design of a new

process,
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NOMENCLATURE
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NOMENCLATURE

cohesive energy density.

heat of vaporization in J/mol,

excess Gibbs free energy in J/mol.

molecular weight of component i, in g/mol.

mole number of compénent i.

total number of moles.

system pressure in mmHg.

saturated vapor pressure of component i, in mmHg.
equilibrium vapor pressure of component i, in.mmHg.
a measure of the dipole-induced dipole energy.
gas constant.

interchange number for quasilattice.

temperature.

overhead temperature.

stiilpot temperature.

overhead température minus stillpot temperature.
internal energy.

excess internal energy.

energy to evaporate pure liquid to ideal éésés.
energy to mix ideal gasesg.

energy to condense ideal-gas mixture to liquid mixture.
mass of component i in liquid phase.

mass of component i in vapor phase,
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total mass in liquid phase.
total mass in vapor phase.
weight percent of component i in liquid phase.
weight percent of component i in vapor phase,
mole fraction of component i in liquid phase.
distillate composition,
mole fraction of component i in vapor phase.
average relative volatility.
relative volatility at the bottoms temperature.
relative volatility of component i to component j.
separation factor of component i relative to j.
acidity.
relative volatility at the overhead temperature.

basicity.

solubility parameter in,(J/cm3 1/2.

dispersion force of solubility parameter,

hydrogen bonding of solubility parameter.

polar interaction of solubility parameter.

constant proportional to the number of free coqrdinafes.
activity coefficient.

infinite activity coefficient.

molecular polarizability.

fugacity coefficient of -component i.

reflects the ability of the nonpolar part of moiecule fé

with a dipole,.

polarity of molecule,

interact




v

v

“11

“12

Y22

€

C

o

Superscript:
N

Subscript:
av
o
B .
p
A
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. 3
molar volume in cm”/mol.

asymmetry factor.

pair interchange energy between 1-1 pair.

pair interchange energy between 1-2 pair.

pair interchange energy between 2-2 pair.

asymmetry factor,

local volume fraction.

volume fraction.

theoretical plates number.

average
overhead

bottoms

presence of agent

absence of agent
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ABBREVIATIONS




Atm,
b.p.
"DGDB
DIBK
DMFA
DMSO
IBAc
IBOH
IPAc
IPE
IPOH
| MeAc
MEK
MeOH
MIAK
MIBK
| . n.b.p.
nBAc
nBOH
nPAc
nPOH
Temp.

VLE
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ABBREVIATIONS
atmosphere

boiling point

diﬁropylene glycol dibenzoate

diisobutyl ketone

aimethyl formamide
dimethyl_sulfoxidé
isobutyl acetate
isobutanol
isopropyl acetate -
isopropyl ether
isopropanol

methyl acetate
methyl‘ethyi ketone:

methanol

-methyl isoamyl ketone

methyl isobutyl ketone |
normal boiling point
n-butyl acetate
n-butanol

n-propyl acetaie
n—-propanol
temperaturé.

vapor liquid.equilibrium
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APPENDIX A
Parameter Estimatiorn for MOSCED Model

The methods for estimating the parameter values for MOSCED model
are presented by Thomas and Eckert [76] and cited as follows:

(1)’ The liquid molar volume, V.  The iiquid molar volume was taken
as that at 20°C and was assumed constant at éll temperatures.

(2) The dispersion parameter, A. The equations used for estimating

A are as follows:

4 _ 2 2 | '
f(nD) = (nD 1)/(nD + 2) ' (L
where nD is the refractive index at 20°C.
Aya = 20.3f(n5) + 3.02 ' (2)
>‘AR = 19.5f(nD) + 2,79 (3)

where ANA is for nonaromatic compounds, and

AAR is for aromatic compounds.

(3) The induction parameter, (. For saturated molecules q was
given a vélue of 1.0. A wvalue of 0.9 was given for aromatics and’ for
unsaturated aliphatics q was found by

q=1.0 - (no. C==C)/(no. Qatoms) | S (4)

(4) The polar parameter, T. For most monofurnctional and pfimary
alkanes, a group approach was used to calculate T when possible.

T = cT4.5(i+(nq. €-1)/100)/(3.54no. C) o o (5)

where C. is a constant for.a particular group and no. C is the number of

skeletal carbon atoms.
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Without the groups approach, the equation

T = 33uv3/4

(6)
will give reasonable approximations for nonalcohols and nonaromatics.,
(5) The acidity and basicity parameters, o and B. No satisfactory

method of accurately correlating O and B could be found.

The temperature dependence of the parameters are as follows:

_ 0.4

Ty = T293(293/T) _ (7)
_ 0.8 - .

O = 0,00 (293/T) o . o , (8)
_ 0.4 S ' '

By = 8293(293/T) _ _ (9)

(6) The asymmetry. factors, ¥.and &, Both ¥ and £ are the asymmetry
factors and considered functions only of T, ¢, and the degree of
association, axf, of the solvent., Thomas and Eckert [76] proposed the

following equations to calculate ¥ and £,

POL = q4(1,15—1.15exp(—o.02oTT3))+1 L (10)

t = 293/T _ S . an

¥ = POL + 0’011“TBT | o é (12)

£ = 0.68(POL-1) + (3.4-2.4exp((@ B ) *3(-0.023)))" (13)

In the above expressions, a subscfipt o refers to 20°C and a subscript T
represents the temperature of the system.
(7) The combinatorial term, dlz; The combinatorial term, d12’ was
calculated bylthe equation as'follows.
' aa . aa Ce '
= ) -_— AY) : . .
d;, = 1n (vz/»l) +1 = (v,/ 1),. ) o (14)

where aa was calculated as

aa = 0,953 - 0.00968(T22fa282) (2 = solvent) _ (15)
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APPENDIX B

CALCULATED PARAMETER VALUES FOR MOSCED MODEL
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APPENDIX B
Calculated Parameter Values for MOSCED Model

The original data was taken from the data set reporte& by Thomas
and Eckert [76]. The temperature dependence equations were used to
calculate the parameter values at the témperature of 321°k, However, it
was found that the temperature effect on the relative volatilities was
very small at the temperature range from 293 to 343°K. The temperature f
range was used in this study. Tﬁé calculafed parameter values with the

temperature correction are listed in Tables XXXIV and XXXV,




Table XXXIV. The calculated parameter values for MOSCED model used for the methanol-acetone system. "

Compound .y A x o 8 v g aa
Methanol 40.5 7.14 2.46 6.93 6.93 1.82 3.26 ' 0.43
‘Methyl acetate 79.3 7.52 3.20 0.0 3.56 1.55 1.38 0.85
Nitrobenzene 102.3 8.95 3.64 0.59 1.26 4.09 1.35 -
'Nitromethane 53.7 7.73  6.02 1.21 2.23 2.48  2.01 -
Nitroethane 72.0°  7.85  4.68 0.27  2.05 3.48  1.70 -
1~Ni tropropane 89.0  7.96  4.00  0.23  1.75  4.21  1.58 -

2-Nitropropane 90.1 - 7.88 3.98 0.21 1.72 4.27 1.57 -

7L1




Table XXXV. The calculated parameter values for MOSCED model used for the methanol-methyl acetate system.

Compound v A
Methanol ZO.S ;.14
Acetone . 74 .4 7.49
' Methyl ethyl ketone 89.6 7.71
2-Pentanone 106.5 7.83
3-Pentanone 105.8 7.86
MIBK : 125.1 ° 7.89
Diisobutyl ketone 176.6 8.07
Acetophenone 116.9 . 8.79

T

;.46
3.95
3.13
2.67
2.67
2.33
1.54
2.91

0.0
0.0
0.0
0.80

B

2,93-

4.53
3.76
3.19
3.19

2.79

2.23
2.91

v

1.82
1.82
2.68
3.26
3.26

3.76

4.25
2.44

£

3.26
1.55
1.36

S 1.25

1.25
1.18
1.06
1.39

aa

0.43
0.79

MIBK: Methyl isobutyl ketone. -

QL1
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APPENDIX C

THE PROGRESSION OF THE OVERHEAD AND STILLPOT

TEMPERATURES FOR METHANOL-ACETONE SYSTEM
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APPENDIX C

The Progression Of The Overhead And Stillpot

Temperatures For Methanol—Acetone System

The overhead and stillpot temperature for the methanol-acetone
system with and without agents is shown in Figures 42—51. They were
obtained in the same manner as degcribed previously. The initial
mixtures contained methanol 7 wt.Z and acetone 93 wt.% except the data
shown in Figure 43 which had the initial mixture of 25 wt.% methanolhand

75 wt.% acetone. The data in Figure 42 was obtained from a blank run.




Figure 42.

Stillpot
*O 0_

Overhead

Time, minute

The progression of the overhead and stillpot temperatures for methanol-acetone
system without agents.
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‘g re 43. The progression of the overhead and stillpot temperatures for methanol-acetone system with

different initial composition and an agent of MEK. The initial mixture contained 25 wt%

methanol and 75 wt.% acetone.
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Figure 44. The progression of the overhead and stillpot temperatures for methanol-acetone system
with 2-pentanone as the agent.
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Figure 45,

Time, minute

The progression of the overhead and stillpot temperatures for methanol-acetone system
with 3-pentanone as the agent.
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Figure 46.
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The progression of the overhead and stillpot temperatures for
with methyl isoamyl ketone as the agent.

methanol-acetone system
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The progression of the overhead and stillpot temperatures for methanol-acetone system
with 2,4-pentanedione as the agent. |
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Time, minute
Figure 48. The progression of the overhead and stillpot temperatures
with diisobutyl ketone as the agent,

for methanol-acetone system
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Figure 49. The progression of the overhead and stillpot temperatures for methanol-acetone system

with acetophenone as the agent.
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Figure 50. The progression of the overhead and stillpot temperatures for methanol-acetone system

with ethyl acetoacetate as the agent.
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Figure 51. The progression of the overhead and stillpot temperatures for methanol-acetone system

w™rth the mixture of benzil and MEK as the agent.
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APPENDIX D

HYPOTHETICAL CALCULATION FOR TEMPERATURE INVERSION
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APPENDIX D
Hypothetical Calculation for Temperature Invetsion

The assumption for this calculation is that the mole fraction
solubilities of the vapor of methanol an& ethanol in the liquid methyl
ethyl ketone is 0.15 [112]. The thermodynamic data [122] are listed as

follows:

Specific gravity:

Methanol 0.792

Acetone - ¢ 0.792

MEK s 0.805

Latent heats:
Methanol : 8420.1 cal/mole (60 - 65°C)
Acetone : 7230.96 cal/mole (50 — 60°€)

MEK : 7637.55 cal/mole (78.2°C)

Specific heat:
Methanol : 18.88 cal/mole®c (5 - 20°C)
Acetone : 29.81 cal/mole’C (3 - 22.6°C)

MEK 39.53 cal/mole®c (20 - 78°¢C)
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The flow rate of MEK is 20 ml/min. which was measured. Thus the
molal flow rate of MEK ig 0.223 mole/min. The flow rate of‘the vapor is
approximately the same as the total reflux rate which is about 40

ml/min. which also is 0.989 mole/min.

Let the calculation be based on one minute. The moles of methanol

or acetone which dissolve into the liquid MEK is 0.03345 mole.
0.223 x 0.15 = 0.03345 moles

For methanol:

0.03345 mole x 8420.1‘ca1/mole 281.65 cal (latent he;t
given up by methanol)
0.223 mole x (70—45°c) x 39.53 cal/mole’C
= 220.38 cal (heat required to heat uplliquid MEK from
45°C to 70°C)
281.65 cal - 220.38 cal = 61.27 cal
k61.27 cal)/(7637.55 cal/mole) = 0.008 mole (moles of 'MEK vaporized

which is very small compared with 0.223 mole and compares favorably with

measured vapor-phase concentration of MEK).

For acetone:
0.03345 mole x 7230.96 cal/mole = 241,876 cal (latent
‘ heat given up by acetone)
241.876 cal - 220.38 cal = 21.496 cal

(21.496 cal)/(7637.55 cal/mole) = 0.003 mole (moles of MEK




vaporized which is very small compared with 0.223 mole and compares

favorably with measured vapor-phase concentration of MEK).
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