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Abstract:

The purpose of this Investigation was to study the possible application of azeotropic distillation to the
separation of paraffins and olefins. An attempt was made to enhance the ease of separation of three
pairs of compounds by using azeotropic distillation. These three pairs were 3-methylpentane and
hexene-1, 3 methylpentane and 2-ethyl-1-butene, and 2-ethyl-1-butene and n-hexane. The degree to
which a compound (called an entrainer) helped separation was measured by how much it increased the
relative volatility between the particular pair of compounds being separated over the value obtained
when the pure compounds were distilled alone.

Compounds picked as entrainers were those which contained oxygen, nitrogen, and halogen atoms and
were for this reason likely to give large deviation from Raoult's Law in solution. The compounds were
picked to boil within about £20°C of the hydrocarbons being separated. Twenty-nine compounds
satisfying these requirements were tried as possible entrainers.

Major pieces of equipment used included four identical distillation columns packed with Fenske rings
and fitted with cold finger condensing heads, a gas chromatograph, and a refractometer.

The evaluation of an entrainer consisted of determining whether or not an azeotrope was formed,
determining the azeotropic composition, and determining the relative volatility between the
hydrocarbons using the entrainer. Relative volatilities were calculated from the Fenske equation after
overhead and bottoms samples from the distillation runs had been analyzed with the chromatograph.
Duplicate runs were made for each relative volatility determination and seemed to agree quite well.

For the 3-methylpentane-hexene-1 system, methyl acetate appeared to be the best entrainer as it
increased the relative volatility from 1.009 to 1.104 and reduced the; theoretical plate requirement for
95% separation from 657 to 78. For the 3-methylpentane-2-ethyl-1-butene system ethyl formate was the
best entrainer as it increased the relative volatility-from 1.037 to 1.103 and reduced the number of
theoretical plates required for 95% separation from 161 to 40. For the 2-ethyl-1-butene-n-hexane system
chloroform was the only entrainer found to make the relative volatility greater than the 1.056 value
obtained for the pure components. Chloroform gave a Value of 1.094 and reduced the number of
-theoretical plates needed for 95$ separation from 107 to 64.
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ABSTRACT

The purpose of this investigation was to study the possible
application of azeotropic-distillation to the separation of paraffins
and olefins. An attempt was made to enhance the ease of separation
of three pairs of compounds by using azeotropic distillation., These
three pairs were 3-methylpentane and hexene-1, 3 methylpentane and
2-ethyl-l-butene, and 2-ethyl-l-butene and n-hexane. The degree to
- which a compound (called an entrainer) helped separation was measured
by how much it increased the relative volatility between the particular
pair of compounds being separated over the value obtained when the
pure compounds were distilled alone

Compounds picked as entrainers were those which contained- oxygen,
nitrogen, and halogen atoms and were for: this reasen likely to give
large deviation from Raoult's Law in solutien. The compounds were
picked to boeil within about #20°C of the hydrocarbens being separated.
Twenty-nine compounds satisfying these reguirements were tried as
possible entrainers.

Major pieces of equipment used included four identical distilla-
tion columns packed with Fenske rings and fitted with cold finger
condensing heads, a gas chromatograph, and a.refractometer.

The evaluatien of” an entrainer consisted of determining whether
or not an azeotrope was formed, determining the azeotropic composi-
tion, and determining the relative volatility between the hydro-
carbons using the entrainer. Relative volatilities were calculated
from the Fenske equation after overhead and bottoms samples from the
distillation runs had been analyzed wifh the chromatograph. Dupli-
cate runs were made for each relative volatility determination and
seemed to agree quite well.

‘For the 3-methylpentane-hexene-1l system, methyl acetate appeared
to be the best entrainer as it increased the relative volatility from .
1.009 to 1.104 and reduced the theoretical plate requirement for 95%
separation from 657 to 78. For the %-methylpentane-2-ethyl-1l-butene
system ethyl formate was the best entrainer as it increased the rela-
tive volatility from 1.037 to 1.103 and reduced the number of theoreti-
cal plates required for 95% separation from 161 to 40. Foer the 2~
éthyl-l-butene-n-hexane -system chloroform was the only entrainer found .
to make the relative volatility greater than the 1.056 value obtained
for the pure cemponents. Chloroform gave a value of 1.094 and reduced
the number of ftheoretical plates needed for 957 separatlon from 107 to
6l
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INTRODUCTION AND THEORY

The purpose of this investigation was to study'ﬁhe possibié abpli—
cation of azeotropié~distillation to the separation of paraffins and

olefins.

In recent years several invéstigations of the application of
azeotropic distillation to various sepérafion problems have-béen made
at Montana State Cgllegg. 'This investigation is a continuation of these
studies and was not prompted by ény specific separation problem. Diffi-
gplt to separaté paraffin and oiefin mixtures are'certainly not an un-
usual problem in the chemical and petroleum industries hewever. One
need only lqog'in a handbeok fotna moment anq éee,phe enormous number "
of.paraffin and'olefin hydrocérbons failing in the same boiliné

point ranges to realize that this is probably the case.

Straight distillation is used extensively‘té separate Qné com-
pound from another if their bbiiing points are a largé distaﬁce
apart. When, their bqiling-points are clpseltogether it many times
becomes impéssiblé to obtain one or the other of the compounds in any
purity without. building a very tall distillation column with a large
number of theoretical platés. Frequentl& this is uneconomical or
unfeasibie to do and some other method must be used to effect the
separation. Among these methoeds are fractional crystallization, use

of a selective solvent, and azeotropic distillation.




A mixture of volatile liquids can be separated by distillation
because generally the composition of the vapor coming from the
liquid mixture is different from that of the liguid. The vapor is
richer in the component which boils at fthe lower teﬁperature. In
most cases the lower the hoiling point of a substance the greater is
its volatility or tendency to vaporize. When the liquid and vapor
are in equilibrium the greatest difference exists between the vapor
and liquid compoéitions. ‘If the vapor from the vaporizing }igquid
mixture is condenéed.and then pértially revaporized the resulting
vapor will beé even richer in the more velatile component. If this
process 1s continued the VapQr will become increasingly richer in
the more voiatile component. A rectification column contains
several stages which accomplish this. "A stage may be defined as
a unit of equipment in which two dissiiilar phases are brought into
intimate contact ﬁi%h eacﬂ.other énd then mechanically separated" (3).
In a rectifioatién co1umn liguid and vapor are in intimate contact
in a stage which may consist of a bubble plate or a quantity of
some kind of packing. ‘The vapor from a stage is condensed by the
“liquid on the next stage above it and this liquid is essentially -
‘revaporized. The process continues up the column. The overall
result in the case of a binary mixture is that the more volatile com—‘

pound becomes concentrated near the top of the column and tﬁe less
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volatile compound becomes concentrated near the botﬁom. In the case
of a multicomponent mixture the different components distribute
themselves according'to boiling point throughout the column with

the lowest boiling component at the top.

An equilibrium stagg is one in which the liquid and vapér are
in equilibrium. Because the.largest difference between the vapor
and liquid compositions exists at equilibrium the best possible
separation is effected in an eqﬁilibrium stage. In practice the
liquid and wvapor in a column are usually not in contact long enough
for equilibrium to occur. The separating power'of a column is there-
fore measured in theoretical plates. A column is said to contain
one theoretical plate if the same difference in compositien between
liquid and vapor 1s obtained as that which exists at equilibrium
between a liquid mixture and ité vapor. The magnitude of the
change'in comp@sitién ﬁor.one,theoretical plaﬁe varies with the
mixture being considered, and.for any one mixture it varies with

the composition (6).

-In this investigation the following three pairs of cempounds
were being used: kl) 3-methylpentane and hexene-1, (2) B—methﬁl—
pentane and 2-ethyl-l-butene, (3) 2-ethyl-l-butene and n-hexane.

The normal boiling points of.B—methylpentane, hexene-1, 2-ethyl<l-bu-

tene, and n-hexane are 63.2, 63.7, 66.2, and 68.8°C, respectively (2).




b
These compounds were chosen because they boil so closé together that
separation of the different pairs would require a very large number

of theoretical plates if ordinary rectification were used.

it is not an unusual pheonomena for two or more ligquids %o form
a mixture which when boiled gives a vapor of exactly the same compo-
sitien as that of_the liguid. The only other case in which liguid
and vapor have the same composition is when a pure compound is bhoil-
ing. 1Indeed, such a mixture acts as if it were a pure compound and
is éonstant—boiling. A constant-boiling mixture is called an azeo-
trope and the co@position of the liquid or vapor is the azeotropic
compositioen. Azeotropes always boil either lower or higher thaé any
of the compoﬁenté composing the azeotrope or any other mixture of
the components'if the azeotrope conﬁains more ﬁhan two components.
An azeotrdpe that boils loﬁer is called a minimum boiling azeotrepe
and one that beils higher is called a maximum boiling azeotrope.
Minimum beiling azeotropes are by far the more coemmon. If the
liguids making up the constant boiling mixture are completely
miscible the azeotrope is called a homogeneous azebtfope. If the
liquid mixture has more than one phase the azeotrope is termed
heterogeneous. It is worth mentioning that when any binary mixture
having two liquid phases is -distilled the vapér will be of constant
composition and a minimum azeotrope will exist as long as the two

liguid phases are present.
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The exact azeotropic composition doesn't have to be present in
the liquid mixture for the azeotrope to form. For instance ethyl
acetate and ﬁethanol form a minimum boiling azeotrope containing 44
weight per cent methanol at étmospheric pressﬁre (4). A mixture
containing more than 44 weight per cent.methanol can be separated
inte the azeotrope and the excess meﬁhapol. If the miXture-were
rectified the first vapor coming off would cohtain the azeotropic
composition (provided enough plates were present). This azeotrope
would contlnue to come off at 1és b0111ng p01nt untll all the ethyl
acetate.was gone. At thls p01nt the azeotrope would be gone and
‘methanol which would be the only thing left, would start dlstllllng
off. 1In other words , as was stated before, the azeotrope acts as a
single compound withlits own boiling pointi As such it .can be
separated frbﬂ'otﬁef éompounds.or azeotropes by distillation if
the boiling”point-sprgad is sufficienf. This 1s the principle of

azeotropic distillation.

If it were deslired to obtain a better degree of separation
bétween 3-methylpentane and hexene-1 than is possible b& ordinary_
rectification, a third component could be added to the mixture
which would form a minimum azéotrope with one er both of the compounds.
The lower boiling azeotrope could then be distilled off. If the

relative Volatility between the azeotrope and the other cempound or

azeotrope was greater than the original relative volatility the
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separation by rectificatién would be easier and would require' fewer
theoretical plates. The third compound that ié added is calied
an azeotropic entrainer. It is designated a selective entrainer
if it forms an azeotrope with only one of the compounds. Ip is
called a nén—seleptive entfainer if it forms an azeotrope with beth
the compounds to be se@arated. An entrainer will most likely be non-
selective if the compounds to be separated are of similar chemical
structure. The para:fins and the olefins used in this.inve;tiga-
tion differed by .little more than é double bond. As waé expected,
no selective entrainers were found and the study was confined te

non-gelective ohes.

Also, azeotropic Qistillation in?roduces the problem ef
separating the entrainér from the other ddmpound in the'azeotrope
once the azeotrope has been distiiled'over. This problem has
several avenues of approach (7), but they will not be discussed here
as the evaluation of entrainers regarding‘their ability to enhance‘
sebaration of thelpompounds previouslﬁ mentioned was the basic pur-~
pose of this investigationl. The problem could not be overlookd in

an industrial application, of course.

In determining the worth of an entrainer as an agent in separat-

ing the three pairs of compounds being used, a quantity knewn as the:
. ‘ B

relative volatility was used. "The term volatility is comﬁonly‘used in




a broad sense to refer to eése or difficulty of evaporation or
Vaporizatioh of substances," (6). For use in distillation the
volatility of a substance in g iiquia mixture is defined as its
partil vapor pressuré divided by the mole fraction in-the liguid.
The relative volatilitylbf two compounds 1s simply the ratio of
ftheir volatilities. The larger Qolatiiity is usually put in the
numerétor so that the ratio is greéter‘than one., If Dalton's law

- applies, the relative'vdlétility may be written as

: . yl X2
Ay, 12
where Cxl_z = relativéevblatiliby-‘
: yl,yz = mole fractions of compounds 1 and 2 in the
vapor
Xl,X2 = MmOle fractions of compounds 1 and 2 in the
liguid. '

When the reiative volagtility of the tﬁo compoﬁndsvis equal to
unity no separatioq is pessible‘becauSe-both compounds have the
same tendency té vaporize. If the relative velatility is ex-
tremely close to unity very little difference in composition
between the liquid and the vapor will be present at equ;librium
ahd the compounds will be very hard to separate{ Thus, the

" larger the relative volatility of two cqmpounds, the easier they
are to separate by distillation. Entfaingrs:in‘phis studylwere'

evaluated~by comparing the reldtive volatilities of the pure
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components to the relative volatilities with the entrainer added. In
a rectification column, if the vapor—liquid‘equilibriumaﬁollows the N
relative volatillty relation mentiened above and‘the relative vola-

tility is approximately constant over each plate the follewing rela-

tionship can be derived, (6):

y X
oln+l = a3 (2)
AB YR Xp
where' n = the number of theoretical plates’in the column
Xp,Xg = the mole fractiens of A and B in the stillpot .

i}

yA,yB the mole fractions of A and B in the overhead

The exponent n, % 1 is used where separation equal te one theeretical '
plate is obtained between the stillipot :and the base of the column.

Equation (2) is known as the Fenske Equation.

LT

Anaiysis of overhead éﬁd bottoms samples waé.éccomplished
using a gas chromatograph. Peak area per cents were usea iﬂ tﬁe
analysis as almost completely separate peaks were obtaineéd fér each
cqmpounq with the chroematograph column being used. This méthod ié
explained in the Experimental Procedure section. A detailed dis-
cussion of chromatographic analysis and hew the gas chromategraph

operates is given in Wilkinsoen (7) and Nelson (5).
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RESEARCH OBJECTIVES

The objectije of this investigatioen waé to looek into the
possibility of separating closefboiling paraffins and olefins by
azeotropic dis%illation. A comparison of the relative volatility
between the‘paraffih and olefin using azeotropic distillation to
that using straight rectification was the basis for the evaluation
of various cempounds as azeotropic entrainers.

.

’
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:CHOICE OF ENTRAINERS

The formation of an ééeotrope depends upen two factoré:
(a) the mégnitude of the deviations from RaoulthélLaw in the
mixture and (b) the differgnce'in boeiling point between the two
pure compoenerits. The cleser the boiling point of the two components,
the smaller the deviations from Raoult'é,Law;mEt 5é for an azeotrope
to form. If an ézeotrope is  foermed, positive deviations from Raoult's
Law give a minimum boiling azeotrdpe and negative deviations give a
maximum boeiling azeotrope. The devia?ions from Raoult's Law in a
mixture can be attributed fofthe effects of hydrogen bonds or in-

ternal pressurés-(l).x

Berg (1) hqs clagssified liquids inte five groups and has
given a systematic summary'of the type of deviations frem Raoﬁlt'é

Law that can be expected when liquids frem any twe of these groups

'are mixed. Hydrocarbons such as those used in this study fall into

a group which, unless an ideal soluftion is formed, aiways giﬁe positivé
deviations when mixed with liquids from their own or any other group.
Compounds containing oxygen, nitrogen, or halogen atoms such as alco-
hols, acids, amines, esters, halogenated hydrecarbens and so forth are
likely to form solutions with hydrocarbons which have large positive

deviations from Raoult's Law.
é.7.- "
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Thus , compounds chosen as possible entrainers were those of the

types Jjust mentioned that boiled close to the hydrocarbons whose separa-

tion was being attempted. Compounds boiling within about + 20°C of the

hydrocarbons were seledted. In some cases compounds fit the above two

criteria but were not used because of unusual expense.

The compounds evaluated as azeotropic entrainers are as follows:

acetone

methanel

ethanol

methyl acetate-
chloroform

ethyl formate
2—ﬁethylfuran‘
methylene chloride
l,l—dichloroethane
tetrahydréfuran
isopropanol

ethyl acetate
isopropyl acetate

 n-propyl formate |

v

diethyl amine

¥ 1,1,2~-trichloro-1,2,2-trifluoroethane

methyl ethyl ketone
propylene oxide
vinyl acetate
ethylene dichioride‘
n-butyl chloeride
tert-butanol
dihydroepyran

methyl formate
Freon 113%

ethyl ether
isoepropyl ether
methylal

furan

isopropyl amine
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EQUIPMENT

The main equipment used in this study is as follows:
1. four batch rectification columns

2. one #A-90C Aerograph ‘gas chrométograph with thermal con-
ductivity detecter.

3, one Ohaus triple-beam balance

4. one #1013 Valentine refractometer

5. one #AB-2 Christian Becker Chainomatic balance

6. one #620005 Keuffel and Esser Compensating Polar Planimeter

The foqf‘réotification columns were equipped with cold finger
condensing heads arid electric stillpof heaters. The columns were
identical, eaéh made from thrée concentric glass cylinders which
were U8 inches long. The cylinders had diameters of 1.0, 1.75, and
2.5 inches and the ipéide cylinder was packed with 46 inchés of 1/8"
stainless stéel_helices (Fenske:rings). Stillpots were twg-liter
round-bottom flaskslwith thérmowel;s and side-arms for taking samples.
‘A diagram of such a:cqumn is shown in Figure 1. and a further descrip-
" tion is given in Nelson (5). It should be noted that the condensers
used were of the cold finger type which 'do not allew the setting of

definite reflux ratios, but this was not needed as will be explained.

A Valentine refractometer was used for determining azeotropic -
compositions by means of graphs plotting weight per cent versus

refractive index. A constant temperature bath maintained the
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‘the refractometer prisms at 20 t .3°C. .The Christian Becker balance
was used to weigh ‘up known welight per cent solutions used to make

the refractive index curves.

The Ohaus triple-beam balance was used for'weighing the charges

boiled up in the columns.

fhe‘Aefograph chnomatogréph was- used to analyze overhead and
bottoms samples.ﬂroﬁ the reotif;cation cblumﬁs when relative
volatilitles were beirig determined. . A Keuff;l andlEsser Compensat;ng
Polar Planimeter wéé usé& to. measure éeak éreés in the analysis. Two
chromatograph columns were used. The one-ﬁéed for determining
relative voiatiiitigs was a 1/4-inch §tainLe§s sfeel tube;“7 fee£
in ;ength conta;ning'39-60 mesh.cr22 fifebfick as the solid support
and oxydipropinitﬁile as the statlonary phasé. In a few cases wheye
the refractive indices of the entrainer and one of the hydrocarboné
were too close together, azeofropic EOmpﬁsitions wereldetermined
‘using the chromatograph. In these cases an Aerograph GE, SF-96,
silicone colﬁmn\was used. The chromatographie peaks were recorded .

4

on a Sargent recorder. ’ ‘ N




EXPERIMENTAL PROCEDURE

The first:step in the evaluation of an entrainer was to determiné
whether it formed an-azeotrope with a par£icu1ar paraffin or olefin:
This was done merely by noting the boiling point when a random mixture
of the entrainer and hydrocarbon were boiled in one of the rectifi-
cation columns. If the boiling point was less than that of either..
component an azeotrope was assumed to have been formed. When this

v

was the case the charge was allowed to boil for an hour at total reflux

and at this time the refractive indices of overhead and bottoms samples.

were taken for use in the next step.

The next step was determiﬂétion of the azeotropic composition.

If the refractive indicés ofétﬁe entrainer and the hydrocarbon were
far enough apart; sgmﬁles were welghed, fefractive indices deter-
mined, and a plot méde of composition versus refractive index. From
its refractive index the comﬁositioﬁ of the overhead sample previous~-
ly taken was determined and a'charge of this composition was put in
the stillpot and distilled for an hour at teotal reflux. Overhead and
bottoms samples were then taken-and their compositions determined i
to see if they were the same since the liquid and vapor compositions
for an azeo%rope are identical. If the per cent entraiﬁer in the
overhead was within four of the per cent entrainer in the bottoms the
overhead composition was taken as the azeotropic compositiog. If

this was not the case the still pot composition was adjusted te be
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the same as the overhead composition just deﬁermined and the

procedure was then repeated as many times as was necessary to get

the overhead and bottoms cempositions to agree with each other.

In some cases the refraétive indices of the entrainer and a
particular paréffin or olefin were so close that it was impossible
to make a refractive index versus composition plot. This was true
in the case of tetrahydrofuran, isoprepanol, and tert-butanol.
Chromatographic analysis was used to determine the azeotropic

compositions for these compounds. Plots were prepared of peak

height per cent versus actual weight per cent entrainer by use of

samples of known,pompos%tion which had been weighed out. These
plots were used with the chromatograph to analyze overhead and
bottoms samples. :The Aerograph GE,éF-96 silicone column was chosen
because it gave short reteﬁtion'times and sharp peaks for'the
entrainers as well as the paraffins and olefins. The column was
operated at 70°C with a helium flow rate of.62.5 ml/min and a

chart speed of 2"/min.

Once the azeotropic compositions had been determind relative
volatility runs could be made. A charge was made up by first
weighing the correct amounts of material to give the azeotropic
composition of the more volatile component with the entrainer. An
amount of the less volatile component, equal by weight te the more

velatile component, was then added. Every time a charge wgs made
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up enough material for two charges was weighed and then split inte
equal volumes. Duplicéte runs were made for every relative volatility
determination and the two charges were in this way assured of being
of exactly the same.composition. Each charge was boiled and after
two or three milliliters of material was drawn off the top to get
rid of trace impurities the chafge was allowed to disfili'at tétal'
reflug for at leasf two and one half hours. Overhead and bottoms
samples were then taken. Since a column was'operated at tetal reflux
except when a sample was being taken or material drawn off to stabilize

the temperature the cold finger condensers used were adejuate.

Overhead and bottomé samples were analyzed with the chromato-
graph using the oxydipropinitrile column. This column was chosen'
because (1) it gave shortﬁretention times for the hydrocarbons, (2)
it gave almost complete resolution between the paraffin and olefin
peaks, and (3) it gave long feténtion tiﬁes for the compounds being
evaluated as entrainers. There waé never any trouble with aﬁ entrainer
peak falling on top of the peak of one of the paraffins or olefins
using this column. The column did not give complete resolution of
the hydrocarbon peaks but it was so close that the tails of the peaks
were merely drawn in for purposes of area measurement. A typical
chroﬁatogram is shown in Figure 2. The column was operated at 70°C
with a helium flow rate of 12.5 ml/min and a chart speed of 1"/min. g

a

Analysis was performed by running samples of known composition
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through thé chromatograph and measuring the areas'of tﬂe peaks obtained.
Plots wgré then prepared of the area per cent of a particulér compound
versus. %té,aqtual weight per ceﬁt in the sample. The data for these
plots ié given in Table VIII. When an overhead or bottoms sample con-

' taining, say, >-methylpentane, hexene-1,.and some entréiner was shot in-'
to the chromatograph, the afeas of the resulting 3-methylpentane and
hgxene-l peaks were measured, and the pér cent of the'fotal areé con-
taihed in the 3-methylpentane peak_determined. The weight per cent 3-
methylpentane in the sample bou}d then be obtained ffom.the plet pre-
viously prepared. Note that_the:ehtraihgr'would also give a peak but
its area was not measured. ?hus, the valﬁe obtaiﬁed'for the weight pef
cent 3-methylpentane would not be the dctual weight per cent but only'
the amount of 3-methylpentane relatiVé tg the total amount of 3-methyl-

pentane and hexene-1 on an entrainer free basis. , This difficulty was

of no consequence as will be explained.

After the overhead and bottoms samples were analyzed relative
volatllities were determined using the Fenske eguation. This equation

can be written:

n+ .1 - '
d._AB = YA / YB
.XA / in

»

Upon examining the numerator of this equation it can be seen that it
is a ratio of mole fractions. The same holds true for the deneminator.

The ratios are Jjust expressions of the amount of compound A reiative
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to compound B in the overhead and ‘bottoms. These Wwere the guantities

found in the -chromatographic analysis as stated above. The total

moles in a sample did not have to be known because this term cancels

when the ratio is taken. Likewise, the mole fractions could just as

well be weight fractions because all units cancel when the numerator

is divided by the denoeminator.




DILSCUSSION OF RESULTS

The boiling points of 3-methyipentane, hexene-1, é—ethyl—l—butene
and n-hexane gt 640 mm were found to be 56.8, 57.2, 59.0, and 62.8°C,

respectively.

0f the twenty-ﬁine chemicals tesood as possible entrainers,
thirteen formed ozeotrfpes,with the compounds being separatedl All
of these were pon—seleqtive entrainefs. For all of these compounds
except two the azeotroﬁic compositions were dotermined for the en-
trainer with 3-methylpentane, hexene-1, and é-ethyl-l-buteno: A_
list of entrainers wi@h their azeotropic compositions 1is gioen in
Tables II, IIT, and IV. 1In the.oase-of methylene chloride fthe azeo-
tfopic composi%ioos'were not'deoermioed exactly because of the
difficulty of telling whether an azeotrope had formed or Ehe mixture
in the overhead was'jusf'the resulo of‘the;inability of the column
t0 separate the components completely. In the case of "ethyl acetate .
the refractive Indices of this chemical and the hydrocarbons were
too close for analysis by refractive index and its retention time

was too.close to the hydroecarbons to make analysis using the chroma-

tograph possible.

When furan, n-propyl formate, propylene oxide, and vinyl acetate
were refluxed to determine their boiling point at the prevailing
pressure it was found that the overhead temperatures did not stabi-

lize but continued te rise steadily well past even the normal bpoiling
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points. This indicated that some kind of polymerization.or break
down was taking place and the compounds could net be evaluated

fqrther..

NO'literathre'valugs were availabié with which to éompare the
azeotropic compositions @etermiﬁed when usiﬁg entrainers and 3-
methylpentane, hexene~l, and 2—ethyl—1—bu£ene.\ Two azeotroplc com-
positions were determiﬁed between n-hexane and entrainers. The values
of éBuB and 54,? whb. % n;hexane ﬁith chloroform and acetone, respec-
tively, agree faifiy well with the 1literature values (4)'of 28% and
46.5% when thé difference in pressure-is taken into account (1i£era—
turé values were at 760 mm while”experimental values were determined
at 640 mn) . It;iS'unfortung£é thét an afsolute comparison with
literature values.canngt-be made. The calibration cufves that
were prepéred for fefractometer aﬂd chromatograph analysis welre
in all casés{smooth curves requiring Little judgement by fhe investi-
gator in copanf%ng.the'daté points. For this reason it is\felt
that an errof of.no mgre than 1% is present in the azeotropic com-
position vajues. a

In.making up the chromatograph calibration curves of area per
cent versus actual per cent for the anlyéis;of relative volatility
runs 1t was founq thﬁt\the curves were almost straight lines. In

fact the largest difference found ‘between an area per cent and the
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“actual weight per cent was 1.9 per cent.(see Table\VIII). Thus, very
little error would have resulted even if the area per cents had been
used directly. An error of about .003 in the value of A would be
caused if both tﬁe overhead and bottoms compositions were one weight

per cent in error.*

The four co%umns used had 22, 25, 26, and 28 theeretical plates
as calculated using the McCabe-Thiele methed and a test mixture of
methylcyclohexang.and toluene. Several factors could change the number
"of theoretical plates in a célumn. A change of one theoretical plate
would cause an error of about .00l in the value of the relative vola-
tility. It waes fglt that in this particular investigation differences '
in boil-up rate may hgfe been the largest single cause of error. This {
is because the compounds being w6PEEd with were very volatile and the
boil-up rate could be varieq guite a bit with a small change in the
heat being supplied to the column. The high volatilities al;q made it

hard to store samples’wifhoﬁt a change in composition.
!

In all cases duplicate relative volatility runs were made and
these values are fabulated in Table V, VI, and VII. For all except
two the duplicate runs were within .010 of each other. Innthe 3~
methylpentane, hexene-1 system the values using tetrahydrofuran and
2-methylfuran differed by .013 and .0l4, respectively. Since it could
be seen that these entrainers were not among the best possible en-

trainers used for this system no moere runs were made to get better

agreement.
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Using the avefage of the dubl;qate runslah analysis can be made
of how much the var;éus entrainers enhance the separatién of the
three pairs of compounds. The relative vo;atility of 3-methylpentane
to hexene-1 was found fo be 1.009. Using the Fenske equation shows
that to e%feét 95% separation of the tﬁo compounds would require 557”
theoretiéal'plates. Use of methyl acetate increased the relative
volatility to an average 1:105 and reduced the theoretioal plate re;
Quipeﬁent to 78. Use of acetone and ethyl formate gave average rela-
tive volatilities oft 1,100 and }.097. Thus, all three entrainers
wpuid give just about the same separation. Methylene chloride gave
thgzm§st imﬂrpveﬁenf in relative volatility at 1.159‘and a theoretiéal
pigte requirementléf 39.. However, the azeotropic composition is only

10.3% 3-methylpentane which will undoubtedly make it of little

commercial interest. i !

The re}ative volatil;ty of 3-methylpentane to 2—eth§l;l—butene
was found to be 1.037 which means 161 plates would be required to get
) 95% separétion. In this case ethyl formate increased the relative
volatility to 1.156 and reduced the theoretical plate requirement
to 40, =Acetone, chloreform, .and methyl acetatelgave‘valués\of 1.149,
1.141, and 1.142, respectively,_fbf the relative volatility. Theoret--
ical plates required for 95% separation would be 43, 443 and 44. In
the case of methylene chloride'the separation”was so goéd that a

=

peak was not even obtained for the Z—éthyl—l—butene when the overhead

v
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sample was'an?lyzed. Td obtain é value for the rélative volafility'
a shorter sixteen plate -column was tried. Even though a peak was
obtained this time,‘it was so small that the analysis was impossible.
Here again methylene chloride would probably be of no interest be-

cause the azeotropic-composition is'89.7% methylene chloride (10:3%

3-methylpentane). For this reasoﬁ building an even shoerter column to -

get a value for the relative volatiiity was mot.donsidgrea.

Tﬁe 2-ethyl;l—bupéne; n-hexgne qystém was ‘different from the
other two because all tﬁe'gntrainers gave relative volatilities that
were less than .the 1.056 v;lué obtained using no entrainer. Acétone,
.chloroform, Z-methylfufan, isopropanol and‘ethyl formate actually'
reverséd the volatilities an madelnrhexané tﬂe more volatile of fhe
two as indicaﬁed by:th; felétive volatility values of less than |
unity. For aheféne and chloroferm the‘fﬁns were repeated'with the
gillpot charges coqtaiﬁing'thé azéotrdpicjéompositions.of entrainer
. with n-hexane. YaiueS'pf 1.046 and 1.09ﬁ were obtainea:this time
for'acetohe ahd chloroform, respedtively. Chloroform énd:possibly
ethyl formate Which was not tried again bedayse of iack'of material
were the @ﬁly eptrainers that looked like they would iﬁprove the
relative volatility. Chloroform would reduce the theoretical plates
required for 95% separation from 107 'to 64. The chloroform, n-

hexane azeotrope .contains 76.5% chleroform which would make it of

doubtful cbmmercial interest. -
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It should be remembered that the Fenske equatioﬁ is derived for a
'total:reflux situation and the theoretital plate values given above

are ‘the minimum limit of what would be required_at:é finite reflux
. . . ¢ . ' . . :

ratio.

It was thought that perhaps there ﬁas a correlatioen between the
azeotropic copposition and the particylaf hydrocarbon being used. For
instance,lmaybe the pef cent 3-methylpentane in an ézeotrgpe with a
givep entrgiher would always-be g;eatér than the per cent hexene-1 in
an.gzeotrppe with the same entrainer. Examination of TabJESII, 111,

‘andi IV shows no such correldtion.

As alfeadj noted by Wilkinson (7) and Nelson (5) there- appears
to be no correlation of relative volatility with the boiling points

of entrainers,




CONCLUSIONS

It is possibie te separate >-methylpentane from hexene-1, 3-

methylpentane from 2-ethyl-l-butene, and 2-ethyl-l-butene from n-

hexane by azeotropic distillation using fewer theoretical plates

than is requireq using straight distillation. Economic factors

would determine which entralners would be best in a particular

case and whether azeotropic distillation would be commercially

fgasible.




SAMPLE CALCULATIONS

Relative volatllity calculation-

For 2- ethyl 1-butene, n- hexane, tert-butanol
system; run 1: -

n+ 1 ¥y, X
C*AB = ATB
IB %4
vy & yB =t mole per cent*z ethyl-1- .butene and n- hexane
L . in overhead "
X & X = mole per' cent 2 ethyl -1lbutene and n- hexane
A B
in bottoms .
‘n = number of theo}etipal'piatea'
' = 69.1
Ty %
= 30
.yB. 50.9
% = 45,
X = I, 5 :
B = 5.5 |
n+.1 = 25
ot = (69.1)(54.5) = 2.68
AB . (30.9) (15.5)
2510g ok =  }2813
tog 4 = Q171 .
. . . {
- = 1.040

*weight % can be used instead of mole % as explained in Experimental
Procedure
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Sample Calculations (continued)
Calculation of the number of theoretical plates required to

give 95% seﬁaration of é—ethylﬁl-butene and n-hexane:

using no entrainer-

Losg B+l - (95)(95) . 3,
5) (5) '
n+ 1 = log 361, = 108
log 1.956
‘nt =, 107

i

using chloroform’ds an -entrainer-

1]

1.094 ¥ 1] 361
n+1 % 65

n = 6
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APPENDIX
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STRUCTURES AND BOILING POINTS OF

ENTRAINER

acetone

methanol

ethanol

methyl acetate
chloroform

ethyl formate
-2-methylfuran
methylene chloride
-i,l—dichlorogtﬁéne
tetrahydfofuran-
isopropyl alcohol
"ethyl acetate
methylal

ethyl ether‘
isopropyl ether
isepropyl acetate
isopropyl amine‘
diethyl amine

methyl ethyl ketone

ethylene dichloride

T HCO0C, H
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TABLE I

STRUCTURE

CHBCOCT-I3

CH_OH
5

‘ 0
CHBCHZ'H

CH_CO00CH
3 3

.
2 5

?H:CHCH:C(CH )0

571

CHBGHCl2

OCH CH CH20H2

3CH@I—TCH3

CH300002H5

cH_(0CH, ),

CHOCH
2H5 2H5

(CH.) CHOCH{CH_).

5°2 32

-CHBCOOCH(CHB)2

(CHB) CHNH

(C,H,

CH_COC_H
37275

CHpCLCH,C1

)ZNH

ENTRAINERS

BOILING POINT
(635-640 mm Hg)

. 50.8 °¢
60.5
73.1

514
55.4
48.1
58.7
35.4
51.9
59.5.
76.6
71.1
37.4
29.3
63.2
82.5
28.0
50.8
75.5
T




ENTRAINER
%—_r—'-.,

n-butyl Fthride
i ,

tert-buténol
Freon #13*
dihydppbyfan'

furan¥*

n-propyl formate¥*¥
propylene oxide¥** |

vinyl acetate¥*

-32
TABLE I.- (continued)

STRUCTURE

Ol (CH,) ,0H,,C1

H.)_.CO
(CEB)3 .H

" CCl.FPCCI1F
2 2

2

OCH CH CH_CHCH
| -2 2 |
' OCH:CHCH:CH

HCOOCH(CH3)2

3
CH_COOCHCH.,
5 2

OCH_ CHCH
2]

*¥1,1,2-trichloro-1,2,2-trifluoroethane

BOILING POINT

(635-60 mm Hg)
71.7 °C
I
42.2

79.0

*¥¥poiling point not determined, see Discussion of Results
3
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TABLE "II

AZEOTROPIC COMPOSITIONS
(ENTRAINER WITH 3-METHYLPENTANE)

ENTRAINER AZEOTROPIC 'B.P. COMPOSITION

’ (wt.% 3-methylpentans) ,
acetone . ’ 42.0 °c 55.0 |
methanol Yo, 7 75.7
ethanol 49U ' 82.0
methyl acefate L7 57.8
chloroform ' . 53,0 335.2
ethyl feormate . 4p.8 40.5
2-methylfuran 54,1 : 54.5
methylene chloride - 35,1 }OLB
1,1-dichloroethane 504 27.3
tetrahydrofuran - 53:8' 55.1
iSOpropanal 53.0 ' g .1

tert-butanol 544 85.5
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TABLE III

AZEOTROPIC COMPOSITIONS

(ENTRAINER WITH HEXENE-1)

ENTRAINER, AZEOTROPIC B.P. COMPOSITION

(wt.% hexene-1)

acetone - 43.5° 49.25
methanol . 4%.0 ' 79.3
ethanol - - 50.6 80.9
méthyl acetate o 4h7.1 45,5
chlereform : 55.4 21.7
ethyl formate . T | 36.0
2-methyl furan - | 56.3 - k49.9
methylene chloride less than 10% hexene-1
1,1-dichloroethane . | 50.5 20.3
tetrahydrefuran | 56.8 : : 39,3
isopropanel | 534 8.5

tert-butanol 55.8 ) 81.5
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TABLE IV

AZEOTROPIC COMPOSITIONS

(ENTRAINER WITH 2-ETHYL-1-BUTENE)

ENTRAINER

acetone

methanoel

ethanol

methyl acetate
chloroeform

ethyl formate
Z—methylfuran
methylene chloride
1,1-dichloroethane
tetrahydrofuran
isopropanol

tert-butanol

AZEOTROPIC B.P.

55.4°¢
4l 1
5L.7
47.9
55.2
.45.3
56.4

COMPOSITION

(wt.% 2-ethyl-1-butene)

46.2
79.3
80.25
40.0
15.8
34.5‘
51.5

less than 10% 2-ethyl-l-butene

51.2
57.1
54.9
57.1

19.3
62.5
8h.2

85.2




(A) = 3-METHYLPENTANE, (B) = HEXENE-1

ENTRAZNER -

none

© acetone

methanol

methyl acetate
1l,1-dichloeroethane
chloroform
2—methyifuran
methylene chloride
tetrahydrofuran
isoprOpanol
tert-butanol

ethyl formate

ethanel
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, TABLE V

RELATIVE VOLATILITIES, X,

RELATIVE VOLATILITY

RUN 1

1.

1.

009

095!
47
.102
072
.083
.0l42
155
047
.023
.018
.096
.033

RUN 2

1.

1.

009

099

043
.10k
070
.086
.056
163
060
.023
.018
104

033
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TABLE VI

RELATIVE VOLATILITIES, X,

(A) ‘= 3-METHYLPENTANE, (B) = 2-ETHYL-1-BUTENE

ENTRAINER g RELATIVE VOLATILITY
B ' . RuN 1 ' RUN 2

none ¢ ‘ h ' i 1.034 1.040
acetone - ' l‘; E 1. 14k 1.153
methanol o 1.072 1,080
methyl-acetate B ' 1.144 ;.139
1,1-dichloroethane . - : 1.125 1.133
chloroform . . ‘1,141 1.1ﬁo
2-methylfuran - i.o§6 1.079

' methylene chloride¥ . : S - -

tetrahydrofuran . : ; | 11.083 'i.o76
isopropanol, | Iv | i ;.068 1.659
tert-butanol, .' : 1049 1.052
ethyl formépq i’ ' 1.159 © 1.153
ethanol 1,059  1.062

*could not analyze
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TABLE VII

RELATIVE VOLATILITIES, & 15’ %5

(A) = 2-ETHYL-1-BUTENE, (B) = N-HEXANE

ENTRAINER Apg - . RELATIVE VOLATILITY

RUN -1 RUN 2

none o 1.954 . .1.058
dcetone . _A“ ) .95k 957
methanel : S i.gl7 1.017
méthyl aoetafe ‘ ‘ 1.Q47 1.049
1,1-dichloroethane | - .948 .953
éhlorof?rh | | ; .923 '.916
2-methylfuran i :' - - . 1.0004. 1.0005
tetraliydrofuran | : 1.009 : £,019
isoéropanol o : ?968 - 967
Eérg;ﬁgténoi | | 1,040 1.036
ethanel .‘ ' ' | i.oBO 1.037
ethyl fOTm;te] : : ) ‘ . 935

methylene chloride - -

acetone* 1.045 1.046
chloroform* - : 1.094 1.004

*reruns using a still pot charge containing the azeotropic composi-
tion of entrainer with n-hexane; azeotropic compositions were 54.5
wt% n-hexane with acetone and 23%.5 wt% n-hexane with chloroform;
the azeotropic boiling points were 43.8 and 53.4°C, respectively,

at 635-640 mm. ‘
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TABLE VIII

DATA FOR AREA PER CENT VERSUS ACTUAL WEIGHT PER CENT CURVES.
. USED -IN CHROMATOGRAPHIC ANALYSIS

AREA PER CENT 3-METHYLPENTANE - 'ACTUAL WEIGHT PER CENT
WITH HEXENE-1 - - - 3-METHYLPENTANE
19.0 . ) o | | 19.6
8.5 | 39.2
.5',7.:6 - 58.8
79'..6 , 80.7
AREA PER CENT 3 METHVEPENTANE ACTUAL WEIGHT PER CENT
WITH 2-ETHYL-1-BUTENE 3 -METHYLPENTANE
1.7 | 9.8
22,3 R 19.9
bo.2 - - 39.9
~60.3 - - - : 60..6
~89.3 7 3 89.8
AREA PER CENTJZ-ETHYL—i—BUTENE; ACTUAL WEIGHT PER CENT
WITH N-HEXANE 2-ETHYL,-1-BUTENE
20.0 20.7
8.1 | ' 39,14
58.2 59 .4

75.1 - 76.3
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