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Abstract:

The purpose of this paper is to determine whether the per cent recovery of the less volatile component
in any binary system is independent of the composition of the original charge when separated by means
of azeotropic distillation.

Several different systems were investigated using liquids representing the various hydrogen bond
classes of compounds. The liquids used were hydrocarbons, alcohols, ketones, acids, chlorinated
hydrocarbons, and diethers.

Azeotropic distillations were made upon each of the systems investigated and non-azeotropic
distillations were made wherever possible for control runs.

The investigation showed that the recovery of both the less volatile and the more volatile components
was increased by azeotropic distillation. The recovery of the less volatile component was independent
of the charge composition while the recovery of the more volatile component varied with the charge
composition. The purity of the less volatile component was not improved by azeotropic distillation, but
the purity of the more volatile component was improved when the separation was difficult.
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ABSTRACT

The purpose of this paper 1s to determine whether the
per cent recoveryiof the less volatile component in any bi-
nary system is independent.of.the composition of the original
charge‘when separated by means of azeotropic distillation.

Several different"systems were investigated using liquids
representlng the various hydrogen bond.classes of compoundse
The liquids used were hydrocarbons, alcohols, ketones, aeilds,
chlorinated hydrocarbons,l and diethers. -

Azeotropic dlstillations were made upon each of the
systems investlgated and nonnazeotroplc dlstlllatlons were
made wherever possible for control runs.

The investlgation showed that the recovery of both the
less volatile and the-more volatile components was 1ncreased
by azeotropic dis’tillatlon° fhe recovery of thé leés”ﬁolas
tile component was inaependent of the charge compositlon,
while the recovery of the more volatile component varied with
the charge compositlonu The purity of the less volatile con= .
ponent was not improved by azeotropic dlstlllatlon, but the
purity of the more volatile componeﬂt was improved when the

separation was difficult.,
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I INTRODUCTION

Azeotropic distillation is thghterm applied to distilla-
tion or rectification Whicﬁ iﬁﬁoiﬁés‘£h¢ férmation of con-
stant boiling mixtures. An ézéoffépic ﬁix%ﬁre is one which
boils or distills without change in composition and it has a
bq?}ing.point higher or lower than that of any of 1ts pure
constituents. (6) |

Azeotropic distillation finds one of ité"principle ap-
plications in the separation of mixtures ﬁhose components
boil too closely together for economical use of simple frac-
tional distillation. The method is particularly appiicable
when the coﬁpoﬁents to be separated differ in chemical
structure so that their volatility is changed in differing
degrees by the addition of a third substance. It frequently
happeﬁs that substances of:diséimilar chemical nature which
boil close together wili form azeotropes between t hemselves
whiech aré entirely incapable of separation by simple distil-
lation, and in these instances, azeoéropic distillation is
absolutely essential if they are to Ee éeparated by any type
of distillation process. (1)

In azeotropic distillation a solvent or entrainer not
present in the mixture to be separated is added to inecrease
éhe difference in volatility between the kéy‘components;
This entrainer forms a constant boiling mixture with one or

more of the key components and some is necessarily removed
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with the distillate. (1) A method for selecting the entrain-
er has been described in the literature by Eweli, Harrison,
and Berg. (2) By this method 1iquids.may be divided inte
five classes”according to their hydrogen bondmforming capa-
bilities. This system of classification makes it possible to
predict the extent of the deviation from idealiil':y° A system
that showé a positive deviation from ideality will form a min-
imum boiling azeotrope if any azeotrope is formed. A maximum
boiling azeotrope may be formed if the deviation is negative.
| The five classes are listed belows (2, 5)

Class I. Liguids capable of forming 3 dimensional
networks of stroeng hydrogen bonds.

Class II. Other liquids composed of molecules con-
taining both active hydrogen atoms and donor atoms
(oxygen, nitrogen, and fluorine).

Class I1I. Liquids composed of molecules containing
donor atoms but no active hydrogen atoms.

Class IV. Liquids composed of molecules containing
active hydrogen atoms but no depnor atoms.

Glass V. All other liquids, i.e., liguids having no
hydrogen bond-forming capabilities.

In the study made by Daly on the binary system methyl-

eyc1o‘h-e:mr1“e’-_-= toluene, involving various reflux ratios and
charge compositions, it was found that the weight per cent
recovery of toluene was independent of the weight per cent

of toluene in the'charge° l-Propanol was used as the entrainer.
{3) This study was undertaken to determine whether or not -

this system represented an isolated case or a general trend.
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o ‘The first binary system studied was that of Daly, methyl-
cyclohexane . - toluene. (3) The entrainer used was 2-butanone.
The hydrocarbons are Class V compouhds, l-propanol is a Class
II'compound9 and 2-butanone is a Class III compound. (2)

The second system investigated comprised benzene-cyclo-
hexane with acetone, a Class III compound, as entrainer.
The hydrocarbons chosen, benzene and cyclohexane, themselves
form an azeotrope and cannot be separated by ordinary distila
lation. (8) |

The third system chosen also involved hydrocarboﬁs,
ethylbenzene and n-octane, but the entrainer was acetic acid,
a Class II compound° |

'In order to increase the generality of the iﬁvestigation9
the final system chosen involved n6 hydrocarbons. The binary
system to be separated was dioxang and ethylene dichloride,
Class III and Class IV compounds, respectively. The entrainer
was l=propanol. | |

In each of the different systems invéstigated it was
desiraﬁle that only the entrainer be soluble in Wat%r in order
that it might be ektracted and the raffiﬁate analyzed after
drying by means of a refractometeﬁy

Noﬁ«azeotropic runs were made for all systems ekcept the
methyleyclohexane - toluene system which was reporméd by Daly
and the benzene - cyclohexane system which cannbfﬁbé separated

by straight rectification. (3, 8)
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The purpose of this paper is to determine Whétﬁéf the per
cent recovery of the less volatile componént in any binary
system is indépendent of the composition of the origlnal

charge when separated by means of azeotropiec dlstillatlono
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11 EQUIPNENT, VETHODS AND COMPOUNDS

_ A, Equipment

The following eduipment was used in this investigationz
& precision rectification eolumn, a Corad constant reflux
ratio condenéer9 a graduated water-cooled receiver, a Harvard
type triple-beam balance, é mercury filled "U" type manometer,
round bottom glass distilling flasks with side arms, a Valen-
tine refractometer, a ceramic heater, Powerstats, glass stem
mercury thermémeters, énd several 250 ml. separatory funnels.

The column was constructed of three 1engths of glass tub-
ing arranged concenprically and held in this position by
strips of asbestos.tape and glue. The inner tube, 33 mm. in-
side diameter, was packed with 1/8 inch, stainless steel,
Fenske packing. A thermometer was fastened tc the outside of
this tube near the center. The middle tube was wound with
Nichrome wire to provide heat for the columti, The amount of
heat supplied was controlled by means of a Powerstat. The
outside tube provided additional insulation and also protect-
ion for the Nichrome winding. The overall height of the
column was 48 inches. The height of the packing was 46-1/2
inehes. .

The Corad head was attached to the top of the column by
3'29/42 standard tapered;ground glass joint. 1t ﬁas adjusted
to give a reflux ratio of 20:1, A second thermometer was in-

serted in the head to measyre vapor temperature. The.
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thermometer wés protected from the descending stream of cold
reflux by a small glass shield built into the head.,

The distilling flasks used were one and two liter round.
bottom flasks with 35/25 ground glass ball joints on the necks
to-fit the bottom of the co:Lumn° Each flask alse had a side
arm ending in an /9 ball joint to fit the manometer,

The manometer was constructed br glass tubing bent in a
uygn shapeol One end of the tube was left open to the atmos-
pheré and the other éonnected to the side arm on the distil-
ling flask, ‘The manometer was approximately 12 inches high
and was about half filled with mercury.

The heater used consisted of Nichrome K eoils mounted on
a ceramic base. The rate of heating was controlled by means
of a second Powerstat.

The Valentine refractometer was of the glass prism type.
The refractive indices were read at 2Q:h 0.1°C., with the ex-
ception of the readings taken on mixtures of acetic acid and |
n-octane which were read at 30«4 0,.1°C.

The Powerstats were small autotransformers manufactured
by Supgrior Electric Company. The maximum input was 7-1/2

amperes at 110 volts. The output ranged from O to 135 volts.
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B, Methods

1. _Determination of'the Azeotropic Comﬁositions:

The composition of eaqh azeot:opé was obtained from the
literature. (8) A charge of this composition‘was prepared
and distilled. Samples of the distillate were taken until
the ref?détive index became constant. The composition of
the azeétrope was obtained from a plot of refractive index
versus composition., This plot was made by determining the
refractive index of several samples of known composition. In
‘ Ordef to eheeck the exPerimentél value, & new charge was pre-
pared using the experimental value of the azeotropic composi-
tion., This charge was distilled and samples of the distil-
late were taken until the refractive index became constant.
In all cases this combosition‘agreed with the original experi-
mental value of the agzeotropic cempébitiono "In order to use |
this method on the acetic acid - n=6ctane azeotrope, 1t was
necessary to determine the refractive index at 30°., At
209C., the samples were two-phase aﬁd could not be analyzed by
refractive index. However, at 30°C. the samples were all
single-phase. Azeotropic data are given in Table I.

20 Preparation of Charges ‘for the Azeotropic Runs:

In each case the éhgrge consisﬁed of 300 grams of the
two components to be separated, excluding the entrainer, The
amount of the more volatile component was either 20, 40 or 60 |

per cent of the 300 grams with the less volatile component
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making up the remainder. (See sample calculations) Suf—n
ficient ontrainer;as determined from the azeotropic composi-
*tion; was added to remove all the more volatile component and
in all cases two grams excess were added to insure complete
removal,

.3« . Azeotropic Rums:

After drylng the column by passing compressed air through
it the charge was placed in the distilling flask and the
flask attached to the celumn. The manometer was attached to
the side arm of the distilling flask., The heater and the
Niehrome winding on the celumn wére attached to the Powere
stats and the powér turned on. The colﬁmn was allowed to
flood te insure complete wetting of the packinga After
flooding, the Powerstat connected to the heater was adjusted
until the pressure drop'across the paoking was 15+ 1 mm. Hg.
This pressure drop was equal to approximately 80 per cent of
the pressure drop at the flooding point and was S0 maintained
for all ef the runs. The Powerstat connected to the columh
winding was adjusted until the thermometer on the column -
showed a temperature approx1mately 10°¢, above that of the
overhead vapor. The column was then allowed to run at total
reflux until the vapor temperature beCame constant, usually
about one hour. . |

The initial vapor temperature was notéd and the distil-

late was allowed to pass into the cold receiver. The
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temperature was recorded every 5 ml, until the boiling point
of the azeotropic mixture at this pressure was reacheds at
this time the first sample was taken. Comparatively large
samples were t aken until all of the azeotropic mixture was
removed., buring the transition from azeotrope to less vola-
tile -component, the samples were reduced in order that the
distillation curve might be defined more accurately. Larger
samples were again taken after the transition until the
charge was nearly exhausted from the distilling flask,

‘Each sample was weighed and the‘refractivé index deter-
minedo‘ Next, the samples were placed in separatory funnels
and washed with distilled water until all of the entrainer
was removed. They were then placed over calcium chloride
and allowed to dry. After drying, the refractive index of
each sample was determined again.

The column was allowed to drain back into the distilling
flask and, after cooling, the flask was removed. The bottoms
were weighed and the refractive index of the bqttoms deter-
mined, |

4, Presentation of Azeotropic Data:s

Figures l=-4 are examples of'the plots prepared from the
data for each azeotropic run. These figures show only the.
runs contaiﬁing.40 per cent of the most volatile. component.
Two curves were drawn on each plot., The first is vapor temp-

"erature versus weight per cent distilled and the second is
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xefraetive index versus weight per cent disti.‘lleqo In all
cases the refractive index is reported at 20°C, és the
acetic acld was removed by water washing the n=o¢§anea In
Pigure 4 the refractjve index curve is plotted without water
ﬁashingo The weight pel eent recovery was determined f{rom
these plots, (See sample ecaleculations) |

56 Non»aze@troﬁi@ Runss

.Charges for the non-azeotropie runs were made iﬁ exaetly
the same manner as for azeotropie rums.with the exeeption
that the entrainer was omitted. The same column was used
- under the same conditions., In each case the totai charge
was 300 grams.

6o Presenta%ien of Non-azeotropic Data:

The same type of plots were made for the nonaazeotfo@ie
runs as for the azeotropie runs. The recovery was determined
Ffrom these plo“tso EXampie§ of the curves are shown in
Figures 5=7.

7« . Presentation. of Azeotropic_dnd. Non-Azgotropic Recov-

ery Datas

In Figure 8, the weight per cent recovery of the less
volatile component is plotted versus the weight per cent of
the léés #olatile component in the charge for azeotropie
.aistillations. Figyre 9 shows the same plot for non-
azeotropie distiliations. Né curve ig‘shown for béﬁzene on
this plot because there is no recovery of benzene. Figure 10

is a plot of the welght per cent recovery of the more volatile
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cpmponent in the charge by azeotropic distillation versus its
fraction of the charge. Figure 11 is the same plot for non-
azeotrople distillations. No curve is shown for cyelohexane
because there is no recovery due to the azeotroepe formed by
benzene and cyclohexane. | |

Figures 12-14 show & compariscon between azeotropie and

nop-azeotropic distillation.
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C. Compounds

All of the reagents used in this investigation were

purified by fractionation. Only the fraetion having a boil-

ing range of. .+ 0.29C, was used.

Compound - Grade
Hethyley=- Tech,
clohexane
Toluene CoPo

2-Butanone Tegha

Tech, .

Benzene

Cyclo- Tects

hexane

Acetone 99,5

per cent

Ethxlﬁ . e Tec:he -

benzene

n=-0ctane Techs .

Acetie Aecid 99,5
' per cent

Dioxane Teeh,

Ethylene Tech.

Dichloride

1=Propancl C.P.

Refractive Index

Obsvd.

1.4235

1.4965
103787

1.5010
1.4262

1.3588

14449

1 ® 3859

£ Observed at 15.99C,

o ofe

Observed at 19.49C,

Lit,
1.,4230(4)

1.4968(4)
1.3807#(7) "

1.5012(4)
1.4262(4)

1.,3588%%(7)

. 1.4958(4)

1.3976(4)
1.3718(7)

1.4232(7)

1.4443(7)
1.3854(7)

Source
Dow Chemical €o.

J.T .Baker Chemical Co. .
Shell Chemical Corp,

General Chemical Co,

. Shell Chemical Corp.

B.R.Elk & Co., Ine.

Dow Chemical Co.
Conn, Hard Rubber Co,
Merck & Co.y Ine,

Carbide and Carbon
Chemicals Corpe.

. Dow Chemicsal Co.

Eimer and Amend
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ITI SAMPLE CALCULATIONS
The calculations in fhis section ére all based upon Run
#1. This run contained 40 weight per cent methyleyclohexane
and 60 weight per cent toluene.
a. To determine the amount of entrainer to add to the
charges |
The azeotropic cemposition was found to be 74.4 Weight
per cent 2-butanone and 25y6 welght per cent methyleyclohexane
(See Table I)., The total weight ef hydroearbon charge was
300 grams. |
Welght methylcyclohexanes
(0.40)(300) = 120 grams.
Weight toluene: |
(0,60)(300) = 180 grams.
Welght 2-butanone plus 2 grams excess:

120)(74.4). + 2 = 351 grams, - -
a 5578 35 grams:' “

Total charge = 120 + 180 + 351 = 651 grams.

be To determine weight per cent recovery of methyl-
eyclohexane:

Figure 1 shows that beyond 69,3 weight per cent distill-
ed the Refractive Index curve exceeds 1l.4235.,

Weight per cent methylcyclohexane recovery:
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¢o To deterinine Wemght
Figure 1 shows thaf it 74 5 Wwe

Refractive Index cﬁrve has réa

pér cent recovery ef tolﬂene°
1ght per ceént dlstilled ﬁhe
ched a value Of 1 4963

Welght per cent toiuene réCOVery

L 0(7«953‘(651) = 92 3




19
| - IV RESULTS

The first system studied, ﬁethylcyclohexane—toluene with
'Q»butanone as the entrainer, gave the same results as were re-
ported by Daly, (3) When separated by azeotropic distillation
in a batch column the weight per cent recovery'of the toluene
which is the less volatile componént, is independent of the
per cent of toluéne in the chargée. The recovery of methyley-
clohexane, the more volatile component, increased as the per
~cent of methyleyelohexane in the eharge was inereased, Runsg
1-3 shown in Tébie 11 give a cbmparison_of the recoveries and
the weight per cents of the componénts in the original charge.-
The purity of the recovered products exceeded 99.5 weight ber
cent. Daly (3) showed that when separated by honeaZeotrOpic
distillation, the weight per cent‘reeovery of the toluene in-
cgeased as the toluene in the charge was increased. The
pﬁrity of the toluene recovered exceeded 99.5 weight per cent
but the methyleyclohexane did not reach this purity. The re-’
covery of methylcyclohexane of a given purity, 88.5 weight
per cent, increased as the methylcyclohexane in the charge
increased. A graphical comparison of the receveries by both
azeotropic and non-azeotropic distillation is shown in Fig.l2

To expand further the generality of the study, the
binary system benzene-cyclehexane with acetone as the entrain-
er was used. As benzene and cyclohexane together form an

azeotrope,; no results are shown in Taple III for the non-




azeotropic separation of this system. Rums 4-6 in Table IIf
show that the purity of the recovered product exceeds 99.5
weight per cent and that the weight per cent recovery of
benzene, the less volatile component, is indeperident of the
per cent of bénzene im the original eharge, while the recov-
ery of cyelohexane, the more volatile component is dependent<
on its proportion in the originél charge., .

" Acetic acid was the entrainer employed in the separatidn
of n-octane from ethyl;benzene° Table.II shows that the
purity of‘the—recévered produets and the recoveries when
separated by azeotropie distillation are in accordwmith thé
rest of the study. The results 6f the non-azeotropic sep-
aration are shown in Table III and correspond with the fes
sults shown for methylcyc1ohe5:ane&=toluenev A comparison of .
azeotropic and nomn-azeotropic sepérations of thé binary -
system h-octane=ethylbenzene is shown ih FPigure 12,

A noen-hydroecarbon system, dioxane-ethylene dichloride,
with l-propanol as the entrainer gave results that were
similar to the other systems reported. In Tableé III it is
shown that the purity of ethylene dichloride that was recov-~
ered exceeded a value of 99.5 weight per cent. The fact
that the purity of ethylene dichloride obtained by non-
azeotropic distiliatiég was approximgtely the same as that
‘obtained by azeotropie distillation, namely slightly higher
than 99,5 per cent, indieates that the Qurity of the more
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volatile component is not always inereasedﬁby azeotropic dis-
tillatien., Figure 14 shows a comparison between azeotropic
and non-aze¢otrepic distillation for the system dioxane=
ethylene dichloride. ‘

Figure 8 ;hows that the ieeovery gf the less volatile
component in a binary mixtﬁré is independent of the propor=
tion of that component in the original charge when the mix-
ture is separated by azeotropiec distillation. Figure 9
shows that the recovery of the less volatile component is
depeﬁdent on the charge'@ompositiom when the mixture is
separated by nondézeotropie distillatiomn.

Figures 10 and 11 show that the recovery of the more
volatile component is dependent on the bropertion of that
component in the original charge when the mixture is separ-
ated by either.azeetropie‘or non-azeotropic distillation.

Comparison of Table 1I with Table III shows thgt the
gmonnﬁ of each component'of'a given purity that was recovered
was inereased by azeotropic distillétien° This comparison
also shows Fhat the purity of the less volatile cémponent
that was recovered was not inereasgd by azeotropie distil-
lation. The purity of the more volatile éomponent that was
recovered was increased by azeotropic distillation for all
the system where thé separation was somewhafuaifficulte In

|

the case of dioxane-ethylene dichloride, however, the purity

of the éthylene dic¢hloride was not.increasedo
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N The results of this study are in accord with the results
reported by Daly. (3) He reporteq the recovery for one
binary system representing two hydrogen bond classes, II and
V, while this study reports the recoveries for four binary
systems representing four hydrogen bond classes, II, III, IV
and V, Further studies might well include Class I (5) com-
pounds which were not covered by either of these papers, as

well as other types of liquids such as ethers and amines.
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V CONCLUSIONS

From the resunlts of this study the following conclusions'

'may be made:

1s

4.

_ The recovery of the less volatile compenent in the
charge is indeﬁendent of its per cent in the charge
when the charge is separated by azeotropic distil-
lation. .

The purity of the less volatile compenent in the .

-charge is not increased by aéeotropié distillation
but the gquantity at a given purity is increased.
The recovery of the mere-volatile component i@‘the
charge is dependent on its per cent in the charge
for both azeotropic and non-azeotropiec distil-
lation. |
The purity of the more volatile component in the
charge is not . always inereased by azeotropiec distil=

lation but the quantity at a given purity recovered.

- 18 increased,
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Component

Hethyley-
elohexane

Cyclo-
hexane

n-0etans

Ethylene
Diehloride

Entrainey

" P-Butanone 78.0

Acetops

Acetie
Aedid

1-Propancl 80,65
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TABLE I
AZEOTROPIC DATA

Azeotrope

Azeotrope

Boiling Pt.0C, Press,,mum. Wt.% Entrainer

Ref.{(8) Obswvd,

72 o4
£54,0 48,3
105.5 99,4 .
74,8

Gbgvd:  Ref. (8) Obswvd.
639.8 70 Tdod
639 .4 £85 8.6
639.7 52.5 5540
6337 19,0 16,0
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CHARGE COMPOSITIONS, ENTRAINERS AND RECOVERIES FOR
AZEOTROPIC RUNS

Run No,

(AN Ll N3

O 00~3

10
12

Charge Compositien
Weight Per Cent

Toluene

80
60
40

Bengzene
80
60
40

Ethyl-

benzene

80
60
40

Dioxane
.“‘ééu.

60
40

Methyley-
clchexane

20
40
. 60

Cyeclohexane

20
40
60

n-Qctane

20
40
60

Ethylene
Dichloride

20
40
60

" Bntrainer

2=Butanonse Toluene

Acetone

Acetie .

JAeid

Weight Per Cent.
Recovery
99,5 Wt.% Purity

Methyley=
elohexane
92.3 62,9
92.3 96:4
92,6 96.4
Benzene Cyclo-
'hexamé
89,5 88,2
8903 9404‘
88 01 . '94‘&6

/Ethyla n-0ctene
benzene

89.5 85.7

89.6 89.4

‘ 89,2 91.4

1-Propancl Dioxane Ethylene
Dichloride

88.1 . 48,2

88,3 76,5

88,1 7903
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IABLE III

CHARGE COMPOSITION AND RECOVERIES
FOR NON-AZEOTROPIC RUNS

Charge Composltion
Weight Per Cent

Toluene

80
60
- 40

Benzene -

Ethyl-
benzene
80
60
40

Dioxane

80
60.. .
40

13

Methyleyclo=
hexane
20
40
60 .

Cyclohexane

n-0ectane

20
40
66~

Ethylene
Piehloride
20
40
60

Weight Per Cent Recoverv .

99,5 Wt. % 88.5 Wt, 7
Purity

Toluene Methylcyclohexan@
775 o | 0
73.4 0 56 .4
66,3 0 79,2

Benzene Cyclohekane °

Separation Impogsible Azeo=
txope forms betweaen benzene

- and eyclohexane

Bthyl-

benzene
78.5
75.0
737

Dioxane

65,3
641

6306

n=-0ctane
0 73.1
0 87.5
° 95,9
Ethylene Pichlorides
not
o determined
50,0 " :
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Figure 9.

Non-Azeotropic Recovery of the Less Volatile Component
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Figure 10.
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Figure 11. Ifon-Azeotropic Recovery of the More Volatile Component
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mAZEOTROPIC DISTILLATION USING 2-8UTANONE
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NON-AZEOTROPIC DISTILLATION
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Figure 12.
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Sffect of Charge Composition on Azeotropic and Kon-Azeotropic Recovery for the
System Toluene-Methylcyclohexane-2-Butanone
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Figure 14, Effect of Charge Composition on Azeotropic And Non-Azeotropic Recovery for the
System Ethylene Dichloride-Dioxane-I1-Propanol
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