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Abstract:
This research was performed as a study of the application of azeotropic distillation to the separation of
mixtures of para-xylene and meta-xylene.

The experimental work consisted of evaluating azeotropic entrainers to determine their influence on the
relative volatility of 'the xylenes. The entrainers were chosen as compounds which boil within about
20°C of the xylenes and have in their molecular structure active oxygen* nitrogen or halogen atoms.
Forty such compounds were evaluated.

» The major pieces of apparatus employed were two identically packed distillation columns with Corad
heads, a refractometer and a gas chromat ograph.

Evaluation of an entrainer was divided into determination of its azeotropic composition with
para-xylene and determination of the relative volatility of the xylenes using the entraining agent. An
estimate of azeotropic composition was ,made for each entrainer and a sample of that composition
distilled. If the overhead from the column* which should be the azeotrope* had a composition within
about 10§ of that estimated* the actual composition as found by refractive index was taken as the
azeotropic composition. The material in the column was then adjusted to this composition and an
amount of meta-xylene* equal to the para- present, was added and this charge distilled at total reflux.

The distillation was continued for three hours to allow Steady—state to be reached and then small
samples of overhead and bottoms taken for analysis with the gas chromatograph. The relative
percentages pf xylenes in these samples were used Vfijbh the Fenske equation to calculate relative
volatility. Comparison of this value and that using no entrainer was the basis of evaluation.

Duplicate runs were made for all but a few entrainers where sufficient material was not available.
These runs seem to agree well within expected experimental error. The agreement with the literature
(S) seems good. For acetic acid and cellosolve* the literature values for azeotropic ,compositions are
28 and 50 weight percent para-xylene and the Values found here were 28 and 54- weight percent. Of
the entrainers studied* 18 gave relative volatilities equal to or greater than the 1.019 found using no
entrainer. Also, 16 gave values lower than 1.019 and 6 failed to azeotrope. The highest value found was
that using 2-methyl butanol. This value was 1.029*.
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ABSTRACT

This research was performed as a study.of the applicdtien of
‘azeotropic distillation to the séparation of mixtures -of para-xylene
and meta-xyléne.

- The experimental work . consisted of evaluating azeotrople. entralners
to determine their influence -on the. relative velatility of ‘the xylenes
.The entrainers were chosen. as compounds which boil within about 20°C of
the xylenes and have in their molecular structure active oxygeny nitro-
gen or halegen atoms. Forty such. compounds. were evaluated,

-The major pleces of apparatus employed were two identically packed
.distillation columns with Corad headss-a. refractometer and. a. gas
chromatograph.

- Evaluation of an entrainer was divided into determinationd of its
azeotroplc composition with paras=xylene and.determination of the rela-
tive volatility of the xylenes using the entraining agent. An. estimate
of azeotropic.composition was made for each entrainer and a sample of
that composition distilled. If the overhead from. the colwmn, which
should be the azgotrope, had . g composition within ahout 10% of _that
estimated, the actual composition as found by refractive index was taken
as the azeotropic composition., The material in the column was then
adjusted to thils compositlon and an amount .of meta-xylene;, equal to the
para- present,. was added and this. charge distilled.at total. reflux.

-The distillation was continued for three hours to allow steady-state to.
be reached .and then small. samples of -overhead and bottoms taken for
analysis. with the gas chromatograph. -The relative percentages of
xylenes 1n these samples were used with the Fenske equation to calculate
relative volatility. Comparison.of this value and that using no ens
trainer was the basis of evaluation.

Duplicate runs were made for all but a few entrainers where suf-

_fieient material was not. avallable. - These runs seem 50 .agree well
within expected experimental error. The agreement with the literature
(6) seems good. :For acetic dcid and. cellosolve;. the literature values
- for.azeotropic. compositions are 28 and 50 weight percent paradxylene
and .the values .found here were 28 and 54 weight percent. .Of the en-
trainers studieq# 18 gave relative’ yolatilities equal to or: greater than
the 1.019 found using no entrainer. . Also, 16 gave values Llower than
1.019 and -6 failed to azeotrope. The highest value found was that. using

2=methyl butariel. - This valie -was 1.029.
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INTRODUCTION AND - THEORY

The objective of this investigation was .to -study the agpliéation
of azeotropic distillation to the separation of mixtures of pdra-xylene

and meta-xylene.

Para~xylene is a valuable material in plastics production threugh
conversion to terephthalic acid. Metd=xylene, although in. limited use
aside from its use as a .solvent and gasoline octane improver;~Shows

considerable praomise in plastics'as~the parent of isophthalic acid.

Obtaining these materials in purity from the complex petroleum.
mixtures in which they occur is a diffieult  task. -The principal problem
arises in the separation of these two..compounds from one another and
 fromﬂthe other two- Cg aromatic hydrocarbonsy ethylbenzene and ortho-
xylene. Because of the nearness of their boiling points@ separation
by straight distillation is-not economical. This difficulty is usually
approached by initiéliy applyiﬁg fractional cfystallization4 This 1is
done to remove theAmgjor.part,of the paraexylene,frqm the mixture. The .
remaining matérial is then distilled in.columns employing an extremely
large number of theorétical plates. 'Unfo?tunately,,thegcrystallization .
dées not remove gll of the para- lsomer-and 1t becomes a. troublesome
impurity 1n the purificatioﬂ of the ethylbenzene and meta-xylene. -Final
.purtificagtion of these isomeﬂs'requires‘further.crystallization,or‘dis—

tillation.
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Because of the inherent expense of refrigeration and of .operating
extremely tall:distillation columnsy methods of ‘avoiding .this expense
are.of interest. This interest'hag led to the study of azeotrbpic.
distillation to reduce the number .of theoretical plates needed for a

given separation and to possibly avold the. crystallization step.

Separation of chemical compounds by distillation depends upon
differences in the fendencieS»of the compounds to vaporize. These dif-
. ferences’ cause .the vapor -to hayve a composition different,fhom that of
the liquid from which 1t was produced. That is, the vapor tends to.be
richer in those constituents which vaporize most readily. Separdte
collectlon..of liquid and vapor permit a degree of separation of the

.eompounds ,

The simplest measure of the tendencles of pure compounds to .vapor=
.1ze 1s boiling point. The lower the boiling pointy, the greater the
tendency to vaporize. . Materlals such as para-xylene and metaxylene
with nearly equal boiling points have nearly equai vaporization ten-

dencies,

A single stage of wvaporization, in which - the vapor leaving is in
equilibrdym with the liquid, is called a theoretical plate. By-using
‘a seriles of theoretical plates, 1t -is possible to increase .the degree
of separation of constituents. This is accomplished by dqndensing the
vapor from each plate .on that above with the plates arranged in a

vertical column., This condensed vapor is theny .in effect; partially
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-reyapordized. .As-with,a,single;theofetical,platex~the‘vapar ffgm gach.
plate is micher in the lower boiling compounds than was the liquid on

that plate .or the vapor from the plate .below. - In generaly the greater
the number of theoretical plates in a, distillation.column, the greater

-the degree of separation of components.

-For a binary mixture, the liquid.leaving the bottom .of the unit. may
approach thé pure higher boiling compound and. the vapor leayving. the top
may approach .the pure lower bolling compound.  For a multi-component
mixture, the lowest.bolling material tends to collect-at the top .of the
column and the highest af the bettom. Intermediaté.boilingfcomgonents

distribute between top and bottom.

.Because theifrboiling”ﬁqints are so clesey a~sing1e.fheo:etioal
plate gives little separation of the xylenes. .In.order to obtain high
purity by stralght distillation,-a very large number of theoretical
plates 1s required. .This leads to.expensivg,equipmenﬁ and.high opera-
ting dosts. The aim of azeotropic .distillation is to reduce the number

of plates required for. a given separation.

‘Often. two (or more) compounds form mixtures -of a certain composi~
tion that may be bolled to gilve a vapor with exaéply the same -¢ompogi~
.tion as that of “the liquid, ‘Sﬁch.mixtures are known as azeotropes;or
constant bolling mixtures. It shéuld.be emyhasized that the -composltion
of the vapor from.a bolling azeotrope .1s not merely near that. of the

- 1iquids .@s with, the xylenes, bub. exactly the sémel
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- AZeotrbpesiafe of several types: homogeneous or heterogeneous and
minimum bolling or maximum bolling. -Homogeneous azeotropes are produced
from completely miscible compounds; that is, from a single liquld phase.
-Heterogeneous azeotropes result friom mixtures of partially soluble
liguids andy, thus, from a liguid consisting.of more than one phase.
- Minimum bolling azeotropes are those which boil at a temperature. lower
than the boiling.points of the pure components or any other mixture of
them. Oceasilonally, certain compounds form comstant boiling mixtures
which boil higher than the pure .compounds or any other mixture .of them.
These azeotropes are called maximum azeotropes. - Maximum azeotropes are

much less common than the minimum boiling variety.

Sincey in distillationy-an azeotrope acts as a single pure compoundy
it may be séparated from other. compounds or azegtropes provided that its
boiling point 1s. sufficiently different from those of:the‘qther mgterials

present. This 1s the basls of azeotroplc.distillation.

.Tn the case of the xylene separation?-a;thifd.compound called an
azeongpic entralner would be added to a mixture of these isomers.,
.Since the xylenes are so chemie¢aglly similar, it 1s unlikely that such
an entrainer would.form an azeotrope with one and not the other. There-
fore, it appears doubtful that an entrainer selective with respect te
parg~xylene and meta-xylene exists and we will have to. be .content with

Anvestigating non=-selective entrainers for this azeotropig separation.




L
Of course, in commercial operation the separation of xylene and
entralner after distillation becomes an impgortant céhsideration. ‘This
problem may be approached in several ways (1) ; however, for the pur=

-poses of thls study it was not a primary consideration.

In.evaluating the -degree of separation of the xylenes in a.distil-

- lation,.the concept of relative volatility was used. Before defining

this termy 1t may first be .helpful to define the tefm Tyvolatilityd.
‘Volatility, defined for a single theoretical plate,. 1s the ratio of

the mole fraction. of a componenty A, in the vapor to the mole fraction

of A In the liquid. This 1s a measure of the compound’s tendency to
vaporize. Separation by distillation depends upon differences in
volatilities of the components of the miXture, or, fdr‘a,binary mixture,

on the relatiyve volatility of the compounds.

The relative volatility of two cémpounds is simply the ratio of
thelr volatilitles. - The volatility of the lower boiling compownd is
generally used as the numerator of the ratlo to give a relative vola=
.b11ity greater than one. Comparison of the relatlve volatilities of
the xylenes.using\azeotropic.distillation<with.that using-straight dis~
tillation was the basis for evaluation .of entrainers in this study.

Higher relative veolatilities Indicate.a greater ease of separationz

For an actual digtlllation ¢Qlumnm.it is impractical to base -
relative volatility on compositions around. a single theoretical plate.

It 1s deslrable to use compositions that can. easily be measured and
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. these are usually those of the material.from the top of. the column:(oﬁer—
head) and that from the bottom: (bottoms). .By appiying the relative
volatllity. definition to each plate in & distillation column and con—
-sldering the relative-%olatility constant from plate to plate, the

following equation may be derived:

yA./'XA RA )
d(ﬂﬁl_=’ ] = where
b p s
V%5 Y5 a

< = relative volatility

n = number of theoretical plates in the column
Tps¥g = mole fractions of the compounds A and B in overhead
X, X = mole fractions of A and B in bottoms

. It might be noted that the exponent, n + 1, results from consideration

of the still-pot of the column as one theoretical plate.

Analysis of the overhead and bottoms samples for the relative
volatility,ealculétion wags -done with a gas chromatograph. This instru-
ment coensists basically of two parts: the column and the detector cell.
‘The chromatograph column consists of a length of small diameter tubing
filled with a finely divided inert solid which supports a liquid absor-
bent. The inert solid provides a large surface area for contact. between
the absorbent gnd.the.material to be analyzed. In analysis, . a small
sample.of an unknown is injected into the column and into a stream of
inert gas which _f\l'o,wS at a constant rate through the column. . If

liquids are to be analyzed,y they are vaporized in the proper heating
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zone before passing into the column packing. The .column is maintained

"at constant temperature by coiling it within a heated chamber,

‘The sample flewing with the inert gas through the -column distrds

butes 1btsgelf between the stationary absorbent and the mowving gas stream.

- There 1s a continual process of absorption by the absorbent and

elutriatibn‘by the moying gas stream. Because the strengths .of absorp-
tion of the constituents of the sample willy .in general, be different,
the absorbent tends to selectively‘retardwthem, .And for this redsony
they move through the column at . different rates and.thus tend to

segregate into bands within the gas stream. It 1s this separdation

-which permits chromatographic analysis of mixtures.

-AB~the sample constituents emerge from the column, they pass into
the detector cell. -The .detector of the insfrument used in this study

is a bridge-type thermal conductlvity cell. Different chemical com-~

- pounds havey, in general, different. thermal conductivities. The thérmal

conductivity cell reacts to this property and is used to-detect the
changes as the vardous.sample components. leave the column., An elec-.

tronic recorder is used with the instrument to record.cecontinuously the

output signal of the cell ds a seriles of peaks on the recorder.chart.

- There 1s usually a separate peak for each constituent.

- The recorder allows observation of both the magnitudes of the peaks
and. the length of time from sample injection until.deteetion .of each

component, The magnitude of a peak (helght and area). is a.function of
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- the -amouynt of the.component presént and the material’s thermal conduc=
Zivity. - The time-elementm,called retentlon time, 1s a characteristic
.of each chemical.compound and may be used &s a means of l1dentification.
It might be .mentioned that the chromatograph 1s primaril& a device for
quantitative analysis and the word, unknown,.as used 1n thils study per=~
~tains to composition,. However, the Instrument may be used for quali-
tative analysls if a 1list of retention for expected cempounds is

available,

For compounds with nearly equal thermal conductivities, the .areas
under individual peaks may be .used as 'a measure of the composition of
‘the sample being analyzed. - This methed.works well for compounds whose
retention timesldiffer enough to permit formation of entirely separate
peaks. -However, 1f -the retentlon times.are nearly equal for two com~
-‘pounds ,, the peaks will overlap, making area determination .difficult or
impossible. This 1s the case with para-xylene gnd meta-xylene. .For=
tunately#.it was shown in this study that for these xylenes the heights.
of the peaks could be used as a measure .of the composition. Establlshe~
.ment of a .correlation of composition wilth peak heights is discussed

in the.Dlscusslon of Results section,
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‘RESEARCH OBJECTIVES

The objective of this investigation was to study the apﬁlication
of azeotropic.dlstillation to the separation of mixtures -of para@xylené
and meta-xylene. .This.was to bevbased;on improvemeanin‘relativé
volatility betﬁeen the Xylenes wusing azeotropic distillétion oyer

that using straight .distillatien.
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EQUIPMENT

In this study the following equipment was used: two batch distilw

- latlon columns fitted with Corad condensing heads,.elecfric-stillapot

heaters, triple-beam balance, refractometer¢ and. gas chromatograph.

The distiilation columns.were identical packed .columns. These
were 48~inch by I~inch,glass columns with a -45-inch packed helght .of
l/B—inch stainless steel Fenske rings. Corad heads allowed easy
chariges in reflux ratio between several discrete values. Those used
were 50:1.-and total reflux. One-=liter, roundzbéttom still-pots with

sampling taps were used for all distillations.

Other equipment was an Ohaus triple-beam.palance for welghing
material to be distilled, a Valentine refractometer with temperature
control to 20~i-0w3°04-and an Aerograph gas chromatograph equipped
wWith a Minneapolis+Honeywell continuous recorder, - The chromategraph

column was l/u;inch by 12 feet and packed with 7,8-benzoguinoline sup-

.ported on 60-80 mesh acid-washed Chromasoerb P.

For.a further description of this equipment; the reader is referred
to Nelson (8). .A -diagram of the distillation column is shéwn,in

Figure 1.
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AZEOTROPIC ENTRATINING AGENTS

Cholce of entrainers was based primarily on.bqiling‘éointrand
.chemical character., -Bo;ling point of the .entrainer 1s.a primary factor
in fhe—ferma@ion\of azeotropes and the setting of azeofrople pompgsiti@n.
Azeotropes are most likely tp,ﬂqrm,if'theAentrainer.boils at a tempera=

-ture nedr. the bolling points of the xylenest*vGenerallyJ_compmunds
polling within about 20°C .wWere sotight, but a few boiling outside this
range were evalnated?: Experience has shown that cegtain,types of. coms
-pounés-conﬁainingﬁoxygeni.nitnogenyer,halpgen atoms in thelr strugpufes
are likely.to form azeotropes wlth the xylenes (1). Therefore,.com=
pounds..of these types boiling 1n the pfopér”rgnge wére sought. - .The

compounds: are generally acid, alecholy .aminey.and ketone types.

‘The following 1s a list .of those .compounds -evaluated in thls study:

,2sme§hyl,butanol - .axésdimethyl,morpholine
isoﬁutyl carbinol _ ' zmethyl.amyl acetate
mbtqquiaoqmyl_keﬁone N:zmethyl pilperazing
facetipyagid. - dimethyl ethanol .aming

_:ethylene-diamine pyrrole '
2-ethyl butanol | 1y3-propane diamine
N=butanol ‘ methyl chloro acetate
isobutanol | ethyl chlore acetate
methyl isobutyl carbinel N-amyl alcohol.

amyl acefate . methyl cellosolye
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-2=methyl pentanol
2=¢hloro ethanol
I=nitro. propane
2J4épeﬁtanedi9ne
ANrethylwmorpholine
-?nQPylsneadiamine
2~amine .ethanol
2=~pentanol :
3-methyl-lopentyne~3-ol

dimethyl amino: propyl amine

-morpholine

.5=hexene+2~one

cellosolve

ethylene glycol

-eyelopentanol

.2=nitro propane

N-propanol
nitre efhane
3-pentanol .

dimethyl isopropariol amine
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EXPERIMENTAL, PROCEDURE

- The procedure used 1n evaluating each of the entrairers may be
diyided into two phases: q(l).determinationﬂof the azeetropic. composi~
.tlon with para=xylene, and (2) .determination of the relative volatility
between the twe xylenes. -For each of the. entrainers,.duplicates were
made of each of these determinations except In the c¢ase.of the last

fewy where sufficient materlal was not ayailable.

The azeotropic.composition of the entrdiner with para«xylene
was first estimated from the relative boiling ‘points of the entrainer
and xylene. Twyo samples .of this compesitien were prepared.and.distilled
at 30 te 1 :t:'e»J‘_“.'I.ux.until‘s'ceady,.oVe-:(.'heaL(i"cem.pe]:*a’cures.w<—:“:c=e.f;t‘t:,‘caine'd.,°
. Since the azeotrope would be the first material to leave the column,
the .overhedd. material. should be.the azeotrope; A sample of the over-
head, from each celumn was taken. and its refractive index determined.
© These .values were used with a previously prepared plot of compositien
yversus refractive index for the particular entrainer to find the compo=
-sitlon of the samples. . If the composition so determined was nearly
equyal to that estimated#:it_WOuld represent the azeotrope andﬁﬁas used,
-as the composition of the azeotrope.  If the values differed by over
10%y a second determination was made with the composition adjusted to

that determined in. the first trdal.

.It should be mentioned here that this methed of analysils is

satisfactory if the refrd¢tive index of the entrainer is suffieiently
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-different from that of the xylene t6~detect changes in the.index with
composition changes. -For:all.of the entrainers except pyrrole, the
refractive indices were sufficiently different. 1In the case Af pyrroley
where 1ts refractive index was too near that of para-xylene for accurate
analysis, the andlysis was done .wlith the chromatograph using known

samples.as_reference«points_to.insure.accuracy,

When a satisfdctory value had been determined for the azeotropic
composition, the composition of the material in the still-pot was ad~
Justed to that value and an amount .of meta-xylene equal to the para=

present was added.

At this point, the determination of relative volatility was begun.
The entrainer-xylene charge was distilled at 30 to 1 reflux until the -
overhead. temperature stabilized:and then at total reflux for three
hours to ensure equilibirium throughout the column. .At this point,
. samples.of  overhead and bottoms were taken for analysis and.relatiye
yolatility Calouiation. Samples of gbout one ml..were taken to avoid
upsetting equilibrium. -For chromatographlc analysis, even such small

samples were more than ample.

- The samples were analyzed with the gas chromatograph and. the
heights. of the peaks produced on the recorder were measured. -Using
‘the peak-helght-percent versus actual composition plot previously
established, the actual relative welght-percentages of the xylenes

was determined. This method of determining compositilon using peak
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heights. is discussed further.in the Discussion of Results section.
-The-compositions.thus foqnd,were used with the Fenske Eqﬁation to cal-

culate the relative yolatility.
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DISCUSSION.OF RESULTS

If, in the determination of azeotropic composition_fof‘each entrain-
er with parauxyiene,‘the charge to the column is not at the precise
azeotropic ¢ompositiony the -distillation will proceed as the separation
of the azeotrqpe’and the component which 1is in extess. Sinece a finlte
column cannot separate these completely,,the overhead wlll be a mixture
of the azeotrope and the component in excess. Thils glves a somewhat
false picture of the azeotropic composition. However, if the estimated
.composition and that determined experimeﬁfally.agree.qﬁite closely,. the
error 1s not serlous. - If the values differed by more than 10%, a second
determination was made by chafging to the column a mixture of the

initial composition found.

‘For each. of the entrainers evaluated, except for seven cases where
sufficient material was not available;,duplicates were made .of each
azeotropic compoesition determination. - The aieotropic compositions
agreed extremely well between duplicate runs and quite well.with those
that might be expected from Nelson's work (8). ‘For all of the entrainérs
investigatedy azeotroplc conpositlons agree hetween duplicate runs
within one weight percent. Agreement -with the literature seems fair.
-Horsley (6) reports.compositions with para=xylene for seyeral of the
entrainers evdluated here, Two of these are acetlc acid and cellosolve.
For these compounds, Horsley reports 28 and 50 weight percenty respec-

tively,.at 760mm while at 640 mm, the values found in this study were
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28 and 54 weight percent. .Considering the difference in pressure, the

agreement seems satisfactory.

,The.uselof refractive 1ndex as a.measure of comﬁosition iS‘aécurate
as long as the refractive indices of the entrainer énd_the Xylene are
sufflciently .different to allow.detectlion of changes in the .refractive
Index of mixtures 0f the two with changes In composition. .0f the
entrainers eValuatéd,.pyrrole was the only compound whose ?efractiye
index was too close to that of the xylene to permit use of this method.
.Chromatographic analysis was used in this case with the ald of known

.samples -of pyrrole and xylene.

-Refractive Index has the advantage.of easy and fast measurement
and quite accurate results. -In all measurements, the temperatufe of

the refractometer was maintained at 20 + 0.3°C.

‘Five of the entrainers gave azeotropic compositions below 10%
xylene. .Evaluation of ‘these entrdiners was stopped-at this point be-
cause. of the difficui,ty in knowing if an azeotrope were formed .or the
mixture were merely the‘result.of the inability of tﬁe column to separ-
- ate the compenents. Also, .such entrainers probably would not be-of
commerical interest because .of the high entrainer to,hydrocarbon'ratio.
. One entrainer gave a composition well .over 90% xylene. Although this
is desirable economically, 1t is, as wilth low compositions,.difficult
to attribute such.a composition to azeotrope formation and this en-

_trainer wds not .evaluated further.
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- Three of the entrainers formed two-phase azeotropes. These were
ethylene diamine, ethylene glycol and 2-amino ethanol. The compositions
for - these entfainers could not be medsured wlth much accuracy but were
estimated from the relative volumes .of the phases. All.azeotropic

composition data are given in Table II.

Since the relative volatilities ranked so clogsely between entrain~
ers, duplicate runs .were made for each of the entrailners where suf=-
ficient material was available. This was done in hopes of better
establishing the lmprovement in relative volatility given by each
entrainer. - Howevery, the differences between duplicates combined with
the close ranking did little to aid the situation. This. will be dis- -

-.cussed more extenslvely. later.

-The compositions of overhead. and bottbms for use in the relative
.volatility calculations were found using the gas chromatograph. -Thé
common. method of composition determination with the gas chromatograph
1s to. use the greas of the peaks produced by the recorder as the measure.
-Howevery.complete separation.of the peaks produced by para-xylene and
,metawxylene was not possible with any .of the chromatograph columns
which were available. -The 7 8+benzoquinoline column gave the best
separation (Flgure 2), but even here the peaks were run together to the
point where thelr separate areas couid riot be measured. .For. this reason
a .correlation of composition with peak height was sought. -Max Jmum

heights of the peaks were easlly measurable.
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- The correlation was .obtaired by meklng several xylene samples‘of
known composltion: and analyzing them with the chromatograph. The per=
.centage -compositions were then calculated by dividing the height of
‘the para=xylene peak by the sum of the heights. of that peak anduthe
peak regresenting,metayxylene, These values were plotted versus- the
actual_weight percent para=xylene. It Was-found‘tha£ the points - thus
determined fell.neerly on a. straight line. .To obtain a,goednfit of a
- 1ine to the points,. llnear regression was used. The -yvalues of regres-
glion coefficients and intercepts of . the lines established here. are
given.with_tﬁe sample -points in Table III. .It was found that as the
average height of the two peaks Increased at. a .glven actual .composis
.tion, the "pesgk percent" decreased. .For this reasony. three set of
points were established. for three nearly constant values of average
height. ' This was_done by simplyvvaryinggthe-size.of samples injepted
Anto, the chromatograph. -The three curVes;represenf average helghts in
the ranges 25,7 = 27.2,.45.0 = U7.25 and 60,5 - 67.0 unifs. on the

100~unit. recorder -scale,

In actual analysis 1t was helpful to keep the average height
within the 1imits designated by these yalues_and as near one.of ‘them
-as possible. This was done.by varying sample size and. helped.to. ayoid
extensive interpeolation. -.It was fQunqﬂ.hgweven;.that for samples_which
gave average helghts between two of the .curves,. linear in{teifp,QLafipn
.betweenﬂthem located the point quite closely. Figure 3 shpweAa plot

RN

of these -curves.
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‘Unfortunately, thils method of analysis is subject somewhat to. the
Judgement of the analyst. But the.resultg,were.found,to be reproducible
to within one weight percentiw;This was satisfactory and much higher

precision coeuld not be expected.

The compositions determined<were,usedlwith-the Fenske equation.to
calculate relative volatility between xylenes for each entrainer. -The
-value of the relative volatility as calculated with thls equatien is
dependent upon fhe number of theoﬁefical.plates in the .columny. the
number n, Througheut hils work; Nelson (8)'used.the same columns as
were used in this study and .took the number to be 23. The exact number
is not known except that it 1is near 23. For this reason?.fhe relative
volatilities determined in Nelson's work and this study might be termed
pseudo values. They are near the actual relative volatilities , however.
This 1s not a significant problem since c¢n+1 is a valid measure of
separation regardless of the value of n and this 1s the basic consider—

ation in-this work.

The highes$. relative yolatility found was that using 2-methyl but-
‘anol as the entrainer. -This is 1.029. Its duplicate run gave 1.028.
-The Iowest values obtalned were 1.012.and 1.008 with cellosolVe-és the

entralner.

Duplicate runs were made for 27 of the 40 entralners evaluated.
Of thesey.l5. gave average relatiye volatilities (average of the two

runs) greater than the 1.0195.for siralght distillation and .12 gave
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values equal to or lLower fhan.140195m ‘Those glving values lower
apparently hindered the separation. Of the 13 entrailners for which
-duplicates were not made, 6 gave azeotropic compositions Jlower than
10% .or greater than 90% xylene and were not evaluated further. . Alsoy
of these 13, two gave relative vo;atility_values,highef than that for

straight distillation,.and five lower.

An error of.one welght percent in both the'ovéfhead and bottoms
egompositions coyld cause an error of about 0.003 in the value of X .
‘The number of theoretical plates represented by a given height of
packing is dependent somewhat on boil~up rate and other facters. A
change of -one theoretical plate in the column would.ehange A by. approxi-
-mately 0.001. - These errors compare with 0.003;. the average difference

in the duplicated runs.

Although several of the entrainers showed lmprovement in the .ease
of separation.of the xylenes overfstraight.distillationi_the-values of
relative volatilities are not encouraging for commercial.appliqatiog,
-The -Fenske equation is not strictly valid for distillation at a.finife
reflux ratio whith, of coubse, is necessary under production conditions,
but it may be umsed to estimaté the number ofAtheoretical plates needed
for a glyen composition of .overhead and bottoms. At total reflux, the
number of theoretical plates required.to give 95% overhead and bottoms
at & relative yolatility of 1.019 is 312, while at a relative volatility

of 1.029%¢ the number is reduced to 205. -This represents a congiderable
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improvement but 205. theoretical plates is. probably still-beyond com-

.merclal interest.

. There seems to be little correlation of relatiye volatilify.with
eithér'the_beiliﬁg,point-ofjphe entralner. or with its structure. :Table
I whilch shows boiling points for the entrainers is arranged in pfdéén
.of dec&easing;relative volatility (average of'theutwoifuns), - It is

seen that- boiling points change in a random fashion throughout the
list., .Also, 1t may be seen that structure and functional .character

of the entrainers shownno,appgrent correlation with the relative
volatility. .Combination of.the,tﬂo also fails.to glye an indigation

of expected relative volatility. ﬂlt was noted, tooy that there is not
good agreement in relative ranking .of ent;ainers between Nelson's work
(8) and this iInvestigation. . This does .not necessarily. indig¢ate erriorsy
_however.. Differences in systems caused.-py the .changes in structure
and,ether7properties between‘ethylbenzene and meta~xyleng could well

cguse such differences.

-Of eoursey .any attempt at correlation of resylts. of 'this. study
wlth propertlies of the-systgms.must‘take note of the extremely c¢lose
ranking of the-resulfingénelativé-Volatilities and,y, in fact, the aétual
soverlaypingyofvduplicateﬁ£Uns. Thls. overlapping tends to, meke the
ranking gomewhat arbitrary and the presence of absence of ¢orrelations

- .dependent upon the .ranking.
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. CONCLUSIONS

It iS'possible,tp-separate para~xylene and meta=Xylene with. fewer
theoretlcal plates using azeotropic.distillation than using. stralght
distillation. -However,, this improvEment},deéending of course.of
economic factors, 1s probably .nof enough to make the Separatiﬁn,by

azeotropic distillation commereially feasible.




- SAMPLE .CALCULATIONS

Determination of the peak pertent versus aetugl percent -curves

for chromatographlc analysis—

‘Equation of sample regressien line of y on x:
yh=a + bx
Regression Coefficlent:

b=nSxy - 3%y

n % = (3x)®

- Y=intercept: _
a= 2y-Db3x
n
x-= actual welght percent para-xylene

i

y perbent.paraﬁxylene caleulated from peak helghts
y' = peak percent predicted by regression line

’ n = number of points (x,y) in the sample

_For peaks with average* helght between 25,7 and 27.0 units
- (see Table III for data): '

: ¥Average helght = (helght of para~ peak + height of-mafaygpeak)/z

n =6 o Ey s= 292,77
Sy = 15021.05 Sx® = 1509158
Sz = 293.2 ($x)% = 85966.24

b= 6(15021.05). = (293.2)(292.7) = 0,937

6(15091.58) =~ (293.2)2

a = 292.7.-0.957(293.2) + 3.03
z W=




.Calculation. of relative volatility--
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. SAMPLE .CALCULATIONS (cont.).

Use of. the Peak Percent vs.. Actual Percent Correlation in obtaining

‘QCtual.COmpqsitionS}r.

- For 2=methyl butanol Run I1:

-Qverhead
:Height para~.peak = 31,5 units
Height meta~.peak.= 23.0 units
Peak % para= . -= 57.8
Average height = 27.25 units
Actual % para=
from Figure 3 = 59.4
-Bottoms
‘Height para~ peak = 38.5.units
Helght meta- peak = 54.0.units
Peak % para- =U41.6 .
Average height = 46,25 units
Actual % para- :
from -Figure 3 .= 42.3

‘For 2-methyl butanol Run 1:

el o Iptm

. .

" Zpim.

v, & . mole percent* para-xylene and meta-xylene in

]

p’ overhead
xp & xm:=,molevpercent para¥;y1ene_and,meta—xylene in
bottoms
‘n =

_number of theoretical plates in the column.

¥ Because of equal molecular welghts, mole % = weight %.
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SAMPLE .CALCULATIONS (cont.)

yp =
.X.P = 42.33‘Xm = 57.7
= 23

2o (59.4)(57.7) = 1.995

- (40.6).(42.3)

R
it

1.029

. Calculation of the number of theoretical plates déeded to give a

given overhead and hottoms cgmpésition--

For 95% .para-xylene in the overhead and 5% in the bottoms using

;meethyl‘butanolrag-the entralners @

1.0297 o (95)(95) .- .361
(5)(5)
nil = In 361 - 206

ige* 1n 1.029 '

n. = 205
- Using no, entrainer:

361

1.019%

13

n 312
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- TABLE I

STRUCTURES AND BOILING POINTS OF ENTRAINERS

ENTRAINER
2=methyl butano;
isobuﬁyl carbingl
methyl isoamyl ketone
acetic acid
ethylene dlamine
.2~;thyl butanol

.n=putanol

- isobutanol

.méthyl Isobutyl carbinol
‘amyl acetate

2=-methyl pentanol
2=chloro ethanol
lenitro propane

2 Jt-pentane~dione .
n-ethyl morpholine
246édimethyi_mofpholine
n=methyl piperaziﬁe
dimethyl ethanol amine
-pyrrole
lyﬁﬁprbpane-diamine

. methyl chloro acetate

STRUCTURE
CH=CH=CH(CHs) CHz0H
(CH=) 2CH(CHgz) 20H
CH=COCHoCHSCH(CH) =
CH=COOH \

HoNCHoCHSNHS

CH=CHoCHoCHS0H

. (CH3), 2CHCHZ0H

(CHs) oCHCH-CHOHCH =
CH»COOLCH,) 4CH
CHs(CHz) =CH(CH5).CHZ0H
C1CHoCHoOH
CH5CHoCHZNO =
CH3COCH2COCHs

C 2H5NCHZCHZ0CH2CHz

NHOHCH(Cli) OCH (CH ) CH.

CH3NOH-CH=NHCHzCHz

(CHs).2NCHCHZ0H

NHQH;(EH?*CH-—‘-Q.H

HoNCH=CH2CHZNHz

C1CHSCO0CHS

BOILING POINT

128
130.5
144
118.1
116.1
9.5
117.7
108.4
1314
148
148
128.8
132
139
158.3
146,6
138
1346
131
135.5
131.5




ENTRAINER

ethyl chloro-acetate

n=amyl alcohol
methyl cellosolve
morpholine
5eheXene-2;one
cellosolve
ethylene glycol
cyclopentanol
prppylene diamine
2~amino ethanol

.dimethyl amlno propyl
: amine

2~pentanol

3-methyl-Il-pentyne-3-ol

.2-nitro propané
'ngprqpanol
nitro ethane
3~pentanol

dimethyl isepropanol
amine

. methyl amyl acetate

~3L= 8
‘TABLE. I (cc:)n’b.)-'

STRUCTURE

G1CHAC00C A5

.CH>(CHz) 40H

CHz0CHoCHS0H

NHOH2CHz0CHCHz

CHsCOCHoCHoCH=CHz

CoH . O0CEoCEo0H

5
HOCHoCHS0H

CHaCH 2CH2CHoCHOR

CH5CH (NHz) CHolH 2

HoNCH5CH 50H

( CH73 )igNCH‘ZCﬁECHgNI‘Ig

CH=CH 2CHoCHOHCH

CH==(C (OH) (CHz).CH2CH=

CHﬁCH(N02)CH3‘
CH=CH=CHz0H
Cﬁ3CH2N02 _
CH>CH2CHOHCHSCH 5

(CHz) 2NCHCHOHCHS

CH3COO(CH2)$(CH3)2

BOILING POINT

2
138
124.3
126~130
129.5
. 135.1
197.2
139-40
.119'
172.2
134.9

119.3
118121
120
97.2
148
115.6
YR

146.1
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TABLE II

AZEOTROPIC. COMPOSITIONS

ENTRATNER " COMPOSITION. (Wt. %, para-xylene)
2+methyl butanol Wl i
isobutyl carbinol Ly 43
methyl isoamyl ketone 90 90
acetic acid 28 28
ethylene diamine ' 20 20
2=ethyl butanol 9 80
n-butanol .31 31
_isobutanol .15 15
methyl isobputyl.earbinol by 4o
amyl .acetate 90 90
. 2-methyl pentanel T8 78.
2=chlore ethanel _ ys 45
.l-nitro propane 36. 36.
2y4-pentane dipne 56 56.
n-ethyl morpholine | 51 | 51
2 y6=dimethyl morpholine 85 85
n=methyl piperazine 48 48
dimethyl .e’chanol..a,mine- 52 52
pyrrole _ 48 - u8

1;3-propane .diamine 6L 6.




"TABLE II "(cont.)

ENTRATNER

methyl chloro acetate
.ethyl chloro acetate
.n-amyl alcohol

‘methyl cellosolye
morpholine

5-hexene-2~one

cellosolve

.ethylene glycoll
cyclopentanoll

: propylenerdiaminei

2-amino ethanol®

dimethyl amino. propyl amine®
-2--’pentanol1
3aethg~l-pentyne-3-0lt
2-nitro propanez
n-propanol?

nitro ethaneZ

3~pentan012

dimethyl isopropanol amine2

methyl amyl.aqetate3

COMPOSITION (Wt.% para-xylene)

Run 1 Run 2
30 30
69 69
59 59
45 45
25 ' 25
14 14
St 54
90 -
63 -
.28 —
85 —
39 e
18 n
16 ' “—

o~ ——

1-iny one composition run. made,
2 Composition. under 10% para-xylene
3 Composition. over 90% para-xylene
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TABLE .I1I1

.DATA ‘FOB .CORRELATION OF ACTUAL WEIGHT PERCENT
 WITH CHROMATOGRAPH PEAK.-HEIGHT PERCENT

AVERAGE. PEAK. HEIGHT ACTUAL_ WT.%. PARA- PEAK % PARA~
‘ —(x) (v}
26.5 31,0 32.1
27.0 4o.4 4o.7
. 25.7 47.5 4-7;6: a = 3.03
26.2 49.8 49.5 b = 0.937
25.7 59.8. 59.1
26.2 6.7 63.7
U6.5 31.0 31.2
45.0 4o.k4 39.8 ,
45.7 47,5 L6.6 a. = 2.36
46.2 49.8 48,6 . b= 0.929
45.2 59.8 58.0
47,2 6.7 62.4
60.5 31.0. | | 30,4
615 4o 4 39.0
67.0 49.8 47,9 o a.= 1;24
63.2 59.8 57.1 b-=.0.932
62.7 64,7 -61.8
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TABLE III (cont.)

EQUATION .OF SAMPLE.REGRESSION .LINE OF ¥ ON. X: ¥% = a .+ bx

 RECRESSION .COEFFICIENT: b = _nxy. = Jx3y

nSx? = (3x)2

n = sample size
. Y=~INTERCEPT: 8= =Y - 3%

n
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TABLE ' IV

. RELATIVE VOLATILITIES OF XYLENES®

ENTRAINER RELATIVE VOLATILITY
Bun 1 Run 2

2-methyl butanol 110029 1.028
1sobutyl carbinel x.02k . 1.027
,methyl isoamyl ketone i " 1.024 1.023
acetic acid 1.024 -1.023
ethylene diamine | 1.021 1.026
-2=ethyl bubtanol _ -1.022 1,020
n-butanol 1.023 1.020
isobutanol J1.023 1.020
methyl iscobutyl carpinol 1.020 1.021
amyl acetate 1.020 .1.021
2~-methyl pentanel ' .1.019 .1.022
2=chloro.ethanol 1.019 1.021
1lsnitro propane 1.020 1.020
2 J=pentane .dione 1.022 1.018
nwethyl merpholine 1.018 1.022
2 46~dimethyl morpholine ’lhOZO - 1,019
n-methyl plperazine - 1.018 I 1.019

”*"Using ne .entrainer-- relative volatility - 1.020; 1.019




- TABLE .IV (cont.)

ENTRATNER

dimethyl ethanol .amine
pyrrole
1,3-propane -diamine
methyl chlero acetate
.ethyl chloro acetate
n-amyl alcohol
methyl cellosolve
morpholine
5-hexene~2=o0ne
celloselve

For the following entrainers, only one run
_ethylene 8lycol
cycleopentanol
propylene diamine.
2=~amino ethanol
.dimethyl amino pfbpyl amine
2=pentanol

%smethyl-~l=pentyne-3+ol

RELATIVE ,VOLATILITY"

Run 1

1.018
1.020

1.016

11.016

1,016
1,020
1.015
1,018,

1.016

1.012

was made:

1.021
1.020
1.019
1.017
1.015
1.014

1.012

Run 2

1.018

1.016
-1.020

-1.019

1.019
1,015
1.020

1.017

-1.018

1.008

*¥ Using no entrainer .- relative yvolatility = 1.020, 1.019




10.

S11,

_{;-38,-

LITERATURE CONSULTIED

Berg, .L.,-Harrison, J., .and Ewell,.R., "Azeotropic.Distillation”,

Industrial and. Engineering Chemistry, Vol. 36, 1944, pp. 871-75

Carney , Thomas P., Laboratory Fractional Distillation, The Mac-
millan Company, New York, 1949,

Coates, Jesse, "Azeotroplc Separations", Chemical Engineering,
Vol. 674 May 165 1960, pp..121-36.

Coylson, E.. A y and Heringtony E. F. G.y Laboratory Distillation
Practice, Interscience Publishersy Inc v New York;, 1950.

Handbook of Chemistry and Physies, 39th edition, Chemlcal Rubber

Publishing Company, Clevelandy Ohlo, 1957-58.

. - Horsley, . L. -H.y Azeotropic Data, American Chemiegl Soclety,

Washington, D. C.; 1952.

Kieffer, W. F., and Grablely C. E. ;."AzZeotropes of 2-~Ethoxyethanol
with Alkyl Benzenes“, Industrial & .Engineering Chemistry,
- Vol. 43, April, 1951, pp..973~75.

Nelson,.Richard L.; .Master of Science Thesis, Montana State College;,
Bozeman , Montana, December 1962.

.Noebels, Henry. J., Wall, R. F., and Brennery N., Gas Chromatography ,

Academic Press,. New York, 1961.

Perry,.John H., .Chemical Engineers! Handbook, 3rd editlon;
McGraw-Hill Book Company, New Yorky 1950, ‘Section 9.

Physical Propertles —~ Synthetlc Organic Chemicals, 1961 edition,
~ Union Cdrbide Chemlecals Company.




T

3 1762 10

N378
W659
cop.2

A

Wilkinson, Thomas K.

¢

Application of aze

’ otr is

tlglation to the segaggéiogfs
NAWE AND ABOatss —

Z2iq Ul

sl 8 7 i 777;3_
Shp iy S04 ipo\(\&%Scu l%‘ 33/3/

e ——————————
—————
———

/Wﬂitféf
s
& o &




