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Abstract:

Due to the similarity in their chemical structure, the separation of aromatic hydrocarbons, such as
ethylbenzene, and the three isomeric xylenes (para, meta and ortho) was difficult to perform by
conventional means. The development of a new technique to effect the separation of these types of
compounds was desirable.

Previous research indicated the use of extractive crystallization with thiourea as a possible means of
aromatic hydrocarbon separation. This investigation explored this process in further detail, optimizing
some of the variables involved.

The extractive crystallization procedure involved contacting a solution of methanol and thiourea with
the hydrocarbon feed mixture and with an inductor. The inductor was necessary for the formation of
adducts with thiourea and the aromatic system. The resulting mixture was cooled whereupon adducted
thiourea crystals were formed. Removal of the crystals by filtration and decomposition by steam
stripping yielded an enriched product that was higher in concentration than the feed mixture.

It was determined that methanol was the optimal solvent in terms of separation ability with the
aromatic systems. The optimal ratio of solvent to thiourea was found to lie between 2.5 and 5.5 ml/g.
Two inductors were studied in depth(1,2,4-trichlorobenzene and 1,1,2-trichlorotrifluoroethane).
Equilibrium data was compiled using all possible aromatic combinations with the two inductors. It was
shown that the extractive crystallization process compared well against distillation techniques and, in
some cases, it far exceeded the ability of conventional distillation. Analyses of the effect of
hydrocarbon feed and inductor amounts on separation were also performed.

In summary, it was determined that the process of extractive crystallization in conjunction with the
separation of aromatic hydrocarbons was indeed feasible and in some cases, it was much desired over
distillation techniques.
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ABSTRACT

Due to the similarity in their chemical structure, the
separation of aromatic hydrocarbons, such as ethylbenzene, and
the three isomeric xylenes (para, meta and ortho) was difficult
to perform by conventional means. The development of a new
technique to effect the separation of these types of compounds
was desirable.

Previous research indicated the use of extractive crystal-
lization with thiourea as a possible means of aromatic hydrocarbon
separation. This investigation explored this process in further
detall optimizing some of the varlables 1nvolved

The extractive crystalllzatlon procedure involved contacting
a solution of methanol and thiourea with the hydrocarbon feed
mixture and with an inductor. The inductor was necessary for the
formation of adducts with thiourea and the aromatic system. The
- resulting mixture was cooled whereupon adducted thiourea crystals
were -formed. Removal of the crystals by filtration and decompo-
sition by .steam stripping yielded an enriched product that was
higher in concentration than the feed mixture.

* It was determined that methanol was the optimal solvent in
terms of separation ability with the aromatic systems. The
optimal ratio of solvent to thiourea was found to lie between
2.5'and 5.5 ml/g. Two inductors were studied in depth(1,2,4-
trichlorobenzene and 1,1,2-trichlorotrifluoroethane). Equilib-
rium data was compiled using all possible aromatic conbinations
with the two inductors. It was shown that the extractive crys-
tallization process compared well against distillation techniques
and, in some cases, it far exceeded the ability of conventional
distillation. Analyses of the effect of hydrocarbon feed and
* inductor amounts on separatlon were also performed.

In summary, it was determlned that the process of extrac-
tive crystallization in conjunction with the separation of
aromatic hydrocarbons was indeed feasible and in some cases, it
was much desired over distillation techniques.




INTRODUCTION

The people of the United States have become a society
that demands'a high standard of living, yet they deplore the
current high costs of this standard. Today, as we are becoming
more and. more energy conscious, industry is faced with the
monumental task to provide products at a lower cost to our energy
reserve and to still maintain the standards that are set by
society.

Within the framework of long-range industrialu planning a
large area of concern falls within the scope Qf separation and
purification of hydrocarbons. This separation and purification
is necessary for the production of synthetics; specifically,
those necessary for synthetic rubber, fiber, and chemical plastics.
| Included in this class of products are the chemical intermediates
needed for these materials. This involves the purification or
productién of isareric xylenes and ethylbenzene.

Over 90% of the CS isomers (1) used in the United States
are obtained as a by-product stream from the petroleum reforming
operation. A typical analysis of this mixed stream is shown in
Table I. The remainder of the isomers produced come from coke-

oven byproducts.
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TABLE I. AROMATIC C8 COMPOSITIONS FROM REFORMER(1)
Ethylbenzene 17-20 %
p-Xylene 16-20
m-Xylene 35-40
0-Xylene 19-26

As can be seen in Figure 1,

find a variety of uses.

these

aromatic isomers

Air Phthalic
74 . Xylenes o-xylene onhydride
Existing oromolics
Refinery
nophthos Reforming of cyclopentanes, m-xylene Air Isophthalic
cyclohexanes, ond poraffins BENZENE ocid*
TOLUENE,
~< XYLENES,
(minor) ETHYL= bl Air Terephtholic
BENZENE ATRKIEHE ocig*
l Cyclohexane |—s *or methyl esters
} Nitric ccid y
Benzene Toluene Nitrotoluenes
Ai
L Ethylene I | Propylene ;
} Acetylenes Reduclion
' Cyclohexanof, Ethyl- Cumen i iomi
Euclohexanarie st At umene Ditolylethane Toluenediomine
Dehydro- Air Phosgene
Hydroxyl- | Nitric genafion
omine, acid | acid ] Vinyltoluene Toluene
Air ot Hydro- 4 diisocyonate
A yrene peroxide
Adipic
ocid' [
) Acetone
Acid
Hexomethylene- Sipoeasl
Copro- dioamine Sulfonation and olkali fusion Phenol
loctom -
or chlorinotion ond hydrolysis
Epichlorohydrin
Propylene Propylene 1ormomehyyde.
fetramer | frimer urea
Nylons | Dodecyl- Deter- Nonyl- Phenolic Epoxy
Ll Rolyers benzene gents i phenol resins resins

F

IGURE 1.

PETROCHEMICAL FLOWSHEET(37)
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Ethylbenzene, the most widely esed‘of the Cé isomers,
is used almost exclusively in the production of styrene from
which polystyrene, polyesters and other plastics are manufac-—
fured. o

The mixed xylenes are also highly in demand as paint
and Vernish solvents, as motor fuel octaee boosters and as
chemical 1nterned1ates in the plastlcs and film industry.

The latter 1ndustry accounts for a major portion of the total
use.

Synthetic fibersihave been steadily increasing in world
popularity.»eRecent figures show a yearly growth' rate iﬁ this
industry of over 25% (3). Polyesters; such as Dacron, depend
'on high purity p-xylene ae a chemical intermediate. (99.2%
p—xylene is converted to the necessary terepﬂthalie aeid used
in the-polyester fibers and films.)

The most plentiful of the mixed xylenes is used the least.
M-xylene finds eses naiﬁly as a gasoline blending agent and as -
a soivent. The netarxylene is frequently left in the petro-
leum‘stream to be isomerized to other more essential xyleﬁes.
A small amownt of the isomer is used in the production of iso-
phthallc acid, a chemical 1ntermed1ate in the manufacture of

plasticizers, alkyd resins and other esters
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Essentially, all of the o-xylene isomer is consumed in the
production of phthalic anhydride, which is used in dyes, plastics
and plaéticizers.

Since all of the processes mentioned so far need one spe-
cific isomer in relatively high purity, separation of the mixed
petroleum stream is necessitated. Several general techniques
have been developed for separation of these components; for
example, fractional crystallization, extractive distillation and
fractional distillation. However, in view of the chemical and
physical similarities of the oompoﬁnds, current research (2)

shows that the .separation of these isomers is often difficult

and costly. In Table I1I, these.similarities can be seen for ethyl- -

benzene and for ttle three isomeric xylenes (ortho, para and meta).
Current methods of separation of p—xylene include frac-

tional crystallization which removes ’\65% of the xylene from the

stream. This separation is due to p—xylene's hlgh freezing

point relative to the other components. Several other crys-

tallization processes are given in the literature (L,(3). A

new and novel approach to this separation, called the Parex pro-

cess, .has been developed by Universal Oil Products. The UOP.

pfooess is thought to use potassium and barium substituted mo—

lecular sieves, which allows selective adsorption of the p—-xylene




TABLE II. VARIOUS PROPERTIES OF XYLENES AND ETHYLBENZENE(8)

Ethylbenzene p-xylene m-xylene Oo-Xylene
Structure CHZCH3 CH3 CH3
CHa CHg CHz
CHy
Molecular Weight ; 106.16 106.16 106.16 106.16
Boiling Point OC(l atm) 136,19 19820 13910 144 .41
Freezing Point °¢ -94 .98 H13026 -47.87 -25.18
Specific Gravity(ZOOC) .8670 .8611 .8642 .8802
Vapor Pressure,mm Hg(2OOC) 07 602 615 4 .89




and absorbant (4).

Since o-xylene has a volatility sufficiently different from
the other compounds conventional distillation techniques can be
effectively used for separation, although large numbers of theo-
retical plates (100+) and high reflux ratios are still necessary.
Extractive distillation has shown some inprovements on the sepé,—
ration of a mixture consisting of ethylbenzene and p-xylene (2),
but the question of economic feasibility in terms of large scale
production remains wmanswered.

Difficulj:y is also encountered with the separation of a
stream of ethylbenzene and m-xylene; therefore about 91% of
the ethylbénzene market is obta.:ined'through. the alkylation of
benzene with ethylene (5).

‘ Since the method of separation accounts for the major
portion of the bulk cost of a material, it appears that for
use on a petroleum stream the development of a low cost, energy
efficient separation technique would be advantageous. The
savings incurred from such a process could, theoretically, be
passed on to the consumer in the form of lower prices of syn-
thetic products. This is exemplified by Table III, in which
the projected demand of the 08 isomers for 1979 is shown.

It is on this basis that work was undertaken to investi-




TABLE III. COST.AND DEMAND FOR C

HYDROCARBONS (9)-

8
Ethylbenzene p-Xylene m-xylene o—-Xylene
Current Cost(1978) . .13 ' .15 .22 11
$/1Db.
Projected-1979 Demand 8500 - - 3500 _— 1140
(millions of 1bs) ‘
Projected 1979 Demand ° 1,11 . .53 . - .13

(billions of $)
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gate fhe use of extractive crystallization as a mode of 08
hydrocarbon sepération. Previously; this process showed prom-
ising results (6),(7) and it could become an important unit

operation in the chemical industry.




BACKGROUND

Extractive crystaliization is defined in the literature
as any process using uréa or thiourea to form an adduct per-
mitting selective separation of a particular molecule in a:
hydrocarbon mixture. The term was first introduced in 1957, by
Elgin (10). Since that time, it has gained popularity as a means
of .separating closé'boiling hydrocarbon isorers, such as the di-
methylbenzene compounds (7).

The actual kineticé of this process are not well under-
stood, although similar formations of clathrates witﬁ Werner
complexes have been weli dpcuﬁented (11),(12). The major differ- |
ence between these two processes is the férmation itself. In
extractive crystﬁllizétion,~the crystal -formation can be likened
to a two—dinensionai channel structure in which'the guest
hydrocarbon is trépped by the host (the amide). Clathrates
were found to be a three—dimensional cage-liké structure held
together by weak intramolecular Bonds, such as hydrogen bonding
or Va1:1_ der Waals forces (13). -

!Aé mentioned previously, the exact mechanism for adduction
is not well understood. Weak bonding, similar to that found in

clathrates, is thought to hold the crystal intact.
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Previous hypotheses suggest that the diameter of the channel
places stringent limitations, structurally, on the cross-section
of the guest (5.8+0.5 & by 6.8+0.3 ®). Thus, only those compounds
that are both chemically and structurally compatible with the host
form a stable adduct. The relative positioning of the guest within
the adduct is not specified. -Rather, the guest is allowed to
position itself end to end with other molecules of the same type
in the formation.

Of the amides found to exhibit this behavior of adduction,
only thiourea allows the formation of stable adducts with branched-
chain paraffins or naphthenic compounds. This behavior is thought
to be due to the bulky sulfur atoms in the thiourea molecule (Figure 2)
creating a larger diameter channel adduct. It also has been shown

that adducts form with selenourea and tellurourea (14).

FIGURE 2. THIOUREA STRUCTURE




REIATED RESEARCH

The accidental discovery of channel adducts. of urea was
made in Germany by M. T. Bengen in 1940. This information was
relayed to the United States through several publications in the
Technical Oil Mission Reel (15). Bengen filed and received a
German patent in 1953 for these newly discovered adducts.

In 1947, using sélective ‘oomplex formations, Fetterly
stumbled across the thiourea based adducts while attempting to
improve ootane ratiogé in gasoline. The adducts he found seemed
to complement those found by Bengen, énd were the basis for a
series of U_.S.'pat.ents awarded to Fetterly starting in 1950 (16).

Zimmerschied and other scientists (17) made one of the first
systematic studies into the varioﬁs capabilities of the channel
adducts. These men substahtiated the method described by

Beﬁgen as a process with significant possibilities in the sepa-

ration of mixtures and purification of specific chemical compounds.

Their investigation included a search of possible adduct forma-

tions.of urea with linear aliphatic.molecul’es" such as the normal

alcohols and the recovery of n-—alkanes from petroleum sources.
Angla (18), working independently in 1949, repofted that

certain naphthenic and chlorocarbon compounds formed complexes .




\

with thiourea.

Redlich made a study (19)‘ in 1950 conoerriing. the thermo-
dynamics of the channel adducts at eo_[uilibrium conditions. He
showed that the equilibrium was established much as 1n a normal
chemical reaction. His studies also showed that the system'
could be described by using GibbsA free energy relationéhips iri‘
conjunction with a chemical equilibrium equation. | |

. Since the first patent was issued, several general improve-
ments on the basic process have been made (20),(21). One of the
improvements for 'the adducted phase was a washing method using
a saturated aqueous solution of thé amide. ' Other improvements
in washing have also been desqrib_éd (22). The patent literature.
also report numerous process descriptions -concerning improve-
ments on a single étage crystallizé.tion system (23).

A patent was issued 1n 1956 (24) for a process involving
the continuous fractionation of straight or branched chain
hydmcarbons into two large fractiqns from a petroleum stream.

No test resuits Were giveﬁ. Rather, only thé apparatus and pro—-
cedure were described. The process employed the rrpvement of 25—
100 mesh urea or thiourea through a horizontal colum in Wthh
thel.urea contacfs the feed stream couétercurxently. This allbwéd
two ;E;'ac"cions to be removed, each enriched in a portion of the

incaoming petroleum stream. In another publication, the results
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bf a pilot plant using an extractive crystallizétion process for
the éeparation of n-paraffins and n-olefins from a petroleum source
have been reported (25). |

Fuller published the findings of a "siurry promoter' which
appeared to alter the thermodynamic equilibrium in such a way
that a very small amount of the hydrocarbbn remained in the non-
adducted phase (26). |

The widespread general use of adduct fonn?.tioh was inmple~
‘mented 1n the i.nvestigations of Newey (27) conoerning' the sepa-~-
ration of a fatty acid mixture to produée high quality drying
oils such as linseed oil, castor oil or soybean oil. Othér
uses reported.in the literature (28) included stereospecific
polymefizatiqn using urea oombieXeé of certain monomers, frac-
tionation and refinement of several types of oils including
vegetable oil, liver oil and fish o0il and also the manufacture
of several éxplosives.

More current applications involved: :improvémehts to the
viscosity index of several lubricating oils (29).‘, formation of
adducts Wi"th' bicyclic and tricyclic comp-omds,. and separation
of C14-Cop hydrocarbons from shale oil fractions.

Several excellent reviews of the pertinent literature

through 1970 have been published .(28),(30),(31),(32),(33).
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. In their work, Chivate and Shah have reported numerous
"misuses" of the term extractive crystallization (34). The
confusion was in'the understanding of the basic definition
and kinetics of two similar operations, extractive crystallization
and adductive crystallization |

Extractive crystallization, as reported by Chivate and Shah,

was entirely a physical process in which the components of a

- mixture formed an eutectic mixture with a foreign agent, an
"inductor'". This formation shiftéd the normal eﬁtectic point
of the “two components, hopefullsf, in a favorable direction. -

. This yielded a ternary eutectic point in which one component was
enriched over thé other two. ébmponents. Therefore, a separation
occurred. It was obvious that ‘the inductor played a very impor-
tant role 'in this process. The use of different inductors yielded
different equilibrium compositions.

Adductive cryst_ailization, again as reported by Chivate
and Shah, I'eliéd"on the formation of a loose molecular bond with
either fhe oomioonent or the inducfor. The resulting compounds
differed in chemical properties and, thus, behaved differently
under a cooling stagé. The exact mechanism of this proce.ss was

' not well understood, but it was thought that the formation of

hydrogen bonds played the overwheiming role to facilitate separation. .
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It} appeared that the previous definitions seemed to con-
flict with the original tez'fn extractive cxjystallization as
defined by Elgin. Both terms defined by Chivate and Shah relied
heavily on a difference in melting points, whereas Elgin's
definition was based entirely on the femlation‘ of urea or thio-
urea complexes. From this point _forward, the term ;'extractive
crystallizatioﬁ" will be based on the definition given by Elgin.

Presently, there is only one known industrial application
‘of extractive crystallization. Urea is used in the petroleum
industry to recover’, essentially, all of the Cig's aﬁd‘n—par—
affins in a single stage adduction unit. It appears that further
fractionation using extractive crystallization could be used to
effectively separate the stream into a large variety of products.
This poss1b111ty has never been explored to any great extent. This
might be due to the eoonomicsi of the process as it stood in the
1950's. At that time, the carbon cha.in length. was preferred to
vary by four to six carbon atoms to achleve a ""good" sepa.ratlon
of the fraction. In terms of econoxnlcs this large difference
in lengtﬁ gave more ,conventienal sepa.fation techniques the ad-
vantage. |

In generalv, the 'petroleum and petrochemical indﬁstries

have spent little research money on the separation of cdnponents
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by an extractive crystallization process, especially for isomeric
compounds, Instead, industry concentrated on the use of this
technique for the separation of classes of compounds.

Since most industrial processes yielded a ”cut".of closely
related compounds, application of conventional separation opera-
tions were often costly because of the similarities of the con-
ponents in the cut. This suggested that a better, more efficient
separation techpique had to be developed.

Recent research (6),(7),(35),(36) at Montana State by -
various researchers has shown the use of extractive prystalli—
zation with difficult separations was.effective.

The éystens that were sj:udied included the hyd’régenated
ﬁnnoterpenes, the trimefhylpen{:anes, f-phellandrene(from a
dipentqne cut) and the CSHlO aromatic isomers . A summary of this
research is shown in Table IV. (The separatiqﬁ féctor, o, is
analogous to relative VOlatility in distillation data.)

It should be noted here, the research performed in the CgHyq
isémer separation area was slightly modified from the previous
| research. Thiourea fomxéd adciuéts ‘with isopai‘affin ,. naphthenic,
| and’ terpéne hydrocarbons, but thiourea was non—adducting with
aromatic hydrocarﬁons, unless certain adduct formers or inductors

were included in the aromatic feed mixture. For ‘the CgHl  iso-
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mers, the reported data .in Table IV was obtained using carbon

tetrachloride as the adduct former or inductor.




TABLE IV. _RESULTS OF EXTRACTIVE CRYSTALLIZATION TECHNIQUE USED ON SELECTED

HYDROCARBON MIXTURES(6),(7),(35),(36)

MIXTURE

SEPARATION FACTOR

%1,2

1,1,4 trimethylcycloheptane/carane ‘8,2
cis p-menthane/trans p-menthane 2.7
trans pinane/cis pinane 2.7
B-phellandrene/limonene/p-cymene 5.8
2,2,4 trimethylpentane/2, 3, 3~ and 2,3,4-trimethylpentane 5.1
2,3;3 trimethylpentane/2, 3,4 trimethylpentane 1.4
cis 1,2 dimethylcyclohexane/trans 1,2 dimethyléyclohexane 4.5(McCandless)*
cis 1,4 dimethylcyclohexane/trans 1,4 dimethylcyclohexane 4.5(McCandless)*
Ethylbenzene/m—xylene+ . ' 5.
O—xylene/m—xyleneT 4.5
Eth§ibenzene/p—xylene+ 2.8 -
O—::_;s_r_,lene/p—xylene-r ‘ © 2.4
P—Xylene/m—xylene+ 1.7

T 1.2

Ethylbenzene/o-xylene

+ Carbon Tetrachloride used as inductor * unpublished data

_8"I:_




REESEARCH OBJECTIVES

The objective of this investigation was to develop an
extraétive crystallization process for the separation of
close boiling compounds This objective involved the deter-
mination of several operating parameters for the system which
included:

(1) an optimal solvent for the thiourea

- (2) an optimal inductor for the system

-(3) deternﬂ_nafion of run time :and-temperature effect on the
separation |

(.4)_detennj._nation of the effect of the ratio of solvent to
thiourea on the separation

(5) determination of the ef:fect of the amount of hﬁrdrocarbon
and inductor in the system -

(6) detemﬁnation of equilibriuml curves for the various

systems studied.




EXPERIMENTAL EQUIPMENT AND PROCEDURE

The methods of adduct formation have been well documented (31).
The basic procedure used in this investigation is diagrammed in
Figxﬁ‘e_ 3. To facilitate the description of the procedure and e-
quiprent, a typical run will be described in detail. The actual
~ procedure varied with varying parameters investigated. The reader
is asked to refer fo Figure 3 for further clarifié:’ation.

Usiné gentle heating and agitation to encourage dissélution,
' a solution of thiourea was prepared in ‘a 250-ml beaker -by dis-
solving 20.0 grams of thiourea in 110 ml of methanol. A Cenco
hotplate with a magnetic stirrer was employed for the solution
pre;ﬁarétio_n.

- A mixture of 10 ml of 50 wt% ethylbenzene and 50 wt%

p-xylene was added to 10 ml of ‘OCI 4C‘(:i_nc‘zuctor). This mixture,
in turn, was added to the hot methanol/thiourea solution. The
resulting mixture was oooied imrediately in a chest type freezer
(-20°C+2°) for a 24 hour period. No a.gitatibn of the mixture
was used dﬁring the cool down period. = .l .

After this period of cooling, tﬁe lcrystals were f;iltered
by using. a Buchn'er type vacuum filter. The mother liquor (residue)

was washed with “150 ml of distilled water and allowed to phase
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separate in a 250 ml separatory funnel. The resulting hydro—
carbon phase was removed, weighed and analyzed using a gas
chromatograph.

The adducted crystals were washed with 50 ml of n-
pentane in two successive washings, then the crystals were
allowed to dry at room temperature for two hours. The removal
of the adducted hydrocarbon was acmlished by contacting the
crystals with a mixture of steam and hot water in the apparatus
shown in Figure 4. The hydrocarbon phase was removed from the
separatory funnel and was also analyzed using a gas chromato-
graph. |

All run tenperatures were measurea using a J-28 Iron/
Constantan thermocouple in conjunction with a Brown potentio-
meter. Cooling, during the runs made to investigafe'the effect
of temperature, was accomplished using a Thermoelectric Stir-
Kool cold plate(Model SK-12). The beaker was coated on the bottom
with a light oil to improve heat transfer characteristics and
the outer surface was insulated with a layer of insulation to
maintain a constant solution temperature.

A1l chemical reagents used are listed according to grade
and source in the Appendik.

During this investigation, analysis of the ﬁeedstocks and
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products obtained was performed using two gas chromatographs.
An Aerograph Model 660 flame ionization gas chromatograph, with
a Sargent Model SR strip-chart recorder and a Varian Mode 1 1420
thermal conductAJ".vity gas chroma.tograph, with a Varian Model 9176
sfrip—chart recorder were both employéd. The early portion of
this i'esearch, that is the solv'ept study and preiiminary inductor
study, Was performed using the Aerogfaph model. All subsequent‘
Work» used the Varian fox;"the analyses-.' The specifications and
operat'ing conditions for the two chromatographs are shown in -

Tables V and VI.

TABLE V. .GC SPECIFICATIONS AND OPERATING PARAMETERS

TYPE:  Aerograph Model 660 Flame Ionization
COLUMN:  1/8" OD x 10' copper tubing

_ PACKING: 5% Bentone 34 + 5% diisodecylphthalate on 60/80
mesh Chromosorb W

COLUMN TEMPERATURE:  750C
INJECTOR TEMPERATURE: 2200C
DETECTOR TEMPERATURE:  115°C
SAVPIE SIZE: .2u8

RETENTION TIME: 13 mins(xylenes and ethylbenzene)
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TABLE VI. GC SPECIFICATIONS AND OPERATING PARAMETERS

TYPE:  Varian 1420 Thermal Conductivity(TC) dual colum
OLUMN: 1/8" OD x 15' copper tubing

PACKING: 5% Bentone 34 + 5% diisodecylphthalate on 80/100 °
mesh High Performance Chromosorb W

OOLUMN TEMPERATURE : 85°C(C8H10 isomers and 1,1,2 trichloro-

fluoroethane)
1500C(1,2,4 trichlorobenzene)

. INJECTOR TEMPERATURE:  1900C

TC DETECTOR TEMPERATURE:. 200°C

TC DETECTOR CURRENT: 150 mA

CARRIER GAS FLOW RATE: 30 cc/min (H,)

SAMPIE SIZE: 0.4 p2

REI‘EH\ITION_ TIME: 1 min(1,1,2 trichlorotrifluoroethane)

10 mins(Xylenes and ethylbenzene)
14 mins(1,2,4 trichlorobenzene)

Both gas chromatographs gave consistent and compax_‘able
results. | |

Since the area under the output curve from .the chrdnato—
graph was propdrtional to the weight percent of a particular
comoonent in the sample, a correlation curve had to be developed
to detérmine the actual percént composition of the sample from ‘

the recorder output. These curves and the methodsof calculation
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are developed in the appendix for the various compounds analyzed.




RESULTS AND DISCUSSIGN

The investigation of the problem previously stated was

accomplished in several stages closely paralleling the research

objectives.

A univariant search scheme was employed throughout

this investigation; that is one variable was altered and the others

held constant to determine any effeect of the one variable on the

degree of separation.

Discussion of the data compiled in this investigation will

be reported in the following sﬁbgroups:

A)
B)
C)
D)
E)
)
G)

H)

Methods of Analysis of Data

Solvent Study

Preliminary Inductor Study

Effect of Run Time and Temperature

Effect of Solvent fo Thiourea Ratio
Effect of the Amount of Feed and Inductor

Equilibrium Curves for the Cgly, Systems

Summary

Methods of Analysis of Data

Previous research performed at Montana State University (7)

used two characteristic parameters in discussing separation ability

of the extractive crystallization processl These parameters, al-
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though mathematically related, gave important pieces of informa-
tion not common to one parameter alone. |
The first and most widely used separation index is de—

fined below as the separation factor(a).

=71 L %1
01 o= b.
1,25 7 v g

y1.= mole fraction of the species enriéhed'in the adduct

Xy = mole fraction of the same species in the residue

The separation factor is analogous to mla.tive volatility in
distillation work. The range of o is from 1 (no separatioﬁ)
to . |

The second parameter used'in apalyzing this data was the
extent of separation(). ThlS index gave a better indicatien
of the actl'lali quantitativé anbunt of sepa,rafion ta-king,place.

Rony (38) defined the extent of separation as:

PO S N
£1,278bs (TR ~ TG -

ﬁoles of component 1 in residue
moles of conmponent 1 in adduct

Kq= -

moles of component 2 in residue
moles of component 2 in adduct

Kz"—"

The. range for this parameter is from O (ngS separation) to 1 (com-




plete separétion).

The advantage in using the extent of separation(£) over
the separation factor(a) was that for a given set of conditions
(solvent/thiourea ratio, grams of feed, gramé of inductor, run
temperature and run time), there was one extent of separation
possible.

It can be shown mathematically that:

2 = K&
It was possible to obtain a system in which Ky=10 and K;=1,
or o=10. Equally, it would have been possible to obtain a system
in which K2=100 and K1 10 and in which o would again have been
equal to 10, Even though the separatlon factors were equivalent,
the separation indices were not. (§ for case 1 = .41 and & for
case 2 = .08) Thus, the extent of separation accounted for the
difference in these two cases and therefore gives a much improved

f

separation parameter.

Solvent Study

The goal of any investigation of this type is the eventual
application of the research to industrial scale work. Féedback
was received from an industrial flrm stressing the 1arge~quant1ty
material handling problems in relatlon to the solvent used.ln the

extractive crystallization process. With thls in m1nd work was
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carried out to investigate various possible solvents in order to |
achieve a good separafion‘ and yet decrease this material harndling
problem. This could be acconplished, possibly, by using a sol-
. vent with a higher boiling point than the Cgly isoners, i.e.,
greater than 145°C.

"Fifteen solvents were investigated (Table IXb). Of these,

eight showed some promising results. These are listed in Table VII .

with their respective' boiling points and separation factors. The
system used in tﬁis study was based on-préviou!s' research (7), with

the run conditions detailed in Table IXa.

TABLE VII. SOLVENT STUDY DATA

i Boiling
Sc_>1vent . 1(38(1jr)1t Org /PX
Methanol e 64.7 3.28
- n-Propanol ' 97.2 3.09
80/20 wt% mix of MeOH and Diethylene glycol 2.76
Ethylene glycol n-butyl ether 168.4 ) 2.17
Ethylene glycol . 197.6 2.02
Ethanol 78.5 1.68
Distilled Water : - 100.0 ©.1.38
Benzyl alcohol. : 204.7 1.22

L

It appeared, for the solvents investigated, the higher
boiling components tended té'_ perform unsatisfactorily with the

ethylbenzene /p-xylene system. Only one high boiling solvent




=-31-
(>1450C) showed the ability for aromatic isamer sépara.tion. There—
fore, since the separation factor appéared to decrease with an
increase in the boiling point of the solvént, methanol was used
throﬁghout Ithe remainder of this- investigation as the solvent for

the thiourea.

lsrelimina:ry Inductor Study

Previous reseafch (7) with the CgH10 isomers revealed they
formed adducts with thiourea in the piesence of a third component
(the _inductor) . Several inductors have alreédy been investigated,
with most of the previous work based on the use of carbon tetra-
chloride.

Twelve inductors were exémined in this research. These are
detailed in Table Xb, with the run oonditions shown in Table Xa.
- Two compounds Were found to show consistent results with godd sep—
aration factors. These were 1,2,4 trichlorobenzene (0=3.26) and
1,1,2 ‘frick-llorotriﬂuoroethane (0=4.33). Both of these inductors
-, were .éonparable to the carbor; tetrachloride system (0=2.84). The
one major difference between the three inductors mentioned was in
the selectivity of the adduct formation. Both 1,1,2 trichloro-
trifluorocethane and carbon tetrachloride adducted fhe éthy'lbenzene
molecule, preferably, while the 1,2,4 trichlorobénzene selected the
p-xylene molecule. Since all other variables re,r;ained, essentially,

constant during this study, the inductor was found to play a very
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important role in the degree of separation and also in the selec-
tivity of the addpct. Both 1,1,2 trichlorotrifluoroethane and 1,2,4-
trichlorobenzene will be discussed in more depth within this paper.

Effect of Run Time and Temperature

Since a maximum separation ability for the various systems
was desired, an optimal run time and temperature had to be deter-
mined. The first variable investigated was the effect of run time
on an ethylbenzene /p—xyleﬁe system using 1,2,4 trichlorobenzene as
the inductor. Two different run temperature ranges were used. Figure.
5 shows a plot of run time versus the separation indices for a run
temperature of -20°Ct2 . With an increase in run time both sepa- -
ration indices had a tendancy to increase to a maxmrum level. This
maximum level appeared to be reached at a run time greater than -
ten hours with the following average separation parameters: (o=3.06;
£=.0228). ngré 6 shows the same type of plot, exoépt the run
temperature was decreased to -14%+2 . The te_zmperature decrease .
shifted this maximum separation index to a Sligﬁtly lower level. ’i‘o
achieve the maximum level of separation required an extended run
time (>15 hours). The average separation paramefers reported were
0=2.74 and E=.0144:

The second variable investigated was the effect of run tem

perature on the separation. A plot of run temperature versus the
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separation parameters is shown in Flgure 7. 'Here again, the
same solvent/inductor/feed system was used as in the previous
analysis. The separation factor (o) was fdun.d to be much more
sensitive té éﬁanges in temperature than the extent of separa-
tion (&) was found to be. With the extent of separation quickly.
reaching an average value _df 01, both indicé,s increased with a -
decrease in run temperature. The run time ﬁsed in this study
was kept constant at 24 hours. - (2 complete summary of the ex-
. perimental data and run conditions is detailed in Tables XI-a
and b). | _ '

‘Baséd on the resulté from this study, further research
was perfcﬁ‘med usmg a run time of 24 hours and a run temperature

of —20PCtP .

Effect of Solvent to Thiourea Ratio

The amount of solvent for the ethylbenzene/p—xylene‘éystem '
~ was '\;éﬁed to ‘dej:'ermine the eff'ecf“of the solvent to thiburea
ratio. TFigures 8 and 9 show the results of this study using
1,2,4 trichlorobenzene and 1,1,2 trichlorotrifluoroethane, respec-

tively, as the inductors.

Figure 8 exhibits a maximum 'separation as the solvent to

thiourea ratio was increased. The optimal point of operation
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appeared near 2.5 — 3.0 ml/g for the 1,2,4 trichlorobenzene syé—
tem. For the 1,1,2 trichlorotrifluoroethane system, Figure 9
also shows a maximum point at a ratio of 5.5 ml/g .

As indicated previously, the extent of separation(&) was
much less sensitive to changes in run conditions than was “the
separation factor (a)-; The occurance of the maximum degxeg of
Separation was probably due to the increased difficulty in feed
contact with the methanol /thiéurea solution when the rétio was
small, and to the lack of available thiourea molecules for ad-
: duction when the ratio was large.

Since 'both.systems exhibited comparable .results with -
this study, a solvent to thiourea ratio of 5.5 ml/g was used
throughout the remaining research. This ‘allowed consistent
comparison with 'previous research l(7 ). (a complete summary of

this data is listed in Tables XIT and XIII).

‘Effect of Amount of Feed and Inductor

Figure 10 shows the results of varying the hydrocarbon -
feed. Both 1,2,4 trichlorobenzene and 1,1,2 trichlorotrifluoro-
’ethane are reported on this lplot_. As expected, the use of
1,2,4 trichlorobenzene as an inductor exhibited a decrease in )

the degree of separation with an increase in feed quantity.. The
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effect was much more pronounced for the 1,2,4 trichlorobenzene
system than for the 1,1,2 trichlorotrifluoroethane inductor, In
fact, it can be seen from Figure 10 that as the hydrocarbon feed
was increased, the use of 1,1,2 trichlorotrifluoroethane caused
a slight -increase in the degree of separation. .The reason for
this behavior nmust bel explained by the inj:ernal workings of the
inductpr within the extractive crystallization préoess.

The effect of increasing the amourit.of inductor for both
the 1,2,4 trichlorobenzene-and the 1,1,2 trichlorotrifluorosthane
systéns is _sh()wn in Figu_l"e 11. Both systems exhibited an in-
creased degree of 'sepamtion with increased amounts of inductor.
The 1,1,2° trichlorotrifluoroethane system had a more pronomced

effect with the drop in extent of seﬁa;‘ation at an inductor level

of 22 grams. This was., probably, due to the increased selectivity

of the.adduct toward the inductor itself. There appeared to be
little imamvegeﬁt in the 1,2,4 trichlorobenzene system for quan-
tities of inductor grea,tei' than 20 grams. (A complete summary
of the '-éxper:i_mental data for this study can be found in Tables
XIV and XV).

Equilibrium Curves for CgHyg Systems -

Variation of the feed composition resulted in a curve sim—
ilar to an equilibrium curve as shdwn in Figure 12. The par-

ticular component that is reported, for example, p-xXylene was




il -

.04
SN146g 1,2,4 TCB
A A O18.9er 11,2 TTE
A n50/50 wt% EB/PX
.02+ 10)
O QR ©
0 4 =
©14.6g"1,2,4 " 7CB
Eiis.7g 1,1,2 ‘TTE
St~ 0
o o
3.—0
2
©
1 U | B
o) 10 20 30 40

HYDROCARBON FEED, grams

FIGURE 10. EFFECT OF FEED QUANTITY ON SEPARATION

50













































































































































































































