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Abstract:

Turpentine, a complex mixture of organic chemicals called terpenes, is a by-product of the Kraft
paper-making process. To best utilize this turpentine, it would be desirable to separate it into the
individual terpene compounds. This separation is difficult due to the closeness of physical properties
between the terpenes. Indeed, classical separation methods are useless when trying to separate certain
terpenes from the mixture, one example being the separation of beta-phellandrene from the "dipentene
cut" obtained by distillation of crude turpentine.

To effect the separation of beta-phellandrene, the method of extractive crystallization with thiourea was
investigated. A solution of turpentine, thiourea, and a suitable solvent is charged to a crystallizer and
cooled. Adduct crystals are formed between thiourea and beta-phellandrene. Removal of the crystals by
filtration and subsequent decomposition by steam stripping yields a terpene product enriched in
beta-phellandrene. Successive crystallizations of product terpenes can produce beta-phellandrene of
purity greater than 99%. In initial investigations it was found that four successive crystallizations were
needed to increase the beta-phellandrene purity from 63% to 98%. Optimization techniques were used
in hope of increasing recovery. Lower temperatures tended to increase recovery of beta-phellandrene,
with 29°C the highest temperature at which recovery was possible. The optimum time for filtration of
crystals was when the lowest temperature allowed by the equipment was reached. The optimum
beta-phellandrene to thiourea ratio was found to be 0.35 ml/gram. Decreasing the solvent to thiourea
ratio increased recovery, but lowered enrichment of product. Methanol proved to be the best individual
solvent, and acetone used as an additive increased recovery. Through the optimization techniques
employed, a 22-fold increase in recovery was obtained over initial runs.

It was concluded that extractive crystallization with thiourea is an effective method for purifying
beta-phellandrene, which was previously unavailable in pure form from turpentine sources.



Statement of Permission to Copy

In presenting this thesis in partial fﬁlfillmént of the
requirements for an advanced degree at Montana State Universify, I
agree that the Library shall make.it freely available for inspection.
I further agree that permission for extensive copying of this thesis
for scholarly purposes may be granted by my major professor, or, in
his absence, by the Director of Libraries. It is understood that
any copying or publicati&n of this thesls for financial gain shall

not be allowed without my written permission.

p 4,
Signature Q Ll é BZ&%«J M

Date 49{0/&0/14,@&2«/ /3/ /?7/

Ty




SEPARATION OF BETA-~PHELLANDRENE FROM A TERPENE MIXTURE
VIA EXTRACTIVE CRYSTALLIZATION WITH THIOUREA
by

EDWARD LEON HANDL

A thesis submitted to the Graduate Faculty in partial
fulfillment of the requirements for the degree

of
MASTER OF SCIENCE
in

Chemical Engineering

Approved.

/a%&@%

Head, Major Department

//7 ,///wa/%

Chairman, Examining Committee

Graduﬁke Dean

MONTANA STATE UNIVERSITY
Bozeman, Montana

March, 1972

T




iii
ACKNOWLEDGMENT
The author wishes to thank the entire staff of the Chemical
Engineering Department of Montana State University for their advice,
questions, and.criticisms, which were of considerable help during

this investigation,

In particular, the author would like to thank Dr. F. P.
McCandless for his guidance leading to the completion of the pro-
ject. Also, special thanks must go to John Sikonia, whose helpful

suggestions were much'appreciated.

The author was the recipient of a National Science Founda-
tion Traineeship for the interim Septémber 1970 to September 1971.
This, and other financial aid provided by Montana State University,

was greatly appreciated.




iv
ABSTRACT

Turpentine, a complex mixture of organic chemicals called
terpenes, is a by-product of the Kraft paper-making process. To
best utilize this turpentine, it would be desirable to separate
it into the individual terpene compounds. This separation is
difficult due to the closeness of physical properties bétween the
terpenes. Indeed, classical separation methods are useless when
trying to separate certain terpenes from the mixture, one example
being the separation of beta-phellandrene from the "dipentene cut"
- obtained by distillation of crude turpentine.

To effect the separation of beta-phellandrene, the method of
extractive crystallization with thiourea was investigated. A solu-
tion of turpentine, thiourea, and a suitable solvent is charged to
" a crystallizer and cooled. Adduct crystals are formed between thio-
urea and beta-phellandrene. Removal of the crystals by filtration
and subsequent decomposition by steam stripping yields a terpene
product enriched in beta-phellandrene. Successive crystallizations
of product terpenes can produce beta-phellandrene of purity greater -
than 99%. ’

In initial investigations it was found that four successive
crystallizations were needed to increase the beta-phellandrene
purity from 63% to 98%. Optimization techniques were used in hope
of increasing recovery. Lower temperatures tended to increase re-
covery of beta-phellandrene, with 29°C the highest temperature at
which recovery was possible. The optimum time for filtration of
crystals was when the lowest temperature allowed by the equipment
was reached. The optimum beta-phellandrene to thiourea ratio was
found to be 0.35 ml/gram. Decreasing the solvent to thiourea ratio
increased recovery, but lowered enrichment of product. Methanol
proved to be the best individual solvent, and acetone used as an
additive increased recovery. Through the optimization techniques
employed, a 22-fold increase in recovery was obtained over initial
runs. :

' Tt was concluded that extractive crystallization with thio-
urea is an effective method for purifying beta-phellandrene, which
was previously unavailable in pure form from turpentine sources.
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INTRODUCTION AND BACKGROUND

Turpentine is a complex mixture of organic chemicals known
as terpenes. Produced naturally in wood, turpentine is most gen~
erally obtained from the crude gum {oleoresin) of pine treeé,ifrom
steam distillation of resin-saturated woods, or as a by-product
from the Kraft (sulfate) wood-pulping process. Turpentine haé long
been used as a household paint and varnish thinner, as well as in

the industrial manufacture of paint and varnish.

Some of the terpene compounds obfainable from turpentine
have found a variety of chemical uses. Products obtained from tur-
pentine—derived'compounds includé synthetic camphor, pharmaceuti-
cals, perfumes and flavorings, insecticides, petroleum additives,

and industrial solvents.(22)

The composition of turpentine can vary greatly, depending
on the particular species of wood from which it was obtained. The
by-product turpentine from the Kraft wood-pulping process is quite
often a result of fulping wood. of several diffefént species at one

time.

Utilization of by-product turpentine from wood pulping is
of interest from the standpoints of reducing waste from the process
and of producing by-products to increase the economic return from

the process. The turpentine is obtained by condensing relief gases

from wood digesters in the pulping step. -The condensate can yield

T=T=T%
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two to ten gallons of 0il per ton of pulp produced, the oil being

50 to 60% turpentine. (22)

To be used as chemical intermediates, it would be desirable
to separate the individual terpenes in purified .form from the tur-
pentine. To effect this separation, the turpentine is usually
distilled under vacuum or in the presence of water (steam distilla-

tion) to minimize the formation of terpene polymers.(17)

" Some of the terpene compounds found in Kraft sulfate turpen-
tine are listed in Table I along with their respective boiling

points and relative concentrations. The turpentine shown in Table I

-was produced while pulping a mixture of lodgepole pine, Pondeross

pine, and western larch., As evidenced by the composition of the
turpentine shown in Table I, it is generally found that the most
common terpenes in turpentine are alpha-pinene, beta-pinene, di-

pentene, delta~3-carene, and beta-phellandrene.(3)

Noting the closeness of the boiling points of the various
terpenes in Table I, it is evident that separation of the terpenes
by distillation is difficult. Using a distillation column with a

large number of theoretical plates and a high reflux ratio, however,

. it is possible to obtain alpha-pinene, beta-pinene, and delta-3-

carene in fairly high purity. Note also that dipentene and beta-
phellandrene have essentially the same boiling points, and separa-

tion of these two terpenes by distillation is impractical.

T
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Table I. Composition of a Typical Sulfate Turpentine Obtained
While Pulping Lodgepole Pine, Ponderosa Pine, and Western
Larch. (Sample supplied by Northwestern Pulp and Power, Ltd.)

Normal Boil- % in
Compound Structure ing Point, °C Sample
unidentified light
hydrocarbons - - 1
alpha~-pinene 156 14

camphene 160 3

beta-pinene 164 10

myrcene 167 5
i1 22

delta-3-carene

para-cymene

L7771 1

dipentene

178 3k

beta-phellandrene

OO L @ @
OO R

terpinolene 185 trace
unidentified heavy
compounds - —— I}
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Often a "dipentene cut" is obtained when distilling turpen-
tine., This cut consists of terpenes whose boiling points are close
to those of dipentene. Table II shows a typical dipentene cut ob-
tained from distillation of the turpentine listed in Table I. |

Table II. A Typical Dipentene Cut. (Obtained From
Turpentine Listed in Table I)

Compound Boiiing Point Percent in Cut
beta-phellandrene 178.0 63.1
dipentene ' 177.7 25.8
para~-cymene 176.7 9.3
unidentified . ——— 1.8

Clearly, the closeness in boiling points of the compounds listed in
Table II shows that further separation of these compounds by normal

distillation methods is impractical.

Because of the difficulty of separating terpenes in pure form
by distillation, other separational methods have been tried. One
method which may be used to separate mixtures of terpenes is through
the use of a cémplexing agent to selectively remove one or more ter-
penes from a mixture. In one method, clathration was used to selec-
tively remove myrcene from a terpene mixture.(5) Clathration con-
sists of selectively enélosing certain molecules within a three-

dimensional complex which is held together by weak intramolecular

forces of the Van der Waals or hydrogen bonding type. The selec-
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tivity of these complexes for enclosing certain molecules appears

to be based on spatial considerations, or size and shape of the

enclosed molecules. (2)

A separational technique close;y related to clathration is
extractive crystalliéation using urea oOr thiourea. In this: method
an adduct is formed between the enclosed molecules of -the selected
compound and the thiourea molecules. The adduct is quite similar
to a clathrate except that'in an adduct the enclosed molecules are
trapped in a two-dimensional structure which has been likened %o a
canal or chanﬂel.(?,lh,Zh) Adduct formation of this type was first
observed between urea and straight-chained hydrocarboﬁs.(lh) The
discovery of urea adducts was followed in the mid-1940's by the
discovery of adducts of thiourea, which tend to be formed with
branch-chained or cyclic hydrocarbons.(25) Later research greatly
increased the number of known types of compounds which form adducts
with urea and thiourea.(8,9) Due to the differences in size and
shape of the included molecules between thiourea and urea adducts,
it waS‘found that processes of separation using thiourea adduct

formation complemented those processes using urea. (20)

Extractive crystallization processes using urea have been
used in the dewaxing of petroleum to reduce pour points (6), in the

separation of wax mixtures (21), and in the separation of mixtures
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of fatty acids.(16). Other separation processes using urea and thio-
urea and involving a variety of - organic chemicals have been describ-
ed in the literéture.(8,9,15) Also,.urea and thiourea adducts have
been used for "molecular packaging" of compounds (useful for some
volatile pompounds), and in providing templates for monomers in
stereospecific polymerizations. (3,7) Bhatnagar (2) lists an exten~

gsive bibliography of urea and thiourea adduct processes.

Althéugh the exact mechanism of adduct formation 1s not;fuily
understood, it appears that the forces holding the adduct together
are similar to those in clathration; that is, Van der Waals forces
or hydrogen bonds. It has been observed that the heats of forma~
tion of urea adducts are on the order of those for the adsorption
of hydrécarbons on solid surfaces, and are in the order of the cal-~
culated energy of hydrogen bonding in crystalline ammoﬁia and in

water. (27)

The formation of thiourea adducts has been described as the
enclosing molecules (thiourea) wrapping around a mandre} of another
substance, which is to be enclosed.(14) The enclosed molecules
must be of a particular size, preferably 5.8 + 0.5 A by 6.8 + 0.3 A
in cross-section. If the enclosed molecule is near the size toler-
ance limits, such an adduct will be unstable, and if not within the

' limits, the adduct will not form.(20) The stability of a urea or
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thiourea adduct is dependent on the included species, and indeed,

the dissociation temperatures of such complexes have been used in

the identification of enclosed compounds.(13,19)

Some authors (2,2L4) report that generally terpenes do not
form adducts with thiourea. However, Fetterly (8) has reported
the formation of an adduct between alpha—pinené and thiourea. This
pointed to the possibility that some separation of terpenes--perhaps
by their molecular size or geometry--could be accomplished usiné
thiourea.

The author's initial work with terpenes and thiourea was in-
tended to explore if, indeed, broad classes of terpenes, such as.
monocyclic and bicyclié, could be separated by formation of adducts
with thiourea. The completely unexpected result was that a separa-
tion of broad classes did not occur, but instead the adducts tended
to selectively extract certain individual terpene compounds. It
was notea that three terpenes from the sulfate turpentine feed tend-
ed to form thiourea adducts. The compounds were later shown to be
alpha-pinene (previously reported (8)), beta-pinene, and beta-
phellandrene. Of the previously unreported terpene~thiourea adducts,
the beta-phellandrene adduct appeared to be the most interesting, as

this adduct could be used to further resolve the dipentene cut pre-~
viously described. The research which is the subject of this thesis

resulted from this preliminary work.

o o ——p—— T
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Since the terpene beta-?heilandrene forms a stable adduct
with thiourea, the method of extractive crystallization may be used
to separate beta-phellandrene from the dipentene cut previously
described. This is a new separation\technique as applied to resol#—
ing the dipentene cut into its individual components, and effectively
presents beta-phellandrene as a new raw material for potentiil: use.

in the chemical industry.

! Occurring naturally in the essential oils of many plants,
beta~-phellandrene appears to be the fourth or fifth most abundant
terpeneAfound in wood pulp turpentines. Probably the largest single
potential sourcefor beta-phellandrene in the United States is
lodgepole pine turpentine, which consists of over 60% beta-phell-

andrene. (4,10)

\

Existing as two 6ptical isomers, beta-phellandrene obtained
from turpentine is of the levorotatory type. The dextrorotatory,
or d-beta-phellandrene, 1s found in the essential olls of water fen-
nel and lemon, whereas the levorotatory, or l-beta-phellandrene, is
found in sources such as Japanese peppermint oil and turpentine

oil. (23)

Beta~phellandrene has the potential of being used for its:
essential oil qualities; that is, either taste or fragrance. Be-

cause it is not readily available, however, it is rarely used in
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industries making use of these qualities.(1l) Like its enantiomer,
l-beta-phellandrene has a pleasant odor. As for taste, no evalu-
ation for l-beta-phellandrene has apparently been made, althqugh
the d-enantiomer is reported to have a burning taste.(23) The 1-
variety:, however, could quite possibly have an entirely different

effect on the taste sense.

At present there is no industrial demand for beta-phelland-
rene and hence no commercial separation process is on stream to
obtain this terpene in purified form. It should be emphasized,
however, that prior to this research, purified beta-phellandrene
was not available. Before the development of the thiourea extrac=
tive crystallization process for separating beta-phellandrene, no
separation process was capable of producing the pure material from
the mixtures in which it is foﬁnd. Now, however, a source of high-
purity beta~phellandrene is available with which to explore its

potential uses, and hopefully, its industrial demand..

Should a demand for beta-phellandrene develop, the extractive

crystallization process, coupled with existing methods and technology,

(15,26) could prove an attractive method for obtaining purified

beta-~-phellandrene.




RESEARCH OBJECTIVES

The objectives of this research may be subdivided into

three basic areas.

. Fipst, it was desired to qualitatively and quantitatgvely
investigate the feasibility éf separating the ferpeﬁe beta-phel~
landrene from a dipentene cut obtained from crude sulfate turpen-
tine. If ﬁaé hoped td‘gain knowledge as to the amount of purifi-
cation possible by the method of extractive crystallization with
thiourea. Also, it was hoped to gain insight into the number of
individual purification steps required for this separation, igiven

a feed purity and a desired product purity.

Secbnd, improvemeﬁt of the methods and materials used in
the process %as undertaken in ﬁoPe of obtaining more opbtimum re-
covery and separation of beta-phellandrene from feed mixtures. A
number of different parameters which could be varied in the process
had to be investigated in order to evaluate their effécts on .the
separation scheme. It was hoped to optimize these individual vari-

ables in order to maximize the recovery of beta-phellandrene.
¢

Third, through the use of the methods developed in the in-
vestigation of this separation process, it was hoped to obtain a

quantity of beta-phellandrene in purified form. This would enable:
potential users of the compound to conduct small-scale tests as to

. its usefulness and value as a pure chemical.




EXPERIMENTAL PROCEDURE

The ba;ic method for the preparation.of thiourea-terpene
adducts consists of dissolving solid thiourea in a suitable sol-’
vent such as methanol, adding the terpenes to the solution, and
cooling the resulting mixture. At a certain point in the cooling
process, the adduct begins to form as evidenced by white, need;e-
like crystalé. In cases where agitation is used, the adduct
crystals may be very fine, appearing to be a white powder. Fil-

tration is used to remove the adduct crystals from the liquid.’

Care must be observed if it is chosen to wash the crystals
to remove adhering crystallization liquor, as the crystals are

easily decomposed by a variety of solvents.

The ciystallizatidn step was carried out in an insulated.
250-ml Erlenmeyer flask. Cooling was accomplished by use of a
thermo-electric cold plate, Stir-Kool model SK-12 (Thermolectrics
Unlimited, Inc.). The cold plate was equipped with a magnetic;
stirring apparatué, but for runs where crystals of thiourea and
adduct were present in large amounts, an external motor-drivén
propeller;type stirrer was used. Final tempersture and rate of
coolihg could be controlled on the cold plate. Temperatures were
measured inside the flask with an iron-constantan thermocouple:and

a potentiometer (Brown Instrument Co.).

TT
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Since the desired terpenes are bound into the adduct crystal

lattice as "guest molecules", the adduct.crystals mist be decomposed

in such a manner as to release the terpenes whilé preferably re-

claiming the th}ourea. Several methods may be used to decbmpose

the adduct, including heating, distilling, steam distilling; adding

a solvent to dissolve the thiourea, or adding a solvent for the

guest compounds.

Steam distillation or steam stripping of the crystals was
chosen for the decomposition method in thié investigation. - A steam
line,.regulated by a needle valve, was fed‘throﬁgh a trap to col-
lect any water, and then %o a 1000-ml round-bottom 3-neck flask -
(heated) fitted with a water-cooled condenser. To decompose an: .-
adduct, the crystals were placed in the flask and steam was passed
thfough the crystals as the flask was being heated to prev%nt con-
densation of the steam. The terpenes were liberated from ﬁhe-~
crystals; forming an azeotrope with the steam, which then was.égn-
densed and collected. On condensation,'the azeotrope separéted!
into a water phase and a terpene phase, which was collected with the
aid of a separatory funnel. The thiourea, left in the dist%llation
flask as a concentratea water solution, was removed and cooie&. On
cooling, thiourea crystals were formed which were removed from the

solution and reclaimed.
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The thiourea used in the quantitative, data-producing runs
was reagent grade (Fisher Scientific Co.). The reclaimed thiourea
was used in non~-quantitative runs which were made to build up; a
quantity of terpene feedstock enriched in the adducted or "guest"

compound.

The methanol used as a crystallization solvent in this in-
vestigation was technical grade (LaPine Scientific Co.). Terpene
feedstocks were prepared by :the Chemical-ﬁngineeringlDepartment at
Montana State University by steam distillation of pulpwood turpen-
tines supplied by Hoerner-Waldorf Corporation, Missoula, Montana,

and Northwestern Pulp and Power, Ltd., Hinton, Albexrta.

Analysis of feedstock and product terpenes was accomplished
by gas-liquid chromatography. A 15~foot column, 0.065-inch ID,
packed with beta, beta'-oxydipropionitrile on‘acid-wéshed Chrom-
sorb P (15:100 weight ratio) was used in a laboratory chromatograph
(Series 70O Hewlett-Packard, F&M Scientific Division); Hydrogen
was used as the carrier gas, the flow being 20 cc/min. Column tem-
perature was 80°C and injector temperature was 175°C. The thermal

conductivity detector teﬁperature was held at 110°C.

The procedure for a typical run is as follows: To a 250-ml
Erlenmeyer flask with a flat ground-glass bottom was added 200 mls

of methanol and 20.0 mls of terpenes of the fbllowing composition:
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78.0% beta-phellandrene, 19.6%'dipentene, and 2.4% para-cymene.

To this solution was added 20.0 grams of thiourea. 'The mixture
was then warmed slightly to aid in dissolution of the thiourea.
When 2ll the thiourea.had dissolved, the flask was insulated and
placed on the cold;plate apparatus. A few drops of light machine
01l were used between tﬁe flask and the cold plate to retard frost
formation and enhance heat transfer through the glass-metal junc-
tion. A thermocouple and a stirrer were placed in the flask and
the flask stoppered. After turning on the cooling apparatus, the
mixture was allowed to cool to -23.8°C. The flask was then re-
moved. from the cold plate and the adduct crystals were collected by
filtration in a Buchner funnel. After drying, the adduct crystals
were placed in a 3—ﬁeck distillation flask and the'center neck -
fitted with é ground-glass stopper. A steam line was fitted to the
second neck and a water-cooled condenser fitted to the last neck.
As heat was supplied to the flask by an electric heater controlled
by a rheostat, steam was passed through the flask. As the adduct
cryétals decomposed the terpene-water azeotrope was condensed in
the condenser and collected in a product flask. The terpenes were
then separated from the water in a separatory funnel, measured

volumetrically, and analyzed by gas-liquid chromatography.
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In the separation of ferpénes by the methods used in this
infestigation, there are two main factors which ideally we wquld
hope to maximize, One of these factors is selectivity, or the
preference for one compound of the terpéne mixture té be selgc-
tively enclosed in the crystal structure of the adduct while-leav~
ing the other terpeﬁe compounds in the solution.‘ The -other factor
is the yield, or the relative amount of the preferred crystal-
enclosed terpene that can be adducted or enclosed in the crystals
for a given amount of that compound in thé feéd. The ideal step
in relation to these two factors would be to exclusively select
100% of one compound out of the terpene mixture by having that

compound enclosed in the adduct crystals.

There are a number of variables that COuld‘haﬁe an effect
on some part of the adduct-forming and recovery process, and hence
on thé yield and selectivity. These variables include: feed
purity, temperature of crystallizer, time allowed for a run, rel-
ative amounts of solvent, thiourea, and terpenes, and the type of

solvent.

It was decided to use a univarient search téchnique in
determining the effects of the variables. In this technique orie

variable is changed while all other variables are held constant.




~16-
Thus, by a series of experiments each of the variables can be:
tested as to its effect on the property in question. In thislcase

it was desired to know what effects the variables had on yield

and selectivity.




RESULTS AND DISCUSSION

Initial Investigations

The first variable that was investigated waé,the effectuof
feed terpene purity on the purity of the terpeﬂes enclosed imr the
adduct crystals. In all cases it was found that the fraction: of
beta-phellandrene in the product terpenes from the adduct crystals
was increased over the fraction of beta-phellandrene in the feed' '
terpene mixture. A number of runs were made, varying the feed
purity by :using.product terpenes from one crystallization run as
feed for another run. This tested the range of feed purities over
which beta-~phellandrene is enriched in the product. The results .
of this preliminary investigation are shown in Figure 1. Note that
this is noﬁ_an'equilibrium relation, as the feed purity indicatesr
an initial condition, while the product purity indicates a condition

after the crystallization step.

" In the initial. runs made, product purity as high as 98.1%
beta-phellandrerie was obtained. Starting with a feed of 63.1% beta-
phellandrene, four successive crystallizations were require@ to
obtain the 98.1% pure product. As adducts with higﬁer purities of
beta-phellandrene Wére produced it was noted that the adduct crys-
tals became smaller in length and diameter, and more uniform. Also,
the color of the crystals which contained high purity beta-phelland-
rene were more nearly snow-white than the crystals which contained

lower purity beta-phellandrene.

Ty
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Of the three main compounds present in the feed terpene mix-
ture, it was found that para-cymene was eliminated ﬁost readily in
the adduct crystals. After two successive crystallizations:essen-
tially no para-cymene remained in the producﬁ ferpenes° 'The di-
pentene, however, was eliminated less réadily, being present to
the extent of 1.6% even in the 98.1% beta-phellandrene obtaiﬁed

after four successive crystallizations.

The mole ratio of thiourea to terpenes in the adduct icrys-
tals was found to vary in the initial runs. In these runs, dif-
fering batch sizes, temperatures, times for crystallizations, re-
agent ratios;, and feed purities were used, as noted in Figure 1.
Out of 29 of these and later runs, the mole ratio of thiourea to
inecluded terpenes varied from 2.7l to 20.80, with an_averageiof

6.h2,

Effect of Temperature

The process studied -in this investigation is dependent on
erystallization; thus one could expeét that due to solubility the
process would be temperature-dependent. T§ find the effect qf
temperature a number of runs were made, differing in the final tem-
perature of the mixture at the time of filtration.: Two differeﬁt
terpene feed purities were also used to test the effect of feed

purity in relation to temperature dependency.
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To quantitatively describe thé effects of the different
variables in this study, a percent recovery of beta-phellandrene
wa.s defiped. Thé percent recovery incorporated both the selec-
tivity for beta;phellandrene and the volumetric‘yield in its

definition.

(product terpene volume)(product purity)
(feed terpene volume)(feed purity)

% Recovery =

The above definition for the recovery of beta-phellandrene was used

throughout this investigation.

The effect of temperature on recovery is shown in Figure 2.

The graph shows that lower femperatures favor the recovery of beta-

" phellandrene in the adduct. This is due to the fact that at lower

temperatures more adduct is formed because of ifs decreased solu-
bility in the crystalligation liquor. The quantities of reagents
charged were such that all components were initially in solution.

It can be noted from the graph that the temperature at which the
percent recovery is zero is 29°C for this particular ratio of re-~
agents charged. This temperature also corresponds to the température
at which crystals of adduct were first noticed in the crystalliza~
tion liquor. Therefore, it appears that the minimum required temper-
ature for adduct formation between thiourea and beta-phellandr;ne

is 29°C.
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Figure 2. The Effect of Temperature on Recovery of

Beta-phellandrene.
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Over the range of temperatures studied the recovery of beta=-
phellandrene appears to increase proportionally with lower tempera;
ture. In a large-scale process, however, it would be desirable to
use a temperature as close to ambient conditions-as possiblé in
order to lower cooling requirements and costs. As will be seen,
temperature reduction is only one of several manipulations of vari-

ables which can increase the recovery of beta-phellandrene.

It can also be noted from Figure 2 that changes in the. feed
purity from 78% to 89% did not affect the percent recovery ofi beta-
"phellandrene or the temperature required for adduct formation.

Effect of Run Time

The time required to produce a maximum recovery of beta-

phellandrene, holding other variables constant, was the next variable
studied. Various runs were made using‘different periods of time be-
tween the onset of cooling and the final filtration of érystalsr As
can be seen from Fiéure 3, the only iﬁcrease in recovery of beta-
phellandrene is during the time while the solution is being cooled.
This fact points out'that the optimum time to filter the adduct
crystals is as soon as the solution is cooled to the lowest tempera-
ture allowed by the equipment. This fact holds for runs where in-
itially all reagents are in solution, as was the case for the -.data

in Figure 3.




°/o

BETA-PHELLANDRENE RECOVERED,

-23~-

50
40
)
e O]
30
20 78 °lo feed
methanol: thiourea = 10.0 ml/g
terpenes: thiourea = 10 ml/g
temperature = -22°C except
10 as noted above
0 | | | 1
@) 2 4 © B8
TIME, HOURS
Figure 3. The Effect of Run Time on Recovery of

Beta-phellandrene.
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Runs could be made with an excéss of thiourea so that in-
itially there is solid thiourea present in the mixture. In this
case an increase in recovery with time could be expected, as solid
thiourea would be dissolved and then incorporated into forming

adduct crystals. Later runs made use of this method.

Effect of the Thiourea to Terpene Ratio

It was pointed out that the thiourea—beta—phellandrene.adr
ducts have a terpene to thiourea ratio which can vary. Therefore, .
one important variable in the crystallizatioh step could be the
ratio of tefpenes to thiourea charged to the cfystgliizer. The in-
vestigatioﬁ of this variable waé performed by making a series of
runs varylng only the ratio of volume of terpenes to weight of thio-
urea charged. Another series of ruﬁs usiﬁg a different terpene féed

purity was then made, again varying the terpene to thiourea ratio.

The results obtained from varying the terpene to thiourea
ratio are‘shown_gréphically in Figure 4, Tt car be noted that sep-
arate curves were obtained for both feed purities, and in each case
there is an optimum terpene to thiourea ratio which maximizes the
peréenf recovery of beta-phellandrene. Also, the féed of higher
purity reaches an optimum recovery at a lower terpene to thiourea
ratio than does the lower purity feed. The optimum ratio of ter-
penes to thiourea charged to the crystallizer appears to be a func-

tion of feed purity.
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By using different feed purities, the amount of beta-phel-
landrene in proportion to the other terpene compounds.was different
for the two series of runs. By plotting the percent recovery as a.
function of the beta-phellandrene to thiourea rgtio, a single opti-
mum should be found if this ratio was controlling the recovery in
the two series of runs. Figure 5, a plot of the percent recovery
as a function of the beta-phellandrene to thiourea ratio indeed shows
that the optimum ratio is essentially the same for the two series
of runs. It can be nofed from Figure 5 that the 6ptimum value for
the betaJPﬁellandrene to thiourea ratio is 0.35 mls/gram. Also note
that there appearé to be a minimum value for the ratio below which
no recovery is obtained. A value of approximately 0.17 mls/gram is_,.uﬁ

required for adduct formation, and hence recovery, to occur in

this case.

In further runs a value of 0.35 mls/gram for the beta-phel-
landrene to thiourea ratio was used in the hope of obtaining a more

N
nearly optimized recovery.

It should be noted that the use of large excesses of beta-
phellandrene in the feed, as evidenced by a high beta-phellandrene

to thiourea ratio in Figure 5, tends to decrease the percent re=~

covery.
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Effect of the Solvent to Thiourea Ratio

In the preparation of the adduct crystals by a.finite amount
of cooling, a certain amount of thiourea and beta-phellandrene is
left in the solvent after filtration éf the crystals. It would be
desirable to minimize the amount of residual thiourea and beta-
phellandrene in order to decrease the-amount of residue which must
be recycled back through the separation process or discarded. One
method which could be used to minimize the résidue would be to

minimize the amount of solvent used per crystallization.

Several runs were performed to investigate the effect of
decreasing the relative amount of solvent (methanol in this case).

Tableilﬂléummérizes the results of those runs.

Table III. The Effect of Decreasing the Solvent to Thiourea Ratio

% Recovery Product Purity,
Methanol to of Beta- % Beta-
Run Thiourea, ml/g phellandrene phellandrene
36 10.0 56.1 95.0
ko 5.0 69.5 91.1
43 3.0 - 81.0 89.6

temperature = -24°C
beta~-phellandrene to thiourea = 0.341 mls/g
feed = 85.2% beta-phellandrene

Table III shows that decreasing the methanol to thiourea ratio

or use of less methanol relétive to the other reagents increases the
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recovery of beta-phellandrene. It was found that decreasing the
ratio'Omethanol:thiourea) below 3.0 ml/gram caused proﬁlems in mix-
ing and agitation due to the_high-content of solids in the mixture.
The recovery of beta-phellandrene, however, greatly increases with-

.decreasing methanol:thioures ratio.

It should also be noted from Table IIT that as the amount of
solvent is decreaséd, the préduct»purity also decreases. This is
an ekpected result, as decreasing the volume of solvent should in-
crease the céncenﬁration.of»non—adduct-forming tefpenes in the sol-
vent for ; given amount of terpene'feed. Since the solvent then
contains more of the impurity terpenes, the adduct crystals wili

tend to contain a less pure product.

Effect of Solvent

A number of runs were performed to determine the best type of
solvent to use in the érystallization liguor. It has been noted -
thdt hydrogen bonding is one potential mechanism in the formation of
thiourea adducts; héncé; hydrogeﬁ bonding could be an important
phenomenon in choosing a good.solvent for the process. Initial qual-
itative tests showed that‘the recovery 6f beta-phellandrene from
the primary alcohols as solvents decreased in the order 1) methanol,
2) ethanol, 3) propanol’ from these tests it appears that increas-

ing alkane character in the solvent decreases recovery. The next

T s T
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likely solvent tried was water, being the next compound beyond

methanol with decreasing alkane character in the’primafy alcohol
series. No adduct formation was oObserved tb take place with water
as the solvent, probably due to the fact that the terpenes are in-
soluble in water. Also, the freezing point of the water-thiourea-
terpene mixture does not permit sufficient cooling to be of>use in

‘“the process.:

A variet§ of organic compounds were tried as solvents but
none of those.tried appeared to work as well as methanol in the
crystallization. Since methanol iﬁ@eed appeared to be the best sol-
vent for the process, it was decided to use methanol as the base
solvent and treat it with various othe;”compounds to determine if an
improved solvent could be obtained throﬁgh a mixture. It wés also
hoped to gain some insight on the effect of hydrogen bonding in the
solvent, so additives from five classes of hydrogen bonding com-
pounds (1) were tried. The additive compbﬁnds were mixed with meth-
anol in a.given proportion, then the recovery with the solvent was
compared to the recovéry expected for the volume-averaged recovery
between pure solvent methanol and pure additive. Table IV shows the

results of this investigation.

From Table IV it can be noted that the class I and- IT hydrogen -

bond formers (1) gave no enhancement of recovery, as they merely
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acted aé diluents. Methanol is a class II compound, sO one could
reasonably exﬁeét nb interaction between\compounds of this class.
Both class I and II compoupds are those which contain hydroxyl (-OH)
‘groﬁps&which can actively participate in hydrogen. bonding. Two of
the three class III additives tried gave increasedlrecdvery'over
pure methanol. The class III compounds are those which contain a
donor atom of oxygen, nitrogen, or fluorine. Of the two compounds
which improved the recovery, thé dimethyl sulfoxide solvent yielded
an'adduct with essentially the same,£erpene compoéition as the ter-
pene feed. A large amount of dimethyl sulfoxide wasialso‘observea
to be released from the adduct crystals duriné the decomposition
step. -These observations point to the probaﬁility that the dimethyl
sulfoxide formed an adduét with the thiourea, carrying the_terpeneé

into the adduct struchure. in a non-selective fashién.

It was found that through the use of acetone as an additive
to methanol, a higher recovery could}be obtained than witﬁ either
pure methanol or the voiﬁme—averaged recovery between pure methanol
and pure acetone. Figure 6 shows the relation between the recovery
of beta-phellandrene and the amount of acetone as an additive to
methanol in the solvent phase. It can be' noted 'that for aceténe con-
centrations of 30 to 60 volume %, the fecovefy of beta-phellandrene

is increased-in the order of ten percent over pure methanol.
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Table IV. The Effect of Varlous Additives on the Recovery
of Beta-phellandrene

Compound Added to Hydrogen Bonding Recovery
Methanol (50 vol %) Class (1) Enhancement
ethylene glycol I ' (0)
ethyl alcohol II (0)
“isopropyl alcohol II - (0)
acetone III (+)
dimethyl sulfoxide III (+)
methyl ethyl ketone IIT (-)
methylene chloride ' v _ (-)
n-heptane _ v (-)

Relative Scale:
(0)
(+)

1

no enhancement of recovery.

recovery increased over volume-averaged value
between pure methanol and pure additive.

1l

recovery decreased over volume-averaged value.

(-
Class I is strongest hydrogen bond former.

Class V forms no hydrogen bonds. (1)
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Table V shows that acetone also improves the recovery when

ethanol is used as the base solvent. -

Table V. The Effect of Acetone as anrAdditive.to Ethanol
and Methanol. (Feed purity = 63.6%)

. Base Solvent, 100% 50 Volume % Acetone
Base Product . Product
Solyvent Recovery, % Purity, % Recovery, % Purity, %
methanol 68.7 81.2 78.L 79.6
ethanol 53.2 . 83.1 72.6 . 81.0

It is evident that‘acetone‘effectively increases the recovery
in the crystallization-step. No attempt was made to investigate the
mechanism of this recovery enhancement. One potential mechanism is
that the acetone reduces the number of active hydrogen‘aﬁomé en-
gaged in hydrogen bénding, assuming that thére is some optimum level
of hydrogen bonding for the formation of adduct crystals. This could
be accomplished by ﬁhe coordination of the donor atom of oxygen on
the acetone molecule to the active hydrogen atom on the methanoi

molecule.

Further‘work in the investigation of various solvent systems

could lead toi/even better solvents for increasing recovery.




~35=

Adduct-Residue Equilibrium

‘Using the optimum conditions found for the variables, an
equilibriﬁm curve was constructed to show the relaﬁiohship between
the percentage of beta-phellandrene in the adduct-included terpenes
and the residual terpenes. The equilibrium curve is shown in Fig-
ure 7. Note that signifigant increases in the percentage of beta-
phellandrene in the adduct crystals can ﬁe oﬁtained over the per-

centage in the residue phase.

The vériatién in the curvature of the plot can be‘explained
on the basis of feed composition. The points on the graﬁh with
residue compositions below 30% beta-phellandrene were obtained by
using a feed éhriched with a di?entene sample. This éample,con-
tained impurities not found in the other runs. Most of these im-
purities were excluded in the adduct crystals, but some éf the fer-
pene impurities, thought to be thé alpha- and beta-pinenes, were
enricﬁed in the adduct. The points on the graph between 30 and 85
percent beta-phellandrene in the res;due were obtained through step-
wise use of terpene products from lower purity runs. In this resi-
due coﬁposition range,‘farious émoun£s of para-cymene wefe,present
in the feed and hence in'fhe residue (and adducts to a lesser degree)-

The para-cymene was rapidly excluded from the adducts as progress:

ively purer crystallization feeds were obtained. At feed composi-~
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tions above 85% beta-phellandrene, ﬁo para-~cymene was bresent.

The portion of the curve above the residue’composition of 30% fepre—~
sents the actual enriching effect obtained when stérting with the
original three-component wood-pulp turpentine cut previously de-

scribed.

Results of Optimigzation

During the first runs performed in this investigation, it
was found that recoveries of beba-phellandrene were on the order of
30%. Four successive‘crystallizétions/were required to raise the
befa—phellandrene purity from 63.1% to 98.1%. Thus, the overall

recovery in this process would be (.30)u, or 0.8%. This value

assumes no recycle of residue from the crystallization steps. -

Through fhe use of the optimal values found for operating the
process, it was found that recoveries Qfﬂbeta—phellandrene could
consisteptly be raised to 75%, and indeed higher. At these conqi-
tions, six crystallizations were required to raise fhe beta-phel-
landrene purity from 63.6% to 98.2%. The overall recovery in this
case would be (.75)6, or 17.8%, assuming no recycle of filtrate.
This is a better than 22-fold increase iﬁ overall recycle-free re-

covery from the initial tests.
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In a large-~scale process, of course, recycle of residues
would be performed. This would increasé the overall fecovery even
more. The process, whether continuous or stepwise-batch, would
best be operated using the highest recovery possible and the least
number of crystallization stages possible for a given product purity.
Since it was found that increasing the recovery per crystallization

‘was at the expense of selectivity'(hence, product purity), it can
be generalized that incré;siﬁé'recovery would necessitate the addi-

tion of more ideal crystallization stages to the process.

In a bafch-wiée process, additién of more crystallization .
stages would be costly in terms of equipment and processing time.
Therefore, the desirability of a cgntinuous process is clearly -
evident. No attempt, however, was madé in this investigation to

devise such a continuous process.

Sumnary

The process of extractive crystallization using thiourea
has been shown ﬁo be an effective method of 6btaining\high—purity
beta-phellandrene from a dipentene cut of crude sulfaté turpentine.
The method utilizes a solvenf, thiourea, and a terpene fegdstock,in

a crystallizer capable of cooling the mixture lower than 29°C. Re-

covery of beta-phellandrene from the térpene feedstock is dependent

™ T T - T T
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on temperatﬁre, thé thiourea to terpene ratio, the solvent to thio-
urea ratio; and the type of solvent used. By using proper values
for these variables, recovery of beta-phellandrene from g single
crystallization can consistently be. held at 75% without recycle of

residual solutions. -

Beta-phellandrene, previously unavailable in purified form
from turﬁentine soﬁrces, éan now be purified using this method.
Previous separation‘methpds utilizing distillation were incapable
of effecting a highly pure separation of beté-phellaﬁdiene due to
the fresence of other'close—boiling compounds. The extracfive
crystallizatién process, however, effectively presents purified
beta-phellandrene as a new cﬁemicai'raw material to industry.
Should-a demand develop for this purified terpene‘after its evalu-
ation by potential users, the ext;active crystallization method
using thiourea could profe to be a valuable indﬁstrial separation

technique for beta~phellandrene. '

T T TI1




" CONCLUSIONS

Based on the experimental results, a number of conclusions
regarding the separation of beta-phellandrene via extractive crys-

tallization with thiourea may be drawn.

1) The use of thiourea as an agent for the extractive crystal-
lization of beta-phellandrene is a feasible method for purifying

beta-phellahdrene to concentrations greater than 98%.

2) When a 3-component dipentene cut consisting of beta-
phellandrene, dipentene, and para-cymene is used 'as a feed, para-
cymene is excluded from the sdduct most rapldly, followed by dipen-~

tene, while beta—phellandrene is enriched.

" 3) Adduct crystals of beta~phellandrene and thlourea will

form at temperatures below 29°C.

L) Lower temperatures during the extractive crystallization

step favor the recovery of beta-phellandrene.

5) _In the batch crystallization of the edductjfrom a satur-~
ated solution where no solid thiourea is present, the best time for
filtration of the crystals is when -the lowest temperature allowed by

the equipment is reached (tested to temperatures of -2L°C).

6) There exists an optimum thiourea to terpene ratio for max-

imizing the recovery of beta—phellandrene in a given crystalllzatlon
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This optimum ratio is a function of beta-phellandrene feed purity,

which demonstrates that there is also an optimum beta-phellandrene

to thiourea ratio for maximizihg recovery.

7) Decreasing the amount of solvent used in the crystalli~

zation step tends to increase the recovery of beta-phellandrene.

8) The type of solvent used in the crystallization step
greatly affects the recovery of beta-phellandrene. Generally, the
~primary alcoholé are the best pure solvents, with methanol the

best of the group.

9) When acetone is added to methanol as a solvent, recover-
ies from the résulting mixed solvent are significantly increased

over those resulting from methanol alone. This increase in re-

covery is also noted for ethanol-acetone mixtures.

10) Generally, from the batch crystallizations, increases in
recovery of beta-phellandrene significantly decrease the purity:of
beta-phellandrene in the adduct crystals. Greatest enrichment of

beta-phellandrene per crystallization occurs at lowest recovery.

11). Using the best values found for the variables in the
crystallization step, recoveries of beta-phellandrene as high as

75% can congistently be obtained from a single-crystallization step.




RECOMMENDATIONS FOR FURTHER WORK

This investigation has opengd the door to a new separation
process as applied to the utilization of the dipentene cut obéained
from crude sulfate turpentine. The separation of beta-phellandrene
from the dipentene cut may now be performed by~a.hoh—distillation
method, making this compound'available in pure form. Since the
process of extractive crystallization with thiourea has been shoﬁn
to be a feasible method‘for purifying beta-phellandrene, further
work is warranted to develop both the separation process and uses
. for the product. The following are areas of interest for fubture

work.

1) Samples of purified beta-phéllandfene should be supplied
, to various fifﬁs which could have potential uses for the.compound.
Companies engaged in work involving flavors and fragrances would
probably be the most likely potential users. As only small samples
are needed for this tjpe of evaluation, a large volume of purified

beta-phellandrene is not required for this phase of investigation.

2) Thelapplication of a'cqntinuous process for performing
the separatidn should be investigated. Continuous processes using
urea and thiourea adducts for separations are néw in operation in
industry. Possibly, such a method utilizing fhiourea could be

suited for the separatioﬁ of beta-phellandrene from turpentine,
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3) Other solvents should be tried for the cryst;liization
of the adducts. With the wide variet& of solvents avéilable, a
solvent better than thé aéetone-methanol mixture could possibly be
.found. Of interest in this area would be quantitative evaluation
of hydrogen bonding in the solvenf gs-to its effect on adduct

formation.

L) Further optimization of operating variables could in-
crease the recovery even more. In particular, inter-variable
effects were not extensively investigated, and work in this area

could prove fruitful.
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OTHER THIOUREA-TERPENE ADDUCTS

As was noted in the Introduction and Backgroun& section,
three compounds present in the original sulfate turpentine were
found to form thiourea adducts. This thesis describes the utili~
zation of the adduct with‘beta—phellanQrene. "Alpha-pinene and beta-
pinene also form adducté with thiourea, the beta-pinene being pre-

viously unreported.

The following are summaries of tests for alpha- and beta-

~

pinene adducts:

Alpha-pinene Adduct:

' 200 ml methanol,-20.0 g thiourea, and.30.0"ml alpha-pinene
were mixed in.; flask. The resulting solution was placed in a
freezer at -15°C for épproximately 12 hours. White needle-like
adduct crystals formed, which were removed by filtra*gion° Decomposi.-

tion of the cr&stals by steam stripping yielded 6.3 mls of alpha—

pinene.

-Béta-pilnene Adducﬁ:

200 ml methanol, 20.0 g thiocurea, and 30.0 ml beta-pinene
were mixed in a flask. The resulting solution-was placed in a
freezer at -15°C for approximately 12 hours. White needle-like

crystals were formed. (The crystals were'larger and thicker than
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those noted for the alpha-pinene adduct.) Removal of the crystals
by filtration, and subsequent decomposition of the crystals by

steam stripping yielded 7.6 mls of beta~pinene.

7

™




DATA ON THE PROPERTIES OF BETA-PHELLANDRENE
A sample of beta-phellandrene of 99.3% purity (determined by
gas-liquid chromatography) was used in obtaining the following data:

Appearance:
A water-clear liquid, comparable in viscosity to a very light
oil. The smell is pleasant, described by the author as somewhere

between citrus and licorice.

Infrared Spectra:

The infrared spectra, shown in Figure 8, agrees with the
spectra obtained for beta-phellandrene by Mitzner, et al., (see
Applied Spectroscopy 19, No. 6, 169, (1965).) The sample obtained

by Mitzner was through a synthetiC‘réﬁte.

-

Specific Rotation:

The specific rotation of the undiluted sample was:
[a];o = -17.5°. As previously reported, beta-phellandrene obtained

from turpentine is indeed levoratatory.

Refractive Index:

The refractive index, obtained at 20°C with a white light

2

source, was n 0 = 1.4865.
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Freezing Poinﬁ:

. The freezing point, determined by cooling the éample with
liguid nitrogen and monitoring the temperature with an iron-

constantan thermocouple, was =-116°C.

Density:
Measured at 20°C, the density of the sample was 0.8430 g/ml.

CH— per— ™ - =TT




Table VI.

A Summary of the Experimental Data.
and P = Para-Cymene.)

(B = Beta-phellandrene, D = Dipentene,

: FEED CHARGE ADDUCT

run time ftemp| solvent |[thio-|ter-| B D P twt.| ter-| B D =)

hr |°C |ml, type [MGORA| o | | 2% | g [l | %% | %6 | %
Bl — |-IS |200 EtOH [Nn.0 | 16 (355 (8§13 | (3.1 |7Z28|L6 |64 |35.] (>
B2 | — |-15 |200EtoH |l.o | 25 [33.8 (513 | 13.0[240|2.8 |644|34.0| I.6
282 |7 e ~FtoH | — | — |60 |3724] 26| — — 1791103 &
BI | - | — | o ETOH | 8.0 5 |6o. |3724| 2.0|273]| 1.3 |78 |208| ©
BOL | — | — |300E10H |30.0 |50 |63.1 [25:8| 2.3 [30.7| 9.7 |857|13:5| 0.8
BIL | — | — |jooEtOH |j0.0| 10 |81.6|17.0| 6.8| 28| 28|90.6| 87| o
R80| — | — |200Etolf [20.0| 20 |778(i18.1 | 2.6 |/9.8| &4 [8Z7 |il.2 | o
R8I | — | — | GOOETOH |80.0| 30 |8L4|17.8] © | — | — [883|/0.2| ©
L1 - — | JoO EtOH |10.0 | [o |45.8|46.9] 6.2 | — — |62.5{3).1 o
Ri0| — | — | 300ETOH|30.0| 20 |888|03| O | — | — |96.6|4.0 | o
L2 | = | - |100EtoH|10.0| 16 |34.T|¢od| 49| — | — |547 |453| o
RIS| — | — | 300EtoH |30.0] 20 |a2.3|72| ol — |7Z7 |98t |16 | o
Z — | — | J00OEtoH |10.0 | IE |22.0|44.0| 175 | — | — |3¢.4|33.0| 83
22 | - | — |100EtoH | 0.0 15 |17.3(45.8|188| — | — |27.6|37.5]| ¢4
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Table VI. (Continued)
: FEED CHARGE ADDUCT
run ftime témp solvent (thio-|ter-| B | D | P |wti|ter-| B | D | P
hr | °C imi, type urgea prirlwe °o | °f | °l | g p%r?e % 1 Bl | %
[ § |- |1o0oMeoH |00 | 100 |63.1 |288(a.3 | — | 7.5 |8¢1 |13.4 | Tr
2 | 1.5 | 12 |i000 MeOH |00 | 100 |63.1 |26.8|a.3 |281 | 4.¢ |84.1|15.9 |+
3 | &5 | 12 |j000 MeOH | (25| 100 |¢3.1 |258]| 9.3 |63.8|70.2 [®59|13.2| O
4 | 3 | 8 licoo Etoll | [28 | Joo | 3.1 |26:8| 93 |89.4| 8.6 | €32(13.2 | 17
§ | 12 | =| |/oooMeoH | 125 | joo | 63.]1|25:8|49.3 |86:9(256|93.0|148 | o
6 |182]| 1O |j000 MeoH | 12& | 100 | (3.1 |25.8| 9.3 |6o.0| iB.O| — - —
7| & | © |/oooMeOH | |26 |looo | €3-] |26-8|9.3 |&L7 | — | — | — | —
8 [8.5 |-6.4|200 MeOoH | 26 | 20 | 78.0|/9.6 | 2.4 |13-5 |3.8 |91.0| 82 | ©
q |82 238|200 Meol | 20 | 20 | 780|196 | 2.4 |18.2| 5.7 |9L.1 | 8.1 | 1w
10 |8 |[~0-B|200Meok | 20| z0 | 78-0| 19.¢| 2.4 [12.6| 3.8 |90.0]| Q.0 | T
Il |8 |te.8|2c0MeOH | 20| 20 | 78.0|/9.¢| 2.4 |5.34| 1.4 |90.5| 8.7 |1+
12 | — | 29 |200Me0fl| 20| 20| 780|19.6| 24| 6 | 06 |— | — | —
13 |42 |-22 |[200MeOH | 20| 7 |942 |6.0| © |ll.6 ]| (.0 |96.7|2.4 | ©
14 | 8 |-235|200Meoll| 20| 20 |849.0|/0.2| © |/19.0| 6. |96:5|3.5 | ©
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Table VI. (Continued)
, FEED CHARGE ADDUCT
run time temp| solvent [thio-|ter-| B | D P |wt.|ter-| B | D P
hr |°C |ml, type urgea pr%rlme ° | °b | ° | g p'?nr?e °lo | °le | °lo
15: 1 — [ 27 l2coMedl | 205l 26 1619 127.019.€¢ | © Lo | = | = §—
16 | — |26 |200MeOH | 200 20 |182 |55 |62 | 0 | O | = | — | —
17 | I-5 |-22 |200 MeO# | 200| 20 | 780|196 | 2.4 |I8IS |57 |qlo| — | —
I8 | 3.0 |-22 |200MeOH | 200 20 (78.0 |13.6 | 2.4 |2132| 6.9 (89.0| /0.1 | ©
19 | .o |=19.6| 200MeOH | 200 20 |78.0(/9.6| 2.4 |19-83| 5.8 [884|Il.24| ©
20 | 05 |-72| 200 Meoll | 200| 20 |78.0|19.6| 2.4 |8¢| 0 | — | — | —
2] | 0.5 |-8.0| 200 MeoH | 20.0| 20 |780 |/9.64|2.4 | — |4.8 |831 /43 |13
22 | 2 |-24 |200 MeOH | 20.0| 20 |62.2 |279| 9.1 |IB55|5.8 |84.2|14.4 | 6.3
24 |2.25 |-24.5| 200 MeoH |20.0 | 10 |£2.2 [27.9 |-l |IBS6|3.4 |825|/4.8 | I.§
25 | 2 |-21 | 200 MeoH |20.0| 30 [62.2 |229|9.] |/¢35|3.2 |88.0| /.2 |0.8
2¢ |2.25|-24 | 200 MeoH [20.0| & |62.2 |z7a]| 4.l |j.0q]|0-1 |850| — | —
27 | 3.0 |-234| 200 MeOH |20.0| 30 |62.2 |27.9| a.] |i1843|6.2 |86 /.8 | 0.5
28 | 3.2 [24.5| zoo Meol | 20.0| /& |62.2 (274 | A.| 293 |5.8 |B2.7 | 199 1.4
29 | 1.2 |24.3| 2zoo Me®H | 200|118 |62.2|274]| 9.1 ||3.6¥4| 2.0 |85.0|12.7|0.4
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Table VI. (Continued)
FEED CHARGE ADDUCT

run itime ftemp| solvent [thio-|ter-| B D P |wt.|ter-| B D P

e P C i, type Ll % 1% | o | g Tl | o %] o
30 | .8 |-28| 200 MeoH 200 | I3 |22 |279|4a) | — |57 |85 |/ec.d | 1.3
31 | 1.5 |-22 |200Meofl (20.0 | 13 |62.2|279|9.) |507|3.8 |850| — s
32 | 3.0 |-26 | 200 MeoH (200 | 13 (£62.2 279 | 9.1 | — |6.] |803|/64d | 2.3
33 | /.5 |-24.5|200MeoH [20.0| 13 |62.2 279 |9.] |I792 |5.] |[824(15.3 | 1.1
34 | 2.5 |-24 |200Me0oH|20-0| 3 |852|134 |06 | — |58 |A8| 68| o | =
35 | 3.5 |-24 |zooMeoH [200| lo |85z (134 | 0.¢ |1833]| 4.8 |930| &2 | o '
3¢ | 2.0 |-24.4| z00 MeoH |20.0| 8 852|134 |06 | — |39 |950|3.9| o
37 | 2.0 |-24.9| 200 MeoH |200| & |852 34|06 |— | O | — | = |—=
38 | 2.3 |-24 |200Me0H |200 |20 |852|134 |06 | — |7.0 1927 | 62| o
39 | 1.2 |-244|200Me0lt |200| £ |882 (34|06 | — |19 |923| 64 | o
Yo | 2.3 1252 | 200Me 0l | 20030 |882 134|046 |~ |79 |925| ¢4 | o
H| | 3.0 |~24.0| zooMeolf |200| 7 |882|134|0.6 1354|244 |936|82 | o
42 | 2.0 |-24.2| 150 MeOH |300| 12 |852 |134| 06| — |28 |9.] |73 | o
43 | 1.5 |-24.0| 180 MeoH |50.0 |20 [B5.2 |13.4|0.6 | —~ |154 |89.6]| 04| ©




Table VI. (Continued)
FEED CHARGE ADDUCT

run time f{temp| solvent [thio-|ter-| B | D P |wt.|ter-| B | D =

hr | °C |ml, type ["SOPel o | %% | % | g Pl | %% | %% | %
44 | — | = [150 MeOH (750 |30 |852|13.4 |06 | — |202 |8B82|/.0 | ©
4o | — |=220|150Etod 500 275 | ¢3¢ 2722 | 78 | = |02 |824|17.0 | 0.4
47 9.5 |-I71 | 150 MeoH |s0.0 [27.5 |63.4 |2722| 78 | — | 134|844 |01 | &0
48 | — |aolie s |soo |275 |66 |z2z| 7g | = | = |¢si26¢]¢.3
ya | — | o |’alce |so0 215 (¢3¢ |272] 28 | — [ 23 [78]i8.8] 15| &
2o Pl oy ‘;;‘.’Z:‘Z” 50.0 1275 (436|222 |78 | ~ |176 |73-6|21.4 | 4.3 :
Sl | 4.5 |45 ,gg;zgfj‘he §0.0 |27.563.6 (2722 |78 | — |16.6¢|805 |16.2 |25
52 | 47 [-2¢ |/50AceTone |50.0 |27.5 63.6 272 | 78 | — 1.0 |76.0119.8 | 3.8
53 |is leze |92 Heon (500 225 1638|272 | 78 | — | 18 |828} 7] 0
54 | 4 |-2¢|'92 5220 500 |22.5 |¢3.¢|272]| 78 | = | 172 |82.2]|16.1] 0.9
55 2.8 |-28 | 1S0Meol |50.0|278 |63.¢ (272 |78 | — [14.8 |82 |16 |22
56 |22 |27 |2505000 |s00l276 lez.6 j2r2]28 | — |y |88 iss [ 20
57 |26 2¢.5 ;g::;,’;u §0.0 12725 | 3.6 |222|7.8 | — |172 |796 |l16.3 | 3.3
58 |30 | — [125.57 |s00 [27.5 [63.6|222 |78 | — |80 |851[127 | 1.8




Table VI. (Continued)
FEED CHARGE ADDUCT

run ttime ftemp| solvent |thio-|ter-| B | D | P |wt.|ter-| B | D =
hr |°C |ml, type urgea pr%Te ° | °b | % | g prer-]r?e ° | °lo | °lo

75 MeoH
54 | — |-26 |vscHcly |500 1275|636 |222 | 78| = |14 |93 |83 | ¥
o [ 18 [-27 |renvermel800 (225 |36 [272 | 78 | ~ |18 |92 |88 |
6l |3.5 | =27 |28 2ok |s0.0|27.5 636|222 | 78 | — |32 |843|is7 | o
62 |4.8 |-2¢ |Te'mer |50.0|z75|¢3.¢|272| 78 | = | 3.5 | 723|123 |jod
¢3 | 7 |-26 |Jepmse . |S00|z25 |¢3.6 |222 | 78 | — |13 |6¥a]289] a2
64 | 4.0 |-26 Zi,’f;f’f,n 500275 |¢3-6|272| 78 | - | &7 | 868|132 | 1
E5 157 126 ;’gﬁff}’:he 50.0|275|63.6 (222|728 | — |157 |80 |16.5 | 25
66 |47 |-26 | /50E10H |50.0 |275|63-6 (272 | 728 | — |12 (831|158 | 1.4
c7 | 32 |-27 |75 2R  |s00|2725 a0z |9.7 [+ | = |35 |93s] ¢5] o
68 | 9.6 |-26 |J% Acetone |50.0 224 |78) 186 |20 | — |82 |8725 [125] o
€1 | 45 o7 | aceione 1500 B 425 | 62 | 53] = VRE 1957 54 o
70 | 17.2 |23 | 55 Acetone |50-0 |48.4 |3¢.2 |32.4 | 134 | — |47 |56.7] 25¢ | 3.4
71 | 24 |275| I Acctone |500 (184 |azs | 62| o | — |1z8|a48] 47| o
72 |96 |26 |33 s cione |50.0 (234|744 |20 | 3.2 | — [16.0 (856139 | o
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Table VI. (Continued)

FEED CHARGE ADDUCT

run itime [temp| solvent [thio-|ter-| B D P |wt:|ter-| B D =

hr | °C |ml, type ["SORar %% | %% | %% | g Frlc| %% | %% | %
73 |24.8 | 27 | v ncetome | 800|697 | 281 |4¢8] 147 | — |239]378]38.1 ] 70
74, | 18528 ;;rfei‘;ug g0.0 |203 |86.1 [ 121 | O5 | — | I40]|9)9]| 7.5| o
7§ | 23 | -2¢ ;gffff’iw 50.0 |27.5 636|272 7.8 | — |164 |793|19.0 | 1.2
76 | 63 |-22 |57l lso0ligd|ass| 3a] o | = [142]a72]| 24| o
77 | 21 |-29 |34 otome |600(18.0 [97.2 | 20| o | — |14.¢|982] 0.9 © o
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