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ABSTRACT- "
'";“f_‘_ :
- | .

Some, physical properties of liquid food com- -
ponents in model aqueous SOIutions were investigated.
biffusion coefficients of a sugar (sucrdse),.an'amino.
acidA(glycine) and a polyfunctlonal alcohol (glycol)
were medsured at 25°C by u51ng the schlleren optlcal
system of a preparatlve.u;tracentrlfuge. The schlieren
optical system was modified by the(%hcorporation ofla
35 mm single iens reflex camera, Tﬁe‘diffusion coeffi—'
cients, obtained from a 10 min experiment, were well
‘within 2% of values' found ih.ekisting literature ahd‘
had an intrinsic precision of better than 2%. :The
technlque was found to be sensitive enough to monltor the .
variétion‘ef diffusion coefficients.with small changesi
in solute concentration\énditemperature. v-M

#The solubiirties of themsparingly,SOzuble
”essential oil'compohents;,piperitqne, pulegone and
céryone, were determined in'agueous solutions containing
diséolved/§uérese,'gluceSe or sodium chloride. All \
dissolved solids were found to reduce the solubility of
the essential oil;componeuts.‘ Studies éonducted ét
10, 20 and 30°C showed that the solublllties of plper-

~itone and pulegone 1ncreased w1th a decrease in temperature,

i ) 5



whereas carvone exhibited a solubility minimum close to ‘ &
20°C. Calculated enthalpies, free energies'and entropiles

[ v
were compatible with the current theories of dilute

f

aqueous solutions.

The .retentions of téfpenic essential oii
components (piperitone, pulegone and carvone) and non-
té;peni: essentlal oil components (eugenol and m-
arisaldehyde) were measured during freeze drying ofumodel
agqueous solutions. Model solutioﬁs cgntained‘suqrose,
glucose, sodium chloride and gum érabic which are all
”common:food.componenté. -Retention oﬁ_the essential oil
fcdmpOnents was found to be dependent on; golidé con-
'centtétidn;\solids‘cﬁmpoéition, sampiejthickness, initial
volétile Cbﬁtent, the presence of additibnal volatiles,

freezing rate and solution pH.
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I. Measurement of Diffusion Coefficients of Low Molecular

Weight Compounds in Aqueous Solution Using an Ultra-

centrifugal Technique

oo

‘A. INTRODUCTION

For many years quantitative diffusion measure-
ments have greatly added to the knowledge of molecular
weight and charaqteristic propefties of proteins and other
macromolecules of biological interéét. In addition diffu-
sion Studies have become increasin%ly important in other
areas; extraction, absorption, disﬁiliation and ion ex-
change (Holmes, 1966), Correlation of ﬁass—transfer cbef—
ficignts’reguires a knowledge of diffuéion coefficients.
For example,  the diffusién'phenoménon has been success-
fully applied to various food processing techniques in én
attempt to explain,the mass—transfer cgaractefi§tics of
foog éomponents during prdcessing. " The degree of volatile

retention in's

ay drying (Rulkens and Thijssen, 1972b),
ir drying (Megting et al., lS?Ob) and freeze drying
(T ';séen; 972bﬁand'Kipg and Chandrasekaran, 1973) has
been.explained in terms of diffusion theories. |

| Diffusion‘may.bé defined as the proces§>whereby
cgncgnEfﬁtion_differehges in a sblution spontaneously

decrease until the solution finall§ becomes homogeneous.



Diffusion occure Eecauee‘molecules'in a solution are in
constant motion, this continuel wandering being a direct
c0nseqhence of their thermai_energy, The term diffusion

is applied only to the macroscopic flow Of selution com-
ponents due to concentratlon dif ferences, whereas the ran-
dom movements of 1nd1v1dual molecules through the solution,
which occur after the solution has reached ﬁaeroscopiC‘

homogeneity, are not referred to as diffusion. .

N

Fick's first law, as deno%ed by Equation (1) for

i = - (’j’% ' (1)

Y

one dimensional transport of solute, defines the diffusion
coefficient D, in terms éé flux of solute, J (kgﬁf?e—lg
and its concentration gradlent . A straightforward
calculethn of D is” not pos51b}e\5ince oniy concentretioh
gradients may be measured dlreqfly whereas flow of solute
is not susceptlble to direct meeéurement Most methods
e determlnlng D utilize 1ntegrated forme of Fick;s
==-ond law, Equation (2), or Equation (3) if D varies

ar- f:ly‘witp”doncentration.~

3ci _ D 32ci 2
st - . BXJ'.IZ . ( )



dci _ 9 [Doci
5t - 37 “axi>' (3)

B. LITERATURE REVIEW

This section will deal mainly with techniques
used to determlne dlffu51on coefficients in blnary liquid

systems of nOn—electrolytes Diffusion in electrolytlc

solutions has been reviewed by Harned‘(l947) ~Miller (1959)
and Gosting (1956) have rev1ewed dlfoSlon in threé com-
ponent systems. In his review article Gostlng (1956) also

A
presents an excellent review of binary diffusion. '

Diffusion measurements mayvbe classified into
three main types. The First type to be considered include
techniques where di ffusion occurs in a quasi—stationary |
state and it is pOSSlble to measure the diffusion rate
and concentretlon gradlent The second type 1ncludes
technlques where a glven initial concent?atien distribution vt
at a starting time is known and the concentratlon distri-
butlon at the end of the experlment 1s determlned In the
third‘type the concentration distribution is determined

o ‘ ~ . ¢
continuously or at intervals throughout the experiment.



°

1) Quasi—Statfona:y Diffusion Measurements

Technlques falllng into thlS category. offer the
closest approach to a direct determlnatlon of flow where
J, is computed from the measurement of concentratlon
changes produced in two homogeneous solutions. Since ex-
perimental techniques employing solution of Fick's first
}aw_offer the easiest ap%roach to meaSuring diffusion'coef—
~uficients, a considerable amount of effort has been ex-

pended to develop and improve a suitable apparatus.

Northrop and Aneoh (1929) successfully introduced the ’
diaphragm cell technique. In this apparatus diffusion _

takes place through a porous diaprragm of sintered glass ' /////
connectingvtwo cells in which the respective liqguid con-
‘centrations ere kept uniform. The diaphragm may be con- ™

sidered tofapproximate a large number of small parallel
tubes. Since the‘diaphragmAhas a greatly reduced crossQ
section; the leésened interfacial area between the two
liquids elimin;tes'errors due to'thermel or mechanical
dlsturbances The dféphragm cell teehnique, as it is most
often used today, is based largely on the model designed
by Stokes (19%0). The Stokes ‘diaphragm cell 1s_1llus—
trated iu Figure-i. The diaphregm exhibits an effective
cross-section, A, and a path length,rl,‘to the diffusing

ligquid. In a typical eiperiment the compartments .are



t
filled with solutions ¢! and c'! in such a manner that all
the air is fbrced out of the pores of the diaphragm.
Fllllng the cell with the test solutions requlres a strict
sequentlal prqcedure. lefu51on is allowed to take place
until the concentration differences in the compartments are
appreciable afﬁer which time ﬁhe cell contents are sghpled
‘and dlfqulOn cOeff1c1ents calculgzéé D values are eval-

uated using Equation (4), where c! and c!! are uniform f

“1n cl;-c11 . 1 1 >A :
{c — ;f = "[(\’Ff = T Dt (4)

concentrations on eath sids@of the diaphragm, i and f refer
to the -initial and final States respectively and t is the
time. The cell constant, B, is often evaluated in terms

of cell geometry.
= [/ + @/v'H] @3/

g must be determlned by %;llbratlng the cell w1th a mater—
1a1 of known dlffu51on coeff1c1ent for example, urea o
(Bremer and Cussler, 1970) or pota551um;chiotidev(We@lake
and Dullier .974). |

Eqﬁéﬁfoh (4) , when applied to the évaluation of

» . - ‘” . . < “)'- . -
D, yields an imntegral or average{d1ffu51on‘coeff1c1ent. If



the differential diffusion coefficiént can be considered
a linear funcpiOn of concentration ovef the concentration
range under study and if equal volumes are used on both
gides of the diaphragm, the measured integral coefficient
is equ%l‘to the true Aifferential coefficient for the
mean concentrations. However, for systems where D is a
function of solute concentration, the conversion of,
measured integral.coefficients in£o differential coef-
fidients is done mathematically as outlined by Gordon
(1945) . Often it is ‘desirable to convert integral coef-
ficients into differential‘coefficients since the latter
afe more useful as they represent a point conaition; Thus
they may be used to cémpare daté among different investi-
gators,iyhereas integral‘coefficients obtained by different
,experimenéal.techniques can be cpmpéred only qualitatively.
In experiments using the diaphragm éell it is
necessary to cOmbletely burge the pores of the diaéhragm
" of air or'vapor. Entrapment of a gas may seriouslyﬁalter
thé effectivé CIOSS*SGCtiOn‘for diffusioh.- There app rs
to be some uncertainty gf the effect that stirriqg Speéd
has on the experimentally derivé?'diffusion coefficients.
As an example, leffler and Cuil;Ban (1970). state that
~the cell factor 8 ﬁa?ied by as much as 12% with stirrihg

speed whereas Ghai and Dullien (1974) state that the stirring

{

L



speed does not influence measured diffusivities to any
great extent. Equation (4) requires that the logarithm
of the ratio of concentration differences be used to cal-
culate D. With shall differences in initial concentrétion,
extreme precision is required to reduce the subsequent
error in D t. a tolerable value because of the multiplying
effects of the mathematical treatment. Holmes et al. (1962)
studied thé diffusion of toluene in various solvents and
found that the preéision of - toluene determinqtioné (as
measured spectrophotometrically) was +1.0%. However, the
corresponding error in the diffusion coefficient was *6%.
Many variations of the_original Stokes cell
have appearéd in the literature. Bremer and Cussler (1970)
designed a cell whereby a polarimeter was used to monitor
optically active solute§ undergoing diffusion. Calus and
Tyn (1973) modified the Stokes cell by inqorporating
third compartment to accommodate solution expansion occurring
at elevated temperatures. Sanni and Hutchison (1973) also
designed'a éell to work ét high temperatures, however,
expansion was allowed for by thé incorporation of a U-tube
coﬁtaining mefcurj. ,Haydgk and‘Ioékimidis (1976) con-
structed an apparatgs having all the essentials of a dia-
phfagm cell.l Their Eel was comprised of a cy;indrical

Teflon disk containing”?52 dri+lled holes each fitted with



a precision stainlest steel capillary 2 ¢m long and 1 mm
inside diameter. These authors report that their CJL&
has the advantages of requiring no prior calibration :
and diffusivities coﬁld be measured in relatively short
times.

‘ In genc .1 diffusion coe;ficients obtained by
the diaphragm cell technique are considered to be accu-
rate to approximately 1%. This technique, however, re-
quires 5 lengthy time period for significant changes in
concentration to occur within the cell components {Holmes
et al., 1962). Lees and Sarram (1971) have shown that
the diaphragm cell technique may be used close to con-

hS

ditions of infinite dilution as revealed by their study

’

of water diffusivities in organic liquids.

2) Unsteady-State Diffusion Measurements with Analysis

at the End of Experime-  Only

- Capillary cells fall within this category. 1In
the opén—ended capillary technique a capillary, which is
closed at the bottom and open at the top, is filled with
a solution of known concentration. The open enc is

immersed in a well stirred solvent. Since the volume of

the capillary is small compared to that of the solvent, the

concentration at the top of the capillary is maintained



e

close to zero throughout the experiment . At t}

e end otb

an experiment the dittusion coetticient can be detornnaned
by measuring ' he total amount of materiral which has }waz;gk‘d
cut of the capillary.

For self-dittusion measurements, paricularly
when using radioactive materials, the capillary cell has
the economic and experimental advantages of requiring
only small amour.ts of diffusing solution (Wang, 19%2).
With non-radicactive compounds very exacting mgthods uf
analysis are required wherecas with radioactive materiﬁls
the 1sotopic concentration can be determined by adapting
the standard techniques for radiation measurement.

Despite diffusion times of up to severai days,
the capillary technique can provide diffusion coefficients
to an accuracy of about 1%. Adamson and Irani (1958)
showed, using labelled sucrose, that the diffusion coef-
ficients measured by the diaphragm cell technigue and
the capiliary technique agreed within the l%@its of

experimental error.

3), Unsteady-State Diffusion ~surements with Centinuous

or Intermittent Analysis

The most desirable method of conducting a

diffusion experiment is to use a suitable means Bf physical



énalysis to determine the concentration distributioﬁ as
a function of time at any desired cross-section of a
diffusion cell. Methods for observing concentration
changes as diffusion proceeds are then limited only by
the accuracy of the analyticai\method. Although many
methods of analysis may be used, éor example; electrical
capacitance, surface tension, velocity of sound, calibrated
floats, absorption of light; oniy radioactive measurements
and refractive index measurements are in common use today.
As with other diffusion techniques, the avail-
ability of radioactive isotopes facilitates the measure-
ﬁents of self-diffusion coefficients. Using isotopes
emitting beta particles, Walker (1950) deté£mined concen-
tration gradients during diffusion by measufing the ac-
tivity through a small slit surrounding the diffusion
cell. This method-is subject to the inaccuracy.intro—
duced by a finite slit width and is limited to use with
pure beta emitters. This technique, however, allows £he
utilization of experimental methods that are,not}feésible
with ordinary analytical techniques. éne technique that
has been used is to continuously measure the amount of
material present in a thin layer}at the end of a diffusion
cell.  This 1is possible if the pehetration of the emi:;?d

particles is sufficiently small so that only the surface



layer contributes to the observed radioactivity. Beta
particles from sulfur-35 and carbon-14 satisfy-this con-

¥

dition. !

For systems with a suitable difference in re-
fractive index betWeen the two components the meaeufement
oftchanges.in refractive index as diffusion proceeds in

a properly deeigned cell is currently tﬁe most reliagie
(way to determine a liquid diffusion coefficient. With
most optical techniques the experimental diffusion cell is
such that a uniform denser solution is placed beneath a
uniform solution of lower density. At the start ef the-
exper}ment the interface between She two solutions is
made as sharp as'poésible. '

.Diffusion-cells for studying free diffusion
must ha§e eptically flat, parallel windows and must also
be capable of forming a very s?arp initial boundary
between the two solutions. The Tiselius electrophoresis
cell with only‘slight modification has been found to be
the most satisfactory. Kahn and Polson‘(l947) described

a simple capillary sharpening procedure which produced

a very sharp initiai'boundary when adopted tc the Tiselius

cell. Figure 2 shows the Kahn-Polson cell ii.. which a
fine stainless steel capillary produces a sharp bcundary

between the two solutions. Schachman (1957) thoroughly

<
A
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discusseg the‘procedures for filling the c¢ell and sub-
sequent boundary formétion. Although various other
Eoundary\sharpening techniques have récéntly béen devel-
oped (Staker and Dunlop, 1973), the diffusion cells used
at the éreseﬁt_t;me essentially retain the Qriginal
Tiselius design.

There are" several main methods by which diffu-

\.

. . . : . . » - °
sion may be studied using refractive index measurements. .

‘These include the schlieren method, the Gouy interference
method, the Rayleighwinterferen -~ method and the Jamin
interférence method.

N Ehglish:and Dole {1950) measured £he diffusion

coefficients of sucrose in supersaturated solutions using =

the schlieren -method in conjunction with the Tiselius-
type of diffusion cell. The authors found that the
schlieren patterns obtained were extremely difficult to

(J

ihtefpret. They found that the analysis of the schlieren

photographs in different ways gave diffusion coefficients

which varied by as much as 12%. Due to difficulties such '

‘as these the schlieren method has beenglargelylreplaced
by interferometric methods. The theory‘of the schlieren
?héndmenon isvexplainéd well by Gosting (1956) and is
'elegantly\presentéd in a Beckman publication (1964).

The Gouy interference method owes much of its

12
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_ [ .
success to the efforts of Gosting and co-workers. Stgdies
by these investigators on aqueous solutiqns of urea
(Gosting and Akéiey, 1952), glycoamide - (Dunlop and Gosting,
1953) and sucrose (Gosting and Morris, 1949 and Akeley
éﬁd Gosting, 1953) have sho&n that the Gouy technique is
capablg of yielding diffusion coefficients accurate to
0.1%. In these experiments which were of approximately
four hours dufation, diffusion temperatdres were‘cons¢ant
at t0‘002°C. Sucrose‘diffusionvcoeffiéients obtained by

Ellerton and Dunlop‘(l967) using the Gouy method varied

12 o ) , ,
by no more than 0.1% from values previously obtained by

Gosting. The theory of the Gouy interferométric technique
is discussed by Gosting (1956).

The Rayleigh interference method,.the theory of

4 .

which is also dealt with by Gosting (1956), has been re-
portéd to give diffugion coefficients comparéble in accu-
racy to those obtained by the Goﬁy‘interférémetric method.
- Thompso:. and Oncley’(l961) calculated a D'value“for gly-
cine at 25°C with & = 0.6101 g/dl from results they ob-
tained at 20°C. Their value of 1.0490 xfld—scmz/s i
compared well with the results of.Lyons and Thomas (1950)
who bbtainéd a D value of 1.0470 x 10‘5cm2/s using'the

Gouy method at the same concentration and at 25°C. Glycine

diffusion coefficients in water were also measured by

1
/
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ereegh (1955) uéing both the Rayleigh and Gouy inter—
ferometric techniqués which_yielded respedtivevvalues df
1.0451 x 10‘5cﬁz/s and 1.0458 x 10 Scm?/s.

Chatterjee (1964) using'hamin interference optics
found thaﬁ the'diffusibn coefficients of sucrose deviated
from the values of Gosting and Morris.(l949) (Gouy
technique) by épproximatély 0.04%.

There is little doubt that the diffusion coef-
ficients obtained by the Qéridus intérferometric tech-
niques are by far the most accurate. In many cases
diffusion coefficient§ obtained By interferometric
.techniques in cénjunCtion with the Tiselius-~type diffusion
cell are coﬁsidered as absélute. Inspection of the 1lit-
erature shows tﬁat when a new technique for measuring
diffusion coefficients is deveioped or when an older
Eéchniq1> is modified, the diffusion coeffiqients’og—
tained are,invariably compared to those obféined from‘
interferometric techniques_(Pepelé et al., 1970);1 Diffu-
'sion coefficients oBtained by interferbmetg;c techniques
are cdn;idered as differential coefficients since the
concentration_differences employed may be small'(lo—sé/ml).

Recently Chandrasekhar and Hoelscher (1975)

reported a study of unsteady-state diffusion of glycerol,

glycol and n-butanol in water using the schlieren technique.
: _ Y
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Boundary formation was aehieved in an analytical ultra- —/*\\//,\
centrifuge using a val&e—ﬁype synthetic bouhdary cell.
Even though the ultracentrifuge has been used Eo} many
years to study the diffusion and sedimentation propertiés
of macromolecular species in'aqueeus solution, the reporf
of Chandrasekhar and Hoelscher (1975) was the first in ‘
which the ultracentrifugal‘technidhexhad”been used tp |
investigate the diffusion properties of small molecules
in agqueous solution, |

Le Maguer et al.'(1976) have recently reported
'measurlng dlffu51on coeff1c1ents of small molecules .using
a preparative ultracentrlfuge._ The schlleren optlcal

accesory of therdltracentrifuge was converted to 35 mm

slr photegraphy~(Smyrl et al., 1977).

C: EXPEEIMENTAL
1) Chemicals

o Diffuaing materrals_included Sﬁcrose, glycoi
and Qlycine. All were reageht graAe and were used,as
received from the J.T. Baker Chemical Company.‘ All solu-
tions were prepared Qith distilled-deionized water.
- 2) :Eéuipment | |

A Beckman Model L2-65B Preparative Ultracentri-

fuge (Spinco DiVisren, Beckman InstrumentsK\Inc., Palé
Alto, California) was used in the diffusion experiments.
" The preparative ul%gacentrlfuqe was equ1pped with a

schlieren optlcal accessory (Spinco D1v151on, Beckman .

a



Instruments, Inc., Palo Alto, California) and is described
by Griffith and Gropper (1969). - .

The optical coiumnﬂof»the’schlieren accessory
was modified in such.-a manner that the photographs of
the schlieren image could beureCOrded by:a 35 mm‘singlev
lens reflex camera rather than the §olaroid camera which
wasﬂstandard‘with‘the schiieren accessory. dThi;\was
accoﬁplrshed by removing the Polaroid camera from the
column and attaching‘the 35 mm. slr caﬁera mount which is
deplcted in Flgure 3. The optlcal tower of the schlieren
attachment for the L2-65B Preparatlve Ultracentrlfuge is
represented by A, The tower attachment, B, is mounted
on the tower with the existing facilities for the standard
Polaroid attachment. The outer edge of B is threaded
SQEh that D, the camera adaptor, canescrewhonto and over
B. A double convex lens, C, with a focal lehgth of 20 cm
is positioned between B'and D. The outerside‘of B ahd
the inner sorface of D are’tapered to,accomodate the'
,curvature of the double convex lens,; C. The camera mount,
E, is able to slide horlzontally on the barrel of D. The
right hand section of the camera mount is threaded to
accept a eranda 35 mm 51ngle lens reflex camera body

The camera mount can be.securely fastened to D w1th the

tightening nut on the camera mount. During an experiment

16



in(which thetschlieren patterné are monizored with time,
‘the light source which is located in the base'of,;he tower
is kept illﬁminatea at all tines. One prcliminary run

is Eequired to ascertain the correct camera shutte;'speed-
for the 1light sensitivity of the 35 mm film used. Gener-
ally it was found that alshuttet'speed.of i/8 S was
suitable when,Tri—X film (400 ASA) was used. To maximize‘
the image sharpness as viewed through the cameta viewer,
the camera mount was moved horlzontally along the barrel
of D (Flgure 3) and then secured tightly onto D with

the tightening nut. Once the'correct shutter speed and"
camera position had been determined no further adjust-
ments'wererreqni:ed unless.a’film of different ASA was
used. Follow1ng a schlleren pattern w1th time consisted
_51mply of advancing the film and taking photographs at

the desired times.

The diffusion cell was a double sector capillary

vsynthetlc boundary cell w1th a-pollshed Epon centerplece
and quartz windows (Splnco Division; Beckman Instruments,

Inc.,vPalo Alto, Callfornla) An Analytlcal D rotor

-

(SplnCO Division, Beckman Instruments, Inc., Palo Alto,

‘California) was used to house the diffusion cell during

the diffusion runs.

A Labline EnyironmentaliChamber {Labline Inc.)



was usedqto‘equilibrdte the rotor, cell .and eolufions at
the required eemperatures. Gﬁaﬁber temperatures are
accurate to *0.2°C. Magnification of scblieren imagee
od 35 mm negatives was accomplished with a Kedak

Ekfﬂ@raphic Slide Prejector, Medel AF (Kodak).

3) Methods

Sucrose and glycine were prepared on a weight—‘

N

by-volume basis whereas the glycol solutic are pre-f
pared on a weight-by-weight basis. All-so.i : were

used on the same day of preparation to avpid ffec-=s
of microbial growth. After ceil assembly, the .- *: haqd'
sector of the cell was comﬁdetely filled with the _os

dense solution. The right hand sector was flushed twice

with the more dense solution and was then filled with the_

more dense solutlon such that the tqé;bk the meniscus-
just’ reac?ed the lower capillary (0.15 ml) . For all
aqueouS'solutiens used in this study, the deneity was
found to_inerease with idcreasing solute‘concentraﬁion.
To avoid possible leakage'from one sector to anether,
through eitheffthe’top or bottom capillary,ethe cell was
kept in'a<horizqn£el position until the time of the
-diffusion rdn. For runs at 25°C the chamber of the

preparati&e ultracehtrifuge was prewarmed with a goose-

18
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necked lamp. This steé was necessary since the Model .
L2-65B was not equipt with a chamber‘heating system and
the surrounaing lagpratory temperature was usually less
than 25°C. For diffusioﬁsrune at 25°C, the rotor, cell, "\\w
and solutions were equll;brated for at le:et 1 h at 25 C. o
For ‘runs below room temperature the chamber was precooled
u51ng the- refrlgeratlon unlt of the L2- GSB and the rotor,
cell and solutions were precooled to the desired tem-
perature in the Labline Environmental Chamber.~ After the
rotor eontaining.the‘ceir was placed on the driveshaft
. of the‘centrifuge the chamber}door was closed and the
»cha@ber was evacuated. When the_chamber pressure had
reached 200 p the rotor wae accelerated to the desired‘
final revolutions.per minﬁte._ As thebrotor begins to
aécelerate the lees dense solutien in the left seCtor
flows through the lower capillary of the diffusion cell
and layers onto'the more dense'solution in'the right
'sectér The less dense solutlon was layered onto the
more denee solution to malntaln grav1tat10na1 stablllty
H(Gostlng and. Fujita, 1957)

Photography of the séhlieren patterns in a
diffusion run was initiated after the p051t10n of the alr—

llquld 1nterface in the right sector had stablllzed The

time intervals between successive photographs depended

a



on the diffusion rate of the particular compound being
etudied. For examnle, during sucrose .diffusion runs, 1
min time intervals between successive photographs were
‘found to ne suitable. For glycol studies a time interval
of 30 s was use®. In all diffusion runs photographs

were taken until the peakvneight had:- decreased to approx-
imately 50% of the height of the first photograph. The
angle Qf inclination of the scnlieren diaphragm 6 was
selected so that an optimum in peak height and peak
sharpngss was obtained.

After a diffusion experiment the filn was
removed fiom the camera and developed according to speCi—
fications outlined by the manufacturer of the film. The
35 mm negatives were Founted in 35 mm glass slide mounts.
Glass slide mounts were necessary to prevent any bulging
0of the negative. The Kodak slide’ pro;ector was then
used eo p;oject the schlieren images onto a vertical
gradient euch that the peak height was magnified by ;

-~

factor of approximately 4OX The prOJector was adjusted

-

so that the basg line of the vertical gradient bisected

the baseline of the schlieren image. The projected
. - . ‘\/ - . ’ '
schlieren image was horizontally shifted so that the

e

schlieren peak maximum coincided with X=0 on the vertical

t

‘gradient. Once the.schlieren peak was pr0perly'aligned

20



21

N
on the vertical gradieht, the height of the peak was
measured at 5 mm lntervals (X=0, 25, ..., #35 mm).

Peak heights were Measured from the middle of the base
line to a point corresponding to one -half the vertical
thickness of the peakwimage at each value of X. The
reference 1lines arieing from the counterbalancelin the
Analytical-p roto: were used to calculate the magnifi-
_cation‘factor B. A value of B was determined from each
. phOtOgraph in the diffusion experlment and anfaverage
Value of B was used to Calculate the diffusion coeff1c1ent
for that partlcular run.

lefUSlOn coefficients were calculated ‘usihg a
llnear regre551on 1nvolv1ng Equatlon (5). The Qerlvation

2

In(ylt ) = 1lnfaAc x (5)
B74Dt '

.

and notation of Equation (5) are outlined in Appendix Al.
aAppendix A2 descrlbes the computer program used ‘to cal-

culate the dlffu51on coefflclent Since fifteen values

of y! ‘and-x were obtained from each photograpb and
since at least five photographs were taken during the
dlffu51on‘run, the resulting D value was calculated

‘from a linear regression involving at least 75 points.,

_.
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Zero time corrections (Longsworth, 1947) were
determined using the method outlined by Chervenka (1969).
The zero time corrections were incorporated into all
calculated diffusion coefficients.

All diffusion experiments were conducted in

triplicate.

D. RESULTS

The diffusion coefficient of sucrose was
determined ao a function of average sucrose concentra-
tion. In these experiments, conducted at 25.3°C, the
éverage sucrose concentration, c((ci+c2)/2), was syste-
matically varied from values of 1.000g/100ml to 7.000g/
100ml. The concentration difference, Ac(cl;cz), was kcpt
constant at 2.000g/100ml. Ac values of this magnitude
.Qere chosen because pEevious investigators (Gosting and
morris, 1949 and Chatterjee, 1964) had‘shown that the
‘diffusion coefficients of sucrose are indepéndent of Ac
values in this- range. Moroover, Gosting and Morris
(1949) statenthat,the variation of the refractive index
-With ooncentration is iinear over the concentration range
studied in this work. Hence these experiments are con-

sidered. to yield the differential diffusion coefficient

'correspondlng\to the mean concentration.



Figure 4 shows a plot of the experimentally

determined sucrose diffusion coetficients as a function

of ¢, . The least square line relating D with ¢ is
given by Equation (6). The least squares analysis
¥
(

D = 5.32(1-0.0138c) x 107 1!? 6)
yielded a correlation coefficient of -0.993 indicating

an excellenk linear relationship between D and <. The
interferometrically obtained results of Gosting and

Morris (1949) at a slightly lower temperature of
24.95%0.005°C are also included in Figure (4), O.

The least-square line relating D to c ag applied to

the data of Gosting and Mérris (1949) is given by Equation

(7). The ieast-square analysis as applied to the data
D = 5.226(1-0.0148c) x 10 '°¢ (7)

obtained with the ultracentrifugal technique‘and the
absolute data of Gosting and Morri- (1949) show that the
slopes are withiﬁ 5% of each other. The slope of the

D vs. c plot may be considered aé a criterion for assessing
phe sensitivity of D to ¢. Thus it agpgafs that the

ultracentrifugal technique is sufficféntly sensitive to



monitor the variation of the diffusio -oefficient with
small changes in the average concentration of the
diffusing molecule.

From Equations (6) and (7), the values of the
diffusion coeffi -~ 1t at infinite dilution, D, are
5.32x10 '%m?/s and 5.226x10 !°m?/s respectively. 'The
slightly higher D° value from the ultracentrifugal tech-
nigue over that obtained using Gody interferometry is
expected because of different experimental temperatures.
Using the well known Stokes-Einstein relationship, as
depicted in Equation (8), and available viscosity data

DoNo/T = Dolt,1/Th " (8) -

b 4

fer‘waﬁer (Handbook of Chemistry and Physics,. 1969),
the value of D? from the ultracentrifugal technique be-
comes 5.27x10 !'°m?/s at 24.95°C. This represents a 1%
‘deviation from.the absolute value of Gosting and Morris
(1949). The D° obtained by the ultracentrifugal tech-
?nique also compares well with the results of Chatterjee
(1964) who measured a D° value of 5.224x10 !'°m?/s using
Arehe Jamin interferometric technique.
Table 1 shows tﬁe diffusion coefficients of

sucrosg at 25.0°C as a function of final rpm setting on
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the ultraéentrifuge. In thgée experiments -~ and Ac

were kept constant at 1.000g/100ml and 2.000g/lOOmlv
respectively. The Dav Qalués listed in the third

column ot ble 1 show that the dlfoSlOD coefficients
-are 1ndeppndgnt of rpm over the range studied. Calcu-
lation of an overall average diffusion coefficient Davo,
yields a value of 5.19+0.05x10 !°m?2/s whereas Gosting and
Morris (1949) found a value of 5.148x10—1;m}/s at |
24.95:0.00§°C with ¢ = l.Ollg/lOOml and éc‘= 1.5016%/
100ml. Tabie 1l also serves to point out that the exper-
imentally determined diffusion coefficients are precise
to approximately 1% (as measured by the relative standardv
devidtich). )

| -Table 2 1llustrates the variation’ of sucrose
dlffu51on coefficients with temperature where c and Ac
have been kept constant at 1.000g/100ml and 2.000g/100ml
respectively. Again the results of Gosting and Morris
(1949) are included fér comparative purposes. D1lit
‘values for T=2.6 and 14.8°C ‘have béeﬁ calculated from
the resbe%tiveudata of Gosting-and Morfis (1949) at
1.00 and 24 95 €, hence they should be con51dered as
approx1mate Again the precision of EEe experlmentally

determined diffusion coeffigiehts is good in all cases.

‘A plot of ln(Dexp) vs. 1/T(°K) (Glasstone et al., 1941)
e 1 —



follows the expected linéar relationship as evidenced in
Figure 5, and thus would permit determination of activation
energies of diffusion. Thus the ultrdcentrifugal

technique of determining diffusion coefficients .appears
useful in tempetature related investigations.

The ultracentrifugal technique was extended to
the stﬁdy'of ethylene glycol in water. Diffusion coef-
ficients were determined at 25.0°C using severail c
values as shown in Table 3. The least square line
relating Dexp and c renders a D° value of)ﬂ.l4x10—?m1/s‘
1.16x10 °mi/s as obtained by

//'

Garner and Marchant (1961) who used the interferometric
. 1. .

I

which compares well with D°

technicjue. A least squaree _.alysis of the data pre-
sented by Byers and King (1966) yields a p° value of‘
lfl7x10f9m2/s. However, tnspectlon of Flgure 6', which
inclndee data from thlS»Study,[], and data presented by
Byers and King (1966), O, shows that the diffusion
coeff1c1ents obtalned by the ultracentrlfugal technlque
are consistently below the values of Byers and King
(1966) who used the diaphragm cell technique. MotQOVer,'
the plots representlng the dlfferent data appear to
diverge towards 1ncrea51ng ethylene glycol abncentratlons

v The diffusion coeff1c1ents of glyc1ne in water
/A

«

at 25.0°C (S = 0.5995g/100ml and Ac = 1.990g/190ml) was



found to be 1.02:0.01x10 °m?/s. This result compares
favorably with Thompson and Onéley's (1961) value of
1.049%x10" °m?/s at 25.00°C. Creeth (1555) obtained
valﬁes of 1.0451x10 °m?/s and 1.0458x10—9m2/$ using the

Rayleigh and Gouy techniques.

E. DISCUSSION.

1) Importapce of an Initially Sharp Boundary

Diffuéion coefficients, obtained by the ultra-
centrifugal technique, have been determined using
Equation (5) which is essentiélly an integrated form of.
Fick's”second laQ (Equatioﬁ (2)). When_Fick's second
1awbis.ihte§rated) the following initial and béundary

conditions’ are required. c¢,; and C2 represent initial

t=0 , N t>0
c=c; . (x<0) T cC) (x+~x)
c=c2' (x>0)v} c>cy (x+w)

solute concentrations on each side of the boundary which b~

bl

is located at x. ©Longsworth” (1945) showed that inte- .

gration of Equation (2) vyields the following relation.
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In a two component system where the refractive index, n,
is a linear function of the solute concentration, n may

be. substituted into Equation (9) to give Equation (10).

-

-x2 /4Dt ,
e (10) 7

The schlieren optical system of thevpreparative ultfa—
centrifuge used in this study records the variation of
an/aﬁ;with X invthe diffusion cell. B
| Figure 7 illustrates a theoretical diffusiOn
process in wﬁich Solutions‘of'concentration c: and c;
have been broﬁght together to form a perfectly shafp
interface at t=0 and at alpdsit;on x=0 in the diffusion'
cell. The‘f;rst vertical set of diagrams represgu s
thé concentration profile.curVes with concentration in-
creasing aléng the verticél axis and distance within |

;hé diffusion cell ‘represented by the horizontal axis.

To the right are the corresponding concentration gradient

curves as would be produced by the schlieren optical sys-’

«

tem. These schlieren curves are regdrdea by the 35 mm
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camera and it is from these curves that x! and y' are
measured, -

Assuming a very sharp interface at t=0,‘the
concentration profile curve takes the form of a step
curve with the concentration to the left‘of X bging o} .
and the concentration to the right of x equalling c:.
Under these conditions the requirements for.integratioh
of Fick's second law are fully sétisfieé. At times
greater than. t=o there will be a net flux of solute
molecules ffoﬁ the region of‘highe} éoncentration; Ca,
to the[region of lower“cpnéentratidn ci1. _?hié net flux
of the solute molecﬁles is the diffusién proéess. The
molecules of solute clo8est to the interface in thé G, -
region (x>0) will‘be the first to cross the interface R
ih;o the c; region. Thefefore the solute:concentration
to the‘?ight of x will decrease near x and correspondingly
_the solute concentration in the C1 area (x<0) very near
to x will increase. The resulting cohcentratidn.profile A
diagram from the initialfﬁiffusion is represented by thé
t=100 s cagé. The boundary region bétween c; and c2
in this case is very narrow, that is, the concéntration
varies by a-:large amount éier a short distance along X.
‘Thus'the resalting concentration g;adient'curve'is sharp

and narrow. As time passes the width of the boundary

N



increases and the rate of chénge of concentration with
x diminishes. Consequently the corresponding concentration
gradient curves broaden and decrease in intensity as
ghoyn‘in the t=200 s and t=300 s cases. A time will be
reached when the concentrations of the solute at the cell
extremities begins to véry.' When this happens the dif-
fusion gxperiment has reached a stage of.restricted
diffusion and:the c§lculation of diffusion ;oefficients
according to Eguation (5)-is no longerAvalia. At t=o
the solution‘is homogeneous.

Eiguré 8 shows the actdal_schlieren peaksAés
recorded on 35 mm film. These photographs represent a
sucrose diffusion‘gxpe¥imenf at 25°C (c = l;OOOg/iOOml )
and Ac ='2;0009/100ml). The peak height is seen to.
decrease with time and the peak width incfeases with
incréasing‘time. ‘This peak behavior is in accordahce
with the préviouslyidiscussed £heoretical diffusion
experiment. T | |
o Figure 9 (a, b, ¢ and @) illustrates how the
phoﬁographically,obtained schlieren image is influenced
by the bar angle (8) setting of ﬁhé schlieren.bpﬁical
system. vThese'photbgréphs weré recorded within seconds

of each other hence they represent the concentration

gradient curve at the same time. Comparison bf'Figure 9a
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(8=7S°) and Figure 9b (€=80°) show éhat as the bar angle:‘
ié increased the schligreh image bécomes sharper but )
the peak height decreases. At bar 'angles of 60° and
56°, as shown in Figures 9c and 9d respecfively, the péqk
height is greatly enlarged but clérity and”sharpnéSs are‘
sacri‘iced. Therefdre the choice of which bar angle is'
used in an experiment is based upon which bgﬁ\angle
will gi?e'ﬁhe highest degree of precisidn when y!
vélues are measured. The precision of measured y!
values Qill be a gunctioﬁ of both imageiheight‘and sharp-
ness. | | |
The mathematical derivation of Equation (5), as

discussed previously, is based on the assumption:thét
at t=0 a perfectly Sharp'interface’is present between
the two solutions. /Therefore iﬁﬁis'essential that the
ppﬁndary betweeﬁ tﬁe two solutions be as - sharp as
possible and it is this_requiremeht that has prompted
much research towards better boundary formation tech-
niquesveépecially with the'interferometric-fiselius
cell methods. |

"Cﬁrrently there are several centerpieces avail-
able which can accomplish boundary formation between two
solutions in anwulfrécentrifuge.. The valve-type

synthetic boundary cell and the double sector capillary
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synthetic‘boundary cell are illustrated in Figure{l0.

- Both devices operate on the prinéiple that the less dens
solution is layered on top of the ﬁore dense solution.
under .the influence of a grévitational field. bhahdrasekhar
-and Hoelscher_(i975) used thevvalve—type synthetic-bouﬁ-
dary ceil in their_ultracentrifugal determinations of

the diffusion coefficiénté of n-butanol, giycerol and
ethylene glycol. The,valve—type cell contains a small
rubber valgg which is compressed as the rotor speed inf
créases. When the valve is fully compressed the less
dense solution présent in the cup is allowed to drain

into the wedge—shaped'sector contéining the moré dense
‘solution. Eariiér w§rk in this labor$tory with s tybe'
of cell revealed that a considerable amount of lence
occurred at. the interface of the two solutions as_ boundary
formation was taking place. This turgulence was mdn;—»
toreé by photograbhing the schlieren image as the liquid
‘ from thé cup‘was~being layered onto the liquid in the
sector. Figure il (a, b and c) shows‘successive photo-
 graphs:taken duringvboundary formation in the valve-

type cell. i;t ;é obvious Fhat'éohsiderable mixing occurs
a§Athe schlieren peaks éxhib%t definite irregular%éies \\\/,».
which are most evident at the base of the peaks. Figure

- 11d illustrates the resUi;ant peak after,boﬁndary for-



mation has ceased. The peak appears to-be far from
symmétrical as would be expected if the diffusion were to
commence from an inifially sharp interface. This'tuf—‘
bulence duriné boundary formation probably results from
the momentﬁm acquired by the less dense sblution_as it
falls from the cup to the layer of more dense solution
.alneédy present in the body 6f the cell. The result is

a distorted schlieren peak and appareﬂtiy erréneous
diffusion coefficients (ﬁuang and Winnick; ;976);

7[, -In this étudy ;ﬁe»double'secto} éapillary.'
synthetic boundary céll (Figure 10) was used as the dif—
fusion cell. With this type of cell the less dense
solution fiows from the full sector ﬁo theisector par-
tially filled with 'the md‘e_depse~solﬁtion. Figure 12.
illustrates the ﬁechanism of boundary forﬁatién in this
_ cell. As the rotor géins speed the less dense solution
is fofded thrdugh the ipwer capillary onto-the more dense
solﬁtion. Since the surface of the more dense solution
is. level wi£h7the lower capillary, boundary formation ig
achieved without the‘léSS densersoluﬁion having to fall
tﬁrough any appreciable distancé before contacting the
more dense solution. The less dense solution will flow
ihto the opposite sector until tpe levels iniboth sectors

‘ £ .
are equal. The upper cgglllary serves the purpose of .



allowing the air in the s?oé;r being filled to flow into
the sector being emptied. An additional featuré’of*the‘
double sector capillary synthetic boundary cell is that.
as the less dense solution enters the lower sector it
sweeps over the interface and thus sharpens the boundafyfd
Boundary formation‘mith'the double sector
capillary synthetic bouﬁdary cell Qas investigated
phothraphically. Figure 13 (a to g) shows the schlieren
images :ecordeé at iS's intervals starting from the time
of rotor acceleration. It is»evident that none of ﬁhe
..irregularities, which were observed in photngaphs of
boundary formaﬁibn with the valve-type cell, are present
"in Figure 13. The resulfant séhlieren peaks appear very
symmetricai as shown in Fiéure 13h. Analysis of enlarged
schlieren peaks reyeal tha£ they:do indeed apprdach the
shape of a Gaussian curve. Further evi@enqe of sharp
boundary formation lies in the fact that the calculated
zero time corrections, At, are invariably in the order of
'q Zew seconds,

2
/

/
2) calculation of the Diffusion Coefficient

Neurath (1942)‘has described'several standard
methods to calculate diffusion coefficients from schlieren

photographs of diffusing systems. The maximum ordinate

34
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method involves dividing the maximum ordinate, h max,

by e to give the ordinate of the inflecFion péints, hp.
The diffusion coefficient is calculated by the relation,
‘D = u2/2t where u is one half the distance between the’
inflection'points.. Thus the diffusion coefficient i§
based on a single peak measurement from a single photo-
graph. In the method ofAsuccessivefanalysis the diffusion_
‘curve is divided into a series of vertical and horizontai
~chords and tgé diffusion cqefficient is calculatéd from

a pair of successive values of X5 and y; Thus the
diffusion cbeffipient is calculated from two height
measurements on a sing’~ photograph.

The frequently ﬁsed maximum height-area method
of calculating diffusiQ;.coefficients was used by
Chandfasekhar and Hoéféchér (1975) and .English and Dole'.
(1950) . This type of analysis involves a plot of
Khimaxf2 Vs . l/ti from which the diffusion coefficient is
calculated from the slopé.‘ A knowledge of the peak afeé
is also required. Such plots appear to yield excellent
linear relationéhiés. Howeyer, as pointed out by 7
Eﬁglish and Dole (1950), there is uncertainty in the
absolute magnitudé of the diffusion coefficient because

considerable personal latitude exists in estimating

both peak height and peak area. Since peak height
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determinations are limited to an accuracy of about 1%
(Gosting, 1956), the diffusion coefficients calculated
by the technique cannot be expected to givé results

with a precision'better than 4% (the maximum height-area
method involves the square of the pedk height and the
square of the peak area).

When Equation (5) is used to determine diffusion
.coefficients from schlieren péaks, ﬁhe onlf error gnvolved
'is that incurred infmeasuring the peak height, y!, at =
various values of x!. Use of Equation (5) also avoids Cf
the necessity of determining the peak area (which includes
a (h'max)?term) thus eliminating any uncertainty in the
diffusion coefficient arising from this quantify.' Since

!, are measured at fifteen values of x!

peak héights, Yy
on each peak and since at least fivevpeaks are recorded
dﬁri a diffusion experiment, the resulting diffusion
coefficicat is based on at least 75 y! values. - Diffusion
coefficients calculatedﬂbylthe maximum height-area

method are typically based on a plot consisting of five

to ten pbints.' Figqre 14 illustrates a plot of Equation (5)

for glycine at 25.0°C.



3) Adaptation of the Schlieren Optical System to 35 mm

Photdgraphy

Conversion of the schlieren optical attachment
of the Beckman Model L2-65B Preparative Ultracentrifuge
to 35 mm photography offers several advantages to the
measuremenﬁlof diffusion coefficients of small molecules.
With the Pelaroid attachment which is standard with the
schlieren accessory, the time of exposure of the film to
the light is regulated by switching the light source on
and off. When double sector cells are used, a period of
up to 10 s exposure time may be required when the Polaroid-

type of film is used (Beckman, 1969). Exposure times
of this duraticn do not yield sharp photographic images
of a rapidly changing schlieren pattern. The height of
a schlieren peak may decrease by five perceﬁt in such a
10 s time period as has been‘evidenced in the aiffusion
of small molec;les. However, when a high speed film is
used with the 35 mm adaptation, very short exposure
times are required and very sharp images are recorded.

Generally, measurements on the photographié
images of 6ptical patterns formed in'an’ultracentrifuge
are performed with'an optical mic:oéomparator (Chervenka,
1969) or anaiogously on tracings of the‘optical pattern

made under an'enlarger. According to Schachman (1957)
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the measurement of scnlieren pagnerns which have been
enlarged by a factor of five is comparable to using a.
microcomparaﬁor. Since very clear and sherp images are
obtained with the 35 mm system, magnificaeion to 40X yields .

high clarity enlargements. Hence the magnitude of relative

\, /

error on image measurements is minimized.

4

The 35 mm adaptation offers several other ad-

N,

vantages not attainable with the standard polaroid
attachment. The ability of the apparatus to take pictures
at intervals of severaliseconds is essential’when.mea—
suring diffusion coefficients of snali molecules si-ce
they diffuse very rapidly. *he investigation of boundary
formation in ﬁhe valve-type and double sector capillary
synthetic boundarydge;ls would not have been possibleB
with the Polaroid camera. The adaptation to 35 mm slr
photography offers the convenience of being able to
simultaneously observe and recordvschlieren imagee. .Such
a feature as cdhstant viewing is usefnl, for exaﬁple, to
insure that schlieren peaks afe not recorded»ﬁhen the
point of restricted diffusion is reached. ’With the
unmodified system, if further viewing is desired once the
Polaroid camera is installed, the camera must be removed
and repléced with‘the‘Viewing eppaiatus: ﬁBecause‘of the

e

fact that high clarity enlargements may be produced,
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the 35 mm adaptation lends itself to the study of
Phenomena occurring in a very narrow rénge about the
interface. 1In sucrose diffusion expefiments, it has
‘been determined that the actual ?hysical\size of the
éoncentration’gradient is less than 1.5 mm.

| Figure 15 summarizes the comparison.between
diffusion qoefficients obtained by using integférence

L

optics (ordinate) and diffusion coefficients afis;ng

from the other methods (abscissa). The closeness of

~— C -

e

the ultracentrifugally determined diffusion coefficients
to the 45 degree line asserts their.validity and reflecté
the sﬁbsfantial imprbvement;in the accuracy of the
ultracentrifugal technique coﬁpared to previous work witﬁg
‘an analytical ultracentrifuge (Cﬁandraéekhar and |
Hoelscher, 1975). The dashed lines in Figure 15 represen#
the limits of the 5% deviation interval. It'mﬁst be =
emphasized at this point that the ultracentrifugai
technique involves an experiment of less than 10 min
duration wﬁereaé interferometric or diaphragm cell "~

techniques involve times of hours or even days.

-

4) Possible Extensions of “the Ultracentrifugal Technique

5
It is conceivable that this ultrace: fugal

'technique could be éxtended to yield diffusion coefficients



of increased accurécy and precisionf“The ﬁeckman Mouegl E
Analytical Ultracentrifuge has a much bet£er tempgratare
control (*0.05°C) thén the Model L2;65B used in this
study and would allow for diffusion studies at elevated
temperatures. 1In addition the Model E is equipt with a
Rayleigh interference optical system. Besides yielding
more accurate diffusion coefficients, the Rayleigh system
would permitﬁdiffusion studies at concentration levels

well below those possible with the schlieren optical

system,
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II. Retention of Essential 0Oil Components During Freeze

Drying of Agueous Solutions

A, INTRODUCTION

- Freeze drying may be defined as a low temperature
{%ehydratlon process. At low partlal pressures. of water
and at low temperature, the water is removed from the
frozen produet by sublimation. The key to the success
of freeze’%rying in producing high .quality products such
as 1nstant coffee, fruit juices and instant tea (Flink,
l975a) lies both in the removal of water by subllmatlon
as well as by the low temperatures employed. Since the
material undergoing dehydration by the freeze drying
technique is normally in a frozen or rigid etate, the
matrix remaihing after the disappearance of the iee
crystals essentially remains intact._ Thus the freez?_
dried preducts rehydrate completely and quickly. Sélll—
age losses during processing which may occur as a result

'.of frothing or bubblinq~are eliminated since a free
liquid phase is not present. Redistribution of soluble
components by capillary flow is l:mit=d 4due to the
absence of a free liqﬁid phase. In a f eeze drying.
sample,'tﬁevtransition'zone separating the fully hydrated

. frozen product and’the dry layer iS'very.sharp; hence the

o



time is short where any portion of the product is kept
in an intermediate moisture state Where undesirable
degradative reactions might occur. As pointed out by

King (1951), the lower temperatures employed will cause

the dehydration rate to decrease. However, at lower

temperatureés the rate of undesgirable degradative reac-

tions, such as non-enzymatic browning, is decreased to

a much greater extent. Low temperatures'also provide a
favorable environment for biological molecules such as
proteins, o

This stuay is eonce:hed-with the retention of
terpenic (carvone, piperitone and Pulegone) and non-
terpenic (eugenol and m—anlsaldehyde) essential oil
components in model aqueous systems durlng freeze

drying. The essential oil components used in this

investigation.are commonly found in maﬁy food systems,

able 4 has been prepared from the Treview of Hall and Oser
(19¢5) . The amounts ‘listed as "average maximum parts
per miilleu" are not tolerance limits and are often
exceeded in useu The dlssolved soliqdg used in preparing

the model systems, 1nclude sucrose 9lucose, gum arabic

and sodium chloride which ‘are all COlmon food components.

42
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B. LITERATURE REVIEW

Many excellent review articles dealing with
various aspects of freeze drying are available. ‘King .
(1970) .has reviewed many of the fundamental areas of -
the pfoceés and discusses possibie degfadativqyreaCJ'
tions which may take place iﬁ~the dried prdaﬁétr,;The
'publiéation of the/lec;ures from the "International
Course on Freeze Drying and Advanced Food Techndlogy"
“held in BﬁrgenstOck) éwitzerland in June 1973.providés s
an exdéilent review of many areas of freeze dryihg
(Goldblith et al., 1975).

/ Since the present study deals with.the'

retention of volatileqfla§oring compounds in aqueous
solutions dufing ffeeze drying;.the literature review

will first of all be concerned with the freezing and
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subsequent drying of aqueous solutions. The retention
of 'volatile organic compounds, as influenced by

-

various freeze drying parameters, will then be discussed.

1) Free21ng of Aqueous ‘Solutions

The behavior of a solutlon during freezing
depends to a large extent on the composition of the
dissolved solute. Several studies have shown that,
for example, salt solutions freeze very dlfferently
than carbohydrate contalnlng solutlons Using a macro-
SCOplC observat;on technique, Ito (l970a, b) has shown
that solutions of sodium Chloride,'potassium chloride
'and sodium-hydroride form well defined eutectics. Ito
(1970a, b) attributed the formation of densely opaque
- spots in»theffreezing salt solation to the.formation of
the ehtectic structure. The temperatur at which these
macroscoplc changes occurred was the eutectic temperature,
’ Te' and these eutectic p01nts were conflrmed by electrlcal
resistance measurements. However, for solutlons con--
taihing glucose, eucrose, lactose and‘other sugars no
_or veryulittle,madrOSCCpic change in appearance was
observable.‘ Electrical'resiStance measuremente’aisg

failed to produce evidence of any type of eutectic

transition.
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During~the freezing of aqueous solutions; an
1ncreased separatlon of pure ice occurs with decreasing
temperature and the remaining solution 1s thereby con-
centrated. The concentration of the ‘residual solution
changes according to the ideal relationship'between the
equilibrium freezing eurve and the concentration. ﬁence‘
the concentratlon of the residual solution may accurately
be expressed-as a function of temperature. The prin-

“ : : . ,
ciples governing this phenomenon are explained by
Heiss and Schachlnger (1951).

Accordlng to Bellows -and King (1973), when
solutions are cooled to very low temperatures, nucleatlon
of solutes other than'ice and salts is very'difficult
since fhe latter solidify completely at ‘the eutectic
.gp01nt, Food. llqulds such as juices oOr extracts contaln
dissolved solutes (carbohydrates)fwhlch arelnot able
to solidify at the eutectic point. Figure 16 illustrates
the phase dlagram for the sucrose-water system.\ If
equlllbrlum prevalls for both sugar and water, the
suerose-water system . >uld solidify completely at -13° C,,
the eutectic temperature. However in practx:e these.
solutlons do not form any crystalllzed sugar -and thus
do not SOlldlfy completely at temperatures well below

-13°C. Instead the observed behavior . follows the exten-
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sion of the ice-equilibrium curve which represents
equal chemical potential between ice and water remaining
dissolved in the concentrated solution. Thus the
1nit1al liquid separates into two equ1libr1um phases
con51sting of solid pure ice and a region of concen- \L_,ﬂ"‘
‘trated solutes. This concentrated.region has beenv
labelled the concentrated amorphouspsolution, CAS,
'since it has no‘long range ordered Structure. Figure 17
diagramatically illustrates the two equilibrium phases
in the frozen product. In reality the actual structure‘
_is much less‘regular,than that presented in Figure 17.

Within the volume occupied bv‘the CAS,

Massaldi and King (1974a) have shown that a concentration
polarization phenomenon occurs near the face of the.
) grow1ng crystal Ice crystals form very selectively,
rejecting dissolved solutes and suspended matter away'
from the grOWing,crystal structure.' These rejected
substances must'diffuse‘away from ;the crystal surface or
else they Will accumulate near the surface of the ice
crystal. However, ‘under conditlons of low temperature
~and elevated concentrations which are prevalent during
freezing, diffusion of the rejected substances away

from the ice is hindered. Dissolved solute oOr sus-—

“pended matter concentrations will consequently attain



47

levels higher at the outer extremeties of the CAS
regienlthan coneentration levels in the interior portion
of the CAS. The concentration polarigation is depicted
in Figure 18. The solute concentration at the ice
surface corresponds to equilibrium with the ice at the
prevailind temperature, therefore for a low enbugh
diffusivity this phenomenon willvstop:icelcrystal
‘growrh, " The polarization theory fihds support from ob-
servations that sho&'there is a limiting initial
dissolved solids content above which no ice-crystal
formation will occur at ail.

Studies on the physicel nature of the CAS net-
'Wori have been carried out by Bellowsvand Kihg (1973).
and as Qili be diecussed later, the fluidity of the
CAS is of primary importance. VlSCOSlty measurements of

sugar solutions at temperatures and concentratlons

'approaching those expected of the CAS have shown that

%
/4

the CAS is highly v15cous and can be con51dered rigid
'below~a,cr1tical temperature. |
Several studies have shown.that during the
freezing of aqueous solutiods, an impermeable film may
be,for;ed on the ou;er surface of the product. Ito
(1970b) reported that during the freezing of a 10%

€-amino caproic acid solution, a shell is produced on



the surface which has a solute concentration Spproximatgly
5X that of the bulk. Quast and Kérel (1968) found th;t
during the freezing of liquid extfacts a concentrated
region of solute de&eloped at the free surface and
attributed this ‘to the concentrafion of‘carbohydrates.

The sa " h;h'or has been nqQted during freezing of whole

kl§73) hé&éiéftributed this phenomenon to the concen-
:trated ?o}utes region being pushed upward through the
growing ice crystals as f: szingvprocéeds; Thﬁs the
solute isumore-concentréted in the surface layef than
in the bulk and in the highly'concentrated layer,
'nucleétion and crystal. growth will be mini?ized as
discussed previbusly.‘ Flink (1975a) has outlined several
methods for preventing or eliminétiné this surface -
layer formagion as it has a detrimental influencé on
the subsequent drying process,

In many liquid foods a seéond liquid phase may
_be pieSent befbre freézing or may be formed during the
freezing_procéss. Often this immiscible phase may be

.a flavoring substance . such as d-limonene (Massaldi and

King, i974b,_c);‘ In the case bf-d—limonene, the compound
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is initially present at levels whichAexceed the sol-
ubility limit in aqueous solution. Massaldi an- Kino\\
(1974a) speculate that the components of the second
phase may be dissributedrin three ways during freezing;
volatile droplets present at the CAS-ice interface,

volatile droplets embedded in the CAS and volatile

molecules homogeneously dlSSOlVed in the CAS. Further-
more Massaldi and King (1974a) postulate that volatlles

- which are in homogeneous solution prior to freezing

remain in solution within the CAS and do not develop

into droplets under conditions of low temperature and

rhighvconcentrations within the CAS. The =zuchors suggest

that the volatile components unde;go a similar con-
centration polarization as dissolved solids end for -
exactly the same reason (Figure 19). \

flink et 51._k1973), using mioroscopic tech-
nlques, have studled aqueous solutions of maltodextrln
and hexanol durlng free21ng. In contrast to the view
of Massaldl and King (l974a), ‘these authors suggest '

at during the freezing process, the hexanol (volatile)

solubility limit islexceeded'as evidenced by the appear-

~ance of many droplets. The droplets are then entrapped

in the interstitial solute matrix of maltodextrin. Of.

particular interest is the fact that hexanol droplet
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formation occurs over é wide range of initial volatile
concentrations. The appearance of liquid droplets of
alcohols in freeée—dried aqueous maltodextrin solutions
was related to the solubility of the volatile alcohols
(Flink and C~ji—Hansen, 1972). Massaldi and Kihg
(1974a) photographed sucrose solutions containing the
_insoluble compounds n-hexyl acetate and d-limonene and
concluded that drop si%e increases with increasingl
amounts of the volatiles in excess of th;ir saturation
concentration,.

d The morphological structure of the frozen
product is stfongly influéhcéd by the rate at which the
sélution_ié frozen. .Thijssen~and Rulkens (1969) haQe
shown that a decrease in freezing rate results in an
increase of the width of the ice region ana correspondingiy

™,
.results in an increase_ih the thickness of the CAS regions

as represented in Figure 17.

2) Drying of Frozen Aqueous Solutions

The drying of a frozen aqueous solution ﬁay be
considered as a two stage process. ‘Thevfirst step in-
vblves the removal of pure ice from the frozeﬁ material
by sublimation. - The second step is the removal of

wafé?ff¥0m the CAS region by evaporation. The drying



process is governed mainly by the mass transfer of
water vapor which in turn is regulated by the heat
provided to the ice within the frozen sample. The
balance between heat and mass transfer determines the
drying rate. The parameters influencing these transfers
have been reviewed by King (1970), Karel (1975) and |
Rothmayr (1975). In general it h;s been shown that the
properties of the dry layer have an important influence
on heat and mass transfer. The freezing rate also has
an ultimate effect on drying due to its influence in
regg;éting pore size and the resultiné loss of water
.Vapéf;i |

" The drying'rate and the quality of the prdduct
are influenced by the'sﬂfdcture of tne frozen product.
Ideally during the removal of water, the structure of
fﬂé product is retained if proper conditions are main-
tained throughout the‘drying process. FEowever, if
stru;tural changes do occur during drying, vapor tréns—
fer from the sample may be retarded. gepending on
the nature of the froieﬁ product, 1i.e. eUteétic forming

. .

or non—eutectié fo;ming, different theories have been
advanced td describc structural changes which could
occur during drying. o |

For solutions of sodium chloride and potassium
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chloride which form well defined eutectics during
freezing, the shaded portions of Figure 17 would repre-
sent the eutectic mixture. During sublimation, ice in
the eutectlc mixture gpuld sublime soon after passage of
the ice front, leaving behind a matrix of dry crystalllne
solute. Collapse, or loss of structural integrity of

the frozen sample, will occur at the collapse temperature,
Tc. When the frozennzone temperature exceeds TC the
rigid eutectic mixture would redissolve to a liquid.
’This liquid, under the influence oftsurface tigsion and
gravitational forces, would\flow and sealkthe og&:

pores left by the subllmed ice. Thislcollapse phenome n,
termed the eutectic melting theory oﬁ collapse, may be
envisioned as a series of .y4. -sive steps as rllus—
trated 1n Figure 20. For -utectdc formlng solutes Ito
(l970b) has demonstrated th~+ “he collaose tamperature,
T is equlvalent to T,. As Figure 20 illustrates,

|
the pores through whlch water vapor must flow away from

l
the ice front‘are blocked. Consequemtly collapse results

in a lower drying rate. : f&
Ito (1970a) and Bellows and King (1973) have
dlscussed collapse in- drying systems Wthh dosnot form a

W

’ l
: eutectxc The latter authors have ljbelled ‘such collapst
"the amorphous viscosity theory of cl

b

\.\\

”‘ﬂthe shaded portion of Flgur% 17 représents the CAS region.

- . I ‘;‘0‘

3’5.‘ / | o \
U , |
|

|

llapse". - In this case -



After passage of the lce front collapse occurs 1i: s

\,

interstitial concentrate does not remaln/ouff1c1ently

rigid to maintain its structural integrity. If rigidity

is not maintained the concentrate région will develop

liquid tendancies and flow, thereby closing the pores

above the ice front. Again Figure 20, represents the

progreseive steps of collapse. Sealinc of che pores

causes puffing and splattering as wate

A \

througn thlq‘lquLd barrier which: sepa

vapor bursts
ates the region
or elexated water partial pressure 1mm4diately above the

[}

ice fvont from the region of lower vapor partial

~»
pressure as determined by the condenser temperature of

,the freeze drier. Since collapse reduces the permeabllity‘

of the dry layer’to the flow of vapor/, the drying rate .
willrdecrease. As ‘a result, the requirements for the

heat of sublimation will decrease causing the tempeg-

ature of the frozen zone to rise. onsequently the

fluidity of '~ residual concentra increases and
accentuates the tendancy toward col apse. The vital
factor determlnlng whether collapse| occurs or not is

the viscosity of the concentrate which in turn is a

function of both concentrate temperhture and concentrate

composition. Bellows and Klng (1973) have calculated
that during a normal freeze drying ~xperiment collapse

occurs-whenvthe viscosity of the comgentrate,falls
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within the range of 107-10'° cP. Viscosity measurements
and collapse studies by these workers supported the

calculated limits of collapse viscosity. Swinnen et al.

(1976), however, found t.hat collapse occurs when the

critical viscosi’ . ne .5 situated between 10° and 10’
: . U
cP. N g
In addi. . Swinnen et al. (1976) haveslgrrela-

Fed the temperatures at which collapse occurs wifh the
devitrification tempefature. The devitrification tem-
perature is defined as the temperature at which the CAS
molecules aéqﬁire,sufficient mobility ﬁo pass from the
amorphous to the crystalliné é&ate. Ito (1971) and
MacKenzie (1975) had re;orted similar cofrelations:
QﬁBel}ows and King (1973) havé discussed the
‘effecﬁs that parameters such as jsolute composfiiqp,-
solute concéntration;rthe présence or absence of a-sur—
face layer ana theftybe of heat transfer geometry have
on ééllapse temperature. %
| As discussed previoﬁgag, solute migration g
during freezing produces{a,layer oflhighysbiids content

RN

on the surface of the frozen product. Such a surface,
‘ : oy ’
layer may block the vacant pores remaining after the ice

has sublimed. Conﬁequently'thé dryiné rate will be

‘decreased and to prevent collapse, lower drying tem-

A
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peratures.are,required.

Microscopic investigations of the freeze-drying

&pfocess have recently come into prominence. MacKenzie

(1965) studied the possible paths followed by water vapor
during dehydration.‘ Flink et gl; (Lé%B) have photo-
graphed ffeeze—dried maltodextrin solutions: Gejl—Hgnsen'
and Flink (1976) have applied éptical and electron
microscopic techniques to the sﬁudy of structures of
various freeze-dried foods."

At this point it is appropriate to mentionfthat
structufed tuods can be dried at much higher temperatures
thén liquid sysﬁems owing to the fact th tjtbe struc-

ture of the food gives support to the fr

3) Volatile Retention During Freeze Dryin

-

Drying Parameters

.

The éoncéntration'of Volgtiié'flavoring com-
poundé in a rehydrated frééze—dried food’should be very
close to_theirbconcehtrgxion prior to freeze drying ifk
the préduc& is_to be organoleptically acceptable. Due to
theif low'conéenﬁratidhs in aqueousVSOlutioné"nearly all
flavoring «compaonents, even the high boiling ones, are

much more volatile than water. With eievated vola-

tilities such volatiles would be lost in an evaporation *

an

&
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a. Solids Composition

process (Rulkéns and Thijssen, 1972b{.' Chandrasekaran
and King (1971) showed that the retention of volatile
compounds, during the ffeeze drying of fruit juices,
was"independent of their relative volatility. Similarly
Flink and Karel (1970a, 1970b) and Karel and Flink

(1973) were not able to find any direct correlation

“between the volatility and the degree of retention of -

~ volatile compounds during freeze drying. However, ..

Voilley et al. (1973)@ saravocos and Moyer (1968) and

Chalmers and Watts (1572) reported that in their studies

the degree of volaﬁi}e retention was, influenced by éhe

.volatility of the volatile compound.

Many studies have been directed towards
. 4 , .

determining the influence that different parameters have

on the level of volati%e reténﬁion.

1The-d%greé of volatile retention in freéze-

dried liquid systems is strongly influenCed by the.naturé"

of dissolved solids and, in some cases, by the presence
of suspended solid material.

Saravocos and- Moyer (1968) found that ethyl

.acetate, eth§lrbutyrate, methyl anthranilate and fcetic

- ,acid in'food'gels were retained to different extents

e
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depending on the ﬁaterial from which the gel is made.
Low methoxy pectin rétained less of the flavoring com-
pound than pectin and cellulose exhibited a better
retention capacity than gelatin.or starch.

Flink and Karel (19705, b) have determined
the retentidn values of several volatile compounds with
a variety of mono-, di- and polysaccharides which were
freeze dried under identical conditions. The abillty to
retain volatiles decreaSedvin the order; disaccharide, |
monos%fcharide, polysaccharlde.' Tne retention_of
sodium chloride, a aalt, was found to be less than one
tenth that of the polysaccharide, de%tran—lo.. Sinilar
trends were noticed by ﬁugisawa‘gg al; (1973) for the
' retentlon of n-propanol in freezeﬂdried solutions
contalnlng mono- and disagcharides. .

' Studles on the %%%entlon of 2- propanol in
aqueous suspen51ons of celiulose and starch (Chlrlfe and
Karel l973a) revealed starch gave much hlgher retentlonS'
than - cellulose even- at identical 1n1t1al SOlldS content.

| Chlrlfe and Karel (1974b) demonstrated‘that the
protein, pepsin, gave a significantly higher retention
of 2-propanol than did.bovine-sefum albumln'even though
~both prOteiné were present initially at a 20wt% con-'

centration.
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Studies on binary systems at a fixed total

solids concentration have yielded variable results
[}

-

(Ofcarcik and Burns, 1974). TFor some carbohydrate
mixtures (lactose-glucose), the retention of pyruyic
~acid improved in a synergistic mannet while in other
mixtures no effects were noticegl

Massaldi and King (1974b) proved that the -
presence of colloidal mattet (cloud) influenced the
retention of d—limenene during the freeze drying of
orange juice.

i\x
.b. Dissolved Solids Content

In the flrst quantltatlve analy51s of volatile
retention durlng freeze drylng, ‘Rey and Bastlen (1962)
found that the retentioh of acetone was enhanced as
‘euccessive amounts of ;,glucose were' added .to an Earle—
salt splution. | |

Saravoeos and Moyer (1968).studied the reten-
tion of ethyl acetate, ethyl.butyrate, methyl anthranilate"
‘and acetic acid intmedel food gels and foundlthat tne
deg:ee'of volatile retention increased with the addition -
of glucose and sucrose éfior to freeze arying:

In freeze drylng slabs of malto- dextrln, the

retention of methanol, prOpanol and n- pentanol was found
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to approach 100% at initial malto-dcxtrin concentrations
of 60wt%. At reduced malto-dextrin levels, the reten-
tion was much lower (Thijssen, 1972b) .
| Similar results were reported from volatile

retentlon studles on orange leCe \Sauvageot et al.
1969) . . An increase 1in the dry matter content resulted
in ‘increased retentions‘fdt myrcene, limonene and pinene.
chever, in the same experiments ethanol exhibited the
opéosite behavior. |

A higher initial solids content has also been

found to give substantially better retention of volatile

flavor spec1es in apple juice (Chandrasekaran and King,

1971) . In this study ethyl acetate, n- hexanol and
n-hexyl acetate were chosen as representatlve‘apple
volatiles. | |
. Flink and Karel (1970Db) demons*rated that in
mcdei-solutions containing glucose and acetone,
acetone retentfbn after ficeze drying decreased_as the
1n1ttal glucose concentratlon decreased
Chirife et al. (1973) have found similar
esults in the pclyvinylpyrollidone—ﬁ—propanol system -
where PVP has been used as a water soluble polymer |

which partially simiulates a protein in sclution. At low
(4

vl

solids concentration (pelow 10- 20wt%), increases 'in the



solids concentration significantly elevated the degree
of n-propanol retention.

Chirife and Karel (1973a) showed that in-
Creasing the amount of suspended starch and cellulose
had a beneficial effect ohithe retention of 2-propanol,
butqthe increase was much more pronounced with starch;

| Chirife and Karel (1974b) noted similar be-

havior -as protein concentrations were increased in
agueous solutions of pPepsin and bovine serum albumi ..

Using a mixture of four carbohydrate gums, up
to a dissolved content of Swtsg, Kayaert et al. . (1975)
obtalned a linear relatlonshlp between the re*ention of
acetone and n-propanol and the initial gum Cc”ceﬁtration.

Rulkens and Thijssen (1972a) concluded, on the

basis of retention expefriments using methanol, n-propanol .

and n-pentanol in aqueous mixtures of malto- dextrin, that
retention 1ncreases with 1ncrea31ng dlssolved solids
content quto a critical value above which no furgger
increase in volatile retentioﬁ could be obtained.
Sugisawa et al. (1973) have shown that n-
propanol retention in glucose, maltose and sucrose
solutlons reaches a maximum at about 40 to S0wt® sugar.

Increased retentlon with initial sugar concentrations

above this value do not occur.
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Ofcarcik and Burns (1974) repbrtedgtﬂat an.
increase in sucrose) glucose and lacfose cogcehtrations
in model aqueous systems and Bermuda onion juice
resulted in increased carbonyl (expressed as pyruvic
acid) retention.. 'A leveling off of carbonyl retention
occurred at approximately 5wt$ barbohydrate.' ‘ : .

Natural volatile components in mushroom

1%

extracts were retained to a very high degree even at
relatively low initial solids cont¢ntv(Bértholomai et al.,
1975). |

This observed increase in volatiie retention
as the dissolved solids content of the solution in-
creases, fbrms £he basis for preconcentréting liquid
foods prior,to freeze drying.¢'£hijésen{kl97d) discusses
the different processes available_for concentrating |
ligquid foods containing yolatile flévoring cOmpouhds.

c. 1Initial Volatile Concentration

Most re *té'describing étudiés on ﬁhe effect
lof initial volatile céncentration on retention come
froﬁ Flink and/or Karel.and co-workers Flink and Karel,
1970b, Kayaert et al., 1975, Chirife et al. 1973,

e . '

Chirifé and Karel; 1973a and Chirife and Karel, 1974Db).

211 of these studies have indicated that an increase in.

-
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the initial volatile concentration, at constant
dissolved soiids, resulte in a decrease in the petcentage ' ’
of volatile retained. \:i>
Such findings are supported by the work of
Bartholomai et al. (1975) whc monitored benéaldehyde
retention as a.function of its inicial concentratig;? h
The results of Berry and Froscher (1969)
appeat somewhat inconclusive since there was no'evidence
" of any relationship between initial vclatile content
and percent retention inAfreeZe-dried orange juice.

Voilley et al. (197J), however, Ob TV _tthe

Oppos%¢e behavior. When they increased the n~®Tcohol

concentration“in a synthetic solution composed of sugars

(glucose, sucrose and fructose), citric acid, calcium

]

chlorlde,.pectlns and albumlns,'the percent retentlon
1ncreased ' F

Massaldi and King (l974a) showed that 1n1t1al
volatile concentratlon in freeze drled lquld systems
was very important espec1ally when the lnltlal volatlle
content exceeded the solublllty limit of the _volatile ‘in
the aéueous solution. 1In the region of the solubility
limit a sharp drop in retehtion was noted/andvbeYOnd‘the

solubility limit an asymptotic level of retention was

Observed. —
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s
d. Heat Treatment of the Drying Sample

An increase in the ice front temperature and
an incréase in the heating plate temperature will cause
respective improvements in mass transfer and heat
transfer within the drying sample. Better heat and
mass transfer on the drying sample ‘obviously will in-
creaée dryiné rate. By calculation Thijssen (1972a)

has predicted that higher volatile retentic. -hould

! . . . .
\result from more rapid drying. Ru  ens ar. Thi-ssen

~

(1972a) proved this experimentally mai: .- ining the
ice front at a constant tempéra“nre while heating
thwough.the frozen layer and com;réiling the rate of
drying by manipulagion of the chambe;‘pressure. As an '

example, drying at chamber‘pressures givihg a doubling

’

of the drying rateé at an ice front temperature of -20°C

resulted in an increase.in l-propanol retention from

-

65% (slow drying) to 85% (rapid drying). It should be

noted that maintaining the ice front temperature at

/1 B

-20°C by heating through the dry layer gave similar
volafile retentidns as heating through the frozen.
layer, when the samples were dried at equal rates.

L

Both Thijssen (1972a) and Voilley et al. (1973) have

~shown that as the ice front température decreases,

volatile retention increases. In addition decreasing
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the chamber pressure results in lower i'ce front tem-

peratures. In the absence of collapse volatile losses
with higher ice front temperatures h-.. ».en attributed
to a decrease of the solids matrix coi. ‘uiration as

some of the ice crystals melt. 1.... temperature of the
ice front is also influeﬂced, to some extent, by the
rate at which the sample was frozen. It has been shown
previously that pore'size will increase with a decreasing
freezing rate. - An increase in pore‘diameterireduces
the vapor pressure drop over the dry porous matrix and
thué reducesvthe ice front temperature at a constant
platen temperature and chamber pressure; thus cau51ng_
an increase in volatile retentlon

Collapse during freeze drying as discussed
previously, is a phenomenon in which the matrix ﬁnderl
goes structural degradation due to the onset of‘
viscous flow. If temperature cenditions in the drying
matrix are such that collapse occurs, substantial amounts

of volatile are.lost as has been verified by Bellows

-and King (1973) and Swinnen et al. (1976).

e. Freezing Rate

The rate at whlch a volatlle COntalnlng liguid

solutlon freezes has been ShOWn to have a pronounced
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effect on the level of volatile retention. It ha
been‘shown that the constitution of the frozen proc =
is directly related to the rate of freezing. Ett;up
Petersen et al. (1973) have :ystematically inveétigatéd
sevenﬁfreezing treatments on coffee extracf and %ound
that slower freezing treatmeﬁts generally produce a
higher level of volétile retention than a fast fféezing
treatmeﬁt. However, samples of uniform thickness which
were dried vefy\slowly had less retention than_samples
dried slowly. Flink aid Labuzza (1972) have shown
th;t‘volatiie retention in maltose solutions was 8vto
10 times greater in slowly frozen samples than{in
qq1ckly frozen samples, whereas thé“ffeezing>ra?e was
not found to be as critical in dextrin solution.

n-Propanol retention in quickly frozen samples of

polyvinylerrolidone was similarl: own to be less

* than in’slowly frozen samples when ‘all other freeze-

drying parameters remained invarianE (Chirife and Karel,
1973b) . This trend was also foﬁndﬂby Massaldi and

King (1¢74a) with sucrose solutions. | u

f. Sample Dimensions -

Chirife 9&55&' (1973) have shown that as the -

. -
thickness of the freeze dried sample increased, the




degree of volatile retention decreased.i Thijssen (1972c)

reported similar results for volatile rétention in

layers of granules. Rulkens and Thijssen (1972a) have

i
!
i

shown that for any layer thickness there exists an
optimal granule size at‘which‘volatile rEtention is
maﬁimum. Etttup Petersen et al (1973) showed that 1n
freeze- drled coffee granules, thlcker drylng samples b
exhlblted hlgher retentions than thinner samples

These authors postulated that the thickerx samples would
freeze more slowly than thin ones, and result in a
higher level of’ volatile retention asQwould be expected
_with a decreased'freeging rate. Flink and Karel (1970b)
.observed that varying the surface arc’ while main-
talning a constant sagple thickness : > effect on
volatile retention. . : l’ o . . | ' L

Very hlgh retentlons can be obtalg. during
b

‘freeze drylng if the follow1ng condltlons a 'Samisfled;

-

(1) hlgh initial dlssolved solids content (ii) low

LU

'low ice- front temperature;
o ’k“ . ’
v 2

(lV) high drying g?te, (v) 16w initial volatile con-

free21ng rate;

centratlon, (V}-.thln laYer of sample The preceding
list should be con51dered as a gene;allzatlon since in
-\Jmany ‘casesy - results contrary ‘to those 2xpected have

been reported.

= c
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’ 3.2.3 Mechanisms of Retention

Several theories have beén advanced to explain

-why the various process parameters|influence volatile

retention éﬁring freeze drying.

R

: LY & ° -
.a.&poregion Theory :
,

o Flink and Karel (1970a, b)) have adopted!the

microregion theory to explain the retention of volatiles

‘,.” ;
¥ .

ing freeze drying'of;liqpid systems. The micro-

region theory is based on the fact that as ice crystals

lf‘u‘

- grow in the free21ng sample,’vgdatlles and dlssqlved

soIhtes are excluded from the pgxe 1ce“ ‘Durlng

\)y .

ract“With each other

freezing, soiute moleculeﬁ will in
. np
by hydrogen bondlng, thus producxn, a structure which

will act as a cage to entrap homog#neously dlssolved
et

. volatlles whfch are present in an mmigcible phase.
..} /

A501ute mplecules 1ncrehSe§181nce)thg<extent of water-

e . . RN
solute 1nteract19ns will decreas

P2
a /

. Belpw a certaln

( €
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exPeriyénts to grye support to the microregion theory.
Flink and Karel (18%70a) have shown by layering exper-

iments that votati retention principly‘occurs only

in the layer which contained”the volatile initially.

Enrthermore the volatile was homogeneonsly retained

throughout the whole sample when the volatlle was

g o

initially homogeneous within'thé¥sample. Volatlle

loss during réhumidification experiments was attributed

" to the degree of dlsruptiOn of hydrogen bonds in the

‘by-vogatlle loss at eLevated§femperatures.

Cae

amorphous ﬁreeze drled aake (Flank and Kare& 1972 and

Chlrlfe and Karel 19?&?} gﬁ‘ehuﬁldlflcatlon thus leads. .

5
:v

to the partlal destructlon of ‘the cage structure Wthh

. e y‘}v .

'traps the volatlle. Total destructlon of the micro-

"‘«k \2\

4reglon comes. onlx.w1th total dlsso;utlon of the freeze-

drled cake. Flink and Karel T1972) and Chlfﬁfe and +
L ¥ .
Karel (l973a) demonstrated that thermal energy also
$ . )
& »\Ov Y .
disrupted the. structufe of the mlcroreglon as ev1denped
. ’ .

‘\'
e

.-y . | - .»“ . »') . . . )
© /- _ Retention of -1les.and-subseqﬁent micro-
ol -t : X

¥
reﬁéin dlsruptlon studles have been carried out w1th R

,; —_— s

numerous systemsh polyv1nylpyrrolldone (Chirlfe’et als ,.

o

’1973b, cellulose and starch suspen51ons (Chlrlfe and

Karel, 1974b), maitose (Chlrlfe and Karel l974b).and S

musﬁroom extracts‘(Bartholomal et al., 1975). In all

/ . . 14
‘ .
I -
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systems the results were considered compatible'with the
microragion theory. In addition the investigators were

able o correlate the retention 1nfluence of the various

prc -ss parametersvwithA_ﬁﬁr” croregion'theory.
. 11O\ T theor

o

2.3.2 Adsorption e
Adsorption of volatiles on the dried matrix,
as the volatile passes through the capillaries of the

dry layer, has been considered to account for the hlgh

degree of volatile retentlon durlng freeze drylng.

Rey and Bastien (1962) attributed ths»high degree of »iﬁwg
acetone retention 1n glucose~cd&$a1n1ng systems to the '%mf
N & ’

adsorptlon of acetone onto glucose. Boskovic and " .

' Issenberg (l969),and Issenberg’et al. (1968) have studied
RS ¢ o o . » .
the adsorption and desorption of organic volatiles on

. @2 A »

» food components.

Maier (1969, 1970, 1973, 1972) and Gray and

Roberts (1970) studied/the ‘binding of variousﬁvolatile
¢ -
o« ~
. organlzlcompounds to food and food components and found -
. - ’

\
strong 1nteractlons between speéiflc suhstrates and

/« some adsorbates. Lee et al. (1975) found that stable
L >
q&i anhfgéous o- lactose had a high capac1ty for adsorblng

v
LS

.alcohols, esters agd ketones . 2

J
‘ Maier (1972) observed that sorptlon of’ketones



V‘ .
A
- \"\LJ » . _
usually required the presence of water to allow kctone

pcnetratlon into polymeric aggregates or the presence

of fat in which tht ketones apparently dissolved. 1In
the absence of water'there was some .sorption of acetone\\

- »
on zein, starch and pectin. The adsorption was \

A

irrev-1sible. Infrared measurements confirmed that

adsorptipn'was due to (ketone) C=0---H-0O (polymer)

.
]

h§drogen bonding.

'%p Chirife and Karel (1973b) showed that the

A

adsorption phenomena could oontribute significantly
to the total amount of n-propanolhretained'in freeze-
dried.polyvinylpyrrolidone solutions:vAHydrogen bond
formation between the'@gibonyl m@iety of the poly- |

v1nylpyrrolldo%f and the hydroxyl group of ‘the ‘alcohol

H

wa% cbn31dered to be the maln mode of lnteractlon.

»

;.,:\

Infrared studies by Strassmalr et al. (1971) demon—f
.

strated that thlS type of hydrogen bond formation was

-plauSLble in the polyv1nylpyrrolldone n- propanol
4 system.; However it should be emphasized that Chirife

and Karel (1973b) considered the amount of'volatile
retalned by mlcroreglon entrapment far exceeded -the
. p A /

amount retained by adsorptlon.
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d. Diffusionh Theory

When a iiquid layer is cooled ice crystals
grow peypendicularly to the cooled surface causing
ice and solute fractions to be rseparated within the
frozen product}%s oepicted in Frgure 17, As‘sublimation
proceeds vacant spaces or pores remain, These pofts
separate the eutectic SOlldS or CAS reglon. The volatilegla
are initially dlstrlbuted throughout the Qolutes phase.
As the.sublimation front retreats from the sample o
surface, water w1th1n the CAS w1ll diffuse. 1nto thef

e
vacant Rwres. The water content 1n the matrix, durlng

L\ - /
thlS perlod of secondary drylng will decrease with in- -

~ creasing dlstance from the 1ce front. Since the ice

e

icrystals are rmeable to volatlles, the volatiles

R

can only escape from the g@ﬂrax at or above the ice

-

front by the process of dlffu51on

3

Thijssen'and Ralkens (1969) have presented a

seml guanitative diffusion analy51s o% VQlatlle ‘loss

during freeze drying. ThiS'interpretation of'volatile

« ,J

loss has been made using a blnary analysis to c%lculate
/A

dlffu51on coefficients (Mentlng et al., %970a) and to
predlct rates of loss durlng drylng (Mentlng et al. .
¢

1970a, b). Earller 'work by Mentlng and HOOgstad (l967a,-bf

"showed that the-movement of a volat;le organlc specles

S
o<
. 2%, o
S e E RN
SR
» A

<
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decreased ¢he duffu51on coefflclents of Volatlle

through a highly concentrated carbohydrate matrix is

severely rest:;. cd. In fact at very low moisture con-

tents, the cc¢ _ _hyad ,-2 matrix was considered to be

impefméable to th. 'low of volatile but not to the flow

- of water, Explanatlons for this volatile 1mpermoab111ty

come from the studles of Mentlng et al., (1970a) who
showed that the dlffuslon coefflc;ent of acetone in an

agueous malto dextrln solutlon 1s substantlally less than
¢

~;the dlfoSlon coeff1 1ent'of water in the same solution.

On the ba51s of a binary dlffu51on model they proved‘F

that as the molsture content of the malto -dextrin solutlon

v

. ‘\
>

(acetone) and water decreased Furthermore the decrease

1n the dlfos1on coefflc1ent of volatlle was ‘much greater

than the decrease 1n the dlffu31on coeff1c1ent of water.

In coffee extract at approx1mately 95% dlssolved solids,’

r"

the ratio Dacetone to Dwateg was close to lfJ By

(Thljssen, l972b) - This 1llustrates that at very low

! water concentratfons,*as would Qrevall in the CASQ the

system can be considered as belng’permeable to water

only. The selective d: ffu51v1ty is also strongly

dependent3on temperature. Temperature studles, again‘

‘by Thljssen (l972b) have shown for éxample that at 25°C
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for a ratio of Dacetone Dwater of 0.01 the _water €on-

tent in .a qﬁ}to ~dextrin solution would have to be

N

-t
approximately 10wtg, whereas at —30°C the water content

would have to be 40wt% to give a similar Dacetone:Dwater

value. This difference in difFSSivity of volatile

a(as typified so far by acetone) and water forms the

basis for the selective diffusion theofy eXplainihg
volatile retention during freeze drying.

Chand%asekaran and King (1972b) and King and
Chandrasekaran (1973) have extended the analysis of |
volatile loss durlng dryln’.to a three omponent
dlfoSlOD mode%,ﬁs opposed to Thljssen s 1nary modeL;~

h}q
In the terna¥y

é&, the authors employe multi-

component diffﬁsiﬁﬂ coefficients which they had

prev1ously measured in aqueoEg systems- of Volatlle and

sugar (Chandrasekaran and King, 1972a) Flux equations

4
for volatile and;water during drying were solved and

suggested that, because of the sugar-watef'oomposition

gradient formed during drjﬁﬁg, the transport of

volatile‘comp6nents would cteate a localvaccumulation

.’

of volatlle spe01es Thls predlcted local accumulatlon

4

of volatlle was verified experlmentally by the’

‘sectlonlng of samples Although the ‘authors conceded

that the prev1ous blnary dlffu51on analy51s was - useful

73
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in a qualitative manncr,‘the ternary diffusion model gave
a much better gquantitative explanation of observed
vqlatila loss aha con;entration profiles., In addition
the ternary analysis provided a better explanation for
the effect Qf various érapeséing‘conditions on volatile.

S

loss.

- King 61970) has shown that the lnfluenQi&p
which different proce581ng parameters may have, on volatlle
loss can be qual;tatlvelylrelated to increasing or
décreasing‘valueS'of the Fourie} group, Dt/LZ, as applied
to individual regidhs witﬁin the CaS.

-

C. EXPERIMENTAL

¥

1) Chemicals .
Dissolved solids'or substrates were sucrose .
(Baker) , d—glucoée (Fisher), sodium chloride (MCB) and

gum a:abic (Sigma) and,wére used-wiFhout further

purification. Carvone (K and K), piperitone CN) ,

?

'pulégone (Fluka), eugenol (ICN) and m\anisaldehyde (ICN)

were ‘found t? be at least.90% pure by &as' chromato-

graphic. analy51s and were .used w1thout further purlfl-

v

_cection. Ethanol (Canlab) and octapol (Baker) were

sed ‘as recelved. Buffer;ng salts were obtalned from
~ o :
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\Fisher. Potassjium chromate (gﬁgﬁer) lithium chloride
(Fisher) and sodium dichromate (Baker) were used to
prepare relative:humidity chambers. Distilled water

was used to prepare all solutions. .

2) Equipment

Sy I 4 T
A {-4#5
A Model 42, RePP Sublimator (The VirTis Co., '

Inc.) was used to freeze dry the samples. This subli-
mator was equipt with a Hyvac 45 vacuum pump with a
capacity of 15 ft?/min and an ultimate dry chamber

o .
vacuum of 5 micronss Condenser and.tray temperatures

R

could not be 1ndep&nd§utly Yé A»ated.éince the céolin§
,of one automatlcallyéélgmlnateé‘;oollng of the other
Pressure measurements were made with a McLeod guage.

‘ LUltraViolet absorption measureme;ts were
eonducte& on a’Unicam SP1800 Ultréviqlet Spectropﬁoto—
meter which was equipt withué deuterium iampvfor ( “
ﬁItravxolet analy51s The in&yrﬁmeﬁfﬁwas-operafed on |
the flxea ane length mode using a band width of 142 mm i
and a'sklt\yldth of 0.4 mm.,.Quartz cells. (Canlab) were/vv
used  for both . referénce aud sample.\~ | ‘

ggemeasurements were carrled out with a Flsher
-

Model 230 pH/lon Meter (Flsher) “Certified buffer

solutions (Flsher) were used to callbrate the pH meter.



'the deSLred Volume of volatlle, u51ng a 10%%%

A Virtronics temperature recorder (The VirTis

Co., Inc.), in conjunction with a thermistor was used

to monitor sample temperatures during freeae drying.

All glassware was Pyrex and was cleaned either
with an alcoholic potassium hydroxide solution or a.
chromic acid solution. Prior to use all glassware was

rinsed thoroughly with distilled water.

3) sSample Preparation ‘ .

I

T~

Aqueous solutions of the a@bstrate were pre—

pared on a welght percent ba51s., Vb;atlle cotintratlons
e Y N .
are expressed on a v umetrlc ba51s Qﬂtﬁ.‘.VQ;atlle

. I""
]

by
contalnlng solutions were prepared by 6ﬁe of two possibley

"ways. Individual samples were prepared by 1n3ect1ng

f

'Hamilton syrlnge, into a known volume of solutlon 1n a

50 ml Erienmeyer flask, After the'%olatlle was added
to the matrlx céhtalnlng solutlon, it was necessary

20 v1gourously shake the Erlenmggzi flask for at-least
P

several minutes to effect solub1 1zatlon.of the volatile

H4

as indicated by absence of an organic phase. Such a

- B

m1x1ng procedure was requlred even for volatiles well

below thelr solubility llmlt in the solutlon.' Numerous

analyses have shown that thlS technlque of volatile | o

I -

-«
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77
addition is reproducible to x1.5¢%, Wheh.volatile—
cohtaining solutions were made in this manner;_fohr
samples were‘prepared, three for freeze dry*ng and one
as a reference which was stored»at 4;C Bulk samples
contalnlng volatlles were prepared by 1ntroduc1ng D
welghed quantities of volatile into volumetrlc flasks
'and fllllng to the mark with the approprlate solution..

The volumetric concentratlons were then calculated
using density data for the volatile. _
When necessary solutiqgs Were,stored in'stonpered

flasks at 4°C. To avoid p0551ble 1nteractlons between.

{ -~ B

b

the volatlle and the stopper, the stoppers were enclosed

-

1n aluminpm foil. All bulk solutlons were prepared on

"a regular basis to mlnlmlze pOSSlble effects gf mlcroﬁ

¥

bial growth.

peg

4) Freeze Drying

Prior to freezfng, the samples (normally
S.O'ml) were weighed The samples were frozen on the-
,shelf of the freeze drylng apparatus, Before plac1ng

1
the samples 1n\the freeze drylngaapparatus, the shelf

*\
temperatuxe was' lowered to -40°C, When the shelf
”temperature had reached -40°C, the samples were qulckly

‘Placed on the shelf and allowed to freeze. Slnce each

ok
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sample was prepared’in triplicate each member’oﬁf}he
triplicate was placed on a different shelf within the
freeze drier. The sample temperatures were nmonitored
by a reference sample containing thex@hermistor. This
referehce~sample was the last sample'to be placed in
the free;e drier. ‘When the reference temperature had

L

reached -35°C (after.approx1mately 1 h) the shelf

e
‘coollng was sw1tched off and the condenser coollng was

switched on. At a, condenser temperature of -40 c, the

fdrylng chamber was sealed and the vacuum pump was

actlvated.v The condenser temperature fgr,all runs
’ ~70°C. The samples were allowed to -dry for1h8 h e
hour the input of any‘heat. After_drylng the .
sa p%es were removed @tom "the shelves of the freeze-
drylng apparatus and stoppered 1mmed1ately ‘

* o

5) Volatlle Analy51s

v\

1 -

Immedlately after freeze drying, ghe samples

&

were'weighed and rehydrated to their orlglhal welght
Volatlle content was determined spectrophotometrlcally
Using plpets and volumetrlc flasks,\:he rehydrated samples'

resu

were’ dlluted w1th water such that th tlng VOlatlle

\,,,
ultravrolet spectrophotometer. The fourth{member o

_,:y
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reference, which was kept stoppered at 4°C, was diluted

- in exactly the same fashion. The percent retention was

calculated as a ratio of the absorbance of the rehydrated

freeze-dried samples to the absorbance of the reference.
Standard deviations were calculated on»the basis of
tripiicate measyrements. ft should be hoted here_that"
the reference absorbance used in calculatlng the
percent rﬁgentlon ‘Wwas not the absorbange of a, 51ngle

referque ‘but generally the average of five or smx
\'.JJ ,

" reference samples w7

- In cases where samples contalned volatile in -

excess of its sélubility, both the freeze-drled v«;

u,i

,samoles and theureference sample were dlluted to, such an f

extent that all the. volatlle was homogeneouslyodlssolvedi

s

and then the dllutlons er spectrophotometrlc ana1y51s

were performed -« ‘/»
. y

All experlments were carrled owt : W1th q v1ew»

‘,

-to minimize all varlables during the study of a certaln
A

paramé&er durlng freeze drylng.' Data relatlng to any

A

partlcular parameter was obtalnedlfrom a’ srngle freeze-‘

":drylng experlment and thus the comparlson)of’results

+

from different freeze;drylng'runs was avoided; |

-
<

T e
.
.
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D, RESULTS

1) General Observations

The samples werk dried for a period of 48 h.
A temperature profile during frcezing and dryling over
the 48 h peried is shot i;’Figure 21. After drying
the final sample temperature in all cases was between
-3 and —SJC. Experiments conducted with no sampleé
in the freeze d;ier showed that shelf temperatures
decreased to .-3 to -5°C dué to the cooling effect of
the condensers (-70°C) which are in close proximity
to the shelves. Upon eyacuation the chamber pressure
decreased to between Zorénd 50 microns after 15 min

and at the end of all freeze-drying runs, the chamber

pressure was invariably close to 10 microns.

In freeze-dried solutions of 10% sucrose,

10% glucosé, l% gdﬁ'afagic and 5% sod®um-chlqride it
was found that the residuai moisture content was
approximately 1l to 2% after 20 h. By expressing the
~££>ctional water retention as a function of drying time,
| 1t 1s possible to obtaiﬁ an estimate of the drying rate
of each solution. Table 5 illustrates the .alculated

drying rates for the solutions as expressed in the

relation,



Y " mx + b

where y=% moisture remaining (wet basis) after a certain
time repr~sented by x. Values of m denote the drying
rate (% woter lost per hour on a wet basis) up tb drying
times of 12 h. Inspection of m values, tabulated in
‘Table 5, illustrate that the dr g 1= s of the four types
of solutions employed are quit elng between 5
and 6%/h\ f

All solutions appeared to freecze dry well as
there was no evidence of structural collapse. Upon
rehydration the samples appeared to "melt" as the cake
structurc disigtegrated with the addition of water.
With the exception of freeze-dried glucose samples, the
cékes retained their structural integrity fof several
hours when exposed to the atmosphere. Freeze-dried

glucose-~sarples. however, immediately took on a semi-

—
;l:qu1u appearance. Coe

ta
~ u

v

2) Volatile Retention

a. Lrying Time

Retention of carvone as a function of drying

time has been studied in 10% sucrose, 10% glucose, 5%

LY

sodium chloride and 1% gum arabic. Carvone, initially

8]



at 500 ppm, was lost at a dreater rate during the first

part of the dryiny period when the water content of the

samplo was appreciable. At very low moisture contents

(1 to 29) carvone loss ceased and the percent .etention
remained constant even ifor o#tonded periods ° time under .
@ vacuum of 10 microns. As 1 typical examploa, carvéne

retention as a fanction of dlying time in 1% gum arabic
is shown in Flgure 22. 1In this Figure the vertical
bars represent the standard deviation calculated on the
basis of triplicates. Ilgure 22 also includes the

moisture retention as a functidn of drying time. The
T

x

N

retentlon of carvone in the Other solutlons was qulte
similar, differing only in the degree of retention after

!

48 h,

b. Sample Dimewsions:

Experiments were carried out to 1nvestlgate
the effect of sample geometry On carvone retention in
10% sucrose and 1% gum arabic solutions ' Lag3r thlck—
ness studies were performed in beakers ranging in size
from 10 to 125 ml. The layer thlckness of the sample
was varled by adding 5.0 ml of solutlon to each beaker,
thus keeping the volume of sample constant for all

thicknesses., Figure 23 illustrates that at a, constant



Initial volo . o sample, carvone (500 pom) retention
increases o= ta layer thickness increases and the
retention ajtc i to level off at a layer thickness

of approxima:¢ v 3 mm.

Figurc -4 shows that surface area of the

freerme-drying sanmps  has very little influence on the

retention of carvone L pprt) in either 10% sucrose or
. .

1% gum arcobhic. .In these co.periments the sample thick-

ness was kept constant at 7 mm

c. Dissol¥ed Solids Content

Figures 25, 26 and 27 illustfate the beneficial
effect that increa;ing ;nitial sucrose ;ontent has on
the respective retention of carvone (500 ppm), m-
anisaldchyde (500 ppm) ‘and eugenol (500 ppm) . -Previous
solubility studies have shown that at 500 Ppm concen-—
trations all of the volatiles are well belpw their
solubility limxt in the sucrose solutions. In each
'ca;e the ?olatile re?ention increases in a linear
fashion w;th increasing initial sucrose content. In
addition‘at initial sucrose contents of between 20%
-and 25% the retention of the volatiles appears to level

off. Freeze drying of sucrose solutions at initial

concentrations of 30% or greater was unsuccessful since

83



84

the sarplics appearcd to melt while drying. Because

the shelf cooling of the freeze-drying app aratus

could not be operated indvpsnaent]y ot .tle condchsor‘
coqling,'this broblen of melting could nor be overcome..

/ Figurel28 révcays an increase in‘volatilo
reténtion With increasing gum arabic content. In . .ach
case the volatile retention increases linéafly with
increasing initial gqum arabic. Figure 28 shows that
the retentions 5f carvone ana m-anisaldehyde are’very
similar at the same initial gum arabic concentfdtions.
However, Fiuure 28 also illustrates that at a given
initial gum arabic content the retention of eugenol is
at least 20% greater than the retengion of carvone or-
m—anisaldeh¥de. The degree of retention 5f eugenol in
gum arabic appears to level out at an initial concen-
tration of 4%, | '

Datévon t;e retention of carvone, m-anisaldehyde
-and eugenol in glucose Solutions,'are Presented in
Table 6. 1In each case the volatile was present ihitially
at 500 ppm. InSpection Qf Table 6 points out several
interestiﬁg features. As the ih&tiallgiucosé content
increases f}om 3 to 7wt%, the volatile retention increases

substantially. Above 7% initial glucose the retention

of the vol.tiles appears to stabilize. This 1is in



85
sharp Céntrasﬁbto the sucrose case where égabilization
of ratention values. occurred at approximately 25%,
) Aithough the glucose solutions, ranging.froﬁ 3 to 15%,
appcared to freeze dry well, the Standard deviations
tabulated in.Table 6 often approach 10% of the ﬁean

: 1
value determincd from the three samples. Solutions

cohtaining glucose initially above 15% could not be
fréezé dried sugcessfuliy under the experimental con-
ditions used because melting of the samﬁle occurred,
Table .7 illustraﬁes t@ét an increased ipitial
sodium chloride content causes an increase in'the-
retentionvievels of ‘carvone and m-anisaldehyde. The
percent retention for both of thése volatiles is seen
to be much lower in sodium chloride solutions than in
sucrose, giucose or gdm'arabic solutions. Data for
the retention of eugenol in sodium chloride were not
. ’ -
obtained because the apsorbances of the rehydrated
'sodium chloride‘solutions‘were greater than the

absorbances of the reference samples.

QL
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d. Nature of the Volatile Species "
Inspection of Figures 25, 2¢ and 27 indicate
that the respective rot&htions of carvoncqlm—anisaldchydp TN

“and euéenol in sucrose solutions are very Similar.

Fach vqlatile has a retention level of 30 to 40% at 5¢

sucrose and the retention increases in a fairly

i%near manna o) approxima&ely 90¢% at 25% sucrose;in

ail caées. Carvone and.mranisaldehyde have similar

retentions in all gum arabic solutions as evidenced

 in Figufe 28, however, the eugenol reténtion in the

gum arabic solutions‘is‘significantly higher than carvone

or m-anisaldehyde. Table 6'show$ that m7anisaldehyde

and eugenol appear to have a slightly higher retention

level than carvone in glucose solutions. Carvonev

retention in sodium chloride solutions is substantially

below-that of m—anisaldehyde as evidenced in Table 7.
The terpenic essential oil components,

carvone, pulegone and piperitone, .all have the.samef

basic hydrocarbon skeleton and differ only 1in the

position of the carbonyl:group and/or the position df'

the doubie bond. Due to their similar‘structures and

. very siﬁilar moiecular welghts, retention experiments

were conducted in lO%isucrdse, 10% glucose, 5% sodium

chloride and 1% gum arabic. At an initial volatile



concentration of 500 ppm, the three volatiles were
retained to very similar extents as evidenced in Figure
29. Piperitone in 10% sucrose exhibits a 10% higher

retention than carvone or pulegone.

e. Initial Volat le Concentration

Figﬁres 30 th:ough 34Aillustrate the respec-
tive retention of carvone, pulegone, eugenol, piperitone
and m-anisaldehyde as a function of initial volatile ¢
concentration in a 10% sucrose solution. In these
figures percent retention is plotted against the
parameter, n, which represents the ratio of initial
volatile concentration to the volatile solubility in
lO%,sucro§e as measured at 10°C. For all.&olatiles n -
ranged from approximately 0.2 to 1.4. Figures 30
through 34 invariably show that Voiatile retention de-
creases with increasing values of n. For values of
n<l, the volatile retentio;s appear to decrease in a
regular fashion. Carvone and pulegone, the least
soluble of the volatiles, exhibit a sharp decrease in
retention at n ;alues close to 1 and the retention
level appears to-level out when n>1 (Figures 30 and 31) .

A similar trend is revealed in Figure 32 which illus-

trates eugenol retention as a function of n. However,

87
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1t can be secen that the dip i the curve o' n values
closé to 1l is not as pronounced as in the carvone and
pulegoﬂc cases. For n»l, the ecugc..0ol retention apicars.
to stabilize. m-Anisaldehyde and piperi'one, the most
soluble of the volatiles, do not exhibit this prbnounccd
decrease in retention at n values near 1 .s ovidcﬁced
in Figures 33 and 34. The respective solubilities o:
m-anisaldehyde and piperitone in 10% sucrosec at . '°C
are 2690 and‘2820 pém. A definite inflection point
1s observed for m-anisaldehyde at n near 1 as, once
again, the retention level appears ‘to stabilize for n>1
" (Figure 33). Figure 34 illhs;rates that the curve
relating piperitone retention to n éecreases in a
regular fashion with no inflection pbints discernable.
Figures 35, 36‘aﬁd 37 depict the respective
retentions of carvone, pulegone ana piperitone as a
funcéion ©f n in 1% gum arabic solutions. In allycases
a steady decrease of leétiIe retention is observed as
ﬁ is incrgésed to valdes greater Ehan 1.

[y

f. Freezing Rate . !

Table 8 i1llustrates the retention of carvone
and piperitone in various solutions as a function of

the sample freezing rate. Fast freeziny was accom-
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Plished by immersing the samples in liquid nitrogen

for a period Qf 3 min pridr to loading ‘hlthe shelf of |
the freeze dryér at f40°C Slow tr?e21ng was performed
by plac1ng the samples on rhe shgi\jbf the freeze
dryer which was prebiously\coolgd to -40°C. In all
samples, with the exbeptlor ofgsodlum chlor le, it is
apparent that the fast'freezing treatment gave higher

retentions of carvone and piperitone during freeze

drying.

g. Influence of Added Volatile

The retentions of carvone, eugenol and m-
anisaldehde)in 103 sucrose was studied whr 1 another
volatile C?A;OUHd was present in the freeze—dried
solution. Ethanol was used as an infinitely water
soluble volatile. Table 9 shows that the retentions
of carvone, eugenol and m-anisaldehyde are independent
of the initiai ethanol concentrations within the

range studied. 'chanol was chosen as a relétively in-
”soluble volatile (approximately 590 ppm in water) .

.It is evidenced that increasing the initial octanol
concentration has the overall effect of reducing the
reter “on level of carvone, eugenol and m—anisaldehYde

in 10% sucrose as shown in Table 10. More specifically
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carvone and cugenol retentions cecrease 1noa steady
snner, whereas the m-inisa.dehyde results appeal SOe -
what crratic, although the trend to decreasing

retentions with increasing octanol i1s evident.
9

h. pH of Freeze-Dricd Solutions

Retention vaiues of carvone and euygenol 1in 10%
surrose as & function of initial solution pH are
depicted 1in Figure 38. The pH values 6} Figure 38
are those of the aqueous sample containing sucrose
and volatile 1.e. the pH of the solution immediately
-before freeze drying. It is evidentlthat both carvone
and eugencl retention wvalues reach a minimum near
neutrality and attain ‘ery high values at the upper
and lower enés 3f the pH scale. As evidenced in
Figure 39 géth piperitone and pulegone retentions
exhibit exactly the same behavior, with a varying pH
in 10% < se. In these experiments water was treated
with hy © loric acid or sodium hydroxiae to produce
agueous solu£ions from which the 10% sucrose solution
was prepared. The volatils was th-n added to give
volatile concentrations of 500 ppm. The pH values of

the solutions at various stages of preparation and after

freeze drying arc given in Table 11. It is evident
P



that the piio volues ot various staages ore e ol
qoailte constant althougl on some cases vapoatios s

i

observed.  The greatest voariation 16 seen too ooocur 1N
tie hivhest phovalues of the rebyvdrated freece-dried
samples.  For cach ot the tour o tataroes, the hirabieat
pll value decreases approximatels 1.9 pHAun1t tro ot
pit ralues measured at previous stades of Cheerpomimen
The results of pil Inilucnce on carvone
retention 1n 5¢ sodium chloride are tabuiated 10 Table
pH apvears to have only a sli bt influence on the
of retentioﬁ of the volatile.
Carvone (500 ppm) retention in 10- gluccese
as a function of pH is shown in Figure 40, O. Once
again carvone retention 1is lowest near pH 7 with

increasing levels of retention at hicher and lower ph

values. Figure 40 also illustrates cucenol (500 ppm!

retention, in 10% glucose with varying piH. The
retention of eugencl increases on the basic side of
neutrality, however at the low pH wvalue of 2.7, the

retention 15 slightly lower than observed retentions
in the neutral pll range. The »l values at wvarious
stages of the experiment were simllar but, as was
case with sucrose, a significant decrc-se was ob-

L. i ] . R .
served for the highest ph value of the rehydrated
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prepared by adding gum arabic to water buffered to
‘these pli values.  Buffering soluticas were chosen to
investigate volatile retention in 1% qum arabic in the
P range 5 to 9 because the addition of dilute sodium
hydroxide, in an attempt to raise the bﬁ above 5, would
have altered the gum arabic concentration. The pH
profile of the buffered solutions was found to be coﬁ—
stant throughout all stages of solutién'preparation
exceplt a slight decrease of 0.2 PH unit was meaSuréd
for the rchydrated samples initially at 1 9.1.

Figures 42 and 43 inc}udc the respective reteﬁtions of
piperitone and pulegone at pH values of 6.8 and 9.1

and are denoted by the symbol V. Thus it appears thatﬁ‘WT
volatile retention in'gum arabic solutions increases
steadily with increasing pH for pH values greater

than 5.

L)

i. Layering Experiments

To investigate the possibility that adsorption

might plav a role in the retention of volatiles, the

distri .. .i. of the retained volatiles in 10% sucrose’ and
1% gurn ar:Hi  was studied using carve:r - 3 a repre-
sentati. v atile. These experiments were conducted

by freegéﬁg a layer of solution containing no volatile

—



on top of a previous ly frozen solution Contalnlng carvone
(560 ppm) . For 10% sucrose a percentage retention level
of 58.1+0.6 was obsarved.when the layering was performed
with no mechanical separation between the two laye;s.
When the layers were separated by placing a screen
between the two layers and the upper and lower layers
. were analyzed individuall&, a total retention_isum of
fetention in apper (3!3i0.5) and lower (53.6id.3)
layer) of approximately 57% was obtainced. Thus it
appears that approximékely 5% of the volatile is
re£ained in the upper iayer. |

Similar experiments with gum arabic re&ealed,
an overall incfease in retention as a non-volatile
containing 1% gum arabic solution was.layered on a
frozen gum arabic solution containing carVOne
Analyses of the upper and lower layers after freeze

drying yielded a total percentaga.retention of 32.7+0.6

-

(sum of retention in upper (4.5#0.2) and lower (28.2:0.7).

The percent retained in a single carvone containing

layer was found to be. 26.8+2.7.

j. Rehumidification

Freeze—dried-samples of 10% sucrose containing

carvone were exposed to atmospheres of different =
. S ‘ .
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relative humidity (Wink and'Sears, 1950) for extended
periods of time. The carvone content was monitored at
various times up to 80 h. Figufe 44 illustrates
;carvbne retention (expressed as the fatio of carvone
content after a certain time to th~ initié} carvone o
conteﬂt) as a\function-of time for each of thélthfee
reiative humidities. It is evident that the final
carvone content 1s étrohgly dependent on the relative
humidity. The freezé—dried sucrose cakes retained
their structure at 11.1% relative humidity aftér 80 h
and were very easily and quickly réhydratéd. At
relative humidities of 50.8 and 86.5% the cakes showéd

obvious signs of disintegration and these samples were

not quickly rehydrated.

k. Extension of Volatile Retentlon Studies to Systems

»

of Lower Volatile Concentratlon - .

To 1nvest1gate the possibility of using the
ultrav1olet spectrophotometric method of analy31s to
" monitor very low volatile concentrations (i.e. less
than 500 ppm as was most generaliy used) , 10% sucrose
solutions containing carvone and piperitone at 10, 25
and 50 ppm were freeze drled and analyzed for volatlle.

Although no retentlons were calculated, the absorbances



of the rehydrated freecze-dried s#mples, as tabulated in
Table 14, are substantial and could be used in deter-
mining retention values at such reduced volatile
concentrations. |

It was found that when analyzing soldtions
eontaining sucrose in relatively large amounts (iO%),
the sucrose solution had to be used'in the reference

cell of the ultraviolet spectrophotometer. In such

. IS
cases the use of water as a reference was found to

ar
,

cause errors of 7 to 10% in the absorbance reading
of the-vblatile.

E. DISCUSSION

~

The high degree of volatile retention dufing
the freeze drying of aqueous solqtions has been attri-
buted to adsorption,‘microregien formation or selective
diffueion. At the present time adsorption is considered
to play only a ﬁinor role in conﬁributing to‘the overall
retention of volatile flavoriﬁg compounds during

ffeeze arying. The work of Chirife and Karel (l97§b)
has shown that oniy a small,portipn of the ‘retained
%elatile ﬁay be accounted. for by adsorption while the
bulk of the volatile is retained by some other

mechanism. Layering experiments with the essential

{ v
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oil component carvone as used in this study also
indicates that only a small fraction of the volatile
retained may be attribited to .dsorption.

‘Microregior entrapment, as favored by Karel
and Flink and co-workers, or selective diffusion, as
supported by King énd.Thijssen and coéwofkers, are
considered to be thetonly plausible mechanisms which
explain volatile retentién at the present time. Both the
microregionvtheory and the selective diffusion»theory
have been spccessfully applied to freeze-dried systems,
In the opinion of sevéral authors (King and Massaldi,
1974 and Flink, 1975b), these two proposed mechanisms

describe the same phenomeda from two different approaches,

namely mathematical or -macroscopic vs. morphological

o

or microscopic viewpoints. ‘ \ i

Fiéures 25, 26 and 27 éhbw_that‘the respective
rétentiohs of the essential oil components carvone,
m—anisaldehyde and eugenol significantly increase as the
initial content of the dissolved sucrose increases.
Iﬁ addition these Figures show that the volatile‘retention
appears to lével,out at an initial sucrose . content of”
ﬁetWeen 20 and 25%. Bellows and King.(l973) have

N .

invesﬁigated the collapse phenomena associated with

freeze¥drying‘suC;bse solutions. The authors reported

97
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“

‘that the collapse temperatures of sucrose samples
varied slightly with initial sucrosc content, with a
25% sucrose sample hav}ng a collapse temperature of —24°C:
As noted in the Exéeriﬁental section, the samples were
eooled to -35°C, a temperature well below the sucrose
collapse temperature. As shown in Figure 21, the §ampl¢
temperatures remained well below the collapse temperature
for a considerable length of time during drying. Thus
it wés concluded that the sucrose solutions freeze dried
well i.e. without collapse. Additional proof that the
sucrose solutions freeze dried without collapse Qas found
in the ability of the freeze-dried product to be
quiékly and gompleteiy rehydrated.

' Bellows and King (1973) and Ito (1970a) shoWéd
- that the cqllapsé femperature of.é freeze-drying §ample
increased as the average ﬁolegular weight of the ,
dissolved solids increaséd. This fact in conjunction

with the excellent rehydration characteristics of the

¥
<

freeze-dried gum a;abic sglutions'suggested_that the
gum'arabic'solutions freeze‘driéé well. BAs indicated
in Figure 28 gum arabic possess an enormous ability to
retain volat?le during fyeeée dry%gg. Compariéon of »
Figure‘28 with Figures 25, 26 or 27';bow§ tﬁat a 1%

. - /

gum arabic solution retains a s%g%}ficantlY'greater
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proportion of volatile than a 5% sucrose solution.-

The ability of gum arabic to "lock in" or "encapSuléte”
.ﬁlavoring compounds‘ié very well known and has been

used to great advantgge in spray-drying operations
(Glicksman, 1969). Kayaert et al. (1975) showed that

a mixture of four carbohydrate gums gévevvery-high
retentions of aceténe ag@vn—propanol ét,low~initﬁal gum
.concentrations of 3%. Thus it appeggs that the gums, in
contrast to other macromolecular species, give a higherv‘
volatile rétention than tﬁé'simpier sugars. Chirife and
- Karel (1973a) have shown that the degree ofyvolatilé
fetention inksolutions containing a macromolegular species
(starch, cellulee and dextran 10) is generally much lerr
than for solutions contéining eitﬁer a mono or disaccharide.
Thus ability of gum arabic to retain volatiles to such

a high‘degree is likely due to its ability to form é
crosslinked network. Thus the viscosity of the CAS
regions,in frozen gum'arabic solutioqs would be greater
taan the viscosity of sucrose CAS ‘regions at the same

. mpo o -ature., Since‘the diffusidn-coefficient,of'the

> within thg CAS is depéﬁdent upon the viscosity

, it follows that volatile retentioﬁ in the

gu solutions will be greater than retention

value. ~rc- . solu “"=sns.
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) As evidenced in Table 6, increased initial
glucose vesults in increased volatile retention. However,

the observed increase in volatile retention in the yglucose

samples

ppears less regular thdan that found previously

with sucrose or gum arabic, Table 6 also illustrated ~
{

that the
\\;\_/—iO% of th¢ mean retention value. Bellows and King (1973)
’ P! G (1970a) found that the collapse temperatures of _

freeze-drying glucose solutions were very close to -40°C,

alculated standard deviations often apprcdach

Thus it .is probably true that the glucose solutions,

especially the more concentrated samples, collapsed - \

.y

durirg freeze drying. Bellows and King (1973) «..d
Swinnen et al. (1976) have shown that Qolatile retention
decreases with the onset of collapse during freeze

~drying. The data for carvone and m-aﬁisaidehyde‘presented
in Table 6.indicate that collapse occﬁrred in. the more
concentrated glucose solution (10 and i5§) since the
retention values shoulé‘be signifigantly higher as would
be the case if collapse had not occurred.

N - On the basis of the ;esuits’of Ito (1970a) it
was assumed  that the éodium chloride solutions freeze.
dried wéll. Ito (1970a) found that sodium éhloride
’Solutions undergo dollapse at —22°C, well above the
temperatures used in this study. Table 7 illustrateé

~



that dissolved saltslas well as carbohydrates may retain
carvone and eugenol to aqlappreciable extent. Retention
A . ‘ .

values of eugenol in sodium chloride solutions were ' not
obtained since it was suspected that sodium chloride and
eugenol reacted chemically. LThe ultravidlet characﬁeris—
tics éf sodium chloride and eugenol solutions were very
different from those of eugenol in pure water,

The increase in,volatile‘retentién with in-
creasing dissolved solids content méy be a consequencé_“
of more hydrogen bonding‘(microregion theory) or reducea
Dt/L? vélﬁes for. the volatile. However in the sodium
chloride system, where significant wvolatile retentions
are vbserved, the micrcreyion entrapment mechanism
would appear to be inoperative since soaium chloride can
form no hydrogen bonds. Thus it appears.that the selec-

. tive diffusion theory woﬁld offer'the.most probablern
explanation for volatile retention in this case. How-
eVer; it should be pointed out that the'seleétive diffus-
iyityvof Qater aﬁ low ﬁoisture concentrations has‘been
verified only on non-crystalline ﬁy@rophilic organic
‘systems and nOé’in anviﬁorganic system su?h as one con-
£aining sodium chloride.

| - The reteﬁgions of pulegoné and piperitoﬁe as

influenced by the“initial dissolved solids content were

N
s . \
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not dcter%ined. Since carvone, pulegone and piperitone

have similar molecular weights, the same carbon skelton

and the éame functional groups, 1t was exéected that these

three compounds would exhibit very similar retentions.

Figurc.29’does~indeed'show thgt these three terpenic

compounds do have similar retentions in sucrose, glucose,

sodium chloride "and gum arabic solutions. Oh the basis

of the selecﬁi&e diffusion theory, the déifee of volatile
. {

retention may be qualitatively'related to the value of the

diffusion coefficient of the volatile within the CAS.

Due to the similarities in leecufar weight, structure and.

functional groups, the diffusion coefficients of carvone,

-~

i g . .
*pulegone and piperitone wol)d be expected to be very

similar. Figures 25vthroagh 28 and Tables .6 and 7
generally show'thaﬁ volatile retention decreases in “he .
order; eugenoi > m-anisaldehyde > carvone. Because t-ese
three compounds vary in molecular Qeight, shape and
chemical structure it 1is expected that they would exhibit

different diffusion characteristics and consequently

different levels of vblat&le retention. It is conceivable

&

that within the CAS regions, the volatiles might interact

with the “ssolved solids. Eugenol, for exémple,
contains a hydroxyl group which might enter into hydrogen

bonding with one of the mény_hydroxyl groups present in
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the dissolved solute, n-Anisaldehyde and carvone might
similarly interact with the dissolved solid through their
éarbonyl groups.

Inspection of Figures 25, 26 and 27 reveals
that Qhen retention curves are extrapolated to 0%
sucrose, the plot will not pass through the origin but
rather intersects the ordinate at‘retention values
gfeater than zero. Retention experiments with carvone
dissolved in water showed, that in the absence of
dissolved solidé, the volatile retention was zero.
Therefore it appears that the effect of .issolved solids
1s most pronounced at4very low dissolved solids con-
tent (O to 5%). Figures 25, 26 and 27 indicate that
for carvoﬂe, m—anisaldehyde énd eugenol respectively,
the volatile retention due to the first 5% dissolved
solids approaéhes 35%.‘ No other pbrtion of thesé
retention curves exhibits such a marked influenéé on
volatile retention over a range of S%Wdissolved_solids.
A similar situation is found with freeze-dried gum
arabic solutions as evidenced in Figure 28. In this-
vcase, with carvone as én exémple, the retention
'increases from zero wWithout any dissolved soiids to
approximately 40¢ at 1% initial gum arabic concen-

tration so once again the marked influence of lnitially
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low dissolved solids is evident.

Figure 24 illustrates that at a constant layer
thickness the degree of carvone retention is i1ndependent
of the sample area in freeze-dried sucrose and gum .
arabic solutions. This result is compatable both with
the microregion and selective diffusion theofies in
that the area of the sample would not be expected to
influence the nature of the CAS regions formed during
freezing. Being of equal thicknesses all samples
would freeze at the same rate hence in ali cases the
thickness of pure ice regions and the thickness of the
CAS regions wopld be similar. Flink and Karel (1970b)
found simular results for glucose and dextran-10,

Figure 23 illustrates carvone retention in 10% sucrose
and 1% gum arabic as a function of sample thickness.

In both cases the sample retention’increasesawith sample
thickness until a thickness of approximately 8 mm is
reached. At greater thicknesses the carvone retention
appears ﬁd become independent of the sample thickness.
This trend of increacing voiatile ;etentiOn with in-
creased sample thickness was also obse;ved by Ettrup
\Petersen et al. (1973). in samples of free%e-dried
cofféé. These findingsvof iﬁcreased volétile‘reténtion

with increased sample thickness appear to conflict
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with (he 1osults o several investigators (Flink and
Karel, 1970bL and L%kxx"flxcwl(wrzl"li et al., 1975) who “ave
éound thait volatile retention lncreases as sample
thickness dec: Ses.An explanation tor areater is
voiatile retention in thin samples is Lased on-the fact
that in thin samples rapid drying and steep moisture
gradients wcould decrease the time during which the
moistdre'content would remain at levels high enough to
permitvvolatllo €scape. lHowever, as pointed out by
Ettrup Petersen et al. (1973) most literature regarding
the effect of sample thickness on volatile retention
considers primarily the dehydration phase of freeze
drying. The authors postulate that the higher
volatile retentions found with thicker samples is due
to the different freezinc -zta2s of the thin and thick
samples. The thick samples freeze m6re slowly than the
thin ones and hence exhibit a greater volatile retention.
This explanation of increased volatile retention with
increased sample thickness, as proposed by Ett up
Petersen et al. (1973), would appear to explain the
results presented in Figure 23 in a satisfactory manner.

Retentions of carvone, pulegone, eugenol,
m—anisaldehyde a;d piperitone as a function of initial

volatile concentration are shown in Figures 29 to 34



)On

respectively. The 1nitial volatiie content as recorded
on the abscissa is represented by the ratio of initial
volatile concentration (ppm) to the saturation concen-
tration (ppm) of the volatile in 10% sucrose solutions.
This ratio 1is symbolized by n. The respective
solubilities of the above volatiles in 10% sucrose
solution were found to be 1560, 1490; 2052, 2690 and
2820 ppm at 10°C. All volatiles appear to exhibit a
steady decrease in retention as n approaches a value
of 1. Figures 29 and 30 respettively illustrate that
the carvone and pulegone retention curves exhibit a
shérp dip to lower retention values at n values very
near l. Both carvone and pulegone were shown to have

\
very similar solubilities in 1o§ sucrose solutions.
The retention values.of carvone and pulegone appear to
level off for n>l. Of the compounds investigated,
eugenol - has an intermediate sclubility of 4052 ppm x/
in lQ% sucrose. Figure 31 illustrates that the dip / ﬁ\
in the retention curve at -ear 1 is very much.less
pronounced than that of cer-'>ne or pulegone. Again
when initial eugenol content exceeds the solubility
limit (n>1l), the eugenol retention appears tc level

off. The retention curve for m-anisaldehyde, a$ shown

in Figure 33, exhibits no deflection whatsoever at the
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Sofubility 1imit however the retention levels for

m-anisaldehyde appear to bcéomc more constant when the

solubility limit is excceded. The retention of. piperitone

as.a function of its initial concentration is shown in

Figure 34. It is evident that piperitone retention

decreases steadily with increasing values of n.
Massaldi and King (1974a) have studied the

retention of d-limonenc and n-hexyl acetate as a function

of initial volatile concentration and obtained retention

curVes very Similar to those illustrated in Figurecs 29

and 30. In addition these workers were able’ to cal-

culate theoretical retention curves for 25% and 10%

sucrgse solutijons which predicted experimeﬁéal results

quitéxwell especially for n-hexyl acetate in 25%

supfoge. In the calculaﬁion of the theoretical model,

Méssaidi and King (1974a) assumed that the retent&ons

of volatile initially present below the saturation

limit woula be constant because these volatiles would

be homogeneously dissolved. Figures 29 to 34 show

that the rétention in sblutions where the volatile con-

tent is initially below saturation are not constant

and decrease with increasing initial volatile content.

This. decrease in volatile retention at initial | ‘/

, 4
volatile contents below saturation may be attributed
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to the-éolubility limit of the vola‘ le being exceeded
during the*freeiing process and thus giving rise ‘tao
pure dropglets of volatile. TIf these droplets a%e‘in
close proximity to the vapor ‘phase after sublimation
of the ice they will be totally lost thréugh evaporation
whép exposed to the vacuum, According to Massaldi and
King (1974a) the droplets entrépped within thé CAS and
not in bontact with the vapor phase will be largely
retained as will that portion of the volatile which
remains homoéeneéusly dissolved-within the CAS.
Although the retention studies of "assaldi
and King (1974a) were directed more to emuisified
systems rather than toward unsaturated systems (n<1)
several favorable comparisons may Be made with this
work. In both studies volatile retention appears to
becowe constant as the iﬁitial vdlatile content exceeds
the solubility limit;’ it has been previously shown
(Figures 20 to 34) that as the solubility of the
volatile decreases, ﬁore:pronounéed inflections of the
retention curve occur at n values ﬁear 1. ‘Massaldi
and Kihg (1973) have shown that the soiubilitigs of
n-hexyl ééetate and d-limonene are respecti
509 ppm'aﬁd 13.8 pPpm .in water at 25°Cﬂ Thus it would

_be expected that more pronounced inflections wou. :
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occur 1in retentionlcurves for these compounds than those
obtained in this work. The curves presented by Massaldi
and King (1974a) appear to verify this prediction to a
certain extent. |
Microscopic observations by Fliﬁk and

Gejl—Hansen (1972) indicete that the eolubiiity charac-
teristics of volatile compounds are a very important:
factor in determining volatile retention huring freeze
drying. Photographs of freeze-dried malto-dextrin
solutions revealed dxoplets ¢ l-butanol and diacetyl.
On thé basis qusolubilitywdata reported by Flink and
\Eejl-Hansen (1972), it is expected thar droplets of

l-butanol and diacetyl were formed during the freezing
of the malto-dextrin solutlons since the initial
volatile concentrations used by theee workers suggest
that the volatile containing solution was homogeheegs
prior to freeze drying. Droplets. Qf the reiatively
insoluble volatile hekanal were also observed However o
the source of these droplets is somewhat'uncerrain.
These -authors report that the hexanal contalnlng -
solhtlons prepared prior to freeze drying appeared 4
homogeneous and further state that these highly insoluble

compounds such as hexanal are present in the initial

solution as small drops. If the droplets present ir
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the freeze-dried malto-dextrin oriéinated from a
homogeneous solution, their formation could be attri-
buted to the solubility limit being exceeded during
freezing. However if the initial solution was in fact
a suspension then the droplets present in the freeze-
dried.malto—dextrin could be identified with the
droplets originally present.. Obviously a precise
Aknowledge of the solubility characteristics of'these
slightly soluble compoundslwould be usefui in clarifying
this ambiguity. A knowledge of the solubility parameters
of heianol in malto-dextrin solutlons would slmllarly
facilitate an interpretation of the microscopic |
studies of Flink et al. (1973). However, retentioh and
’mlcroscoplc data’ presented by Flink and Gejl-Hansen (1972)
do p01nt out that the degree of retentlon of highly |
ilnsoluble volatlles is much lower than that of very
so}uble.compoﬁnds and therefore confirms the Prediction
of'Massaldi and King (l974a)‘thatvdtoplets near the
gas.pores will be lost during the dryihg stage and
droplets embedded within the carbohydrate matrix will
be largely retained. bl |
Many studies have shown that the degreevbf
volatile retention duting freeze .drying is greatly

affected by the rate at which the liquid sample is



+ frozen (Flink aﬁd Labuza, 1972 and Chirife and

~Karel, 1974b). it has geﬁéfally been found, that the
degree of volatile retention 1is significantly_reduced

as the freezing fate of the sample'increases. The

data presented in Table 8 appear to contradict previous
finding since in:all caSes, with thé'exception of

sodium chloridé,_the‘fetentions'of carvone and piperitone
increase,with an increésed freezing rate. The increased
fetention with greater freezing rates are most appérént‘
in the sucrose and glﬁcose solutions. - Mogt previous
studies directed toward the influence of . freezing rate
on volatile retention have been carried out using
infiﬁitely water solﬁble volatiles. Massaldi and King
‘(1974a) have determined that the retention of emulsified

d-limonene in 25% sucrose solutions decreases as the

. sampl. freezes more quickly. A possible explanation

for the results of Tﬁble 8 is offere&\?y Thijssen (1972c) . -

During freezing, which is in fact a freeze COhcentration
of diésolved solids and volatiles, £he sparingly

soluble volatiles become supérsaturated and segregate -
in the form ofﬂdispe;sed droplets. This droplet for-
mation has been observed by Flink and Gejl-Hansen
(1972). Because these droplets will be preferenfially

formed at or near the ice crystals, the droplets will

111



“112
come into'direct contact with the oéon gas pores after —’\\\’/
the-sublimation front is passed. as stated by Massaldi
hand King (1974a) these droplets will eVaporate completely.
Therefore if.there are volatiles present which will be-
‘come supersaturated during freezing, the size of the
droplets and consequently the probability of an open
contactvwith the ice crystals will increase with a decrease
in freezing rate. For these systems a decrease in the
fteezing'rate thereéfore will result in a lower volatile
retention. The combined results of Flink and Geji—
lHansen (1972), Massaldi and King (1974a) and this work
appear to lend support to‘the~predictisn of Thijssen
(1972¢) | |

Massaldi and King (1974a) have suggested that
the presence of an 1mmlsc1ble liguid phase, in a product
that is to be freeze drled may adversely effect thel
retentlon'of 1mportant flavoring volatiles. An immis-
cible phase would extract useful volatile components

'from the aqueous‘mikture and thus the useful Qolati%es_
.would be more susceptible to loss during the dryingj
stage. The results presented in Table 10 indicate'that
the presence of 1mmlsc1ble octanol does 1ndeed cause a

marked decrease in the retentlons of carvone, eugenol and

m—anlsaldehyde. - The solutions with initial octanol
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concentrations of 600 ppm and 800 ppm were mnon- homogeneous
since the solubility limit of octanol in the 10%
sucrose solution was exceeded. It is apparent that in-
Ccreasing amounts of initial octenollabove the solu-
bility limit cause increased losseg of volatile. It

1s also apparent that octanol, initially present at
levels. below the solubility limit, decreases the reten-
tion of;the.volatiles under consideration. In all
probability this homogeneously dissolved octanol
‘separates as pure liquid as the solution is cooledAand‘
then extracts the‘other volatiles in much the same
manner as the initially immiscible octanol. Table 10
also suggests that the different Qolatiles (carvone,
eugenol and m-anisaldehyde) are extracted to dlfferent
extenté by the octanol since the decreese in retehtiog
is not the»same in all cases. Kiné and Massaldi

(1974) have disCuesea the implications of ha&ing an
vimmiscible phase present in a liquid food that is to be
freeze dried. Table 9 illustrates that the reteotioo§,
of carvone, eugenol ‘and m—ahisaldehyde are not affected
by the presence of varying amounts of ethanol which is
an infinitely watervsoluble volatile. |

Figures 38 and 39 illustrate that tetention of
the essential 0il components in 10% sucrose is yery'



dependent on the solution pH.as measured prior to'frecze
drying. The four volatiles represented io Figures 38
and 39 all have very s;milar retention curves thch
exhibit a minimum at pH values close to neutrality and.
increase toward the extreme ends of the pH scale.
inspection of the litere£ure shows that the effect of

- pH on volatile.retention has not been prev1ously studied
\to any great extent. Chalmers and Watts (1972) have
investigated the effect of pH at the staft of freeze.
d;ying on the recoveries of_several orgahic acids of
biologicel interest, ‘These freeze—drying studies,

which were conducted without any dissolved solids,

indicated that the dlfferentaac1ds were retalned to—

dlfferent extents dependlng on the values of, their heats

of vaporization or sublimation. No general trends
" gould be found relatlng retentlon with increasing pH
values. VOLlley et al. (1973) noted in their alcohol
retention studies that  the pH of the solution prior to
freeze drying was 2.3. The/complex model solotions |
emoloyed by these ihvestigaforsvcontained citric eoid
which would account for the low pH values measured.
The effect that pH has dp retention, as

‘revealed in Figures 38 and 39, could be related to

several,factors; In the first place it is possible that
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the pH could alter the chemical nature of theﬁ%blatile.
’ . . _‘ ‘\y .

Secondly it is- possible that the pH may influence the

characteristics of the dissolved solids. In additiéqy

the observed trends may be due to g combination of_both

of the above possibilities. ) : -
To check the first possibility the sdlubility

/

N

of carvone in water and 10% sucrose was measured as a

function of pH. The results of this stt conducted
at room temperature, showed that the car: i ~lubility
in water and 10% sucrose was constant in ti.~ ©. -ange

2.7 to 11.0. These findings suggest that ti. ch.mical

nature of the carvone molecule remains intact th:ouchout

the pH range studied. It was suggested (Fouron, 19:/7
that the carvone may react with base at high pH values

according to the following reaction ésggme.
CHs o CH; CH3,.

+Nat+or™" ‘>

X
CH; CH, , . c

<
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If such a QeactiOn were tortake place the
sélubility of the car&one would be significantly in-
Creased because the reaction product would have .the
structure of a salt and therefore enhanced waterisolu—
'bility; Additionalvproof that the cafvone remains
intact at ail pH Qalues is found in'the ultraviolet
characteristics of the sdlutions. Carvone dissolvedvon
water exhibited a'maximum ébsorption a£ 241.5 mm. All
solutiéns in which the pH wés adjusted gave ﬁaximum
absdrpﬁions at exactly the same wavelength. If the
above reactibn was to occur, the ultraviolet absorption.
properties.of the salt would be entirely different from

that of unreacted carvone because the ultraviolet

absorption.of carvone at 241.5 mm is due to electronic

.

transitions involving the doubie bond within the six-
meﬁbered'ring and the cérbonyl moiety. One could
intuitively predict, on the basis of the results of

Figures 38 and 39, that .pH does. not influence the g

»

.

| nature of £he volatile compound. It is,unlikely that
pH'woﬁld atfect eqﬁgaol (a'non-terpenic essential oil
xcomponént)"and c%rvone, piperitone and pulegone (terpenic
essential o0il components) in exactly the same way since
these compounds have very different chemical structures.

Thus it appears that the influence pH has* on réfention
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does not result from changes arising in the.yolatile.

| It is well known that the sucrose molecule
may break down in acidic or basic solution (Honig, 1953) .
In ac1d1c solutlons sucrose may be hydrolyzed to’ glucose
and fructose. The rate of this hydroly51s reaction
increases_w1ﬁh a decrease in pH and 1ncreases w1th tem-
perature, Stadler (1532) has correlated sucrose
hydrolysis data over the range 50—L20°C and 4.6-7.2 pH.
051ng Stadler's data a rough calculation has shown
that 3t 20°C and pH 3. 0 approximately 0.031% of the
sucrose would be inverted ln one hour When sucrose
solutions were prepared at low pH values, the solutions
were an@diately f;eeze'dried‘and vere not subjected to any
high temperature. THus it may be concluded that under the
experimental conditions employed, sucrose hydroly51s
would not take place and the sucrose molecules in solutlon
retain their characterlstlc structure. Under alkallne-

conditions sucrose undergoes decomp051tlon with the

e

ey

formation of furfural, methylglyoxol, acetone, lactic
.acid, trioxcglutaric actd, acetic acid, formic acid

and several other acids which have not yet been charac;
terized (Yudkin et al., 1971). This decomposition is

- accompanied by the formatlon of unknown mixtures of

substances in very small quantltles but of very intense

A
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brown celor. Generally however alkaline decomposition

of sucrose pequires very hiéh temperatures. Honig‘(l953)
cites as an example that in‘a solution of eucrose with
lime of pH 12 the sugar loss in 1 h of_boiling uhder
normal pressure was fountl to‘be 0.5%. Since the
conditions which the alkaline sucrose solutions were
subjected to in this work were much less severe, it is
unlikeiy tha£ ahy appreciable amounts of sucrose would
decompose . Table 11 points out that the pH values of <“
the different solutions remain practically constant

throughout the freeze-drying experiment. However it is

evident that the ﬁH values of the rehydrated freeze-

dried samples are approximately 2 pP-umtts below the
values recorded before freeze dfying for the most basic

samples. It has been mentioned previously that sucrose

(decompqsition is accompanied by the formation of a

o

Qariety of acids which would have the effect of.lowering
the solution pH. The rehydrated samples were perfeetly
clear and showed no discoloration as would be expected
if decomposition had occurred. The reason for this
decreaee in pH for the basic samples after freeze

drying remains to be explained. In light of the

mild conditions employed in. these retention studles

it is belleved/that the sucrose remains unaltered at-
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all pH levels and does noé}degradc to form‘products
which may modify rctentféﬁ values.
Hydrogen bonding between sucrose molecules

in solution could concéivably be altered by the presence
of excess proténs or hydroxyl groups. If an incréased
degree of hydrogen bonding was to take place at high
and low pH values, the resulfs of Figures 38 and 39
could be egplaihed by the microregion theory and the
selective,diffusion’theory. According to the microregion
theory if hydrogen bonding between sucrose molecules
were to be enhanced, more micrdregions would be formed
and increased volatile retention would be egpected.
Oﬂ tﬁe basis of the selective diffusion theory an
%ncrease in hydrogen bonding would have fhe effect of
inEreasing the viscosity within the CAS region, Since
‘the diffusion coefficients of the volatiles. within the
CAS would decrease as the viscosity within the CAS
increases, volatile retentioﬁ would increase. Viscosity
measurement 5f 10% sucrose solutions at room temperature
showed that the pH had pegligible effect on viscosity
over the pH range42.7 to 11.0.

" At this point in time the increased retention
# of Qolatiles at lco- and high pH values remains unexplainé€d.

It has been shown that the parameters of volatile sodlu--

v



bility and solution viscosity are not changed by pH
at room temperature. It must be remenbered, however,
that the freczing of a solution is a concentration proces:.

As water separates as pure ice, the remaining solution
/

will be concentrated in dissolved sclids, volatilernd
protons or hydroxyl ions. Thus the chemical composition
of the CAS is far removed from that of the initial
solution in which the solubility and vi-:cosity were
tested as a function of pH.

Figure 40 illustrates that carvone retention
"in.IO% glucose is similar to the results obtained in
sucrose solutions as pH is va;ied. The carvone reten-
tion curve exhibits a minimum near neutrality and in-
éreases at high and low pH values. Figure 40 also
illustrates that eugenol retention in 10% glucose is
constant over the pH range 3 to 7 and then rises as the
solution becomes more basic,

Volatile retention in gum arabic solutions
of different pH values indicate trends similar to those
found with sucrose iné glucose as evidenced in Figure 41.
Gum arabic is a polysaccharide of molecular weilght
24Q,OOO—300,000 and contains D-galacgose, L-arabinose,
L-rhamnose and D-glucuronic acid grdﬁps (Furia, 1968).

The presence of the D-glucuronic acid residues accounts
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for the resultant pH of the solutions being very close
to pH 5. It is clearly indicated 1. Figures 42\5nd 43
that piperitone and pulegone show behavior similar to
that of eugenol and carvone. Figures 42 and 43 also
point out that for pH values greater than 5, the degree

of volatile r+ -ation increases in a steady manner as

the pli of the solution is raised.

The chemistry of gum arabic is fairly well
documented (Glicksman, 1962). As in the case of sucrose
and glucose, there is no indication why retention should
increase at high and low pH values in gum arabic
' solutions. Studies at room temperature have shown
that the viscosity of gum arabié solutions is a maximum
at pH 6 to 7 (Glicksman, 196v) where volatile retention is
close to its minimum value. Studies on systhskwhich-
approximate conditions found within the CAS would
undoubtedly be helpful in determining the effect that
pPH has on retention in these carbohydrate systemé}

In contrast to the dissolved canbohydraté
sjstems, it 48 apparent tha£ initial pH has li£tle
influence on volatile retention in salt solutions.
Table 12 illustrates thét carvone retention.in sodium

chloride is practically independent of the solution pH

These results together vith the results of the car-
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bohyarate—containing systems would suggest thac (he
influence pll exerts on volatileAfetcntion is liportant
only for systems where hydrogen bonding is possible.
F° rc 22 illustrates that the volatile

containing freeze-dried product is very stable even

when subjected to a vacuum for long periods of time.
Cﬁirife and Karel (1974a) have shown that freeze-dried
maltose solutions containing ‘l-propanol are stable

under vaéuum at elevated temperatures. These authors
have also demonstrated that volatiie loss from the
freeze—-dried matrix is dependent 'to a large extent on

the watef activity of the surroundihg atmosphere.
Figure. 44 points out that carvone‘reténtion in a freeze-
dried sucrose matrix 1is cfitically dependent -on the
moisture content as well. Volatile retentiop -in
rehumidified freeze-dried samples“has been discussed»

by Chirife and Karel (1974a) and King and Massaldi (1974).
King and Maggaldi (l974)~de§elopeaAa diffusion based
mechanism to éxplain the loss of vqlatiles.ip rehumid;fied
freezé¥dried salples. These authdrs pointed but‘that the
loss of Volatiles may be a'fﬁnction of the thickness of
the CAS regions within %he freeze-dried samples. The

; ) ' o ‘

thinner regiénsslose,the yolatile more qufbkly during
- rehumidi fication whereas the voiétile is kept for.a

“onger period of time within the thicker regions.

-



F. CONCLUSIONS
The retentions of piperitone, pulegone and

carvone (terpenic essential oil cemponents) and eugenol
and m-anisaldehyde (non-terpenic essential oil components)
were studied during the freeze drying of model solutions.
Sucrose, glucose, sodium chloride and gum arabic were
used as dissolved solids. The retention level of these
sparingly soluble volatiles was‘enhanced by:

1. an increase in sample thickness

2. an increase in initial dissolved e\llds content

3.~ a reduced 1n1t1al volatile contenﬁ\~ ,

4. an increase in the freezing rate -

57 acidicvqr basiczconditions

6. the absence of addltlonal sparlngly soluble

velatlles ’
It is apparent that the behavior of the spar-

' 1ngly soluble essential oil components parallels that of
1nf1n1tely soluble volatlles to some extent. However,
as shown by experiments on the freezing rate and sample
thickness, differences do exist as‘the two classes of
volatile exhibit different/retention characteristicS.
Becauge liquid foed concentrates containvboth soluble

S

and relatively insoluble flavoring components, proce551ng

condltlons must be regulated to give maximum retghtlon of
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the different types of voléfile. The organoleptic

‘quality of a rehydrated freeze-dried food is directly

L

related to the concentrations of.the volatile flavoring
compounds,

Massaldi and King (l974a) have warned that the
practice of addlng flavorlng components to a food con-
centrate before freeze drying may not be advantageous.
The results usiné oceanol as an additional vblatile
show that the presence of an additional sparingly
soluble volat;le adversely effects the degree of volatile
retention..

The fact that the solution PH tremendously
iﬁrluences the degree of volatile‘retentien is very
intereséing. The implications of these findings are
at once recognizable; If a liquid food could be

successfully acidified, the retentions of the volatile

o

flavoring compounds would be increased, hence the quality .

of the rehydrated product Would more closely match that
of the original liquid food.
- In most cases,vthe degree of volatlle retentlon

can be rationalized on the basis of the selectlve.

.

"dlffus1on theory or the mlcrOregion concept. Volatile

retention by the adsorptioh mechanism is seen to play only

a minor role.
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IIT. Solution Properties of Terpenic Essential 0il

Compdnents

A. "INTRODUCTION

-Recent studies, involving the retention of

!
B

flavoring organic chpounds during the fféeze drying of
aqueous'solutions; have shown that the degree of solubil-
ity ¢f the flavoring compound has a pronounced effect on
volatilé retention (Flink and Gejl-Hansen, 1972,
Flink et al., 1973 and rviéssaldi and King, 1974a).
Solubilify data for hany of the important~
‘sparingly sﬁluble flavpring compounds is scarce. The
essential oil components, both terpenic and non;terpenic,
remain relatively unexplored even though these compounds
are commonly used in the preparation of non—alcoholic,
'bevérages,’iée creams and ices (Hall and Oser, 1968).
Thus an inVestigation was initiated to determine the
solubility paraméters.of pulegone, piperitone and
carvone in sucrose, glucose and sodium chloride solgtfions
of varying solidévconcentration. The solubility studies
were carried out’at temperatures of:lO, 20 and 30°C with“
a view t6 ;xploring somé thermodynamic properties of the

saturated solutions.
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B. LITERATURE REVIEW

1. Techhiques for Determining the Solubility of Liquids

in Liguids

Since solublllty measurements in lquld liquid

/

systems do not require experlmentatlon of any great
. complexity, the varlety of experlmental designs 1is not

large. Cla551cal technlques such as the volume method

“

‘and the cloud point method, as reviewed by Zimmerman.
(1951), ar; very useful in the determination ofvmutual
solubilities of varioué organic compound-water hiXtures
(Hill, 1923, Hill and Malisoff, 1926 and Ginnings and
‘Baum, 1937) . ’

- At the:present\ﬁime instrﬁmental methods are
most widely uséd as analytical tools in the determination
of mutual solubilities~of liquids; Gas—liqdid chroma-
tography hés proven’to be very suitable for solubility
studies. MdAuliffe (1966) obtaineé solubility values
 of paraffins, cycloparaffins,~élefins, acetylene, .
cyclooleflns and aromatic hydrocarbons in water using the
glc technlque Butte:y et al. (1969) used glc to deter-
Imlne the solub}litiés of aikanais, alkan-2-ones and

methyl alkanoates. The technique employed inft@eseﬁtwo

studies consisted basically of saturating water with
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the desired organic compound and then letting the two
phases separate. . The saturated aqueous phase waé
vanélyzed by glc and saturation concentrations were
detérmined by comparison with standard solﬁtions.‘ Sutton
and'Caider (1975) modified the approach somewhat by
extracting the hydrocarbon dissolved in water with a
non—iﬁterfering organic solvent. Massaldi and King (1973)
-determined aqueous soluhilities of n-hexyl acetate, |

n- butylbenzene and d-limonene u51ng a head-space type of

"analy51s. The'head-Space technique had the advantage . ”
of not requiring phase separatidn of satﬁrated solutions.
In general solubility méaspreménts by glc.offer several
distinct advantages. Impuritieé are of no significanpe
if their'peaké do not iﬁterfére with the measurement of
the deéired hy@rocarbon peak. In addition very high
sensitiyitiééﬂare attainable especially with flame
ionization detectors.

0\\\ i Spectrophotometric technigues have proven
useful in the determipation of sQlubilities of‘variouS'
afomatié-hydrocérbbﬁs in water. Ih partichlar ultra-
violet spectrophotometry has been very uséful'in mohitoring
unsaturated compounds. Andrews ahd Keefef.(l950)
inyestigated the solubilities of substituted benzenes

in water and aqueous silver nitrate at 25°C. S@mplés

t



ofrthe séturated solution were extracted with hexane and
the resultant hexane solutions were analyzed spectro- .
photometrically. Bohon and Claussen (1951) usédvboth
a ﬁon—extractive and a n-heptane extractive procedure
to'stpdy tﬂ; solubility of substitﬁted benzehgs in water.
Wauchope and Getzen (1972) eﬁployed the ultraviolet ’
method in a temperature study of the solubilities of solid
aromatic hydfocarbons in wate;. The ultraviolet technique
suffers from the.disadvantage qf being'suitéble‘only
to those compounds:which exhibit strong ébsorptiohs
within the ﬁltfaViolet region of the spectrum.

A non-instrumental method worthy of mention
is thatAdeveloped by Sobotka and Kahn (1931). Thié
technique involves the dispersion of a water-insoluble

. ® v
dye (Sudan IV) into large amounts of water or aqueous

128

solution and adding the organic compound in small increments

using a microburet. When the aqueous sample is saturated
with the organic.compodnd, the -excess organic appears
as immiscible red liquid droplets as the excess organic

_ dissolves the dye. This technique.still finds application

at the present time as evidenced by the work of Sada éE al.

(1975) who'studied the solubilities of toluene in agqueous

salt solutions.
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2. Pfoperties of Dilute Aqueous Solutions

Aqueous solutions, which are saturated with a
‘sparingly soluble éompound, may be qonsidered'as being
infinitely dilute.. Thus so}ubility Qalues of relatively
insoluble compounds alloQ for the evaluation of thermo-
.dynamic parameters for solutions at infinite dilutioh.

Rowlinson (l969)lhas segregated nonelecfrolytes
into two classes. Tyﬁically aquéous solutes are those
which exhibit in aquebus solution such anomélous fhermo—
dynamic propertiés.as fpdnd oﬁly_in-aquebus”systems.
Typically agueous solﬁtes'are subdivided into two classes, -
apolar solutes and mixed solutes. Apolar solutes, as
the name'suggests, contain no polar groups and
include.pure hYdrocarbons and the inert gases, ed
soluteslére those which“bohtain a large apolar regicn
and a polar éroup. Alcohols, £2£6nes, amines and
ethers are‘examples of spécies which'woula be included
within the mixed category.  Typically nonaqueous solutes
are thdSe which have agueous Sé.Jtion propérﬁies similar
td those of normal nonaqueoﬁs Solutions. Glucose, sucrose
and other sugars are prime examples of typidally non-
aqueous solutes, o ' - , | o

Dilute aqueoﬁs sqlutions of typically aqueous

solutes have received a great deal of attention within

©
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the past few years. ' Thermodynamic data obtained f:om
sblubility studies or calorimetric experimentatioh has
shown that water is a unique solvent in that it exhibits
préperties not found in any other solvent. All of theb
typically agueous solutes such as the inert.gases
- (Alexander, 1959), hydrocarbons (Nemathy and Scheraga,
1962), alcohols fFr&nks and Reid, 1973), cyclic ethers
(Cabani et al., 197la), amines (Franks and Watson, 1969)
and ketones (G;oss et 3&.,'1939) were found to possess
very highly negative partial ﬁblar entropies of hydration,
ASh, (h subscript refers té the process, pure solute
(ideal vapor)+solute‘(solution) whereas s subscript
ré}ersvto the prouess: pure solute (liquid)-+solute
(solution)). 1In addition ®he aqueous solubilities of
most typically aqueous solﬁtes were found to decrease
with ipcreasing temperature. The molar heat capacities
of such solutions are also large and positive;'

| Qarious theories have‘been adﬁanced to account .
for the unﬁsﬁal properties exhibited.by‘aqueous solutions
” of ﬁypically aqueous solutes. The starting poirnt fpr the
most advanced and sophisticated';ater theqries is the
"iceberg" mddel which was proposed by Frank an Evans
(1945) . This iceberg moael supposes that pureAwater

" is a mixture of distinguishable molecular species which
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are in a state of equilibriumg (H,0)b is termed bulky

(1,0)b = (H:0)4d

'

water and it is a species whiéh is extensively hydrogeﬁ
. - _ :

bondedeith predominantly four fold coordination (as in

ice) and therefore possesses a low density. (H,0)d

is termed dense water as it contains nonbonded OH' groups

such that the 0-0 distances are shorter than the normally

accepted hydrogen bond lengths and therefore possesses
alhigher density. Frank and Evans (1945) labelled the

ordered water structures, (H;0)b, as "icebergs“ since

the properties of (H,0)b have been identified with those

of ice. The presenée of an apolar solute or the apolar
‘region of a mixed solute in water is beliéved to shift
the above equilibrium to the left i.e. toward the more
_structured form of wa£er; Thus the number of icebergs
in -eases when a typicaily aqueous soluce fs‘placed in
water.‘ This equilibrium shift to.the}more ordered

water structure aécounts for highly negativé AS values
as typically agueous solutes are dissolvéd in waféf.
‘Highly negative‘gntropies are a sign of ordering or loss

of randomness  within a‘system, with the (H,0)4d species

being the less ordered form of water. Solubilization of
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an apolar solute or a mixed solute occurs when the solute_
molecules OCcupy a cavity or partial cav1ty w1th1n the
(Hzo)b cluster. The ability of the guest molecule to
occupy a cavity within the (HEO)b host is dependent upon
the size of the guest molecule and it has been shown

that there exists an optimum molecular diameter for
maximum solubility (Franks and Reid, 1973).

. Many solutes, which may be considered as typlcally
aquecus, exhibit decrea51ng solubilities in water with an
increase in temperature. Compounds such as ketones
(Gross et al., 1939), butyl alcohol (De Santis et al.,
1976}, butane (Rice et al., 1976),\ethyl ether and isoamyl
alcohol (Kablukou and Malfgcheva, 1925), ethyl acetate
(Glasstone and Pcund; 1925),'isomeric pentanols (Ginnings
and Baim, 1937) and aliphatic ethers.(Bennett and
Phillips,:1928) have lower solubilities atuhigher
teméeratures. Ia a sense: the solubility characteristics
of liquid organics appear to parallel the well known
solublllty characteristics of gases <

The explanation for this decrease in solubil-
ity with an incredse in‘temperature comes from ccn-
sidering the effect that elevated temperature has on the

iceberg. Accordlng to the iceberg model the (H,0)b

species acts as a host for the solutes., An increase



in temperature has the effect of decreasing the number of

(H,0)b species (melt the icebergs!) and thus shifts the

equilibrium in favor of the (11,0)d species. Thus at

higher temperatures, the number of host clusters is lower

and the solutes are less soluble.,
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"In contrast to the above examples several organic

species do not exhibit an increased solubility with iFwér

tgmperatures. Wauchope and Getzen (1972) have shown
that the solubilities of soiid érométic hydrocarﬁons
increase as the temperature is increased. d-Limonene
was also found to have higher solubiliﬁies at higher
temperatures (Massaldi and King} 1973). Bohon and
Claussen (1951) noted that many aromatic hydrocarbons
exhibited‘a solubility minimum at 18°C and identified
this s bility minimum with a heat of solution being
equal to z;;o.’

. It is well known {hat/the presence of a dis-
solved soiid (iqnic or nonionic) in water may signifi-
cantly'reduce the solub&lity of a liquid organic species
(RiceigE al., 1976 and Massaldi and King, '973). Many
authors currently hold the opinion that this salting
out effect is due to the added éolute Eécoming hydrated

in solution so that the molecules of water involved in

the hydratibn-are no longer available for dissolution
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of the secpnd sgbstance, thus the solubility of %he
second substance is reduced. Many years ago Glasstone
and Pound (1925) questioned this concept and concluded,
on the basis of calculated hydration values, that other
more important factors were operative in the salting out
effect.

The ability of different types of sugars and 
salts to«reduce the solubility of tyéically agueous
solutes in water has been investigated from the view-
poiht of the iceberg modei of water. Ben-Naim
(1965a, 1965b and 1967) has studied the solubilities of
the apolar solute, argon, in aqueous solutions containing
an additional conponent. In solutions containing methanol,
ethanol, n-propanol and n-butanol, the solubility of
argon was found to be higher than the solubility in
pure water. .Thése alcohols fatt-within the mixed cate-
gory of solutes and are considered to be solutes which.
increase the structural integrity of water. The solu-
bility of argon decreased in aqueous solutions of glucose,
sucrose,\glycerol and simple electrolytes. IBen;Naim
concluded that these hydrophilic solutes decreased argon
solubility by decreasing the structural integrity of
‘water 1.e. reduced the number of host (H,0)b species.

Franks (1973) has criticized Ben-Naim's explanation and

a2
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Franks (l973)_maintains that molecules of glucose in

agqueous solution are surrounded by (H,0)b species and

that glucose is in fact a promoter of water structure.
Iﬁ‘this case the hydroxyl groups of glucoee are accommodated
into the structured watef., The fact that glu¢ose reduces
the SOlUblllty of typically aqueous solutes in aqueous
solution indicates that the hydratlon of glucose and argon
are incompatible. At the present time the exact mechanism
of this salting out effect is still under inves#igation.
Franks and'Reid (1973) warn that extreme caution must

be exercized when one attempts to explain interactions

~
iy

in ternary systems.

C. EXPERIMENTAL

1. Materials and Chemicels

d—GLucoseﬂ(Fisher), sucrose (Baker) and sodium .
chloride (MéB) were used as received. ' Carvone (K and K),
piperitone (ICN), and pulegone (Fluka) were used as
received. Analysis by gas ehromatography revealed these
compounds to be at least 90% pure. All\eelutions were

prepared with distilled water.
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aqueous solution with the added organic species. Separ-

2. Equipment

Saturated solutions were prepared ih a Lapline
Environmental Chamber (Labline, Inc.) and temperatures
are accurate to :0.2°C. A Vortex-Genie (Scientific

\

Industries, Springfield, Mass.) was used to mix the

o

ation of the saturated agqueous layer from excess organic,”

was accomplished on a Janetzki TS Cehtrifugeﬁgﬂeinz~///
Janetzki Kg.) which was equipt with a fi-~d angle rotor.
Ultraviolet absorption measurements were‘conducted on

a Unicam SP1800 Ultraviolet’Spectrophotometer (Pye
Unicar) . The instrument/wés operated on £he fixed wa&e—
length mode using«a'bapé width of £.2 mm and a slit
width of 0.4 mm. Quﬁétz cells (Canlab) were used for.

reference and.samble during ultraviolet analysis.

-

e : C .

/

3. Preparation of Standard Curves
Standard solutions of the organic species in

water were prepared so that the range of absorbances

vfor the standard solutions fell between 0.4 and i.dﬁ it

has been found that absorbances falling within this
range are the most reliable for double beam spectro-
photometers (Willard et 3&.,'1§65). The standard curves

for carvone (Figurev45), pulegone (Figure 46) & ~iperi-
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tone (Figure 47) illustrate that the Beer-Lambert Law

i1s valid for absorbances between 0 and 1.2. Values.of
log €, the extinction coefficient, wefe calculated from
the slope of thg standard curve and are tabulated in
Table 15 together with previously measured values of log ¢

-

in ethanolic solution.

4. Preparation of Saturated Solutions and Solubility

-

Determinations

All saturated solutions were prepared in a
Labline Environmental Chamber ($0.2°C). Conical 12 ml
centrifuge tubes withnécrew tops were filled with 8.0 ml
of aqueous solution. Approximagely OJl ml of the organic
species was addéd. The contents of the centrifuge tubes
were mixed on the vortex mixer for 8 min. After mixing
the tubes were ceﬁtrifuged for as long as was required
to effect separation between'e;Eess organic and the
agqueous phase.. In some cases centrifugation ‘times of
several hours was required; The centrifugation was
carried out at the tempergture at which the saturatioﬁ'\
was performed. When centrifugatidn<wasvco%életed, as,_%'
evidenced by a tdtally clear aqueous phase, .a 1 ml
graduated pipet wifh a teflon ex£ehsi6n was used to

remove aliquots from the aqueous phase. To insure that
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none of the less dense organic phase entered the pipet,
a gentle blowing action was applied as the teflon?tip
passed through the g;ganic layer After the 1 ml
aliquot had been Withdrawn from the centrifuge tube,
‘tée teflon tlpS were removed and the contents of the pipet
were emptied into a suitable volumetric flask and diluted
with water. The absorbance of the diluted saturated
soiutiOn was:measured and thelconcentration_of the organic
species was'éetermined from the previously obtainea
standard curves.

Various tests were performed to insure that
the above technique produced saturated‘solutions Eugenol

)

was chpsen as. the test component because 1t was observad &
that- during the preparation of the’ standard solutions |
eugenol‘reqUired the longest times and most vigorous
shaking for dissolution in water« ‘For exanple in' the
preparation of standard eugenol solutions, vigorous
shaking for at.least:lS min was reéuired to dissolve

0.05 g of eugenol in 500 ml water (1/20 th saturation

COncentration). At room temperature saturated solutions

of eugenol in 30% glucose were prer. . "y vortex
mixing for 3, 5, 7 and 9 min. 1 r. a)‘gucts were with-
drawn after centrifugation and suitsi. ', diluted. The

reSpective measured absorbances were 0.378, 0.384,0.377
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and 0;378. Thus it was concluded that the 30% g&ucose
solution was saturated with eugenol within 3 min ef‘
vortex mixing. It was also shown that the concent}ation
of the organic species in ‘the aqueous phase did not\

increase with increased contact time between the aqueous

,phase‘and the excess organic, 'For example, at 10°C

the solublllty of pulegone in 40% glucose was found to' be
0.65520.008 g/1 immediately after' vortex1ng The :
saturated pulegone samples were allowed to stand'for.48 h

at 10°C in contact with excess ‘pulegone and then remixed.

- The pulegone concentration after this period was found

to be O 6590, 007 g/l In a 51m11ar test, the saturatlon
concentratlon of piperitone, after vortexing a 15%

sodium chloride solution at 10°C was 0.677+0.011 g/1.
After six days thevconcentration was found to be
0.675:0.005 g/l;v Hence on the basis of these tests it
was concluded that the aqueous solutlons were saturated

with the organlc species durlng vortex mlx1ng.

5. Evaluation of Thermodynamic Parameters

a) Activity Coefficients

The activity coefficients, y, for piperitone,
pulegone and'cafvone in aqueous solution were calculated

L'e
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according to Henry's Law which is depicted in Equations 1

p = p°yX . (la).
p = p°X (1b)
Xs

where p is the partial pressure of solugé;ébove the
solﬁtiog, X is the mole fraction of solﬁte'in solution,

p° is the vapor éressure of'the pﬁre solute and Xs is

the éolubility of the solute in the aqueous solution‘
expressed as a mole fraction. At saturation,_p equals

p° (X=Xs) and £hus Yy is defined bf the term 1/Xs. p°
~values (Pa) for pipéritoné, pulegone and carvone were
determined ét 10, 20 and 30°cC frbmvexisting-vapor pPressure

data (Handbook of Chemisﬁky and Physics, 1969).

vb) Partial Molar Free Energies
Partial molar free energies of hydration, AGh,

were derived by Equation 2. As outlined in Appendix 4
S | :

AGh = RTInE = . - (2)
Xs -

. r
AGh is the defined as the difference in chemical potential

between the solute at infinite dilution in'aqueous

solution and the solute as an ideél vapor. The subscript h
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refers to the process, solut¢ (ideél vapor)'+ solute
(solution). - ( o

Partial molar free energies of solution, AGs,
were derived using Equation 3 with a knowledge of AGh

(Cabani et al., 1971b). The subscript s refers to the
AGh = AGs + RTlnp® “(3)

process, solute (pure liguid) -+ solute (solution). p°

values are defined in terms of Pascals.

c) Partial Molar Enthalpies S

Partial molar enthalpies of solution, AHs, were
obtained';rom plots involving Equation  which is derived.

in Appendix 5. AHs is defined as'the enthalpy diffefénce

dlny _ AHs .
= = R | (4)
9 F

between the Solute in saturated agqueous solution and
pure liquid solute. y
Partial molar.entﬁalpies of hydration, AHh,

were determined using Equation 5 with a knowledgé of AHs
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values (Franks et al., 1970). AHv values (latent hea*+ of
AHs = AHh + AHv (5)

vaporlzatlon) for plperltone, pulegone and carvone
were calculated at lO 20 and 30°C usipg the Watson
Ccorrelation (Reid and SherWébd 1966) and AHvb values were
obtalned using the Reldel emplrlcal method (Reid and
Sherwood, 1966) . . | o

Partial mblar entropies of hydration and solutidn
"ASh’ and ASs respectively, were calculated from Equation 6

(Wall, 1965).

AG = AH - TAS - (6)

D>. RESULTS A

Solubility data for piperitone in aqueous
solutlons of sucrose,  ucose and sodium chlorlde is
given in Table 16. Generally the solubilities, expressed
as g/l.éolutioh, are precise to :l%'qs expressed in terms
of the relative standard deviation. Two'main trends
are evident in Table 16. Firstly, the solubility of

/

piperitone in the' aqueous solutions decreases as temper-



/
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ature increases. Secéndly, the solubilit§ of piperitone
invariably decreases as dissolved solid content increases.' ’
It is apparent that the ability of the dissolved solid
to decrease the piperitone solubility.follows the order, \_,15
sodium-chloride > glucose > sﬁcrose; Table i6 shows .
that for -each of the dissolved solids at 0 wt% a solubility
value is given. Since solubilities forvthe different
dissolved solids were carried out ét diffefent_times,
a water solubility tes£ was carried out with each
dissolved solid to'insure that factors involving in-
strgment?tion and technique remained invar%ant.
Solubility data for pdlegone is tabulated iﬁ_

Table 17. Although the solubility of pulegone was
fouﬁd.tq be:cloée to one half the value obtained for
piperitone, the solubilities, as infiﬁenced by temper-
vature and diésolved solids content, followed trends
similar‘to piperitoné. | '

| Carvone solubility, as‘shown in Table 18, was
found to reach a minimum‘vélue/between 10 and 30°C'és
evideﬂced by the lowest solubility value a£’206C.
Tablé 18 also illustrates that carvone solubility
décreaées as the dissolved solid content increases.

Tables 19, 20_and 21 illustrate calculated

activity coefficients, y, for piperitone, pulegone
: , ‘ .e9



andzcarvone respectively., Figures 48, 49 and 50 depict
In vy -as a function of dissolved solids‘content expressed
- as wt%.' Generally for the compounds piperi%one and
pulegone, ¥y tends toward higher values with an increase
in temperature at any dissolved solids content. At a
constant temperature y for pulegone (Figure 49) and
‘piperitone (Figufe,48) are seen to\increase with
increasing dissolved sodium chloride and glucose

‘contents, Y values for pulegone and piperitone in sucrose

solutions do not appear to'follow the same trends found

in the glucose and sodium chloride‘solutions. At'lO°C
both puleqone and plperltone Y values show a déflnlte
1ncrease w1tn dissolved sucrose content, whereas at 20°C
the y for both compounds appears to be independent of
sucrose content. At 30°C vy for piperitone decreases
slightly with increased sucrose whereas pulegone shows
a more pronounced decrease between 40 and 50% sucrose

As shown in Figure 50, the effect of the
different dlssolved solids on the Y for carvone is
qulte similar to that .previously found for pulegone
or plperltone.‘ Once agaln sodium chloride content has
- the greatest influence on ¥y, followed next by glucose
and’sucrose. | )

Tables 22 through 30 show the calculated

144
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thermodynamic values for pipe;itone, pulegone and carvone
in aqueous solutions containing sucrose, glocose or
sodium chloridef Severai trends are at once evident.

AHh and AHs Qalues for piperitone (Table 22), pulegone

and?q'rvone (Table 28) generally become more

(Table 25)

~ .

AHH”éhéi ,oo beﬁome more positive with increasing
A dlSSOlVed sollds&content in most cases. However, AHh and
AHs for the sodium chloride solutions appeaf very
erratic. Since AHs values wer calculated from a plot
of In vy vs. 1/T, the‘experimental errors incurreo in
"the measurement of y will be greafly magnified, hence
the_AHs values will inherently have a high degree-of
uncertainty. In addition, AHh'values will be approximate
because of the empirical expressions used to calculate
AHv. Thus any discussion of AHs or AHh must be resffiéted
to general trends. 7

AGh and AGs values for piperitone (Table 23),
pulegone (Table 26).and carvone (Table 29} invariably_J
increase with increasing temperature'at a constant
dlssolved solids content. In all three cases velﬁes of
AGh and AGs appear to be relatlvely 1ndependent of dissolved

'sucrose or glucose. Increased sodium chloride concen-
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trations,,however, are seen to increase AGh and AGs
\ .
values at constant temperature.

ASh and ASs values for piperitone.(Table 24),/

- pulegone (Table 27) and carvone (Table 30) generally

become more positive with increasing temperature at

constant dissolved solids content however it is evident :

that exceptions do exist. Since ASh and ASs values‘wefe

obtained from a differentiation procedure involving vy,

the experimental errors incurred in the determination of
Y will be magnified, hence some erratic behavior in

the entropy terms is expected.

7N
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F. DISCUSSION

The iceberg model of water solutions was
invoked by Frank and Evans (1945) to explain the unus-
ual thermodynamic éropérties of agueous solutions,
especially those involving enthalpies and entropies.
'Values of AHs (the heat associated Qith the transfer of
one mole of solute as a pufe liquid to an ggueous
solution atvinfinite dilution) are preferably derived by
calorimetric techniques. The use of a éalorimétric
technique obviates the use of vy to find AHs and £hus‘
érrors in y are not mégnified in the computation process.

)

AHh is the preferred thermodyﬂamic parameter used by

most authors (Frauks and Watson, 1969) and is related to
AHs by AHv, the latent heat of vaporization. AHh
reflects totallsolute—solvent interactions because
solute-solute interactions in the vapor state are con-
sidered negligible.kthe vapor is cénsidered an ideal gas).
AHs values, on the othef hand,'reflect the difference
bgtween solute-solute and solﬁte—solvent interactions
‘because‘the pure liquid soluﬁe is choéep as the §tandérd
stéte. Qwinglto the complexity of the solute-solute- |
“interaQPEOQS in the pure liquid state, the hydration .
parametéfé”are preferred since sdlute—solute,inter—

actions need not be considered.
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Figure 51 illustrates the curves relating vy

’and T used for the evaluation of AHs for piperitone, pule-
gone and carvone in_pure water. Values of AHs are
derived at any temperature by computing the slope of

the curve at that temperature. Values of AHh, tabulated
in Tables 22, 25 and 28 for piperitone, pulegone and
carvone respectiveiy show that the process of trani;
ferring one mole of solute from the ideal vapor to a
eolutlon at infinite dilution (mole fraction of-solute
_at saturatlon is approximately 10 “) is an exothermic
process i.e. heat is evolved. The overall magnitude of
AHh is determlned from the contribtv~ions of two mechan—
isms. A positive. heat (endothfrﬁlc) corresponds to the
heat requlred to form a‘cav1ty for the solute molecule
to occupy. A negative heat (exothermic) results from
the formation of a more ice-like water structure i.e.
icebergs. Obviously the formation of i more ordered
form of water is the maln contribution to AHh. It is
lnterestlng to note thatvthe AHh values for cyclic
ethers (Cabani et al., 1971b and Franks et al., 1970)‘
dialkylamines (Franks ;nd”wétson, 1969) and the threc
compounds of this study’all fall within the range
~50000 to -70000 Jmole !,

Tables 22, 25 and 28 indicage, that the respective
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ABh values for piperitone, pulegone and carvone become
less negative'with an increase in\temperatures Several ¥
previous studies have shown similar results. Gross
et al. (1939) noted Egat AHh for many aliphatic ketones
became less negative with increased temperatures in the
range 0 to 50°C. AHh fer cyclic ethers (Franks et al.,
1970) and dialkylamines (Franks_and WatsonA 1969) were
found to exhibit exactly the same tendency in pure
water. Again the‘model')f the iceberg may be used to
rationalize the less negative AHh values at higher
temperatures. More‘positive ‘AHh values indicate that
- \ .

at.higher'temperatures the heat capacities, ACp, are. ! her.
A larger value of ACp at higher temperatures is a direct _
consequence of the "meltir ~ .. - greater number of
iceberg species at the higrer temperature.

| Flgure 51 and Tab.= 7° illust;ete dhat at a
temperature very near 20°C, AHs for carvone has a value of'
zero. When AHs=0,'the negative heat ‘due to increase&gogder—
ing in water exactly balances the positive heet of cavity_
formetion. Figure 51 shows that the puiegone and piper-
itone cur&es are quickly approaching a maximum'similar
to that shown’by earvonegv Accordlng to Bohon and Claussen

(1951) the temperature at which AHs=0 corresponds to

RS St

the p01nt of mlnlmum solublllty of the solute in water.

[N
Y

[4 . L ‘. . .t
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Tables 22, 25 and 28 indicate that tl. . resence

of dissolved solids has the general effect of making the.

AHh values more positive at constant temperature. These

results lend support to the theory of Ben-Naim (1965a,

1965b and-1967) who has defined glucose,,sucrose and
-3

ionic salts as water structure breake: - More positive
AHh values with increasing dissolved =-‘ is content

A

indicates that there are less (H,0)b species formed
“hence . the rontxlbutlon of the neéatlve heat (due to
the faxmatlon of ice-like water) is much less.

| g AGh values for piperitone (Table 23), pulegone
(Table 26) and carvone (;:ble 29) in water appear to be
very s;mllaL in magnitude. In addltlon, at a constant
temperature, ACh,vappear to be practically constant
in water and aqueous solutions of sucrose and,giucose.
Only inbreasing'concentrations of sodium_chloride ?ppea;
to have'any significant.effect on AGh. 1In most cases
the'values i AGh are seen to 1ncrease with an increase
1n\temperatult (at constant dlssolved solids content).
Similar'observations were/made for aliphatic ketones
(Gross et al. 1939). As shown in Tables 23, 26 and 29,

values of AGs are invariabLy'lOWer than AGh. The

relative magnltude of AGh and AGs are determlned by the

unlts of P ° in the expresslon AGh = AGs + RTlnp

s

; o
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< appear to become less negative as dissolved solids con-
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.

In this study, p° was expressed in terms of Pascals

hence the RTlnp®° term is always positive. Cabani et al.

(l97la) expressed p° values 1in terms‘of atmospheres,

hence " the calcﬁlated ACh values were less than AGs values.
The ps 2l e lar entropies of hydration and

solution, ASh #nd A¢ respectively are of considgx?@}e

interest since values reflect the degree%ﬂﬁéegdering

or structure within’phe soiutibn. ASh values fo£ t “
piperitone (Table 24), pulegone (Table 27) and carvone S
(Table 28) in water ére seen to be highly negative. - | %)f{”

Such highly negative values of ASh point out that the
solubilization of piperitone, ﬁﬁlegone or carvone brings

about a less random or more ordered state within the

U
»

solutio@!i.e. formation of a greater number of (H,0)b

species. It is also evident tQat values of AShﬁgenerdlly&

tent increases at a constant temperatuie. This effect

- .
o .

of increasing dissolved sblidsrto reduce the order

-
5 e

within the solution again lends support to the theory of

Ben-Naim (1965a, 1965b and 1967) who considars such

dissolved solrds as structuse breaﬁérs.v

RN

The solubility data presented in Tables‘lG, 17
and 18 show that the solubilities of the essential oil

components are Quite low and explains why such compounds

L. Y
"
i3
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have generally been considered as insoluble. It is

remarkable that the three compounds, piperitone, pulegone
< :

and carvone, which are very similar in strucfure, should

have different solubilities. 1In partigular peritone:
solubility is twice that of carvone ogvpulegon A
/ﬁHa CH 3, ﬁﬂa
TN A - Y
‘ [ ‘,/Jt? _ |
o) R ~
_ CH; A CH; CH; CH; | ~CH,
piperitone ' " pulegone carvone

""possible explanation»for’the higher solubili%y of
piperiﬁone over that of pulegone may’be found by con-
sideration ofbthe'eléctronic strucﬁures'in a method
analogoué to' that of Pélit (1947) .- A@cording to

Paiit (1947) the doubly—bound dxygén iﬁg@he carbonyl
group shows an electromeric effect in that it serves as
a sink for electrons, égafg'fhnslthe'electron density
on the CarﬁonyI carbon atom is reduqéd éhd this

carbon atom acquiresﬁa.partial positive charge. 'In

[

" .

saturated ketones or aldehydes, the loss of electrons

from the carbonyl carbon may be partially réplenished

o

by a flux of electron density from neighbouring C-H bonds.

LN

-
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As the electron density 1is decreased in the C-H bond,
- this bond will become polarized with the hydrogen atom
6+. Ity is

the degree of polarization of C-H linkages which deter-

becoming slightly positive in character, C-H

mines the solubility of aldehydes dr ketones as the
partiaily positive hydrogen atoms are able to interact
w%th water by hydrogen bonding. It is well known

that the C-H linkages on metﬁyl groups are especiall?
susceptible to this,ﬁ?ﬁé‘ﬁw'polarizatiﬁn as evidenced
by the infinite solubility of acetone (CH3;COCH3;) and
acetaldehyde (CH3;CHO). A similar, But different situ-
ation would prevail for the a, B unsaturated ketones.
In this case the = elect;ohs of the double_bond would

serve as the main electron source for the electron

deficient carbonyl carbon atom. "As a resul¥ the B carbon

B a ﬁa_ B a ﬁ

C==C—C, +,,CT=C===C

would acquire a partial positive charge since the electron

density between the a and B carbon atoms has been dimin--
ished. 1In the case of piperitone and pulegone, the

. _ e
«following intermediate structures may be envisioned.



H H
| |
H—C—H H—C—H
| , L
R ‘ b
i; -
] o
~. BN — . - -
S0 Nos N5
| /:@
. ~
CH, CH3; CH; CH 4
|
piperitoﬁe’ ' pulegone

In both cases the carbon atom, B to the carbonyl carbon,

has acquired a partial positive chargé In piperitone

this partially positive B ca;bon is adjacent to a

methyl group and a CH; grodf‘%lthln the ring whereas in

pulegone the B8 carbon is adjacent to two methyl groups.

At this point the excellént electron releasiﬁg abilities

of the methyl groups come into plaj. In piperitone
o ! - . B
electron density from the lone methyl group will act

as an electron source to replenish negative charge on
the B carbon thus inducing a polarized C~H bond.

e

Similarly in pulegone, the two methyl groups will act

as an electron source: for the B carbon, but in this

154



~groups in which the C—H'bonds are less strongly polarized

z

case the polarization of the C-H bonds will be éigni~
ficantly less than the polarization of the C-K bonds

in piperitone due to the fact that each méthyl group of

‘pulegone will donate. only a fraction of the total

negative charge to the B carbon. As stated previously
the presence of strongly polarized C-~H bonds in a methyl
group is of the utmost importance in determining‘the
solubility of an aldehyde or ketone in water. Moreover,
it 1is probablydErue that the presenoe'of one methyl
group in which the C-H bonds are so?ongly polarized

confers greater solubility than that of two methyl

as in piperitongwéhd puleQOhe:reSpectively. Solubility

studies on aliphatic ketones (Gross et al., 1939) give
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gualitative support to these arguements. Thedsolubilities

#
of methyl n-propyl ketone and methyl isobutyl ketone

were found to be 0.630 and 0.166 moles per lOOO_gﬁof-‘

water. As indicated by their structures, a rough analogy

A Pl A
He Gl GG C—H  H— C— c— c-——~c< g
| 1] ] Ct
H H H H H H g H

Methyl n-propyl ketone . Methyl isobutyl ketone
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can be made between the structures of piperitone and
methyl n-propyl ketone, and pulegone and methyl isobutyl
ketone. |

. An alternate more thermodynamically based
explanation for the observed solubilities of pipefitone,
pulegone arrd carvone is derived from considering the
iceberg ﬁodel'of water. The guest molecule or solute
occupies a cavity or partial cavity within the (HZQ)b
cluster, The ability of the guest molecule to océupy
a cavity is dependent on the size of the guest molecule
/énd it has beeh shown that there exiets an optimum
molecular diaﬁéter for maximum solubility (Franks, 1973).
If it can be assumed, thatﬂin piperitone, pulegone and
carvone, the carhonyl—water interactions are similar
(the carbonyl has two proton acceptor sites) then the
'dlfference in the solubllltles of these compounds may be
due to the dlfference in the molecular diameter of the
molecules, It ;e evident that pulegone and carvone will
have different diamefe}s than piperitone since . the
former cempounds both possess unsaiurated isopropyl
groups outside of the six-membered ring whereas piperitone
does noh. The presence of this uheaturated isopropyl
éroup may render the molecular structure incompatible with

. < : . .
the structure of the cavity, hence carvone and pulegone

R4
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exhibit lqwér water solubilities, Piperitone, on the
other hand,xmay not be sterically hindered to'such a
great extent so as to prevent inclusion intq a w;ter
cavity.

‘Pipéritonev(fable 16) and‘pulegone (Table 17)
display decreased solubilitieé in water with higher
temperatdres. This behavior, as discussed previously,
is followed by v%ry many liquid or&anic compounds in
aqueous solution.  An explanationvfor a decreased
solubility with an increaée in temperature;can be found,
once again, by considering the,iceberg model of water.
The (H;0)b species, which exists:in.equilibrium ~th
(H20)d, has many éharacteristics that.héve been likened:
to ice. “An increase in temperature has the effect of
decreasing the number of (H,0)b species, i.e. decrease
the number of host species for the solute. Thus the
consequence.is lower solubilitieé at highgr temperatgfgs.

Of the three compounds studied, carvone is H
‘unique in that it’exhibits aAéolubility minimum between
10 and 30°C as seen in Table 18. Bohon and Claussen
(1951) noted a similar:solubiiity'minimum'for aromatic
hydfocarbongﬂin water. Bohon and.Claussen‘(IQSl)
~correlated this solubility minimum with the'temperature

-at which the heat of solution became equal to zero.

2
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Figure 51 shows that AHs valueé for piperitone and Pulegoﬁe
will similarly equal zero at a temperature slightly Njgher
than 30°C
The activity coefficients, v, for piperitonQ;

pulegone and carvoﬂe{n saturéted_aqueous solﬁtions Qre
tabulated in Table 19, 20 and 21 respectively. ¥ V?lhes
were derived on the basks that at saturation, the V@Por
‘pressure of the dissolved solute approachs that of thg

| pure solute (ps=p°) hence vy is equivalenf to 1/Xs -

On éﬁe/basis of the low mole fraction (approximatelY
107*) of the volatiie solute in the saturated solution,
and from the work of Nawar (1971), it was assumed that
the term yXs was close to unity'in'all équeous solutiqps .

Y values for plperltone (Table 19), pulegonQ

(Table 20) and carvone (Table 21) are represented g
graphically as a function of dissolvéd solids content jinp
Figures 48, 49 znd 50 reSpecfively. The high valuesny

Y for the three compounds in. water reflec£ the fact

that these solute .. lecules are got:comfortable within
their aqueous environment due to unfavorébke intgraCtiéns
between the large apolar ségment of the solute molecule
and the very polar &ater molecules. Fiéure 48 and 49
illustfate that increased‘sodium chloride and glucose
contents result in increased values of y for piperitonew

. :3;\ ' ' '

’
- ‘ "
VA Y

-3
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and pulegone. It is apparent that sodium chloride has
by far the greatest influence on Y. ‘Bomben et al. (1972), \:i>
using the data of Glasstone and Pound (1925), showed that
Yy for ethyl acetate was also extremely sensitive to
_sodium chloride concentrations. The addition of in?£:;>
ganic salts to increase the vapor pressure of volatile
éoméonents in diiute aqueoué solutioﬁ is often applied
in headspace aromé analysis (Neléon and Hoff, 1968).
The effect of the salt is to reduce the solubility of
the volatile Solute in the agu-o s soiutiOn a{gzzgps
increﬁée the amount of volatile solute in the";apqr
above the solution. Nawar (1966) reported that added
glucose also had the ability to increase the vapor
pressure of dilute volatiie solﬁﬁégwsut the increase in
the ‘headspace COncéntraEiOn of the volatile was signifi—
cantly less than when inorganic salts were added.
Inspection of Figures 48, 49 and 50 illustrate
that the influence of incfeaSed,sucrose contents is
vatia?le. Piperitone (Figure 48) and pulegone (Figure.
49) exhibits slightly increased values of y with
increasing sucrose. content at 10°C. At 20°C y for
piéeritone and pulegone appear -to bé relatiﬁely inde-
pendent of dissolved sucrose. At 30°C Y for‘ﬁhesé

compounds appears to decrease'slightly. Massaldi and
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King (1973) and Chandrasekaran and King (1971) have

shown that sucrose in solution increases the y of

"'highly oxygenated volatiles at 20°C whereas non-

oxygenated volatiles show a decrease in vy with increasing
Sucrose concentrations. The ability of dissolved sucrose

to selectively differentiate between different Species

_of volatlle solutes partly explains the work

: Wlentjes (1968) who found that wher s1gars were - dded

to synthetic strawberry mixtures, so. ~Ff tine volatile
components were forced out of th. a-ueous solution more
thar others.

Figures 48 and 49 illustrate that temperature

as well as dissolved solids has an effect Qn y. For the

compounds piperitone and pulegone, Yy is seen to invari-
ably’increese with increasing temperature. Bomben
et al.. (1872) described a similar trend for ethyl

acetate. Owing to the solublllty mindimum exhlblted by

"

‘caryone/iTable 16) near 20° 'C, v for carvone will attain

avmaximum value near 20°C: and dec:ease at higher and
lower temperatures. Massaldi, and King (1973) noted that
Y for d-limonene and n- butyl benzene decreased with

increasing temperature and probably suggests . that in

.the temperature range 0 to 25°C; Massaldi and Kiné‘le?B)

were working on the high temperature side of the minimum |

- in d-limonene and n-butylbenzene solubility.
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F. CONCLUSIONS

The~soiubility studies of pi:z-= one, pulegone'
and carvone in water and aqueous s¢ tions of sucrose,
glucose and sodium chloride have provided a gréat deal
of valuable information regarding the behavior of
‘volatile flavoring compounds in dilute aqueous solution.

'Enthalpies, entropies and free energies, which
were calculated from §olubility data af 10, 20 and 30°C,
‘appear to be.in good agreement with the iceberg model.of'
water as proposed by Frank and Evans (1945) ., This étﬁdy
shows that‘the solution behavio: of dilute volatile
components can be successfﬁlly described‘in terms of
thermodynamic parameters and it is expected that the ﬁse
of such thermodynamic quantitieé will help to ciarify‘thé
}ature of volatile sclvent interactions in other systems.

0f particular interest to the processorvis the
faét that the solubility of many sparingly soluble
compounds increases with a_decréase in temperature,

This phenomena af once.becomes relevant in procesées
émplbying low temperatufes, e.g. freeze drying. "2 the
bagis of the studies by Ben-Naim (196%a) it appears .
possible to 1ncrea5e the solublllby'of a sparlngly soluble
" volatile by 1ncorporat1ng additional structure making

volatiles.
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Tab

b)
c)
d)

»
~ L3

le 1. Diffusion Coefficients of Sucrose at 25°C (m? \m x 10%%,
_ [
c = 1. ooom\pooaw Ac =2, ooowxpooap

; -

Dexp Dav . Davo o p1it? Deviation (%)

5.17 5.20£0.062 : | S

5.24 m.wouo.o»t 5.1920.05 5.148+0.005 0.8

, . .
5.10  5.15$0.005° | | S

5,000 rpm ,
15,000 rpm '
10,000 rrm . , _ !

memcmvon coefficient of sucrose; c¢ = 1.011g/100ml,
Ac = 1.50169/100ml and T = 24.95°C AQOmﬁH:m and Morris, 1949)

“
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‘Table 2. Variation of Sucrose Diffusion Coefficients

(mZ/s x 10'%) with Temperature; c = l.OQOg/lOOml,

Ac = 2.000g/100ml 0
, Temperature (°C) - Dexp - Dlit  Deviation (%)
25.0 ©, 5.19+0.05 5.148 +0.8
14.8. 3.80%0.06  3.866 .7 | .
2.6 2.54+0.02 "2.53 0.4

tL
L)

oo
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. Table 3. Diffusion Oommmwowmbﬁmbr Gs»\m x 10°) of Ethylene X
Glycol at mmoﬂi@w T . .
> ..Wmm«f. 2 :
-a - = T I
c - Ac . Dexp - . D w% ", Deviation (%)
ks V 0.7507  1.5003  1.130.04 .
10.2068 , 2.0331 1,02:0.01 1,14 1.1, 1.17 1.7
= . ) S
-~ g © 25,0109 1.9625 0.83:0.01 , . ,
o [N 3
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a

Table 4. Concentration of Essential 0il ooawm:mbﬁm.pa

. . . ; ; RS
Various (Foods . - )

lavoring . «Mu ) T

Substances : wm<mﬂwmmm;%mHom Cream Other

S

14.0 . 16.0 . chewing gum-30

.

m-anisaldehyde ) 6.3 I&W

p >4

7y
- 5,67

carvone 850 120 - .. 180 110 -
= ) . s " , e ) ’

eugenol . 1.4 . 3.1 32- <33 chewing gum-500

. o ‘ * : .. meats-2,000

Piperitone 1 Y SEOEE - -

.
Bid
-

‘pulegone 8.0 T 32 g 25 - »

AR . AT €
: N R ) L ' .
J S . ; . .
. :
N N ! L

a) ppm(by volume)

R
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Table 5. Regression Coefficients of Weightloss Curves
j B
pe
Correlation
Solution b ‘ m Coefficient .
B——— .= Lpyie?
Sucrose (10%) 103 0 $k6 .2 -0.991 e
Glucose (10%) - 100.7 © -5.9° ~1.000 ¥ . o
Sodium Chloride(5%)  104.1 -5.8 ~0.992
Gum Arabic(1%) 96.6 -5.0 -0.999
-3 ’ . , o



Tal:Je 5. Retention of Carvone, m-Anisaldehyde and Eugenol

" as a Function of Initial Glucose Content

£
o

Wt% Glucose ««3y Retention(%f
Carvone? | m—Aniéaldehydeai
3 52 3,2 57.8+5. 3
5 6017&2,@“? 6l1.6t5.1
7 . 9951&1:0‘ .73.2%3.3
& 100 £%6l3£3?%5-'%; 77.3%3,1
.15 - s 66.8:3.9 - 76.9:4.8

a) Initial volatile content, 500 ppm

o]

a'
Eugenol

43.0+7.6

57.4%4.9

156.8:3.7

-

. ;‘g
83.2:2]
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&
Tv.ab_le 7. Retention of Carvone and m—Anjf*sa,ldehyde as a s
Function of Initial Sodium Chloride Content e
Wt% Sodium Chloride &7 Rétention(%)*. : -
T — . — . s
R i e | p a 7 . b
i . : » . -~ Carvone? . m-Anisaldehyde
3L 4.1:0.9 13.7%0.9
5 . 7.8:0.8 23.5:1.6 g
7,570 S 13,4236 3l.4:2.1
10 - 18.0%1.1 36.3:1.5
o U
a) Initial carvone content, 300 ppm
b) Initial m-anisaldehyde content, 500 ppm *® 5
. ’ e P V
* ‘o
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[
o v
Table 8. Retention of Carvone -and Piperitone as a Function of
, - ~ - - L : o
Freezing Rate . . , o

- . o

Volatile? . -Selutio .... . Volatile Regfention (%)

5 . - &

Fast Free#ing Slow Freezing -

omw<osm.m,. 10% sucrose’ __w« co 7909511 54.7+2.2

wwwmwwwosm 10% wpmHOmm,. R 88.1+0.5 . 65.9:4,2

o6
fed)

uwH<OBW. ,Hommwﬁoowm Lo 84.9:0.6. .+ 78.1+8.4

sarvone® - 1% gum arabigc®: - 37.0£0.9 36.2+0.3

carvone 5% sodium chlqride ' ..  10.8%0.8 12.9:1.2

R R G T, - . Lacad
-a) Initial volatile centent, 500 ppgm ,
. o Yies o ’ . . ‘n ,. “
~ . ¥ . . .
T o (\,u 3 , \ ‘ o +
P pa
% - . K
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Table 9. Retention of Carvone, Eugenol and Slwbwmmwamwmam ds a

Function of Initial Ethanol oo:odeHmnHos_Hs.How Sucrose

-
_ wanwmw Ethanol Concentration " f<owmﬁwwm‘wmﬁm3dwowumv
)} (ppm) - . . nmhimrmm A,mzmmuoww mwwwﬂwmmwmmw%mmm

0 ,{ww | 53.0¢1.3 Wm.wuphm: R mmwmup.p

300 ~ 54.412.8 ‘mm.uwm.b.ud_ 56,2%2,2

600 9:2.2  61.7¢1.2 mm.uwpum

900 - * % _ux.muﬁ.m | mwmeNJQ '57.6+1.3

v & . 1200 " s4.622.9 60.122.0  “56.7:1.5

" mQ,HbHdwww volatile content, 500 vma i

14

e
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- P - . ) .
RS . =Y
. . .

-

Table 10. mmdmswwos of Carvone, Eugenol and m-Anj ‘,mmwwmm as {a

13

Function of stﬁwmw Octanol oonomSﬁHmnHo: in 10% Sudrose .

Initial mowmdow Concentration B <0Hmﬂme.memﬁﬁwosva S
(ppm) . | | omw<ommm mcmmbowm . Blwswmmwamdmmmm
o - . 53.0%1. w /v 58.3+1.4 56.8:1.1
& . 200 - i 43. mirw 54.7+2.0 ° 46.3:3.1 .
b 400 42.5:3.1 47.3:1.0 51,7407
. 600 e ‘ﬁ.o_u,m.m 42.581,0  53.920.9
800 - ‘ 34.3:2.1  41.2t1.6 .  48.9:0.6

~ -t )

a) Initial <0HmﬁWHm.QODnmsn» 500 ppm , “ . S
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Table 11.

<0Hmﬁwwmm

carvone

eugenol

piperitone

pulegone

a,

t=4

Initial

"~

B 7=

pH Values ‘of 10% Sucrose Solutions .at Various

Stages of Sample

Preparaticn and after Freeze Drying

PH 10% Sucrose

mowcdHOB

2.9;5.5,7.0,8.5,10. uanww .0,4.8,7.0,7.4,10 Qw

2.9,5.5,7.0,8.5,10.3

'2.9,5.3,6.7,7.5,10.2

@m After <©Hmﬁwwm -
J
Added __,

» o

2.9;5.5,6. m 7. w 9.8

2.895.3,6.9,7.3,10. 2

2.9,5.3,6.7,7. 5,10.2_, mw@w 8,6.1,6.9,10.0

volatile content,

500 ppm

m\‘OM wmvwmﬂmﬁmm Freeze
~

thmm mwsvwm

not recorded
'2.8,6.0,7.1,7.6,8.1
2.9,5.5,7.0,7.3,8.5

2.9,5.5,6.7,7.1,8.4
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Table 12. Retention of Carvéone in 5% Sodium Chloride
Y .
3 )

as a Function of Initial PH =

-,

~

Initial pH | Volatile #etention (8)

2.8 . . ' 12': ‘ &t\ ‘_:‘i“. K Njﬁxi -
. . e lgi “?‘.!? . &’

- HRE - .
6.0 : : 11.7+1.4 | o

7.2 : 14.6x1.4

8.6 - ' ;14}331.7§§%%‘. ,
11.0 15.4:2.6 ‘
7 : d .
a) 1Initial volagile‘cont%pt, 500 ppm :
- \ / ' x‘; : \ 'j' .
, - ‘ilt | )
// t
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Table 13,

. a
Volatile
carvone -
eugenol

piperitone

pulegone

‘a) Initial

e

N

pH Values of 1% Gum Arabic Solutions at Various Stages of Solution Preparation and-

after Freeze Drying o T . B

pH before gum ‘pH after gum

arabic added -arabic added

pH after volatil¥e

~

s
'3

ddded

3.0,5.5,7.0,7.4,10.6 4.0,4.9,5.0,5.1,10.9 . 4.2,4.9,5.0,5.1,9.4

3.0,5.5,7.0,7.4,10.6 4.0,4.9,5.0,5.1,10.5 4.0,5.0,5.0,5.2,9.8

2.8,5.0,7.0,8.0,11.0 3.9,4.9,5.0,5.2,10.7 .w.w‘&¢w~m.o\m.m~w.m

N.m‘m.o,q.o~m.o-ww.o 3.9,4.9,5.0,5.2,10,7

volatile content, 500 ppm

e

3.9,4.9,5.0,5.1,9.2

—
&

pH of Hmwwaﬁwﬁmw
samples -

" not recorded
4.0,4.9,5.0,5.2,8.2
w.o.m.o,w.w~m.u~m.u

4.0,5.0,5.2,8.3

o
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Table H».. Mbmonv.wsom. of Reh' 'rated 10% chHomm mmavwm_m md,
S Low Hmwmwwmu. m\owmnu..wm .nw_:am,,nﬁwmﬁwosm L
.HDHHHmH volatile Umwcﬁwos factor
<o~.mnwwm oosom.pﬁﬂmﬁwos (ppm) - m,nwo.u..ﬁo, U.v. ‘Absorbance
Carvone 50 | 1:5 0.577
| . 25 L, 215 0.621:
w,.- 10 o none 0. q.w,h‘
Piperitone ” 50 - 5 oa 1:5 o.&wo
: .Nm“ - 25" 0.822 "
Ho__ K ‘ none H.owo
.- J\m
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Table 15;ﬁ Ektinction Coefficients of Carvone, Pulegone
ht g - T - o N

R
el

N

3

e g

and Piperitoné‘in Water and Agueous Solution

« ) ‘.’y
Solute lﬂgfiggl 16ge
e ! v N}
- H,O - EtOH
Carvone - 241.5 3,92 3.934
Pulegone 263.0° 3.80 - 3.91
‘ . @ _
Piperitone - < 242,5 4,03 4.11
£ ' - ke
g@\. ®
; . o
K ) . " . oé‘ )
e ' - - ’ . -
u 1  3o

- 176
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Table 16, Solubilities of Piperitone in Aqueous

Solutions of Sucruse, Glucose and Sodium

Chloride at 10, 20 and 30°C

Dissolved Solubility (g/1)

Solid wt% ' l0°C. 20°¢C 30°cC.
Sucrdése - ' 0 3.00 ., 2.52 2.36
10 2,82 1 2.40 2.34
20 2.60 . 2.24 2.10
30 2.34 2.07 1.96
40 2,05  1.87 1.81
. 50 1.71 1.65 1.64
Glucose 0 1 2.99 2,56 - 2,35
8 2.33 2,27 2.17
16 2.09 2,00 1.94
24 1.87 1.74 1.70
32 1.55 <« 1.50 "1.46
40 * 1.30 1.28 1.26
Sodium Chloride _ 0 3.02 2.52 2.37
- - o ; Y 1.99  1.67 1.57
N 8 - 1.3, - l,%l .1.03
12. 0.88 0.76 0.68 -
16 0.58 0.51 0.44
20 0.31 * 0.27 0.23 IQ\'

AN

)
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Soliubilities of Pulegone in Agqueous -

Table 17.
Solutions of Sucrose, Glucose and Sodium
Chloride at 10, 20 and 30°

Dissolved Sold i1 g4/1)
Solid wt$ 10°C 30°C
Sucrose 0 l.62 1.38 1.22
, 10 1.49 1.29 1.15
20 1.36 1.19 1.04
30 1.21 1.08 0.92
40 1.04 0.97 0.82
. 50 0.87 0.85 0.77
Glucose 0 1.60 1.37 1.26
’ 8 1.38 1.24 1.13
16 1.17 . 1.10 1.01
2 24 0.99 0.94 0.88
32 '0.82 0.79 . 0.76
40 0.66 0.66 0.63
Sodium Chloride 0 1.62 1.38 1.28
: 4 1.06 0.87 0.82
. 8 0.68 0.55 0.52
, 12 0.43 0.37 0.33
16 0.27 - 0.25 0.21
) 20 0.14 0.13 0.13

~z

178
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Table 18, Solubilities bf Carvone 1in Aqueous

Solutions of‘SUCrose, Glucose and Sodium

Chloride at 10, 20 and 30°C

Dissolved Solubility (g/1)

Solid C wtg 10°C 20°C © 7 30°C
Sucrose 0 1.66 1.50 1.60 -
4 10 1.57 ° 1.47 1.54
20 1.46 1.40 1.47
30 1.34  1.31 _1.38
40 1.20-  1.22 %129
50 1.05 - 1.12 - “1.1s
Glucose. 0 1.70 - 1.55 ‘1,62
10 1.40 1.38 1.42
20 1.19 1.21 . 1.27:
30 .0.99 ° 1,.04 1.15
40 0.78 0.87 1.04
o 50 0.63 0.70 0.93
- .Sodium Chlorige 20 1.73 1.57 1.61
4 1.18 1.10 1.15
8 0.80 0.73 0.77
12 0.54 0.50 0.49
16 0.36 0.38 0.29
20 0.21 0.20 0.1¢
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Table 19. Activity Coef "~ cients of Piperitone in

Saturated Aqueou: Solutions at 10, 20 and 30°C

\
Dissolved ’ Activity Coefficients
Solid - wtd ‘
"10°C 20°C 30°C
Sucrose 0 : 2811 3341 ‘3559
= 10 2815 3312 3537
20 2846 3296 3508
30 2911 3292 3467
40 3021 ° 3297 3405
. 50 3204 3313 3312
Glucose - o -0 2818 3280 3571
8 3472 3547 3703
16 3677 3845 3941 i

. 24 3885 4179 4272
- 32 ' 4405 4551 4660
40 4887 4966 5010
Sodium Chloride 0. 2797 3339 - 3551
' ' 4 4300 . 5114 5434
8 6599 7760 8369

12 9977 11515 12817 - -
i 16 15263 17319 20112

20 28778 33033 39239-
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Tab¥e 20. Activity Coefficients Qf Pulegone in Saturate.d

¢

Aqueous Solutions at 10, 20 and 30°C

Dissolved B Activity Coefficient
Solid T wt$ , :
' 10°C 20°¢C 30°C
‘A\ .
Sucrose o : -0 " 5225 6110 - 6924
' 10 5328 6148 6861
20 5472 6227 7107
.30 5667 6310 7434
40 5935 6373 7545
. 50 "6322. 6408 . 7104
Glucose . 0 5264 6165 6696
8 5860 - 6496 7119
16 6562 7016 7623
\ 24 73937 7735 8239
32 8384 8632 9017
40 - -9569. . 9598 10049
Sodium Chloride . 0 5211 6114 6589
.- 4 8047, 9869 10378
8 12688 15648 16651
12 20259 23562 26551
16 33211 34924 41651

’ 20 64524 68829 69840 S



Table 21. Activity Coefficients of Carvone in Saturated

——

Agueous Solutions at 10, 20 and 30°C

v

Dissolved ’ Activity Coefficient
Solid wt$

10°C 20°C 30°C

Sucrose ; 0 5013 5563 5196
© 10 5004 5322 5069

20 5013 5223 4953;

30 5039 5126 4839

40 - 5082 4979 . 4720

50 5143 4827 4582

Glucose _ 0 4910 5385 5138 _
o . 10 5618 5723 - 5533

. s <20 ' 6210 6124 - 5805
30 6961 6613 5950

40 - 8055 7231 6000

. : 50 8974 8068 6020

' Sodium Chloride - 0 4806 5286 5157
e : .4 - 7169. 7659 . 7330
8 10731 11744 11025

12 - 15996 17163 17697

16 24233 23003 30079

20 - 42627 43325 48533 .
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. Table 22« Partial Molar Heats of Hydration,

A

Solution,

LHs,

AHh, and Partial Molar Heats of

Dissplved
Solid

Sodium Chloride

wts

10
20
30
40
50

24
32
40

12
16
120

for Piperitone Saturated Aqueous Solutions

Temperature (°C)

10 20 30

"—AHp . ~Lis —4HR —AHs —-AHR -AHs

Jmole ! Jmole ! Jmole ! Jmole ! Jmole ! Jmole !’
76731 16051 68145 -7991 61169 -1548
75534 Hkmwa 67923 -7769 - 61726 -2105
73956 13276 67287 -7133 61843 -2222
71823 11143 66114 5960 61438 -1817
68808 8128 64206 4052 60415 794
mbupm 3626 61199 1045 58602 -1018
73555 12875 68355 8200 64084 4464
61183 503 62557 2403 63543 3922
64482 3802 62551 2397 . 60895 1274
67642 6963 63336 3182 59780 159 -
63229 2549 ., 62134 1980 61146 1525
62035 1354 61017 863 60090 470
77278 16598 68207 8053 60843 1222
76920 16240 68059 7905 60863 1242
75065 14385 68294 8140 62769 3148
71710 11030 68974 8820 66675 7055
68073 7393 70138 9983 71674 12054
68366 7686 71411 11257 ‘ 14111

73732

-—

e

-
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Table 23 Pagtial Molar Free Fnergies of Hydration, AGh, dnd Partial Molar Free
B ~ S
’ . C . e N .
- Lnergies of Solution, AGs, for Piperitone Satlirated Aqueous Solutions
; B . hd . v / - "

\ ,_

Py

Dissolved

Solid wte - . T Temperature (°C)
' . - 10 . 20 30
’ ..Gh AGs &Gh AGs 4LGh AGS ,
Jmole ! Jmole ! Jmole ! Jmole ! Jmole ! Jmole !
. T o
Sucrose o 23228 18695 26285 - 19776 29096 . 20611
. 10 23231 18699 26264 19755 29080 20595
l20 23257 18725 26252 - 19744 29059 20574
30 7 23310 18777 26249 19740 29029 20544
40 23398 18865 : mmwﬂbv 189745 - 28984 20499
50 - 23536 19003 26265 19756 28914 20429
Glucose qQ 23234 18701 + 26240 19731 29104 20619
8 23725 19192 26431 19922 29195 20710
16 23860 19328 26628 20119 29353 20868
24 23990 719457 26831 20322 29556 21071
“ 32 24286 19753 27039 20530 29775 21290
40 © 24530 19997 - 27251 20742 20058 21473
Scdium Chloride 0 23217 18684 26284 19775 . -29090 20605
: 4 24229 19696 27323 20814 - 30162 21677
8 25237 20704 28339 21831 31251 22766
12 26210 21677 29301 22793 ¢ 32325 23840
16 27211 22678 30296 23787 - 33461 24976

20 28704 24171 131870 ., 25361 . 35145 26660
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Table 24, Partial Molar Entrop:es of Hydration, Sh, and Partial Molar Entropies of
. sclution, .Ss, for ®Piperitone Saturated Aqueous Solutions
Dissclved Temperature (°C) ’
Sclid St 10 20 30
S -’Ss -4Sh -ASs -4ASh .. -0OSs
Jmole “°K ™! Jmole '°K™!' Jmole” '°k”! Jmole !ok”! Jmole '°k™! Jmole '°k ™!
Sucr-se 0 . 353 123 322 95 298 73
N 10 349 119 321 94 300 75
20 343 113 319 92 300 75
: 30 336 106 - 315 . 88 298 74
40 326 95 309 81 295 ©70
50 310 80 298 71 . 289 K 64
Glucose 0 342 112 323 ~95 1307 83
8 300 © 70 304 76 306 81
16 312 82 304 77 298 73
24 324 93 308 8o 295 70
. 32 209 79 304 77 300 75
40 306 75 301 . 74 297 72
Sodiun Chloride 0 355 125 322 95 . 297 72
4 357 127 325 98 300 7 76
8 354 124 330 10 310 86
12 346 116 335 108 327 102
16 337 106 343 115 347 & 122
20 343 113 353 . 125 359 135.
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Tar 22 25

. Purtial Mol

ar Enthalpigs of Hydrations, 0Hh, and Partial Molar

ot

Ernth. pies of Solution, Hs, for Pulegdéne Saturated Agqueous Solutions

SUuCrose

Cwsoomf

Sodium Chloride

10
20
30

40

50

16
24

5

-

40

PO

O Yo O b

Temperature (°C)

16 . 20 30 .
-{:Hh -’ Hls -/ Hh - -LHs ~-{.Hh -{Hs
Jmole ! Jmole ' Y Jmole ! Jmole ! “Jmole ! Jmole
71113 11702 68836 ’ 9954 66901 8557
70294 10883 67801 . 8919 65693 7349
67850 8439 68266 9385 - . 68484 10141
64167 4756 68851 9969 72480 14137
60010 598 67903 9022 74099 | 15755
mmwww -2881 63445 4564 68858 . 10514
73052 13641 67178 8296 . 62368 . 4024
66709 - 7297 65808 6927 649074 6631
63159 3748 64323 5441 " 65139 6795
61644 2232 62840 3958 63682 - 5338
60729 1317 61550 2668 . 62091 3748
57796 1615 60820 - 1939 6312 4780
73597 14185 66923 8042 61474 3131
79401 19989 67337 8455 57580 \lqmb
79518 20107 - 67991 9109 58662 www
70750 11338 68437 9555 66474 8130 .
57437 -1975 67534 8652 75491 17147
65797 -6385 . 61504 2622 57958 386

»



sable 260 Cartial Molar Free Energies, Gh, and Partial Molar Frece Energies of

Solution, %4Gs, for Pulegone Saturated %ccoOCm Solutions

*

I

Dissclved

i

Solid wtE Temperature (°C)
10 20 . 30
XGh | LGs AGh /.Gs - AGh "4Gs
Jmole ! Jmole ! Jmole ! Jmole ! Jmole ! Jmole !
¢ icrose 0 20795 20155 24681 21248 28445 22288
10 20841 20201 240696 21263 8422 22265
20 209004 20263. 24727 21294 28511 22354
30 20986 2034 24759 21327 28625 22467
40 21095 20455 24783 21351 28662 . 22505
50 21244 20603 24797 21364 28510 22353
Glucose 0 20813 20172 24703 21270 28361 22203
. 8 19146 20425 24830 « 21397 28516 22358
16 19481 20691 25018 21584 - 28688 22530
24 19784 20972 25255 "1823 28884 22726
3z 20089 - 21268 25523 .. )0 29111 22954
4n - 20458 21579 . 25781 22 49 29384 23227
Sodium Chloride 0 20789 20148 24682 50 28320 22163
4 21812 21172 25849 22416 - 29466 23308
8 22884 21434 26973 23540 30657 24500
12 23985 22718 27970 24538 31633 25676
16 25149 24160 28930 25497 32968 26810

20 26712 ~ 25475 30583 27150 34271 28113
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Table _7.° Partial Molar Entropies of Hydration, &Sh, and Partial Molar Entropies of

solution, .Ss, for Pulegqgone Saturated Agueous Solutions

Uissolved Terperature (°C)

solid wte 10 20 . 30
’ -7sh -'S8s - ="'Sh -~Ss -%L8h -ASs
"okT Y Jmole '°KTY Jmole ek ! Jmole '°K ! Jmole '°k! Jmole '°K

Slucose 0

Sodium Chleride 0

ZY <4

327

113
110
101
89
74
63
119
98
86
82
80
71
121
145
120
123
80
11¢<

319
316
317
319
316
301
313
309
305
301
297
295
313
318
324
329
329
314

-

106
103
105
107
104
88
101
97
.vnwN
88
85
83

100

105
111
116
117
102

315
310
320
334
339
321
299
308
310
305
301
305
296
287
295

24
358

04

102
98
107
121
126
108
87
96
97
93
88
92
83
74
42
112
145
92

4
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2€. Partial Molar Enthalpics om.&«aama»o:«.»::

§

- and wmﬁnpmp Molar w:ﬁ:mpwwmm

of Solution,

"

[

Hs, for Omw<o:m mmncwwnma b@cmocm moHano:m

lissolved-

lid

Suci .se

Glucose

Scodilum

Y

Chloride

wtd

10
20
30
40
50

0
10
20
30
40

-

5

; R 2mperature (°C)
10 - . 20 30

-Hh -lHs -~ Hh . —hHs -5Hn -AHs
Jmole ! IJmole Jmole Jmole Jmole ! Jmole !
74637 14155 60501 543 49090 -10338
69227 8745 59949 -9 52420 -7007
67163 6681 59123 -835 52584 -6843
64759 4277 58190 -1768 52827 ~6601
60530 48 57171 -2787 54373 -5054
55615 4667 55867 -4091 55797 ~-3631
72460 11978 60983 1025 51697 -7731
63910 3429 59191 -768 55306 -4122
61226 744 57372 -2587 54178 -5249
59369 -1113 54103 -5856 49781 ~9647
56654 -3828 49070 -10888 42696 -16531
61297 815 44853 -15105 31897 -27831
71830 11348 61947 2016 53984 -5444
69500, 9019 60285 327 52806 -6621
72930 12448 60270, 311 50037 -9391
66826 344 63410 3451 60566 1138
43531 -16951 69074 9115 89379 29952
57456 3026 65024 5066 70961 11534
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Table Nwm Partial Molar Free mbmH@HmmmmwxEMmHmnwos~ AGh, and Partial Molar

Free Energies Of Solution, AGs, for Carvone Saturated Agqueous Solutions

Dissolved :
. Solid wt$ Temperature (°C)
. 10 20 30
AGh ~  AGs AGhH AGs ~ AGH 5Gs
\ . Jmole !  Jmole” ! Jmole ! Jmole ‘! Jmole ! Jmole !
\ , .
N ) . i€ .

Sucrose 0 23516 20057 26601 21019 29260 21564
10 23511 20052 26493 20911 29198 21502
20 23516 - 20057 T 26447 ¢ 20865 29139 21444 .

30 123528 20069 26401 20820 29081 . 21385

40 23548 20089 26331 20749 29018 21322

“ 50 23576 20117 26255 20673 28943 = 21247

Glucose 0 23467 20009 26512 . 20940 29231 21536
10 23784 - 20325 26670 21088 29418 21723

20 24020 . 20561 26835 21254 29539 21844

30 24288 20830 27022 --2144]1 29,0 21906

40 24632 21174 27240 21658 276272 21927
50 24886 21428 27507 21925 29 21935

Sodium Chloride 0 23416 19958 26476 20895 RN 21545
4 24358 20899 27380 21799 30127 22432

8 25307 21849 28422 22841 31156 23460

12 26247 22789 29347 . 23765 32349 24653

- ) 16 27255 23767 30061 24479 33686 25990

20 28555 25096 31604 26022 34891 27196



191

Table 30. Partial Molar Entropies of Hydration, ASh, and Partial Molar m:nﬁovwmw of

Solution, ASs, for Carvone Saturated Aqueous Solutions

Dissolved , : : Temperature (°C)
Solid wtd 10 20

- 30

S a— ~3Ss ~kSh ~ASS

-ASh

~%Ss

Jmole. '°K™ ! Jmole”'°K™! Jmole~lox”! Jmole '°K ! Jmole '°K”! Jmole log~!

Sucrose 0 397 ) 121 . 297 wvu®
. 10 328 102 295 - 71
20 320 94 . 297 68

30 312 86 289 65

40 297 71 285 61

. 50 280 55 . 280 57

Glucose 0 339 113 299 . 75
10 310 . .. -84 293 - 69

20 301 - 75 , 287 64

30 295 70 277 53

40 287 61. . 260 37

‘ 50 . 304 79 ) 247 23

Sodium Chloride 0 336 111 302 - 78
4 332 106 299 76

8 347 121 303 . 79

12 329 103 316 93

16 250 —24 338 115

20 < 304 . 78 . 329 106

258
269
270
270
275
280
267
280
276
262
239
202
275
274
268
307
410

wmo -

37
48
48 -
49
54
58
46
58
55
.40
18
~.—19.4
53
52
46
85
185
"128
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Figure 1. The Stokes diaphragm cell.
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Figure 2. The Kahn and Polson boundary sharpening
technique as applied to a Tiselius electro-
phoresis cell used for diffusion measurements.
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Figure 3,

Adaptation of the 35 mm

schlieren accessory,

camera to the optical column of the.

4
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D(m&s <1010 )

- | 1 ] 1 1 1

1 2 3 4 5 § 7 8
C (g/100ml)

- k2
- Figure 4. D as a function of the average sucrose concen-
tration. [0, this work at 25.3° C; O, Gosting
and Morris (1949) at 24.95° c; v, thlS work at
25.0°C; ____, best fit of data at 25.3°C. :
‘ ——
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Figure 6. D as a function lof average ethylene gl
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‘Theoretical diffusion experiment showing con-
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curves as a function of time.
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Fiqure 8. Decrease of the photographically recorded schlieren -
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c. 0 =60° . - : : 'd. & = 50°

Figure 9. Influence of the schliereh bar angle on the photo-

graphic images.
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7

Valve-type synthetic boundary ceii
J |

Double sector capillary synthetic
boundary9cell :

Figure 10. Centerpieces for achieving boundary

formation in an*ultracentrifuge.
Vi



201

.

Figure 11. Bou formation in X :

boundary cell as nnnltnredp}DtOgraphl cally.
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«——— Gravitational Field in the Ultracentrifuge
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-

More densc solution.
t = O : ) . »Nwom

Figure 12. Mechanism of boundary formation in the double sector
capillary synthetic boundary cell.

't=60s
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c. A = 45s d.. = = 60s

Figure 13. Boundary formation in the double sector_capq'_llary

synthetic boundary celloas mcgnibored photographi-

il

cally. | ~
| /
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e. 6 = 75s

f. -6 = 90s
g. = 105s h. 1805

Figure 13 (cont'd). Botmdary formation in the double se;!wr

¢
capillary synthetic boundaly cell as

moni tored photographlcal 1y.
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Figure 14. Plot of Equation 5 for glycine at 25.:0°¢
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Figure 16. Sucrose-water phase diagram,
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PLljre.lce Amorphous Solution
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Figure 18. Concentration polarization‘effect of dissolved
solids in the CAS during freezing (C., inter--

P4
face concentration; Cb, bulk concent%ation).
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Figure 19. Concentration polarization of volatile above
the solubility limit during freezing.

lee Front

lncreosmg qul lo pse —

Figure 20. Progréssive stages of collapse.
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Figure 21. Temperature history of 20% sucrvse sample mcﬂwsm freezing and

drying.
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Figure 23. Influence Om,pmwmﬁ ﬁrwmwsmmm on retention of carvone in sucrose Awowv,

Q and gum arabic (1%) at constant sample volume.
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Figure, 26. Retention of m-anisaldehyde-as a function of

initial sucrose content.
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.Sucrose content.
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Figure 28. Retention of carvone, m-anisaldehyde and eugenol
as a function of initial gum arabic content.
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Figure 29. Retention of carvone, pulegone and piperitone in sucrose,
~glucose, sodium chloride and gum arabic solutions. ’
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piperitone concentration,
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Figure 41, Retention of oww<o:m and eugenol in 1% gum arabic as a
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Figure 44,

10 20 3 40 50 60 . 70 - 80
Time (h)

Retention of carvone after rehumidification ®»f freeze-dried
sucrose solutions at different relative humidities.
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direction as seen on the film is,

APPENDIX 1 Derivation of Equation(5)

The equation required to cal~ula“. tae
diffusion coefficient for a two-compound system from
measurements of the concentration gradient in a free

diffusion experiment is given by Longsworth (1945),

.

ac Ac '53-;)(2/‘“)‘t :
§§'= _ (1)
2 ADE | '

where Ac is the concentration differencé of'thé diffusing
substance, D is,thé diffusion coefficient and ¢ is the
conééhtration-at‘a distance x from the interface at time
t; The term ac/aérrefers to the actual concentration
gradient within the‘diffusidn cell.

The dimensions of the cell are magnified by
the lénses of the schlieren optical system. The camera

.-

lens magnifies the schlieren curve both in the x and y

directions and this magnificatibn’by the camera lens

is represented by the magnification factor, m,. The

cylindrical\lens'magnifies the schlieren curve only

in the y direction and gives rise to the magnification
N .

factor, m,. Therefore the displacement in the’y ¥

o
0
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‘ ‘ Y = La gg dn m;m, (2)
dx dc tan®

e

where L is the distance from the middle of éhﬁ cell to
the plane of the schlieren analyzexr, a is the thickness
of th diffusion cell, ‘dn/dc is the refractive index
increment and é is the angle of the schlieren anal?zer.

. The displacement in the y direction is seen to be
influenced by both m; and ﬁzf‘ However the displacémenf
in the x direction as recorded on film is only a ?unction

- of m,

~where x again refers to cell dimensions.

Enlargement of the image hging the_slide
projector introduces an additional~magnific;£iow factor,
By, which is equal for both x and y dfreétions. Therefdré
the displacements in the‘y and x direétions as registered
on the projected image are given by Eguations (4L,and
(5) respectively. | |

o

. y‘1 = B, La QS 92 mi;ms (4;
' ‘ dx dc tant
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P

& Coxl = BiX = myxB, (5)
The quantities y! ‘and x! are values measured on the
vertical gradient.
Equation (4)°may be rearranged to yield N
Equation (6).
©dc _ y'tape s
) dx B]La _dﬁmlmz
’ dc :
Equation (6) relates the concentratibn gradient in the
i Cn ’
diffusion cell to the measured quantity y!.
Substitution of Equation (5):an: nto
Equation (1),yie1ds, N ’
'rlﬁ_'{ o . o . . ) 4 )
= : . . . 1,2 2 < -
y el = -(x7)°/B 4Dt T g
R Y adc e , .
’ ZVGBEq‘ e Lo o
N . . Gt : .
N -"G'\.g._;;w ) . Y
‘ where T S
52 ;
a2 L E
a = By La mym, dn (8)
tanb de
. B = 8 m . (9)

-]
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B is the overall magnlflcatlon in the X direction and is
obtained from the measnrement of the reference lines
in the counterbalance of the Analytical—D rotor.

Rearrangtﬁg Equatlon (7) and- taking the

na%hral logarL@hms vields Equatlon (10) .
; N,

I ‘ qn(y t7) = 1n aAc X (10)

2/75  BTADE

PN ¢
S
v R
nd ¢

Equation (10) correepends to.Eqdatibn (5) of the text.
Since «a, Ac, T, D and B are all conﬁgants for a par—t'
tlcular dlffu51on experlment .a plot ofﬁ}n(y t%) vs. m’ﬁ_
(x )% /t ylelds a stralght llne of slopel—L{Be4D “and an

1ntercept of ln(aAc/2 ﬂD) and tnns permlts a- calculatlon

(of D from the slope. D
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APPENDIX 2 Program for Calculation of D

DIMENSION Y (15,8),T(15),YO(15),X(11),2(200),XT(200)
DIMENSION TO (15) ’

DATA X/0.,1.,2.,3.,4.,5.,6.,7.,8.,9.,10./.
READ(1,100)N - '

DO'1 1=1,N _ ) ‘

READ (1,110)DC,B,C1,C2,DX

READ(1,100)N1
DO 4 M=1,N1

READ (1, 120)T(M),(Y(M J) J= 1,8) _
N12=N1/2 f

&

DO 6 M=1,N12

DO 5 J=1,8 : :
7 (J)=ALOG ( (¥ (2*M-1 ,TFXY (2%M,J)) /2. SORT(T(Z*M—l))) N
XT(J)—(x(J)*DX)**z/T(z*Mbl) . ‘
CALL SLIN1(XT,Z;8,Al,B1,0) -

YO (M) =EXP (- Bl)*SGRT(T(Z?M—l)

TO (M) = =SORT (T (2*M-1) ) e - e

YM=1./YO (M) w o s B

YM1sY (2*M-1, 1) - g%; N ; ’ ?

TM=T (2*M~1) Rz ™ . o 4

WRITE (6,150) TM,YM,YM1 2 . . o

" CALL SLIN1(TO0,YO NlZ ,A0,B0,0) K o - ’ %

FORMAT(ZXNS(EIZ 5)) . .
DT=B0/AQ - , SRR Y ' ,
WRITE (6, 14,0)D-F ‘

FORMa (lOX;'ZERO TIME CORRECTION —'ﬂF7 2) : &

K= O t o ¥

D0 3 J=1,N1 - an - . ‘ AL

TC—T(J)+DT N , B o .

DO ‘2°r=1,8 ~ &, o Y. . . | S
IF(Y(J L) .EQ.0.)GO TO 3 e e, S

. 7 (K) =ALOG(Y (J, L)*SORT(TC)) N

CONTINUE S
COY TINUE - e
C2” , SLINII,z,K,Al,B1,0)

"D=-1./(4.*B*B*Al) *T ,E-6

XT (K) = (X (L) *DX) **2/TC _

-

ALPHA=2. *SORT(3.14159*D) *EXP (B1) /DC o
CAV=1(C1+C2) /2. i i -
WRITE (6,130)DC,B,CAV,D,ALPHA

FORMAT (12) - |
FORMAT (5E12.5) -
FORMAT (12E10.3)

IR

'FORMAT(ZX,'DC=F,F7.4,2X,'MAGNIFICATION=',F].B,/,ZX,'C=

i,
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’
F7.4, , N
*2%. '"DIFFUSION COEFFICIENT =v,E12.5,2X, 'ALPHA=',E12.5/)"
CON?INUE

STOP

END

s e




APPENDIX 3 Determination of the Zero Time Corrections

Because the starting boundary may not be per-
fectiy'sharp, use of the observed times, t!, may.lead
to slightly erroneous valueg/b; _ Therefore all values of v »
t, employed ': calculating D are corrected by using‘the

zero time correction, At.

,%' t = ! + At

P

A

i#«» " The zero time correééioh is calculated from
.a plot of l/(hmax)2 vs. t', where hmax is‘the height
- qf_phe schlieren peak at x=0 ﬁgr the'phétograéh taken
S , : we .
‘#%&éggiime t!, At values go{re§p6nd to.tﬁe intercept on

" the t! axis. _In all ®ases qﬁﬁhakfbeén calculated from'
£ L axs. 2 1la

~

e a least sguares analysis of'(l/hﬁ&xTQ.and t!, and the - °
A >, 1 _ X :

correctedt! values, i.e. t, havé been incorporated into

the - linear regression from which the diffusion coefficients

are calculated (Equation (5) of text) .

TN

Ve
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APPENDIX 4 Equation for Calculating AGh
The chemical potential of a dilute volatile
< .

component (1) in aqueous solution is given by the

expression,, }
o4
. ‘ Ry
L * 1
3( )
Fr K
where ui = chemical potential of the volatlle solute
: in a dilute aqueous solution
p¥ = standard chemical potential of the volatlle

1 solute in an 1nf1n1tely dllute reference’ state

R = gas constant . :
;T 0= aﬁ?blute temperature T -

¥; = -mole fractfon;of the solute in solutlon

Yy = actlvlty coeff1c1ent of the volatile solute

The chemlc.

spotential of'the‘volatile'solute
in the headspace 5bo ?the solutio ds given‘by‘the

expression, . e

o) ’ '
My = Ui + R’l‘lnpi ] Y

> ¢

where py = chemical potential of volatile solute in'e
» ; the headspace above:the solution
By o= standard chemical potentlal of volatile
_ solute in the pure gaseous reference state
: pi'= vapor pressure of the volatile :

v
r : i . . '

> . pon—

At equilibrium, ui.= ug,‘henée

e



* (e} .
My My PTlngl :
Y4

y le

Using an infinitely dilute reference state

(Yi=l) at saturatLpp (Xi=XS), “

sfow

Wl : ’ 2 Y Lo

- - w; - pir=-4Gh = RTInpi
: . Xs
>
'\ .) N .>:<

e

, -

This Equation corresponds to Eégatxon 2 in

*{%} of the text. v ” 7
) .‘ . M R v R
i Vo 3 S
& y AL “,
)
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APPENDIX 5 Equat®on for Calculating AHs

. The chemical potential for a dilute volatile

‘component (i) in agueous solution is given by the.

expression, : ‘e,

;
¢

L _
. = u* + RT LY.
pl ul R lnXlYl

where U. = chemical potential of the volatile com-

ponent in a dilute aqueous solution

u; = gtandard chemical potential of the pure
liquid volatile componrent at a specified
temperature and presgure .

X. = mole fraction of the’volatile solute in

the solution - ‘ .

Y; = activigy bfficient of the volatile solute

' in the™ Agn : o

&r . '(u J .“l )
Dividing by T and differentiating with respect

-

to T (P, X = constant) B
N - ! ’ -

FE o

T T, R3lnXi _ R3 lnvyi
T

k]
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_dlnyi = hi® - Al

oT B RT?

K.

- \

. . \ ’
This expression may be rearranged to

YL - f;" - hil = aEs e
=T -
3T R R y

This Equation c%Fresponds to Equation 4 in

Part IITI of the text.



