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1. General Introduction

Phase IT of this contract has been devoted to continu-
ation of.studies initiated during Phase I, which will lead
to developmeht of methods by which freeze dried foods of
improved quality will be produced. 1In addition to continu-
ation of Phase I studies, Phase I saw the initiation of
a study into the technology of preparation ofzartificial
food matrices.

As listed in the Phase I end items,'stqdies have
continued in the following areas:

1) The applicability of theories of flavor retention
developed originally in mono-and disaccharide containing
food liquids has been demonstrated for a number of
food polymers, both proteins:and polysaccharides.

2) Studies on the formation of structures during
freeze drying have been continued for emulsified systems
using the‘optical microscope having a spedial freeze drying
stage.

3) The deteriorationvof organoleptic quality of
freeze dried foods due to high temperature heating has
been evaluated, and imprcvéd proceedures developed.

4) The influence of water activity and high tempera-
ture on retention of model flavor materiais and browning
deterioration haé been evaluated for model'systems and
food materials. |

5) A freeze dried food of high quality whose

processing is based on results obtained in areas discussed



above has been prepared and sent to NASA/MSC as provided
for in the contract schedulé for Phase II.

6) Studies on production of a totallf artificial
food applicable to advance spacecraft food system needs
has been initiated.

The scheme éf presentation utilized in the Phase I
Aﬁnual Report has been continued in this Annuél Report.
The research areas under investigation in Phase II are
presented as separate sections as follows:

2.. Studies using the freeze dryiﬂg_microscope

3. Browning of dried foods at high temperatures

4. Artificial gel structures for engineered space foods

5.‘.Volatile retention during freezé dfying

6. Freeze dried food products of ihproved quality.

A summary of the results of Phase II is presented

~as the last section (7).



2. Studies using the freeze drying microscope

2.1 Introduction

The de&elopment of a freeze drying apparatus for
mounting on a microscope stage for contindou$ observations
at high magnifications of freezing and freeze drying
behavior has been described iﬁ the Phase 1 Annual Report
- of this contfact. A technical article based in large part
on data presented in the Phase 1 Annual Report has since
been published and is included here: (as séction 2.2)
since it concisely'describes the freeze drying apparatus
and the méthods of utilization.. Section 2.3 presents. an
analysis of the freeze drying behavior of the ice/dry
layer interface, as our observations had raised some
question as to the nature of the moisture content gradient.

In conjunction with the project‘end.items regafding
food matrices, studies were initiated on'the microscopic
freeze drying behavior of various food components,
relative to phase separation and matrix struéture during
freezing and freeze drying. These initial studies have
concentrated oﬁ systehs which could be more easily handled
in the microscope, and generally consist of a non-volatile
carbohydrate, a volatile or non-volatile organic liquid
and water. These studies are aiscussed_in sections 2.4

and 2.5.



. 2.2 The freeze drying microscope
Microscopic investigations of the freeze drying
of volatile-containing model food solutions.

Reprint from J. Food Sci. 38(7):1174-1178(1973).
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MICROSCOPIC INVESTIGATIONS OF THE FREEZE DRYING
OF VOLATILE-CONTAINING MODEL FOOD SOLUTIONS

INTRODUCTION
AQUEOUS SOLUTIONS of orgarnic sol-
utes are the basic fluids of bidogical
systems, such as the extracellular ead in-
tracellular fluids of solid food materials.
. Extraction of these fluids from food
solids results in organic-containing aque-
ous solutions of economic importaace to
the food industry. The behavior of these
extracts during the freezing process is
quite important in determining the final
quality of freeze-dried products ¢Flink
and Karel, 1970b; Flink and Ltbuza,
1972 Rulkens and Thijssen, 19724 This
includes both the period of the lowering
of temperature to a level at which the

solvent, water, starts to crystallize as ice,
as well as during the continuation of the
freezing process when the increased con-
version of water to ice results in the even-
tual solidification of the aqueous solution
as a relatively complex system of ice
crystals, concentrated solute phase or
paases, and perhaps even pure solute
phases.

The flavors of food materials are com-
posed of numerous organic compounds
present at low concentrations in aqueous
solutions, Most studies on flavor quality
retention have dealt with measuring the
before, during or after retention of suit-
able volatile organic compounds from

GLASS CHIPS

PRV

GLASS WINDOWS -

VACUUM PASSAGE

RUBBER O-RING
ALUMINUM RING

SAMPLE COVER SLIP
THERMOCOUPLE JUNCTION

GLASS COVER SLIP

COOLING INLET AND OUTLET

Fig. 1—Microscope stage freeze-drying system with detail of sample

holder.
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- servations of

nonvolatile solute-containing aqueous so-
lutions (Flink and Karel, 1970a,b; Thij
sen and Rulkens, 1969; Rulkens ang
Thijssen, 1972; Chandrasekaran and King,
1972).

In a continuation of studies on the de
sorption of volatile organic constituents
from aqueous carbohydrate systems dur.
ing freeze drying (Flink and Karel, 1969,
1970a,b), microscopic analysis of the
freeze-dried material showed changes
which had taken place in the system dur-
ing the freezing and freeze drying (Flink
and Gejl-Hansen, 1972). Most notable
were the partitioning of the carbohydrate
nonvolatile solute (maltodextrin) into
two fractions. and the appearance of the
volatile organic constituent (hexanal) as

liquid droplets. Flink and Gejl-Hansen
concluded that the formation of the lig-

“uid droplets and their partitioning into
the carbohydrate-rich phase were very im-
.portant factors in accounting for the re
tention of the volatile organic compound
during freeze drying.

To determine during which part of the
freeze-drying process the partitioning oc-
curs requires the development of a

freeze-drying microscope stage on which
the entire freeze-drying process could be
observed. Various freezing and freeze-dry-

ing microscope stages have been reported -

in the literature (McCrone and O’Brad-
ovic, 1956; MacKenzie, 1964; Chauffard.

1971; Freedman et al., 1972), though

most studies using this equipment have
dealt with investigations on conditions af-
fecting the development and behavior of
the ice phase (Luyet, 1968). Rey et al
(1966) have reported on microscopic obt-
the solidification and
-freeze-drying behavior of organic mix
tures and aqueous solutions of inorgani
salts.

This paper reports on {1) the design of
a new freeze-drying microscope stage
capable of continuous observations at the

" high magnifications required for flavor ¢

tention studies and (2) the results of stud-
ies on the separation and retention of
volatile organic compounds during freez¢
drying.

EXPERIMENTAL

The freeze-drying microscope )
The freeze-dryirg microscope is capable ot

et
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b



\c:ng used for continuous observation of
.ccre-dtying samples at magnification up to
. o1x. This high magnification is essential when
- eugating the formation and separation of
- #lets within the nonvolatile solute matrix.
1he freeze-drying microscope consists of
«.ce systems which <an be considered inde-
<~Jently: the microscope system, the freeze-
~.vng system and the data acquisition systems.
rhe microscope system. The freeze-drving
L ..toscope is based on an Olympus Model EH
toscope body. As this microscope is modu-
,r. 1t is "custom designed” by being equipped
. +h the following special options:
1. Trinocular head to allow for both visual

k ,~d data acquisition;

7. Wide field and flat field photographic

i epicces of 15x which allow magnrifications at
Lhe limit of resolution;

3. A polarizing filter set used to evaluate

. "u_\slullinily of the sample;

4. A dry 60x objective which can be used
«»r high magnification (900x) analysis of the
trccze-dried material;

5. A long working distance 40x objective
that enables the distance between the sample
and front surface of the objective lens to be 1.3
mm. This distance is an important considera-
uon when designing the freeze-drying chamber.
The freeze-drying system. The freeze-drying
wstem consists of a freezing and freeze-drying
vhamber specially designed and constructed in
this laboratory for use with the Olympus micro-
wope and the associated support equipment.
The freeze-drying chamber is a vacuum-tight
~ptical system which is capable of being refrig-
crated (Fig. 1). Three glass windows sct into an
aluminum block provide for sample holding (2)
and vacuum seals (1, 3). The block also con-
wins an internal path for the flow of chilled

trefrigerant (4, 5) as well as a vacuum passage to

the lower vacuum chamber (6). The glass sam-
ple holder has a large contact area with the
sluminum block at the retrigerated end. giving a
large heat transfer surface. A gap is left between
the sample holder and one wall of the block
permitting air and water vapor to flow to the
lower chamber and out the vacuum line. The
lower window is semi-permanently scaled to the
block with Apeizon putty. The upper window,
4 0.17 mm thick cover glass (45 X 50 mm) rests
on a rubber O-ring (7) that is held in circular

{ shape by an aluminum ring (8). The total thick-

ness of the O-ring and cover slip is less than 1.3
mm, alfowing use of the fong working distance
ohjective. Chips of a cover slip are placed at the
evleemities of the sample holder to support a
cover slip for the sumple at an approximate dis-
tance of either 170 um (1 chip) or 340 um (2
chips). This enables control of the sample thick-
ness which is optically important.

A dry ice-aleohol refrigeration system s

o~

uwed for freezing and temperature maintenance
during freeze drying (Fig. 2). A bottom-cmpty-
mg flask maintains a flooded suction head on
the centrifugal pump. Fluid is pumped to the
freeze drier through a copper coil immersed in a
diy ice-alcohol bath before being returned to
the suction line reservoir. Temperature can be
wpulated either by on-off cycles aof the pump,

o1 by control of the pump speed.

A single stage rotary oil vacuum pump is
uwed in conjunction with a CaSO, desiccant
Vapor trap to remove fixed pases and water
vapor from the freeze-drying chamber.

Dried compressed air is gently blown across
the upper cover slip window to prevent conden-
ution of cavironmental water vapor. The lower

2-4
FREEZE DRYING OF MODEL FOOD SOLUTIONS-1175

.

FREEZE
ORIER

ALC
ESE

CENTRIFUGAL

OHOL
RVOIR

N\

O DROP OF VOLATILE
PATHWAY OF VOLATILE

*_-f'

PUMP

COPPER COIL

[3—0EWAR FLASK
WITH
ORY-ICE-ALCOHOL

Fig. 2—Refrigeration system for freeze-drying Fig. 3—Path taken by hexanol droplet during

micriscope.

1

freezing of aqueous maltodextrin solution.

1004

Y S VI T
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Fig: 5—Freeze-drying front in 3.3% maltodextrin solution (150%).
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Fig. 6—Freeze-drying front in 3.3% maltodextrin solution {600%.

glass surface is within an insulation system and
does not suffer condensation problems.

A carved balsa wood container is used for
thermal insulation. This container is attached to
the motion controls of the microscope stage.

Data acquisition systems. Evaluation of
freczing and freeze-drying experiments requires
the measurement of temperatures and pressures
as well as documentation of visual observations.
The foliowing instruments supply this informa-
tion. . .
Temperatures are measured by insertion of a
microthermocouple junction into the samples
(Omega Engineering Co.. Stamford, Conn.).
The junction diameter is 125 um. The thin ther-
mocouple wires (50 um) are passed between the
O-ring and aluminum block of the freeze dryer
without {oss of vacuum.

The system pressure is measured on the
vacuum line with a thermocouple-type vacuum
gauge having a range of 0-20 torr (Veeco Instru-
ments).

Photographic records of typical visual obser-
vations are made with either a Polaroid ED-10
microscope camera or a 35 mm camera.

i
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Fig. 8—Freeze-drying front in lower layer of 10% maltodextrin solution
{shadow of upper region front is to right) (150x).

Visual obscrvation is made via a closed cir-

cuit television system. This allows long visual

observation periods without serious eyestrain
and further, groups of people can observe and
evaluate each experiment.

Methods

Preparation of model system. An aqueous
solution is prepared according to a standardized

procedure. This is especially important when-

utilizing components of limited solubility. The
model system is either held at preparation tem-
perature or chilled to 0°C by holding in crushed
ice.

Preparation of microscope equipment. The
dry ice-alcohol cooling system is prepared and

the microscope stage connected to the cooling’

system. The freezing stage may be precooled to
0°C at this time, if desired. Dehumidified air
sweeps the stage to prevent condensation of wa-
ter vapor.

Sample freezing. The cooling system flow is -

adjusted to give the desired freezing conditions
at the microscope stage. Freezing progress is
followed either visually or photographically.

{
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Fig. 7—Freeze-drying front in upper fayer of 10% maltodextrin solution
{shadow of lower region front is to left) (150%J.

Subsequent steps prior to freeze drying
Upon the completion of the first freezing analy-
sis, the sample can either be freeze dried or
thawed and subjected to further freezing analy-
sis. The latter is of interest when studying the
resolubilization of the organic constituents or
the influence of freezing history on subsequent
freezing and freeze-drying behavior. Thawing is
accomplished by stopping the coolant flow or
additionally removing the heat absorbent from
the lamp of the microscope optical system.

Sample freeze drying. Upon completion of
the final freezing analysis, the chamber is evacu-
ated and the frozen sample is freeze dried. Due
to the small sample dimension, relatively rapid
sublimation of the ice occurs. Following drying,
the material can further be analyzed by more
standard procedures as described by Flink and
Geji-Hansen (1972). ’

RESULTS & DISCUSSION

"EXPERIMENTAL RESULTS can be

divided into characterization of freezing

.and freeze-drying behavior in the micro-

— .
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Fig. 9—Hexanol droplets at ice crystal grain boundries (600X).
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Fig. 10—Hexanol droplets in freeze-dried matrix, 100 microns into sam-
ple {150%).

scope, and studies on the freezing and
freeze drying of aqueous solutions con-
taining volatile organic compounds.
Freezing behavior

Freezing of water and aqueous malto-
dextrin solutions (10%) from room tem-
perature generally occurs in 2—10 min.
Temperature measurements indicated
that the maltodextrin solution com-
mences freezing at approximately —5°C
and is completed at —7°C (Fig. 13).

Fast freezing is characterized by solidi-
fication of the sample in less than 20 sec
(initial appearance of ice to complete
solidification). The ice structure appears
as plates or sheets without fine structure
(Fig. 9).

Slow freezing is characterized by a fast
freezing of a small part of the sample

closest to the chilled surface followed by

dendritic growth of ice crystals over a

Y ¥

Fig. 12—-Hexano! droplets in freeze-dried matrix;

(600x).
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period of 0.5—10 min (Fig. 4). Some sam-
ples which have been slow frozen in thin
slabs undergo dendritic crystallization in
two layers; the bottom of the sample
crystallizes first as disordered dendrites
(Fig. 8), the upper region crystallizes later
as ordered dendrites (Fig. 7).

Freeze-drying behavior

Freeze-drying fronts (the moving inter-
face between frozen and dried regions)
recede into the sample from all four sides.
Samples approximately 1 cm x | cm, and
0.155-0.3 mm thick under a cover slip
require from S0—80 min to freeze dry.

Separate freeze-drying fronts are ob-
served in each of the different ice crystal
orientations (and thus solute matrix
orientations). The fronts are not com-
pletely planar, with small variations oc-
curring among crystals having the same
orientation (Fig 5, 6), and larger varia-

LT

Fig. 11—-Hexanol dropf_éts in freeze-dried matrix; same view as 10, but
at sample surface (150%).

tions for crystals of different orientatibn
(at different vertical locations) (Fig. 7, 8).

Freezing and freeze drying of
aqueous solutions containing
volatile organic compounds

Aqueous solutions of maltodextrin
(10% w/(v) and hexanol (0.3% w/v) are
used for studying the phenomena associ-
ated with freezing and freeze drying
which are responsible for retention of the
volatile organic compounds in the dried
material. The injtial solution contains
some - liquid droplets prior to cooling.
During tlie freezing process, the hexanol
solubility limit is exceeded and many
droplets of hexanol liquid appear. Often
these droplets of hexanol move relative to
their initial location due to bulk liquid
fluid flow associated with liquid density
differences resulting from temperature
gradients and fluid flow associated with

same field as 11

let samples.
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Fig. 13—Sample temperature during freezing and freeze-drying of drop-
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the growth of ice crystals. Figure 3 por-
trays the path taken by a hexanol droplet
during the concentration steps associated
with freezing. The extent of droplet

movement is quite viriable; in some cases:

it can be many droplet diameters, though
in many cases it is little or none. This
process results in the entrapment of the
droplet in the interstitial solute matrix
consisting of eutectic maltodextrin solu-
tion. Figure 9 shows these droplets at the
ice grain boundaries of a completely fro-
zen maltodextrin sample. These én-
trapped droplets of volatile (average
diameter 2 microns) remain stationary
during freeze drying and are found
throughout the sample thickness in the
dry amorphous matrix (Fig. 10 to 12).
Similar behavior was observed in experi-
ments at hexanol concentrations above
(0.8% w/v) and below (0.1% wfv) that
noted above,

The appearance of liquid droplets of
alcohols in freeze-dried aqueous malto-
dextrin solutions has been related to the
solubility of the volatile alcohols (Flink
and Gejl-Hansen, 1972). Furthermore,
the influence of molecular size, solubility
and concentration on retention of the
volatile following freeze drying has been
demonstrated by Flink and Karel (1969,
19702). A 0.5% (w/v) solution of a more

soluble alcohol, n-butanol, behaved simi-

larly, though the droplets formed during
freezing are much smaller, making them
more difficult to observe.

While experimental work is continuing -

with the freeze-drying microscope, it ap-
pears obvious that for some typical vola-
tile organic compounds of limited aque-

“ous solubility, retention after freeze

drying is in the form of liquid droplets
which primarily develop during cooling
and frcezing and are entrapped in the in-
terstitial matrix after freezing. These
droplets of volatile compounds are locked
into the dry material following the freeze
drying step.
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2.3 Observations of freeze drying fronts in the microscope
During observations of freeze drying brocesses,
the sublimation front appears as a dark band of varying'
'width. In an effort to determine changeé ocgufring at
the freeze drying interface, a study of the hature of the
sublimation front was conducted. In particular, the
 dark nature of the band made observations difficult,
and it was originally considered that the dark region
could indicate some aspect of the changing moisture
content. |
Two views of sublimation fronts for different malto-
dextrin samples 'are shown in Figure 1. Thé'dbserved width
of the front was found to depend on the ratebéf movement
of the front. The sharp front on the left was progressing
at about 300 um/min and had a width of about 2-3 um,
" while the more diffuse front on the right.(about 15 um
wide) was moving ét less than 100 uym/min. Rates of move-
ment of the freeze drying front are related to a balance
of heat and mass transfer in_the’drying‘sample; A closer
inspection of thé.daxk bandgshowed that :éther than being
a_diffuse_regiqn; in actuality it was an ice—vapor
interface at aﬁ angle to the optical axis._ There was
a sharp interface at the chamber bottom glass surface
and another sharp_interface at the Chaﬁber top glass

surface, and it was possible at high magﬁification using



thin samples, to focus at selective'places along the
iﬁclined interface. The fact that this interface is
inclined to the optical axis means that light rays passing
through the interface are ref:acted and/or internally
reflected and thﬁs the incline appears dark. The width
of the dark band depends on the slope of the incline
(and sample tﬁiékness) and the slope of the incline
of the interface reflects the fact that the chamber
éooling is entirely from the lower glass sample holder
and thus there is a vertical temperature éradient in
the sample. A low temperature at the sample-sample
holder interface will give a slower dryiﬁg at tﬁe lower
level and thus the interface slope will decreasé, result-
ing in a bfoadening of the diffuse dark band.

This behavior, while of interest, is not expected
to effect the general validity of the observations
made using tﬁe freeze drying microscope. Exémples df
the direct-transferabiliﬁy of observations in thé freeze
drying microscope and the laboratory freeze dryer are
the agreement of retention levels of ethyl_acetate in
fieeze'dried maltodextrin (see section 2.4) and similarity

of physical appearance of samples freeze dried in both systems.



2.4 Retention of volatile organic compounds

Retention of volatiie organic compounds was investi-
gated in the freeze drying microscope for a complex food
gel. This study was associated with the study reported
upoh in section 5;5 of this report. 1In addiﬁion to
this study, an evaluation of the possible ﬁse of 14C
labelled volatiles as a means of quantitativély determining

volatile retention during freeze drying under the microscope

was conducted.

2.4.1 Retehtion of hexanol in a_complex food gel

A complex food gei which is a commefciai replace-
ment for pectin served as tﬁe non—volatiléjéoiute at a
solids content of 1%. The gel solids consisted of the
following components: | |

locgst bean gum 35%

guar gum 20%

Carrageenan gum 15%

Agar gum _ 30% ‘

The 1% (w/v) gel was mixed with hekanél-(o.z% w/Vv)
and a drbplet was placed on-the stage 6f:the freeze drying .
microscope; The liquid sample, prior to initiation of
freezing contained a few hexanol droplets of 52um which .
were observed to move about in the aquedus'phase. Also
present were undissolved gel particles of up to 100um in

maximum dimension. .



Slow freezing conditions resulted invﬁhe growth of
regular ice dendrites, first along the bottom surface of
the microscope chanber (location of largest éupercooling),
~and later at higher levels in the sample parallel to the
chamber bottom. In all, five layers of regulér ice
‘dendrites formed. During the period of ice dendrite
growth, hexanol droplets and insoluble gel grains were
robserved to be pushed away from the growning ice crystals:
and trapped in the interstitial solute phasé; As this
phase solidified (i.e. the temperature decreased), hexanol
. precipitated from solution as spherical inclusions in
the soiﬁte matrix, (A similar phenomenon is graphically
presented in section 2.2).

Foliowing completefsolidification of the gel
vacuum. was applied and freeze drying was cémﬁenced.
Despite a safisfactory vacuum (0.4 torr) andvice frént
temperature (—i2.5°C),the drying front movéd‘very slowly
(5100um/min), with the highest. rate occurrihg in the
largest dendrites. Each 1ayer'of dendrites'had a
different rate of movement éf the ice interface, probably
due to a temperature gradient across the sample and
possibiy also due to differences in ice dendrite.dimehsions.
One interesting phenomenon noted was ﬁhe}apparent spontan-
eous appéarance of drying zone ahead of.ihe drying front,

much like dry islands in a sea of frozen material. It



, could not be determined if this behavior might be due to
microscopic cracks in the frozen material,. or from some
vertical drying fronts crossing dendrite boundaries.

In all cases, the freeze drying fronts in éach dendrite
were quite diffuse and were often observed to advance
in "spurts", which might be interpreted as .resulting
from sudden changes of the dry layer mass transfer coeffi-
cient due to cracking, or from evaporation of "liquid-
like".regions that were observed occassionally at the
sublimation front.

Examination of the dry matrix showed‘an "undamaged"

'(at least oﬁ the gross scale) structure haviné a multitude

- of small pores. The prevalence of small pores can explain
fhe slow drying rate, as it can be presumed that the
dry cake haé a high mass transfer resistance. Even though
the dry layer mass transfer characteristics might be
expected to result in a high ice layer tempéréture,.thé
fact ﬁhat the components of the complex gel mixture have
high collapse temperatures allowed drying to occur
without change in matrix structure. |

When a cbmparisqn is made betweenffréeze drying
of maltodextrin and.the complex gel mixture, significant
differences and similaritiés can be noted} Separation of

' componehts during freezing occurred in a similar manner

for both solutes. However, drying was more rapid with



maltodextrin samples, and the matrix pore size larger,
even though the initial sdlute concentration has been
20% for the case of maltodextrin solutions and only 1%
for the complex gel. Additionally, only in the case of
the complex gel system has there been observations of
isolated regions of drying occurring as "islands" in the
dry matrix. For all these differences however, a
comparison of volatile retentions from sections 5.2 and
5.5 shows that similar levels of retention are achieved
for the two solute systems with either acetoné or ethyl

acetate as the volatile,

2.4.2 Quantitative evaluation of volatile retention

in the freeze drying microscope using 14C'labelled ethyl
acetate »

An eXperiment was conducted in which the retention
of ethyl actate (1%) in aqueous maltodextrin (103) was
determined for samples freeze dried in the freeze drying
microscope and in the laboratory scale fréeze dryer (Virtis

10-MRTR). An ethyl acetate solution of ﬁigh 14

C activity
(v10uc/ml) was used for fhe.microscopic freeze drying
since the total sample volume was 20Kl. A lower 14C
activity ethyl acetate solution was used fér retention of

the conventionally freeze dried samples. while sample

size, geometry, freezing and freeze-drying conditions



differed, efforts were made to treat both samples as
similar as possible. For example, in the crucial area

of freezing ratés, the time to freeze the sample was

a matter of minutes in both cases. Considéring the
unavoidable differences in process conditions, the observed
retentions (iaboratory freeze dryer - 27.4%; microscope
freeze dryer - 23.9%) were considered to be in good |
agreement. This quantitative agreement in volatile
retention gave further indication tha£ the microscope
observations can be related directly to freeze drying

behavior in conventional samples.



2.5 Freeze drying behavior of emulsified model systems

Food materials, and complex systems. simulating
foéd materials often contain non-voaltile; wéter insoluble
components, for example oils and related lipid substances.
The influence of these materials on the fréeze drying
behavior of food systems, and the interaction of the
water insoihble solutes with the water soluble components
is of inferest relative to the successful production of
the freeze dried system and subsequent.stability in
storage. - For example, the way in which an eﬁulsified
lipid phase interacts with the matrix forming'solute
may be significant in determiningvlipid oxidation rates
during storage, or ease of rehydration pfior to usé;

It has been sho&n, for example, in the Phase 1 Annual
Report (and related here in 2.2) that organic volatiles
- of limited solubility form dfoplets which are pushed by
the growing'ice crystals and are-incorporated into the
solid matrix dﬁring freezing. These entrapped droplets
are retained during freeze drying and gi9e>a stable product.
In_the case of the volatile organic compounds studied
at that time, all droplets which were not incorporated
are presﬁmabiybvolatilizéd and lost. With emulsified
systems of non¥volati1e lipid, the fate of the droplets
during f;eeziné and freeze drying is not known. It can

‘be conceived that some droplets are incorporated into the
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solid matrix, though the fate of the non-incorporated
droplets is subject to question. These may exist on

the solid surface as droplets, or they may spread on the
matrix surface following the passage of the freeze

drying front. These differences are of potential
significance relative to a number of areas affecting
subsequent product quality. With these and other related
problems in mind, a study on the freeze drying behavior
of emulsified syétems using our freeze drying microscope
was initiated. -

Aqueous emulsions, which consisted of a non-volatile
water'soluble matrix former, a non-volatile water insoluble
0il and water, were prepared using a high speed Sorvall
Ommi-mixer. These emulsions can be divided at preéent
into three groups:

triolein - maltodextrin

l-bromonaphthalene - maltodextrin

triolein or l-bromonaphthalene - Avicel
As most of the studies to date have been conducted with
maltodextfin—triolein, the behavior of this system will

be described in some detail.

'2.5.1 Triolein-maltodextrin

Triolein-maltodextrin emulsions are prepared by

dissolving the maltodextrin in the water, then adding



the o0il and emulsifier and hémogenizing for 1-1 1/2
minutes in the high speed mixer. A typical composition
is: maltodextrin (10%), Triolein (3.7%), Tween 80 (0.4%)
and Tween mos-100 vs (0.2%). The composition yields

a phase volume relative to water (¢°/w) of'4%f Samples
have been investigated with phase voiumes of 1-10%, and
Qith one (Tween 86) or no emulsifier.

It shoﬁld be noted that at the higher phase
volumes (above 4), there was a'téndency forréAsmall
portion of the oil to cream following homogenization.
Samples taken for microscopic observations were always
taken from‘the bulk liquid, though this would mean that
the actual phase volume would be slightly lower than
initially presumed. i |

In the liquid state prior to freezing, the emulsion
had an essentially uniform oil droplet size”of about
luym, though a few larger droplets of up to 12um diameter
were noted. The droplets were well dispersed, with no
observed tendency to cluster.

_Dﬁring either fast or slow freezing, small oil
droplets are trapped in the maltodextrin matrix; those
droplets larger than about 3um are not entrapped but
rather located at system interfaces such as ice-maltodextrin
or sample-glass (freeze dryer chamber walls). As the

phase volume increased a larger proportion of the small



drbpiets is not incorporated into the maltodextrin matrix.

Freeze drying behavior appeared to depend in part'
on phase volume. With a phase volume of 1%, a good
vécuum (0.3-0.4 torr) was obtained and drying proceeded
with a sharp interface. The sample structﬁre_does not
undergo any observable structural changes, but it was
notedAthat droplets not incorporated into the matrix are
sometimes moved with the passage of the ice front.

Figure 2 of this section, shows a 1% triolein emulsion

. following freeze drying. The breaks which can be seen in
some of the matrix walls are due to the methdd'by which
this cut was made. 1In this figure, many free oil‘droplets
are observed' adhering to.the pore walls. In addition
numerous oil droplets appear to be located within the

" maltodextrin matrix, thoﬁgh a rough estimate of droplet
size indicates that these may have increaéed inside the
wall.

When the phase volume is 4-5%, it éroved‘difficult
to maintain the chamber vacuum below 1 forr.: The sublima-
ﬁion front was not sharp and the interface appeared to
have a "liquid—like" nature. This interpretation is
based'on the observationé that as the sublimation froﬁt
progressed, unincorporated oil droplets appeared to be
mobilized and transported a few-micrbﬁéters in a direction

. opposite to the movement of the front‘(i;e; into the dry



- layer)., These transported droplets would then be deposited
as a film on the dry matrix. Drying occurs with a loss
of matrix structure, the degree of structure loss depend-
ing on how liquid-like the front appears. With matrix
breakdown occurring, the possibility exists for release
and transport of the droplets entrapped in the matrix.
An examination of the dry matrix of thesé samples shows
regions of a glassy nature (surface dissolution) with a
'.characteristic speckled surface appearancé presumably
due to deposits of oil. It is not unreasdnable to
consider that oil droplets dispersed at the sﬁblimation
front increase transport resistance to water resulting in a
higher sublimation front temperature and paftial melting.
The "liquid-like"'nature of the front, partial matrix
collapse and the inability to maintain a high wvacuum
in the chamber may be due to this phenomenon.:

- The system of 10% Triolein, 10% maltodextrin,
0.4% emulsifier and water was homogenized‘for 30-45
seconds and droplet sizes of 1-8u were obtained. The
high oil content made it difficult to distinguish
separate droplets in the homogenate and the fast freezing
conditions gave a very opaque sample in which only few
details could be seen. Howéver,'ice crystals and larger
fat dropiets-infthe'ﬁurface région were observed. Drying

proceeded very slowly and due to the presence of multiple



drying fronts no observations of drying prbcess could be
~ made.

In aniattempt to improve droplet contrast, the oil
phase Was'stained with a fat soluble dye (Suaan Black B).
staining‘did nof: improve liquid emulsion sharpness, however,
when frozen, puch better contrast was obtained between
the oil and other solid phases, so that mény fat droplets
could be clearly distinguished. During dryihg, the
subiimation fronts were quite.diffuse and the fate of
fat droplets during passage of the sublimation fronts
was diffiéult to estanlish, though examination of the
dried sample indicated that the eutectic solid was
freeze dried without observable collapse.

The dried material‘was also observed with crossed
polarizers‘in the microscope's light path. Since triolein
is polymorphic and some percentage of the 0il will be
in the soiid state, birefringence would be expected.

IIt was found that the o0il deposits and emﬁléions

were visible with crossed polarizers as regipns of 1lst
order grey.interference color. This means that the fat
has a low degree of birefringence and thﬁé crossed
polarizeré alone will not be capable of giving improved
contrast. Any further utilization bf cross polarizer
techniques will require adaptation of the microscope

for ﬁSe with a gypsum plate or quartz Wedge.



Rehydratgon behavior of freeze dried emulsions was
investigated with samples having an initial oil phase
volume of 1%. Water was added to the edge of the dried
material and dissolution of the matrix obéerved under
the microscope. At the initial addition of water, the
matrix‘begins to dissolve and an irregulaf surface pattern
of oil appears on the water. As more water is added,
agglomerates of o0il droplets float in the sugar solution,
eventually splitting to single sphericéi droplets as the
A Water concentration increases. In samples where drying
proceeded with a good vacuum and sharp interface, the
droplet,siié is essentially unchanged from thé initial
emulsion. For samples in which the freeze drying was
difficult, droplet sizes following rehydration are larger
than in the initial emulsion. Theée differences can bé
explained by higher probability of coalescencé at

interfaces.

2.5.2. l—bromonaphthalehe-maltodextrin

A model system based on l-bromonoaphthalene as
the oil:phase was investiéated, since ité high refractive
index of 1.656 (for comparison water is 1:33, maltodextrin
is 1.51 and triolein is 1.456) relative to the aqueous
phase should result in a higher visual contrast of the

droplets.



A sjstem of 10% l-bromonaphthalene, 10% malto--
dextrin, 0.4% emulsifiers and water was_prepared as in the
triolein samples. The homogenate showed an ébundance
of very distinct oil droplets of sizes S1um.However,
the numerous small oil droplets and small ice crystals
which were present uniformly throughout thé fast frozen
samples, resulted in a very diffuse image due to the
high degree of light écattering.

When the homogenate was frozen slowly to give
growth ofvlaége ice dendrites, the freezing process
could be followed and similar behavior as has.been
~obser9ed previously for non—soiuble alcohols was noted (i.e.
growth of ice aendrites in one or more layers, entrapment
of oil droplets between ice crystals, migration of oil
droplets in the concentrated solute phase until the
'lattef solidified a few minutes after the sﬁffounding
ice was formed).’ By observing the Brownian ﬁovements
of the oil droplets, the changes in viscosity of the eutec-
tic phase could be detected.

Figure 3 shows a frozen sample with oil droplets
in the solute matri# bétween ice crystals.z Some "out
of focus" droplets (white spots), which aré above the
dendrites (i.e.'in another plane of focus)'can also be
seen. During the freezing process it waé obsefved that

some oil droplets were deformed, probably due to 3 factors:



a) - pressure from grdwing ice crystals
b)A shearing forces on droplets duringltﬁeir
‘translational movement in the viscous eutectic
- phase
c) slow solidification leading to changes of
the spherical droplet to a non ideal shape.
.These observations show that the irregular appearing
fat deposits previously observed in freeze dried matrices
may not only be a result of a “liquid-like"_sublimation
front, but may in some cases be already formediduring
freezing. o
Figﬁre-4 shows freeze dried maitodextrin which can
be seen to have small l-bromonaphthalene dfq?iets entrapped
~in the maﬁrix (within circles labelled with 2). Additionally
there are some deformed droplets of larger diéméter
observabie (arrows humbered 1), though it is not possible

to determine if these are present on or in the matrix.

2.5.3 Triolein or l—bromonaphthalenehAvicel
Avicel, a microcrystailine cellulose)_has been
used invsome studies as the carbohydrateamatrix former.
‘The sample composition forvinitial;tests was chosén to be
that used earlier in this laboratory for iipid oxidation
studies (though those were conducted with methyl linoleate

as the lipid phase). Sample compositions of either
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3% triolein, 16%‘Avicel.and Qater or 1.5% l-bromonaphthalene,
8% Avicel and water, were emulsified in~a high speed mixer.
In the liquid state these samples have a mérkedly different
appeafance frbm theAmaltodextrin samples due to the
presence of the insoluble cellulose microcrYstals. Also
present is a compénent of the mixture which is difficultly
resolvable in the microscope and presumably ié broken
microcrystal units. |

In Figure 5 (left) is shown a liquid Avicel sample
with the larée crystalline uhits embedded:within 5 "sea"
of the smaller,_more difficulty resolvable matgrial.
During fréezing, dendrites are not observed_and the resultant
solid material is shown in Figure 5 (right); 'Here it can
be seén'that the freezing process has resulted in a
compaction of the microcrystalline units into islands
between the ice crystals which appear to be comﬁletely
open. The freeze drying is shown in Figure 6 at low
.magnificatibn (150x) and in Figure 7 at a higher magnifi-
cation (600x). A straight, but diffuse front can be seen
in these figures, and no'appearance of structure change
is noted. 1In Figure 7, the leading edge of the freeze
drying front (which is advancing to the left) is denoted
by the #rrow (1). Avicel grains with dro@lets of oil on
the surface are denoted by two (2) and a free oil droplet
in the dry matrix is denoted by the arrow (3). The

bridging effect of the small Avicel grains results in a



dense matrix structure {(quite épaque) and open holes.
Fol;owing disruption of the dry matrix by g:inding, chunks
of Avicel were suspended'in microscope immersion oil
" and investigated for l-bromonaphthalene retehtion.
Figure 8 shows such an island of Avicel, which appears
to contain large microcrystalline units in an overall
matrix. An enlargement of the encricled area.(Figure 9)
shows a thinner section of the Avicel matrix. It may be
expected that the entire island is composed of such plates
“much like a "house of cards." The means by which these
plates are held together is not discernible. . In Figure 9
can be observed many l-bromonaphthalene drdplets. Many
very small dropletg can be seen inside or perhaps on
the Avicel platelet.b Larger droplets (1abelied 1) are
definitel& observed to be present on the plate surface
and to be distorted from the spherical shape.' In parti-
cular, one oil deposit which is apparently béing-presented
edge on, has a quite distorted appearénc;;

The microscopic observations of freeze drying
behavior of the vafious emulsified systems indicates
that simple expectations and explanatioﬁéEOf product
properties will-not be possible. 0il phaées may exist
in freeze dried emulsions as enfrapped droplets, distorted
droplets on the matrix surface and presumably also as thin

surface films. Freeze drying behavior also appears to



be affected by the presenée of an emulsified phéée,
especially when that material is present at’a:substantial
phase volume. The transference of these obServations'
in the freeze drying microscoﬁe to the 1arger-scale.
laboratory freeze dryer will be necessary to more fully
aépreciate the implications of the observations made to

date.



.List of figures

1) Freeze drying fronts in maltodextrit samples (600x)
(left - front width 2-3pm; drying rate ~300um/min)

(right- front width 15um; drying rate ~100um/min)

2) Freeze dried systems of triolein (1%), maltodextrin

‘(10%) and emulsifier (0.4%) 600x

3) Frozen sample of l-bromonaphthalene (10%) and malto-

dextrin (10%) (600x)

4) Platelet of freeze dried maltodextrin containing
l1-bromonaphthalene (600x)
(#1 - distorted oil droplets on surface) .

(#2 - entrappec small droplets within circles)

5) Avicel (microcrystalline_cellulose)(8%) and
l-bromonaphthalene (1.5%) emulsion (150x)
(left - initial sample)

(right - frozen sample)

6) Freeze drYing front in Avicel (8%) and l-bromonaphthalene

(1.5%) emulsion (150x)

7) Freeze-drying front in Avicel (8%) and'i-bromonaph;ha-
| lene (1.5%) emulsion (600x) |

(#1 - leadihg edge of freeze drying'frént)

(#2 - Avicel grains with oil droplets)

(#3 - free oil droplet)



8)

9)

‘Cluster of freeze dried Avicel containipg l-bromonaph-

thalene (150x)

Encircled area of Figure 8 showing oil droplets and

Avicel platelet

(#). - distorted large oil droplets on piatelet surface)



2-29

<~ - ‘ v
G605
: .Qﬂ. @

Figure 1
|
10 um

Figure 2
frony
10 pym

™
Q
]
=3
o

Nl
<5

10 um




Figure 4

—
10 ym

Figure 5

—
100 um

Figure 6

—_—
100 um




Figure 7

—f
10 um

Figure 8

—
100 um

Figure 9

—
10 um




- 3. Browning of dried foods at high temperatures

3.1 Introduction

In a contindation of work reported upon in the
Phase I Annual Report, we have investigateddthe high tempera-
ture susceptibility to browning of two dried food products,
nonfat milk and whole egg. As was noted in the Phase I
Annual Report, exposure of fdod materialsbdﬁring freeze
' drying-toAhigh temperatures, especially in the second
(desorption) phase of freeze drying, will result in
nutritional and organoleptic deterioration. Since the
time of the Phaee I Annual Report, the temﬁetature problems
associated with the Skylab launch indicate'the wider need
for information regarding.high temperature stability of
dehydrated food products during storage. Determinetion
of the kinetics of product deterioration at tempetatures
above those expected for any "reasonable" miéhap, will:
allow actual product conditions during high temperature
'storage to be computed by ihterpolation of the high tempera-
ture data and the more normal storage studies rather than
by extrapolation proceedures. It is fortuitous that the
same range of heating temberetures is applicable to
beth the study of product deterioration‘during the desorp-
tion phase of freeze drying end the high temperature storage
:stability of dehydrated products. |

To test the appllcablllty of the concepts learned

" with model systems, which were reported in the Phase I



Annual Rep&rt, nonfat dried milk was chosen. This product
is easily available and represents a highl& susceptible
system, Furﬁher, analytical proceedures for evaluating
brown color forhation‘in dried milk are well known.

" As a result of ?he Skylab temperature problem, it became
‘apparent that dehjdrated eggs were particularly susceptible
to high temperatures, and this product was.immediately
included into the program. 1In this case, analytical
techniques are not so well defined, and somé:effort has
been expended in developing a quantitative technique for

" evaluating brown color which éan correlate with qualitative

visual differentiation of treated samples.



3.2 Nonfat dry milk
| 3.2.1 Methods

Commercially available spray-dried nonfat milk
powder is used as the faw material. - This ié generally
reconstituted to 20% solids and aliquots of the solution
pipetted into 50 ml erlenmeyer flasks. These are frozen
in liquid nitrogen and freeze dried with the platens
at ambient temperature. Following freeze drying, the
samples are hﬁmidified for 24 hours at 37°C'using saturated
salt solutions of constant water activity. A watef
'sorptibn isotherm for the freeze dried milk powdér is
shown in Figdre 1. The flaské are then tightly sealed
with rubber stoppers and hgated in air at the desired
teﬁperatures. o |

Measurements of oven and sample temperatures indicated
that the desired témperature conditions were re-esﬁablished
in the oven within 15 minutes after loadinél(to,within
2°C). At this time_also;the samples were in thermal
equilibrium with the oven; During removal of samples,
thé oven shows a 2°C drop in temperature‘bﬁt returns to
the set temperature within one minute. Samples remaining
in the'oveh.showed no change in temperature during this
period. Sample weights are monitored at all steps of the
process so that.samp;e moisture contents may be determined

gravimetrically.



In teéts to be described in section 3}2.2 browning
~ behavior fo; air heating was compared with heatingfin a
manner in which the milk powder was in an environment of
reduced pressuré. Individual methods used in.those
studies will be presented in that section.

Measurement of the brown color was conducﬁed
spectrophotometrically on an aqueous ext;aét of the milk
powder. The préceedure is as follows:

1) Add 20 ml distilled water to Z-g of dry sample
in a 50 ml erlenmeyer flask.

,Zf Add 2.5 ml of a freshly prepared 10% trypsin
solution to each flask and stopper. |

3) Hold each sample for 1 hr in a 45°C water bath,
With shaking, .

4) Following incubation, add 2 ml of a SQ% Trich-
loroacetic acid solution'tq each sample. |

5) Add about 0.1 g of Celite Filter Aid to each
sample. |

6) Filter the samples through either S+S #576 or
Whatman #42 ashless filter paper. |

' 7) Any solutions which contain suépended material
- should be centrifuged;‘
8) The ciear solutions are read at 450 nm usiné

a treated trypsin solution as the blank." O.D.450x100

9) Browning value is calculated as

.dry sample weight



3.2.2 Vacuum vs Air Heating

The Phase I Annual Report details the development -
of brown color ﬁxa<ﬁucose—glycine-avicel mddel system by
placing dry samples in an evécuéted oven and ﬁeatihg at
high temperatures for various periods of.time.' It was
desired to heat treat samples which have been humidified
to various water activities by equilibrating_over saturated
salt solutions. These humidified samples must remain at
Atheir moisture content throughout the drying process.
Several tests were conducted to develop metﬁéds by which
water loss from the samples could be prevented dﬁring
heating in vacuum. |

Initial tests with the glucose—glycihe—avicel model
system, which were conducted in petri dishes éealed with
plastic tape; gave widely differiné results. An.evaluation
of the sample moisture contents for the vacuum heating showed
that sizable loss of moisture had occurred;  Vacuum heated
samples also showed large scatter presumably due to widely .
differing moisture contents.

In subsequént tests nonfat milk was‘the material
studied; Petri dishes were_previoﬁsly shown to be
unsuitable, ana erlenméyer‘flasks'were not éﬁitable in
vacuum, but could be used heat samples in air with
only absmall loss of water(BQ% R.H. samples decrease to

5.5% moisture from the initial value of 6.0%).



A comparisdn'of air and vacuum heating of the spray
dried non-fat milk at three relative humidities using the
stoppered erlenmeyer flasks, showed that heating the dry
powder in a vacuum at 90°C is equivalent to heating in air.

To evaluate the effect of preéence of air during
heating at higher water activities, samples were frozen,
~ freeze dried, and humidified in giass ampouies. The humidi-
fied samples were sealéd either in air or under a vacuum.
In some tests, b;owning in vacuum sealed ampoules was
' éompared with air heating of stoppered flasks.

| The results indicated that rates of browning at
each moisture content are not greatly differeﬁt for
samplés heated in ampoules’and samples in stoppered flasks,
though some lag period in heating in flasks is observed,
- probably due to thermal equilibration effects.

Comparative tests presented in Figurés 2 and 3
using sealed ampoules showed that there was no difference
ih browning behavior when the gmpoulés were sealed with
vacuum or containing air. There was no loss of water from
the amppules during the heat treatment. These ;esults
inaicaté that the chamber pressure during freeze drying
will not have a'substantial'direct'effecf on browning
developmeht in thé drying ice-free layer. It was also
established that pertinent information'aBOut temperature
and water-dependence of brbwning could be;obtained by tests

- in stoppered flasks.



3.2.3 Influence of water activity and temperature

3.2.3.1 Quantitative measure of browning

‘The time and temperature behavior of browning
of freeze dried milk powder has already been.shown in
Figures 2 and 3 for samples prepared in glésé ampohles.
The same basic behavior has been observed for samples
heated in stopperer erlenmeyer flasks (Figures 4-6).
The‘influence of péwder structure was also'cbnsidered
by comparing product sensitivity of the original spray
dried powdef and freeze dried powder.

It was demonstrated that freeze dried sémples will
brown more répidly than the original spray dried powder.
This difference is seen to increase with increasing water
.activity at constant temperature (Figure 4) and with
iﬁcreasing temperature atvfixed water activity (Figure 5).
These observations can_be’explained by considering the
differences in powder microstructure for spfay dried vs
freeze dried and the influence that this might have on
water activity and heat trénsfef p;operties.- Microscopic
.observations of;the powders showed a fundamentally differeﬁt
structure and surface. The spray dried powdef exists as
ﬁollow spheres with a glassy éurfabe._ The'rapidly freeze-
dried powder exists as a compact solid with numerous
small pores. The appearanée of the surface of the

freeze dried samples is like a smooth velvet. The glassy



f
‘surface aﬁpearaﬁcefof the sﬁray dried powder probably
indicates a high sugar content in the surféée, which

may result in a lower level of water sorptioh prior
to heatihg.‘ This would tend to give lower lévels of
browning with the spray dried. In addition there may
be differences in browning due to differences'in heat
transfer between the freeze dried samples with many small
pores and the spray dried which have few points of
contact between spheres.

Reproducibility of degree of brownihé depends on
being able to.duplicatzgll the steps of the process;

but most importantly, the temperature of thé_ern.

Good reproducibility for two exﬁeriments heatéd at 100°C
is evident from data in Figure 6. In most experiments
temperaturé'was regulated less rigorously and thus
variations were observed .,

Browning as functionbof heating time is shown in

Figure 7 fori32% RH and Figure 8 for 11% RH samples.

In Figure 8 the effect of heating at 100°C aﬁd 110°C on
‘ary samples is also shown. At lower temperétures browning
of dry samples is negligible o&er the time period studied.
For straight line portions of the browniﬁgicurves linear .
regressidh was.used to calculate the slopes (rates of
brpwniﬁg) And the correlation coefficients. Rates as

functions of temperature are shown in Figure 9. As was



- reported in the Phase I Annual Report for the moael
system, there exists a critical temperature above which
there is a rapid rise-in brown color formation.l This
critiéal browning temperature can be seen to depend on
moisture content. Using an Arrhenius plot (Figure 10)
the energy of activation of browning was calculatec.
"For the three water activities 0, 0.11 and 0;32, activation
enefgies of 47, 53 and 33 kcal/mole, respectively, were.
determined. The values for the dry samples.éfe somewhat
higher than the_value reported in the Phase IAAnnual
Report (19 kéél/mole) for the model system.

>An interésting phenomenon noted}but not investigated
 as_yet, is the indication that browning at véry high
temperatures may proceed rapidly to some lével and then
- undergo a sﬁdden decrease in rate, and that the level
achieved max*dépend on the temperature. |

3.2.3.2 Analysis of browning

Visual organoleptic evaluatioﬁ of powders
have been conducted for samples aﬁ 3 humid;ties (0,11 and
32%) whiéh were heatéd.at 90°C for periods of 1 to 6 hours.
The 15 samples were ground and sieved to giQe an identical
surface appearance and then_presentea as'a group to an
untrained panel of judges for ranking in}terms of color.
The sample which was judged t6 be the limit of acceptability

was also noted. The results are presented in Table 2



with samples not statistically different (at the 5% level)

having the same lower case letter. The notation of the

sample code refers to sample humidity and hoﬁrs at 90°C

fof the hea£ tfeatment- The average limit_of:acceptability
was judged to be between samples 11/4 and 11/3 (i.e. 11/4
and all darker were not acceptable).

Follé&ing_this test, some of the ;amples having high
and low extremes of browning were removed and the remaining
heat treated samples were presented for acceptebility
judgements:on'an'individual basis. Follow1ng analysis of

these results, the average acceptabllty 11m1t was found

to have moved toward the darker end and lie between 11/6

‘and 32/2. 'Following the completion of visual organoleptic

studies quantitative evaluation of brown color of the
saﬁples was measured and this information is also presented
in Table 2. This data shows that when samples having
a wide raﬁge of'browﬁ colors (and specifically when "pure
white" samples are presenﬁ),a browning value of about 4.5
is the limit of. acceptablllty Howeverf if samples are
presented 1ndependentlycf each other (i. e. judgments made
without reference to one another)-a brownlng,value of
8.4 is judged to be the limit. of acceptablllty. Thus,
samples hav1ng brownlng values between 4 5 and 8.4 were
now judged to be acceptable:’

A similar test was cohducted ueing both spray dried

and freeze dried samples at 11 and 32% RH and heated at

70,80 or 90°C for 0 to 6 hours. Two judges only were



used, but these were more experienced than the untrained
panel. There was a lesser range of browning values,

and in particular for the freeze dried, none between the

highest acceptable (3.68) and lowest unacceptable (5.69)
browning values. For the spray dried powder the highest
acceptable browning value was 3.73 while the lowest
unacceptable was 3.83 as has been noted earlier. 'Micfo—
scopic observations of the freeze dried and spray dried
powders reveals a fundamental difference invsurface
structure. The visual effect of this difference is a

distinct yellow appearance of the spray dried powder,

in contrast to the "pure white" of the freeze dried powders.

Thus, unheated spray dried powders were judged among the

unacceptable samples when presented with heat treated

freeze dried powders. Instrumental analysis however

piaced them among the lowest in browning values. it is
due to these structural effects that the browning value
for the limiﬁ of acceptability of the spray dried powders
is lower than for the freeze dried.

-In another example of material structure and dry
powder appearance,‘sample cdloré for different preparation
méthods have been evaluated for their influende_in 
browning studies. Using spray dried nonfat milk powder
as the initial raw material, the following sample prepafa—

’

tion conditions.give the following sample colors:



Mixing ~ Color of powder
high speed blender ' "pure" white"
hand or low speed blender off white
initial spray d%ied powder yellowish cas£

The "pure" white sample has the same (or slightly
higher) browning Jalues than the fresh powder. |
Concentration also had an influence on appearance.
Concentrations above the hormally used 20% have an "off
white" color whether mixed at high or slow b;énding speed.
Thé difference observed for the various preparationl
schemes are apparently related to the degree of incorporaﬁion'
of air bubbles into the liquid. Conditioné which favor
the formation of numerous highly reflecting SQrfaces,
such as many small bubbles in thin films etc; result
~in a white color and in the case of milk a high visual
acceptability. In spite of differences in appearance
the degree of browniné as measured spectrophotometricaliy
are similar for all unheated samples, and when reconstituted
all samples had the same color.
Visual comparisons may be used aloﬁg with the data for
heating time at various temperatures and water activities
to define allowable processes in which degrée of browning

will be within the range of acceptable values.



3.3 Freeze dried whole egg

3.3.1 Methods

Fresh eggs vere gently stirred with a fork to
make as homogenous mixture as possible without air incor-
poration or foaming.. The egg mixture is frozen in erlenﬁeyer
flasks using liquid nitrogen, freeze dried and then
the freeze dried egg is stored over drierite in a refri-
gerator since fluorescence occurs rapidly at temperatures
above ambient (Figure 12). Fluorescence implies formation
of browning reaction intermediates.

Evaluations of browning in the heat.treated eqgqg is
conducted on a chloroform extract of the egg énd on an
équeoué KCl'extract of the previously chlorofbrm—eXtracted‘
material.‘.The proceedure is given below:. |

1) Weigh exactly 3.00g of freeze dried egqg into é

| 56 ml erlenmeyer flask.

2)-Extract with 35ml chloroform for 15 min with

agitation.

3) Suction filter taking care to collect all clear

filtrate. - |

4) Wash sample with 2-10ml portions of”chloroform.'

55 Repeat steps 2-4 and combine the fiitrateé.

6) If the filtrate_is unclear, coﬁplete 2~-5 before

fefil£ering the entire combihed filtrate.

7) Solution absorbance is measured a£ 390 nm, using

chloroform as a blank.



8)

9)

10)

11)

12)

13)

14)

15)

16)

3-14

Browning value for chloroform extract is calculate&

as:

0 x100

.D.390
3.00g

B.V. =

The material collected on the éilter‘paper after
step  (or 6) is dried in aif. |

Weigh exactly 1.00g of the dried material into

a 50 ml erlenmeyer flask.

Extract with 25ml of‘a 10% KC1l solution for 15min
with agitation.

Gréyity filter (No. 589 filter paper) into a

100m1 volumetric flask with a small amount of

asbestos fiber at the apex of the filter paper.

Rinse solids with 3-20ml portions . of 10% KCl solution.

After sample is well drained, filtrate to mark
with 10% KCl solution.
If solution is cloudy, centrifuge before continuing.

Measure fluoresence against a 0.200 pg/ml quinine

" sulfate solution set at 50%.

Fluorimeter settings:
Exict A = 365nm Exict slit = 40

450nm Emm slit = 14

Emﬁ A

Filter = 39



\

. 3.3.2 Evaluation of browning of freeze dried whole egg

During the SKYLAB mission, freeze dried eggs were
.feund tolbe particularly susceptible, and it was decided
- to include them in the progrem in Phase II. Brown color
formation was etudied in freeze dried raw whole egg. It
was necessary to first evaluate an analytical technique.
It would be most desirable to obtain a quantity which can
Bevcorrelated with visual evaluation of product'discolora—
'tion. A'etandard method for deterioration of4Quality of "
deﬁjdfated egg products during storage is the Standard
.Fluroescence Technique of Pearce and Thistle [Can. J. Res.
20D:276(1942) 1. |
| Thie technique is generally used atvteﬁperatures
of nofmal orvslightly accelerated storage cbnditions, and
tﬁere.was'no information cn its applicability to the
higher temperatures. 1Initial results showed that while
the visual brown color increased with heating time at
100°C, fluorescehce values reached a maximum at- an inter-
mediate heating time with subsequent decrease at 11 and‘
32% RH, and an asympotic approach te a maximﬁm value in
dry samples. (Figure 11).

When the heating temperature was lowered to 70°C
there were no fluorescence maxima, and f}dorescence of
eqggs appeafed to be simiiar to the pattern of bfowning in
milk (Figure 12). It was observed that the chloroform

~ extract used to remove lipid prior to the KCl extraction



for the fluorescence measurements, h&d a visual darknéss
similar to appearance of the samples prior to extraction.
The possibility of using the chloroformhexfract as a
measure of browning was tﬁus investigated.

Measurement of absorption of chloroform extracts

'of browned egg showed an optimal sensitivity at 390nm.

The browning values of the chloroform extract were observed

to increase répidly_and then level off as time of heating

was increased (Figure 13). Visual compariSOné have shown
that the samples could be differentiated, buﬁ it was not
possiblé tp'conclusively correlate browning values with
visual ranking analysis, because of lack of Samples heated
durihg'the early portion of the heating period.
Qualitatively, visual inspection of heated samples

of dfy egg-shows an appearance which parallels the heasured
bro@ning values, in that (l)'all the heated samples appear'
much darker than the unheated sample’and_(2) the gradations
of'darkneés between samples heated for different times
are slight‘compared with differences between gamples heated
at different temperatures.

| It has been noted that the visual color of the chloro-
form extracts monotonically increases in darkness with
héating time, which is in constrast to behavior of fluores-
cence (Figure 14). Fluorescence technique is meaéuring

a browning intermediate which breaks down rapidly at the



temperatureé of interest in this study. The intermediate
néture of the products contributing to fluoﬁéséence is
-not unexpécted and emphasizes the need for additignal

. methods for evaluéting the brown color.

The extent and the rate of browning éppearAto be
related to the rate of formation of the intermediates as
measured by fluoresence ard the onset of their destruction.
In Figure 13 are plotted data from two efperiments conducted
at 90°cC oh'éifferent batches of raw egg.: Whilé the-curve
90°C(A) appears markedly different from that labelled 90°C(B)
itrappears that the sources-of'these diffe;enées lies
entirely in different "lag" periods for these twovsamples,,
and this difference may in turn be related to formation
of inﬁermediates. An approximate evaluatioﬁ'of initial
rétes‘of.browning can.be made. While this_isvonly a
‘rough approximation, an activation energy of about 23 Kcal/
mole is found, somewhat lower than that found for dried
milk though close to the value found for the. model

system studied in Phase 1I (19kca1/mole).



B.V. =nmt + b

Table 1

Bréwning of freeze~dried non-fat milk

l'emperature

°¢  Eextxio”
70 2.92
80 2.83
90 2.75

100 2.68
110 2.61

time in minutes
correlation .coefficient
browning rate

b

1.2383

'2.55
~7.6557

2.5714
2.4971
-36.7143

1.4140
~31.1514
-35.0946

~2.5030
-69.74

-104.33
~208.62

r

0.9938

0.8309.

0.9966

0.9170
0.8778
0.9997

0.9715
0.9704
0.9945

0.9691
'0.9578

0.9687 .

0.9991

s ——— e —————— — - — ———— —— Tt Fot m e $ e S e e Gar e W G S e GES W e S - - S S —— o - ——

t =
r =
m =
RH m in m
32 0.0099 -4.6135
11 0.0031 -5.7682
32 0.0837 -2.4803
0 0.0033 =-5.7125
11 0.0157 -4.1548
32 0.4083 -0.8957
-4
0 0.0157 -4.1548
11 0.2581 -1.3546
32 0.6649 -0.4082
0 0.0923 -2.3827
0.8271 =-0.1897
32 1.8804 +0.6316
32%  2.1920 +0.7848
Activation energy
— [ Bt [
Inm=m T + b»
RH m'
0 -23.7843
11 -26.7203
32 -16.4836

'59.6578
 69.7455
43.9083

Iat

-0.9993
-0.9875
-0.9825



Table 2

Browning of Dried Milk at 90°C "

Visual and Chemical Evaluation

Ranking by visual test* Browning value**
32/6 a 109.5
32/4 b 49.6
32/3 c 23.2
11/6 __d . 8.4
32/2  d,e 10.4
11/4 e,f  kEkxx 5.4
11/3 £ 4.5
00/4 g 1.39
00/6 g 1.06
00/3 g 0.96
32/0 h 2.4
11/2 h 3.50
11/0 i 1.82
00/2 i 0.27
00/0 i 0.31

* %

* k%

* Xk %k

Browning value equals OD420

Sample codes (RH/HRS): samples with same lower
case letters are not different at 5% level

x 100
Wt sample

‘Acceptability limit - independentJjudgement

Acceptability limit - group judgeﬁent

7
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4. Artificial gel structures for engineered space foods

4,1 Introduction

The future supply of space missions requiring a
palatable, stable and controlled-nutrient level diet, may
rely to an increasing extent on artificially created
foods based on a variety of key ingredients. One of'the_
important attributes of such systems is the development
of texture simulating natural foods or even'eﬁceeding in
quality such natural food items. At present the commercial
emphasis in this field has been almost entireiy on‘thermo—
plastic extrusion, or solution-spinning of oilseed- or
bean- derived proteins. The commercial apéroach has been
predicated on creation of a mass market with:relatively
rapid recovery of investment. These requirements pre-

- cluded the utilization of expensive technoiogy or of
simulated food replacing actual foods with-low inherent
cost. The commereial approach has therefore concentrated
on very inexpensive "extenders" of meats and on somewhat
more expensive “analogs" meant to substitute for the
.increasingly costly foods derived from animal tissues
(meats, fish, crustaceans).

In our preliminary approach to the present problem,
the;efore, we have decided to concentrated on two aspects
which are not at present subjects of active commercial

activity:



A) Non-aqueous and complex freeze drying methods
designed io produce structured dehydrated systems.

B) Preliminary experiments on establishing
parameters and approaches for creation of gel éystems
approximating organoleptic characterigtics of fruits

and veéetables.



- 4,2 Non-aqueous materialls and the freeze drying process

The following review of this subﬂeét was presented
by Professor Flink at the A.I.Ch.E. Meeting in Detroit
in June of 1973, and was subsequently published in

AIChE Symposium Series 52(132),63—69,(1973).



NONAQUEOUS MATERIALS AND THE

Drying processes involving the substantial presence of nonaqueous materials

an be divided at present into two major areas:
1. Freeze drying of nonaqueous systems.
2. Freeze dehydration of aqueous systems using nonagueous solvents.
The first process is conceptually similar to the conventional freeze

FREEZE DRYING PROCESS

James M. Flink

drying

irocess except that nonagueous solvents are being sublimated. This allows the
reparation of porous dry materials which are not narmally or easily soluble.in
vater. The second process is somewhat different, being an organic extraction of

rozen aqueous-based materials which results in dried products that have
eristics similar to conventionally freeze dehydrated materials.

charac-

. The basic concepts of the two processes are discussed, and examples of their

)otential application to the food industry are presented.

Drying procedures utilized in the processing or production
»f foods almost exclusively involve the removal of water from
he primarily nonvolatile organic solute. Dehydration is gen-
rally accomplished by contacting the foods with heated air;
‘or example, by tunne! or spray drying. Separate mediums for
ieat and mass transport are also utilized, as in drum drying.

n describing these traditional drying processes. the term
tonaqueous materials refers to organic materials generally
resent in limited concentrations.

During this symposium, however, we are considering situa-
ions in which nonaqueous materials comprise a major portion
»f the items being dried or used in the drying process itself.
Aost interactions of nonaqueous materials and drying proc-
sses (especially freeze drving in our case) can be divided into
he following topics:

I. Freeze drying of metal salt systems present in high con-
entration in aqueous solutions.

2. Freeze drying of nonaqueous systems, or mixtures of
ionaqueous and aqueous systems.

3. Drying of water-containing samples by contacting them
+sith nonaqueous materials.

Department of Nutrition and Food Science, Massachusetts Institute
t Technology, Cambridge, Massachusetts 02139.
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These three areas are relatively independent since they
approach the interaction of nonaqueous materials and drying
processes from quite different viewpoints.

Topic 1 employs the rather loose interpretation of inor-

“ganic acid and metal salt solutions as nonaqueous even though

the fluid medium is water. This liberty is taken so that interest-
ing ideas from the field of metallurgy and material science
might be included and considered for possible adaptations to
food processing. ‘ , ’

The tendency, when considering food drying, is to think in
terms of remaoval of the system solvent, water. [n topic 2,
nonaqueous materials serve as the system solvent, and freeze .
drving in this case refers to the removal of volatile organic
solvent, with the essentially solvent-free, nonvolatile solutes
remaining. Mixed aqueous-nonaqueous systems have also been
studied. .

In topic 3, conventional food materials (that is, products
composed primarily of water) are dried by contacting them
with an excess of nonaqueous material. Studies have been con-
ducted with the material to be dried in both the frozen and
unfrozen states. Although use of a frozen product is closest
conceptually to conventional freeze drying, we will discuss
both situations since claims of quality equal to normal freeze
drying are made for both frozen and unfrozen materials.
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FREEZE DRYING OF AQUEOUS INORGANIC SYSTEMS

In the past few years metallurgists and material scientists
have become increasingly interested in the utilization of
freeze drying for the productior of ceramic (/ to 3) and metal
(4 to 6) powders having novel properties. In contrast to the
" usage of freeze drying in the food industry where the sample
composition is generally accepted as that present in the raw
material, processes for preparation of freeze-dried metal or
- ceramic powder start with a controlled formulation of
various pure chemical species. These species mix on a mol-
ecular level when they are in solution, forming a completely
homogeneous dispersion. The importance of freeze drying to
the overall process is that, if proper processing conditions are
utilized, this homogeneous molecular dispersion can be main-
" tained in the dry product. Proper processing essentially con-
sists of the following:

1. Choosing chemical species whick maintain their solu-
bility during the lowered temperatures of the freezing steps.
2. Very rapid freezing so that gross partitioning of solute

from the ice cannot occur. ,
3. Maintenance of freeze drying conditions which allow no

melting or other structural changes during the drying steps.

Contrary to freeze drying of foods, the freeze-dried pow-
der resulting from this processing scheme is generally an
intermediate in the overall process. Thus, for example,
Landsberg and Campbell (6) describe further treatments of
tungsten-rhenium powders formed by freeze drying an aqueous
solution of the ammonium salts of tungsten and rhenium. (The
initial solution was prepared by mixing a H, wo, -NH, OH

solution with a Re O, solution.) The freeze drxed powder was
first heated stepwise from 200° to 900°C. while exposed to
hydrogen gas to reduce the salts to the metal. Following this
reduction, the metal powders were compressed (with binders)
and sintered to form the desired tunsten-rhenium alloy having
uniform composition.

Roehrig and Wright (5) report similar treatments on a wide
variety of metals and ceramics. They further note that one

- can selectively transform components of the homogeneous
powder so that the resuitant product could be either a two-
component metal alloy or a ceramic-metal mixture.

Another interesting characteristic of the freeze drying
process concerns the very fine particle size of the powder.
Roehrig and Wright (3, 5) dcccnbe the preparation of tungsten
carbide particles 200 to 500 A in diameter although they had
been present as particle chains 0.7 um in diam. (presumably
due to overheating.in the conversion to the carbide). These
chains could be comminuted to give the individual particles.
Landsberg and Campbell (6) also report extremely fine parti-
cles for their freeze-dried ammonium tungstate (0.03 to 0.05
um), although the particles increase in‘size following reduc-
tion to metallic tungsten (0.2 to 0.4 um).

These fine grain powders provide very large surface areas,

. as noted by Trambouze (7) in his discussion of the use of

4-5
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freeze drying for the preparation of adsorbents and catalysts.

This fact in itself is of interest when considering possible uses -
for these very fine freeze dried powders. At the same time,
fine-particle, freeze-dried alumina powders were treated by
calcining, corapressing, and sintering to form very dense speci-
mens (99.8% of the theoretical maximum) (/). These very
dense alumina materials were shown by electron microscopy
to have a very smooth surface essentially free of pores.

These concepts which have been developed for the produc-
tion of metal and ceramic powders, may be relevant for develop-
ing future food processing techniques. Of particular interest are:

1. Preparation of controlled formulations homogeneously
distributed at the molecular level in the dry state.

2. Freeze-dried material which serves as an intermediate for
further processing treatments.

3. Preparation of powders with fine particle size and subse-
quent control of surface properties.

FREEZE DRYING OF NONAQUEOUS SOLVENT SYSTEMS

For food or biological systems, the solvent occurring in
nature is water. Thus, preservation techniques based on the
lowering of the activity of the solvent have been concerned
with the removal of water. One of these techniques is freeze
drying, or lyophilization. In the freeze drying process. samples
of nonvolatile solutes dissolved in water are maintained in the
frozen state, and the water, having a higher vapor pressure
than the solute, is volatilized by a sublimative transformation.
Materials containing solutes that have higher vapor pressures
than water are subject to some special considerations. )

The same principles that exist for freeze drying aqueous
systems apply to all systems where a relatively nonvolatile
solute is present in a more volatile solvent. Therefore, mater-
ials dissolved in nonaqueous solvents can be dried (desolven-
tized) by freeze drying. The success of this technique has been
demonstrated by Rey and his co-workers for a number of
purely nonaqueous solvent/solute systems as well as for mixed
aqueous/nonaqueous systems (8 to 7.7). As most of the fun-
damental aspects of this area of freeze drying have been con-
ducted by Rey et al., the following discussion will draw heavily
on their developments.

For the successful freeze drying of nonaqueous systems,
it is necessary that the solvent.and solutes have widely differ-
ing vapor pressures at temperatures for which the system exists
in the solid state. Other considerations involve the ability to
maintain the sample in the solid state so that structural changes
will not occur. As with aqueous samples, the nonaqueous sys-
tem must be kept at a temperature well below the solvent
melting point so that it is maintained in the solid state during
sublimation of solvent. To conduct the freeze drying. it is also
necessary to have a condensing surface at a temperature lower
than that at the frozen-dry interface of the freeze drying
sample. Finally, the rate of vapor transport from the sample
to the condenser is greatly enhanced by conducting the sub-
limation at reduced pressure.”
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Rey (8) described some initial work demonstrating that
everal organic solvents could be utilized for freeze drying.
slycerol distearate, at a concentration of 7.5%, or poly-
tyrene at concentration of 0.1 to 19 was freeze dried from
olutions of benzene, carbon tetrachloride, dioxane, or chloro-
orm. A 5% maltose solution in dlethylamme was also freeze
Iried.

- In these processes, the sample temperatures generally ranged
rom -90°C. at the initiation of the process to -30°C. as the
ast traces of solid solvent were removed. At the compietion
f the drying process. the temperature was allowed to reach
20°C. Chamber pressures during sublimation were approxi-
nately 107! torr. To achieve the low temperatures necessary,
iquid nitrogen (-196°C.) was used for the initial freezing and
or cooling the vapor condenser.

Rey et al. (9) later reported on expansion oi” their earlier
vork to systems that utilize two solvents. They have named
he freeze drying of multisolvent systems, where some sol-
rents are nondqueous in nature, as complex freeze drying.
~omplex freeze drying can. be subdivided into two subsets
iccording to the methodology used:

1. Successive complex freeze drying.
2. Joint, siﬁwltaneous, or staggered complex freeze drying.

Successive complex freeze drying consists of successive
imple freeze dryings in which some of the systems treated
vere nonaqueous. This type of complex freeze drying is
:onducted in the following manner:

1. A simple solvent-solute system (either aqueous or non- -
Iqueous solvent) is freeze dried.

2. The freeze-dried cake is impregnated with a second solute-
olvent systemn in which the cake is not soluble.

3. The impregnated solvent-solute system is frozen and then
reeze dried.

An example is given in which a mixed ]ow density solid of
rolystyrene and dextran is obtained (9). -

This complex {reeze drying process can be repeated any
wmber of times provided that the subsequent solvents used
vould not dissolve any of the solutes which comprise the
reeze-dried cake. Use of such a solvent is conceivable, however,
vhere controlled solubilization might be used to produce de-
ired product.characteristics.

The products obtained by successive freeze dryings with
itfferent solvents have several interesting characteristics. As
vith most freeze-dried materials, a highly porous solid.is
btained. The process can be devised. however, so that the
orous cake is composed of normally incompatible materials
hich are present in close association on a molecular level.
urthermore, these materials are present in a highly extended
ate with respect to internal surface area. The order of prep-
ration of the material can be expected to influence the
hysical and chemical properties of the final material. The
blvent-solute system frecze-dried first will determine the
rimary structure of the finai solid since turther impregnations
nd freeze drying will occur in the void spaces remaining. The
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second solute phase can exist as islands in a matrix of first
solute phase, or the second phase could form an intermingling
matrix with the primary phase. such that both could be con-
sidered independent backbones of the overall structure.

Current practice for the freeze drying of immiscible sys-
tems is to prepare an emulsion of the materials and freeze dry
the emulsion. Complex freeze drying can be expected to give
dry materials having different properties even though the over-
all compositions would be the same.

Successive complex freeze drying allows the preparation of
dry materials with closely controlled physical and chemical
properties. [n the fabrication of food materials, for example,
texture might be improved by the addition of a second water-
insoluble solute which will prevent overall softening of the
food following rehydration. The fabrication of structures on
the molecular level by complex freeze drying is an area for
potential development.

The incorporation of water-soluble materials in a water-
insoluble matrix, or vice versa, is another potentially significant
area’in food processing. Consider the possibility of controlled
release materials (water-soluble compounds released from a
water-insoluble matrix) where the influence of temperature
on diffusion controls the release. The influence of water on
release of the water-soluble compounds could be predetermined
by properly designing the water-insoluble matrix. It should be
possible, for example, to have matrices which do not release
when contacted with water vapor, but allows leaching when
contacted with liquid water, or matrices which will not release
when contacted with water in either: the liquid or vapor state.
In thé later case, release would be temperature controlled.

Successive complex freeze drying seems to offer the best
possible control of the properties of the final product since
each step can be independently regulated. This level of control
is obtained only by utilizing multiple freeze drying steps, which
will result in a high total cost. Freeze drying mixed systems in
one operation will significantly reduce processing costs but
presumably at some loss of quality.

Complex freeze drying in one step has been subdivided by
Rey et al. (9) into two mechanisms, simultaneous and staggered,
depending on whether the solvent vapors are sublimated simul-
taneously or if one vapor is preferentially removed. As has
been noted, the properties of final materials having the same
solids composition can differ depending on the solvents used
and on the conditions utilized for freezing the solutions
initially. '

We will consider a few general cases. Homogeneous systems
are defined as those in which the solvents are miscible and
the solutes, each being miscible in its particular solvent, are
completely mixed when in the liquid state. This homogeneity
disappears during freezing, when the solvents with their re-
spective solutes undergo phase separation and crystallize.
Freeze drying can now occur either in a simultaneous or
staggered manner. An example of simultaneous sublimation is
the mixed solvent system, water:dioxane. The dioxane is
used to solubilize polystyrene: water is the solvent for dextran.
During freezing, dioxane (with the polystyrene) crystallizes
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first and the dioxane crystals are eventually surrounded by
ice crystals (with the dextran). Sublimation, however, occurs
with equal loss of dioxane and water. The solvent system,
dioxane:carbon tetrachloride has a different sublimation
behavior. This homogeneous system separates upon freezing;
dioxane crystallizes first, initially as isolated regions, although
it later is surrounded by solidifed carbon tetrachloride. Dur-
ing freeze drying, carbon tetrachloride sublimates much more
rapidly than dioxane; only 44% of the dioxane has been lost
when the last of the carbon tetrachloride-is removed.

Most systems considered for complex freeze drying will be
heterogeneous rather than homogeneous. A degree of homo-
geneity is achieved by forming an emulsion of the solvents.
While it is not necessary that water be included, most systems -
studied have been water:solvent emulsions. The final structure
achieved depends on the state of the emulsion and thus pri-
marily on the solvent material. For example: when water is
emulsified with carbon tetrachloride, it crystallizes first, as
a continuous phase; when emulsified with benzene, it forms
a dispersed phase and crystallizes second.

An interesting aspect of complex freeze drying ofemulsn-
fied systems is that, although the sublimation rate is different
in each phase, the nonaqueous solvent is usuaily eliminated
first. Although this characteristic is primarily related to vapor
pressure differences, other factors such as solutes and emul-
sion properties exert an influence. The preferential elimina-
tion of the nonaqueous soivent occurs whether the solvent
is the continuous or dispersed phase. Thus, when solvents are
the dispersed phase, solvent vapor must be able to pass through
the continuous phase, ice. Lambert et al. (12) recently dem-
onstrated this phenomenon under more controlled condi-
tions.

Freeze drying of nonaqueous materials has been investi-
gated with liquid ammonia and liquid carbon dioxide as
solvents (8). Both of these good solvents have wide-ranging
usefulness, especially in cases where water proves inadequate.
The particularly reactive environment provided. by liquid
ammonia is conducive to the formation of new chemical
- species. Unstable compounds produced in this system can then
be freeze dried at low temperature to yield stable dry powders.
Dry powders containing stabilized free-radicals can be pre-
pared by irradiating frozen solutions of free radical formers
in liquid ammonia at -196°C. The frozen liquid ammonia solu-
tion freeze dries at such low temperature (approximately
- -1 lOfC.) that the free radicals remain immobilized and retain
their activity.

Liquid carbon dioxide is increasingly recognized as an im-
portant solvent for foods due to its special physical and
chemical characteristics. A promising area for the expanded
use of liquid carbon dioxide is for extraction of food flavors.
Following this extraction, several processes can be considered
for obtaining the solvent-free extract. Carbon dioxide-
soluble, nonvolatile solute can be added to the liquid system,
which can then be frozen by contact with a surface chilled by
liquid nitrogen and at a vapor phase pressure ot about 10
atmospheres. Freeze drying at -78°C. will commence spon-
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taneously when the pressure is reduced to atmospheric and
heat input is allowed; it will be rapid at low temperature and
atmospheric pressure, and the product will be a dry matrix
containing the flavor extract. Another use of the liquid carbon
dioxide extract, involving impregnation of freeze-dried coffee
(not soluble in liquid carbon dioxide) is discussed by Rey (17).
This is essentially a successive complex freeze drying.

_ The influence of complex freeze drying process variables on
properties of the final product have been investigated by -
Blond (73) and Blond et al. (14). The physical property of
primary interest was the specific surface of the dry. material
as measured by krypton gas adsorption and pore size evaluation
using sectioned samples under the optical microscope. These
studies showed that the speed of freezing, the solute concen-
tration, colloidal state and degree of polymerization (influenc-
ing solution viscosity), and the type of solvent ali influence
the specific surface of the dry material. Results are presented
for polystyrene freeze dried in benzene and for corn starch in
water. Similar trends for surface area response are noted for
both systems for most parameters; however, solute concentra-
tion produces differing behaviors. In general, more rapid freez-
ing or increased solute concentration gives an increase in surface
area of the polystyrene although the choice of solvent produces
quantitative differences. Polystyrene freeze dried from either
benzene, carbon tetrachloride, or dioxane vary greatly in
surface area as measured by BET analysis of the krypton
adsorption (38, 4.2, or 3.5 m.% /g., respectively). It was sug-
gested that these differences were due to variable development
of microporosity (pores of submicron size) depending on
molecular solvent:solute interactions since the overall surface,
as measured in the microscope, was relatively constant for
all solvents.(between 1.3 and 2.2 m.?/g.). Similar behavior was
reported for polyvinyl pyrrolidone where a 3-fold increase in
surface area resulted from freeze drying from acetic acid in-
stead of water (/3).

Attempts to control the porosity of cellulose acetate mem-
branes by freeze drying from nonaqueous solutions was re-
ported by Rothbaum (15). Dioxane was used to dissolve
the cellulose acetate. Following freeze drying, electron micros-

‘copy revealed that the cellulose acetate membrane was essen-

tially umdxrectlonally transversed by large diameter pores
(~1000 A) Increased concentration of cellulose acetate re-
sulted in a more random spatial crystallization of dioxane but
little change in the dioxane crystal size (that is, pore diameter).
The desired reduction of pore diameter must be achieved by
changes in the solvent crystallization steps. Rothbaum found
that increased freezing rate will lead to glass formation and
poor freeze drying. Thus, if some intermediate freezing rate
is not successful, it might be necessary to evaluate other sol-
vent systems for species which crystallize as smaller

units. ]

Thus, the various methods of complex freeze drying offer
the possibility of fabricating dried materials with closely reg-
ulated properties. A wide variety of solvents is available for
selective solubilization of materials to be mcorporated intoa
very complex matrix, for example:
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1. A reactive matrix of high internal surface to be used for
dsorptive or catalytic purposes.

2. A mixed matrix of catalytically reactive species which
ill be inert during storage but can react at a high rate due to
s intimate molecular mixing when the catalytic agent is
ipplied.

3. Texture improvement of fabricated foods by incorpora-
on of compounds of limited water solubility within a water-
>luble matrix.

IRYING BY CONTACTING WITH NONAQUEOUS
OLVENTS

" A quite different interrelationship of freeze drying and
onaqueous solvents from that already presented is dehydra-
on process based on contacting of aqueous materials with
onaqueous solvents. This type process has been variously
ibeled extractive freeze drying, solvent extraction, solvent
rying, azeotropic distillation, azeotropic drying, and azeo-
-opic freeze drying. The terms extractive drying and extrac-
ve freeze drying will be used here for processes above and
elow the freezing point.

Another nonaqueous drying technique is used by biolo-
ists for the preparation of structurally unalterzd samples for
lectron microscopy. [t is called critical point drying (16 to
8).

Extractive methods have been developed for situations
there the aqueous sample (generally animal or vegetable
issue) is present in either the nonfrozen or trozen state. Ex-
ractions have been conducted with both polar and 10onpoiar
olvents. In the case of nonpolar solvents, the term extraction
i not truly correct as the water obtained from the product
'ill not be dissolved in the nonpolar solvent. However, the
rm extractive drving will be used to describe dehydration
y contact with nonaqueous materials. Literature references
or these various processing conditions are:

Polar solvent’ Nonpolar solvent

19, 20, 24, and 29
25, 27,28 31 t033

19, 21, to 24
26, 30

onfrozen sample
rozen sample

~ A wide variety of solvents have been evaluated for use in
tying of food products. Polar solvents are generally alco-
ols, predominantly ethanol (27, 28. 31 to 33). Acetone

'6, 20.°25) and acetates (19, 20, 27) have also been investi-
ited. The use of a more novel polar solvent, polyethylene
ycol 400, has been reported by Thijssen (29). In this case,
1e proper choice ol sample composition allows unfrozen

quid materials to be successfully dried by extraction without

ss of their initial round shape. Further, flavors present in
iis liquid can be retained to a high degree. .

Though more potential difficulties exist with nonpolar
ilvents, primarily due to toxicological and organoleptic
pects of the residual solvent, studies have been conducted

iing a wide variety of nonpolar solvents such.as benzene (24),
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toluene (19, 30), xylene (26), kerosene (26), hexane (23) and
chlorofluorocarbons (76, 23).

Some interesting aspects of extractive drying of nonfrozen
material will be considered first. This process is essentially a
solvent extraction, but is continued to the point where the
material being extracted is finally obtained in the dry state.
This requires that the éxtracting solvent be replenished with
fresh make-up as the process continues. On a commercial scale,
this would require the recycling of the extracting medium after
the extracted water had been separated. Thus, one important
consideration is the ease of separation of the solvent and
water. Processes can be designed for nonpolar solvents where
the phase separation following condensation of vapors gives
an automatic separation; as for polar solvents, a distillation
step will probably be required.

The rate of drying of shrimp was shown by Hieu and
Schwartzberg (24) to be more rapid when polar solvents (eth-
anol or ethyl acetate) are being used rather than benzene.
When drying hardwoods, however, Galezewski and Eckelman
(19) found that toluene generally gave more rapid drying than
ethyl acetate when no concern was shown for sample structural
changes. Once these considerations were reflected by changes
in the drying procedure, the relative effectiveness of the two
solvents was closer. Thus, it was shown that interactive effects
of solvent and the aqueous material (such as swelling behavior)
can greatly influence the allowable conditions for the extrac-
tive drying. The investigation by Hieu and Schwartzberg (24)
gives an extensive mathematical analysis of the transport prop-
erties and processing conditions for a number of solvents used
for the extractive drying of shrimp. Unfortunately, quality
-aspects of the final product were only cursorily presented.

Bacterial spores were shown to be viable after extractive
drying with acetone or n-butylacetate to residual moisture con-
tents of between 1 to 3%. Extractive drying was conducted
in two manners: one as a simple extraction with acetone; the
other, an extraction and azeotropic distillation under vacuum
with n-butyl acetate. : '

A descriptionof a commercial-scale process for extractive
drying with ethylene dichloride as the solvent is available with
some cost figures (2/). While the commercial facility has been

- used for drying various animal and vegetable materials, there

is mention of methods by which concentrated liquids might
be dried. It is necessary to add liquids as concentrated drops.
This generally would be accomplished by spraying the liquid
concentrate into the extracting solvent. Forming an emuision
of the feed liquid with cold solvent prior to spraying results
in more uniform dry material. .

Thijssen (29) has recently reported triefly on another sys-
tem by which liquids might be. extractively dried. Viscosity
control of the feed material enables drying of droplets with-
out an emulsification step. Bv proper control of all processing
steps, retention of model flavor compounds in the dry parli-
cles was greater than 90%.

Extractive freeze drying is essentially identical with extrac-

- tive drying except that the material being dried is in the frozen

state. This offers potential advantages over regular extractive
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drying in that the frozen product will undergo water loss with
little or no change in volume. Ordinary extractive drying will
suffer from some shrinkage effects during water removal al-
though they will be less severe than in normal air drying since
the material solvent, water, is replaced by the extraction sol-
‘vent. This means that there is less surface tension changes in
the piece, and consequently, less tendency to try to reduce
the interfacial area. As in normal freeze drying, processing con-
ditions must be chosen to balance heat and mass transfers at
a level where the product will remain frozen.

Slight differences in concept can be associated with the use
of either nonpolar or azeotrope forming polar solvents. With
nonpolar sdlvents, the solvent serves primarily as a heat )
transfer medium. The ice sublimates due to the heat transfer
from the liquid medium. The vapor is insoluble in the solvent
and thus is rapidly transported to the vapor space of the ves-
sel due to density and pressure differences between the water
vapor bubble and the liquid solvent. A chilled condenser will
remove water vapor from the vapor space, while a vacuum
pump is used to remove noncondensables. The receiver flask
is designed so that solvent vapors which are condensed will be
returned to the extraction vessel. Extractive freeze drying
with nonpolar solvents is conducted with essentially no in-
teraction of the water vapor with the solvent.

Extractive freeze drying with low boiling azeotropes (28,
30) is more of a true extraction procedure than when non-
azeotrope nonpolar solvents aré used. Azeotropes of both polar
(27) and nonpolar solvents (30) have been described. The
solvent medium supplies heat to the frozen material, causing
some ice to sublime. The water vapor produced forms an azeo-
trope with the solvent which boils at a reduced temperature.

By maintaining the vessel pressure at some fixed level, a
constant boiling point is obtained for the azeotrope. Heat is
supplied to the solvent at a rate such that the solvent temp-
erature is incrementally above the azeotrope boiling point.

In this case, all azeotrope which forms at the sample surface
is vaporized and condensed elsewhere in the system. Agita-
tion-of the solvent insures that the concentration of water
at the sample surface cannot accumulate to the point where
insufficient azeotrope is formed. resulting in water at the
interface and a reduction of interfacial mass transfer; this
would lead to melting of ice in the frozen sample.

Extractive freeze drving has been also described for polar
solvents where the extraction solvent is present in large ex-
cess and the water extracted is not removed tfrom the ex-

. traction vessel simultaneous with the drying process (25).
Malecki (28) used molecular sieves to dehydrate the extrac-
tion.solvent. Drying of gelatin capsules at -78°C. was more
effective using ethyl ether than absolute ethanol, though in’
both cases drying at this temperature was incomplete even
after 15 days. Tests using cryogenic liquids, such as liquid
nitrogen, with desiccants proved to be too slow.

A method of drying which was developed specifically for
the preservation of sample structure is critical point drving

(16 to 18). Critical point drying involves bringing the solvent
phase in the sample material to its critical point (critical
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temperature and critical pressure). At this point gas and liquid
phase boundaries disappear—ali the solvent existing as one
phase without surface tension. The vessel is warmed slightly
above the critical temperature to prevent condensation during
sample removal and the pressure is then slowly lowered by
controlled removal of the gas.

As critical pressures are quite high for most solvents, this
process must be camied out in a pressure vessel. Water, for
example, has a critical pressure of 217.7 atm. and a critical
temperature of 374?C. Thus, for aqueous based materials it is
desirable to replace the water by a material having a lower criti-
cal point. Carbon dioxide (I 7) and fluorocarbons (16, 18)
have been used. The process itself is relatively rapid [tissue
samples processed with freon-113 take 45 min. (/6)] although
preliminary procedures to impregnate the sample with the de-
sired solvent may prove to be time consuming.

CONCLUSIONS

Nonaqueous materials offer many interesting relationships
to the freeze drying process. Materials of controlled and novel
properties can be prepared using nonaqueous materials as
solvents in normal freeze drying processes. Texture, catalytic
effect, adsorbent capacity, flavor, etc. can be designed into
such materials by careful stepwise or simultaneous complex
freeze drying procedures. Systems can be prepared with mixing
of components at the molecular level. Such systems can possi-
bly be used for controlled chemical reaction rates.

Nonaqueous materials can also be used for freeze drying
of aqueous samples by extractive procedures. A novel drying
method which rivals freeze drying in the retention of sample
structure is critical point drying. Nonaqueous materials, which

offer simpler operating condmons will be of significance here .

as well.
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4.3 Artificial gel systems

Work on artificial gel systems has concentrated
' on calcium alginate gels. The major effort has been in
evalﬁating methods by which the desirable textural
gualities caﬁ be retained.v In addition, the influence
of process and composition on taste.qualityrhas been
considered.

The general method for p;eparation of the calcium
aiginate gel consists of equilibrating a sodium alginate
solution (usually 3-5%) (contained in a plaStic sample
céll’héving nylon membranes at both ends) in a calcium
lactate bath (usually 4.5%). The calcium ions diffuse
into the cell and crosslink theAalginate mélgcules to
form the gel. The strength and thus téxtural'p;operties-
of the gel will depend on the initial concenfratién of
alginate and lactate soluﬁion in the sample éell and bath,
other molecular species present in the systems, and to
some extent sample cell-bath geometries.

Tests with various concentrations of sodium alginate
and calcium lactate showed that an optimum relative to
textural quality wés achieved with initial solution
concentrations of 3.0% and 4.5%, respectiyeiy. Approximately
48 houfs of equilibration time was fequired to completely
gel samples when in a cell of 30mm diametef and 50mm
height. These samples have a crispy teXture after equili-

bration.



Sucrose was added to the sodium alginate solution,
both to give the product sweetness and to modify the
texture by improved water binding. Sucrose concentratiéns
of 0 to 25% (in the sodium alginate) were evaluated |
initially. The textural behavior was not greatly alﬁered
by sucrose concentration. It was noted tha£ the gel
sweetness was not sufficient, evén at 25% sucrose levels.
Refractometric measurements allowed a system mass balance
to bé;obtained. This showed that sucrose was diffusing
from the sodium alginate solution into the béth. Sucrose
loss ranged from 50-75% of that initially presentldepending
6n (1) initial sucrose concentration (2) relaﬁive amounts
of the alginate and lactate solutions and (3) size of the
sample holder. One attempt to halt the sﬁcrose diffusion
involved using a calcium lactate (4.5%) - sucrose (22%)
gelling bath. This was unsuccessful as no gelling occurred
after 3 days. One further attempt, somewhat more successful,
involved é higher initial sucrose concentration (50%) and
a smal;er sample holder which reduced equilibration times
to 24 hours. While 60% of the sucrose was lost, the 20%
remaining in the gel was adequate to give a distinct
sweet taste.

Artificial sweetener (saccharine) at a level of
0.32 grams per 400 ml of aiginate solutiqh‘gave no better

quality than the sucrose.



4-13

Textured modification was attempted using two
polymers as additives to the basic alginate solution.
Dextran-10 or a pregelatinized starch were used at

various concentration combinations.

starch/alginate - dextran/alginate
(%) () (%) (%)
1.5 3.0 0.5 3.0
1.5 4.0 1.6 3.0
1.5 5.0 | 2.0 ’,.3.0

The effects of the added polymer weré*not signifi-
cantly beneficial to warrant further investigation.

Three fruits: apple, pear and cherry, were simulated
using thelcalcium alginate gels. The formulations are
listed in Table 1. While problems associated with diffusion
loss of sucrose and flavor was noted, good‘téxture was
achieved for the fresh gels.

In addition to some preliminary organoleptic tests,
the rheological behavior of some fruits and of selected
gels was compared using a simple load cell in which a
lQad could be applied and the corresponding fruit (or gell)
compression measurea in terms of fractional decrease in
slice thickness. Figure 1 shows the compression loading

and relaxation behavior of peach and apple slices.



Figure 2 shoﬁs a comparison of peach and gel behavior.

In Figure-3 the compression behavior of two géls is
compared with that of peach_and apple, showing a good
similarity in this particular rﬁeological characteristic.

In general the progress in obtaining fresh gels
with fruit characteristics was good. Substantial prob-
lems, however, were encountered in the attempts to
.freeze dry fhé Qél structure and this aspect will require
ﬁuch work. Freezing and thawing caused substantial
deteribration of texture and attémpts to freeze dry the
gelé resulted_in poorly rehydrating and very tough
matrix. Preliminary work on counteracting the effects
of freezing and drying by modification of freezing rate
vand by addition of polymers was not successful.- Figure 4
shows compression data for two gels each at é 2% algin
and 1% starch level, but with either 3% and 6% sucrose
both with and without a freezing treatment. The toughening
effect of_the freezé-thaw cycle is evident.

Figure 5 compares the coﬁpression data for an
algin gel before dehYdration with the same gel after
freeze drying and rehydration. The toughenjng effect
of the drying ig apparent. | .

erk is currently in progress on new approaches
to expioring the effects of freezing and drying in order

‘to counteract these effects.



Table 1

Sodium Alginate Solutions for Formulations Simulating Fruits

Apple
45 ml (3% starch, 15% sucrosef'
.14 ml 5% malic acid | |
60 ml | 3% sodium alginate
0.2m1/100ml apple flavor
,36iml (5% starch, 50% sucrose)
24 ml 2.5% malic acid N
60 ml 3% sodium alginate
0.2m1/100ml ©pear flavor |
Cherry 1
100 ml ~~ 20% sucrose, 3% sodium algiﬁate
1.0m1/100ml cherry flavor
Cherry 2

100 ml 50% sucrose, 3% sodium alginate

1.5m1/100ml cherry flavor



Section 4

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

List of E}gurgg

Compression~relaxation curves for fresh

peach and apple slices
i

Compression-relaxation curves for fresh
peach and calcium alginate gel systems

(gel 1 - 2% algin, 3% sucrose; gél 2 -

2% algin, 2% starch)

Compression curves of fresh apple, peach
and gel slices (gel 1 - 2% algin, 3% sucrose;

gel 2 - 2% algin, 2% starch)

Compression curves for fresh and frozen

‘and thawed gels containing 2% algin, 1% starch

and added sucrose

3% 3% sucrose fresh
6% 6% sucrose fresh
3% F.T. 3%-sudrose frozén and thawed
6% F.T. 6% sucrose frozen and thawed

Compression of slices of fresh and rehydrated

freeze dried algin gels
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5. Volatile retention during freeze drying

5.1 Introduction

Work conducted prior to this contract:primarily
with low molecular weight carbohydrétes showed that
.flavor retention during freeze drying oould be explained
on the basis of the microregion theory of Flink and Karel,
and that this theory could serve as a basis for optimiza-
tion of process parameters. The Annual Report for Phase I
presented résults of studies on the behavior of the non-
carbohydrate polymeric material polyvinylpyrrolidone (PVP),
and also introduced our use of a radiochemical technique
for studies of volatile retention. This techhique has
been uéed-subsequgntly to evaluate the reténtion behavior
of a number of polymeric materials present in foods and -
of potential significance in formation of food matrices.
'This work has been presented in a series of research
papers which have been published (section.S.B), accepted
for pﬁblication (sections 5.4, 5.6) or submitted for
~publication (section 5.5). In addition current results
which have not yet been written for publication are presentéd
as section 5.2 These reports are assembled to form

section 5 of the Phase 2 Annual Report.



5.2 The influence on volatile retention of dextrose

equivalent (D.E.) for a series of dextrins

Dextrins are formed by partial derclyéis of starch.

The degree of starch breakdown, which éepeﬁds4on,a number
of process parameters, results in a distribution of mole-
cular units ranging in molecular weight from the mono-
saccharide, dextrose, to the higher polysaccharides.

While it is possible to determine the complate molecular
weight distribution for any dextrin sample, it. is more
usual fof dextrina to be classified according to the
percentage distribution of the lower oligosaccharides.
‘The most widely utilized method of classification, however,
is the so-called dextrose equivalent (D.E.) which is a
measure of the number of reducing groups be; unit weight
cf sample. Dextrose, which has one reducing group per
glucose unit , is defined to have a D.E. of 100. Maltose,
with one reducing group for each two glucose residues
(i.e. one reducing group for each maltose molecule) has

a D.E. value of 50. As the dextrinvmolecular weight
distribution moves toward larger molecular units, the

D;E. values decrease with a lower limit generally being
.about 2-4. Depending on the D.E. values, these products
are gcnefally referred to as maltodextrins or dextrins.

Maltodextrin materials have often been included

in studies on flavor retention during freeze drying, but-



there has been no effortto investigate the influence of
molecular weight distribution of maltodextrins on the
volatile retention. ~ Since maltodextrins afe-utilized in

a number of formulated foods, and may be incorporated into
freeze dried food matricies, we conductéd an-investigation
of the influence of dextrose equivalent on voiatile reten-
tions.
14C—labelled volatiles (acetone and ethyl acetate)
were used to evaluate the retention invseveral commercial
dextrin preparations. The characteristics:of the dextrins.
are listed below (Maltrin was obtained.f;om.Grain Process-
ing Corpofation, and Stardri from A.E. Staley).

Percentage of the -material in fractions
with different number of glucose units

Material'_ D.E. value 1 unit 2 units f3'units 4 or more units
Maltrin 100 9-12 0.5 3.5 6.5 . 89.5
Maltrin 150 13-17 1.0 3.5 1.5 88.0

' Maltrin 200  18-22 1.0 6.0 . 8.0 85.0
Maltrin 250 23-27 2.5 5.0 . 8.5 84.0
Stardri 24F 24-28 5 14 14 67
Stardri 35F 33-36 - 14 12 1 63
Stardri 42F  42-45 20 14 . 12 54
Maltose 50 0 100 0 0

The volatile retention was evaluated using solutions
containing 1% of volatile and either 10, 20 or 30% of the

dextrin preparations. Two (2) ml samples were frozen at



-40°C in scintilla;ion‘vials, freeze dried and ;ehydrated
with 2 ml of water. Scintillation liquid (PPO, napthalene,
-dioxane) was added and normal counting procedures-uséd.

The results, in the form of two graphs, presents
the retentiohs of acetone (Figure 1) and etbyi acetate
(Figure 2) for the three concentrations as a function of
dextrose equivalent. An increase of the dextrose equiva-
lent is indicative of a change of the polysaccﬁaride compo-
sition to units of lower molecular weight. It can be
seen that for both volatiles, as the solids concentration
increases, the influence of dextrose equivalent is reduced.
Also, as is expected, it can generally be stated that a
higher solids concentration results in higher retentions,
though at high D.E. with acetone, a slight reversal is
observed.. An example of the complex interactions of
solidsAand volatile can be seen by the fact-ﬁhat retention
shows a slight decline with increasing D.E. fér ethyl
acetate, while a sizable rise is observed for acetone
over the';ange DE 10 to 25, followed by a leveling off.

It cannot be certain but the leveling of the_acetone
curves abdve 25D.E7 may be related to the change from
Maltrin samples to the Stardri samples, where there is a
‘large increase in the saccharides of 1 to 3 glucose units.
In_Figuré 2, two different polysaccharidé'distributions
at a Dé value of 24 (Maltrin 250 and Sté;dri 24F) were

i



evaluated. It can be seen that the sample which had the
higher percentage of low MW species (Stardri 24F) had a
sizably higher retention. |

These studies have shown that a vafieﬁy of dextrin
materials show the.same general volatile retention behavior
as observed for a number of simpler carboﬁydfate systems.
At the higher soiids concentration investigatéd (30%) the
level of retent&on was above 60% for all D.E. values
inﬁestiga;ed. %hile differing shapes of the retention-
D.E. curves were cbserved for acetone and éthyl acetate,
at a 30% solids concentration these variations in retention

are not very largé when compared to the overall level

of retention.
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Figure 1

Figure 2

List of Figures

-Retention of Acetone by dextrins with varying

dextrose equivalent values.

‘"Retention of ethyl acetate by dextrins of

varying dextrose equivalent values (starred
points are for Stardri 24F, a 24DE maltodextrin

with high percentage of low MW oligosaccharides)



ACETONE RETENTION (%)

80

~
o

40

Figure 1 _ 3

5-5b

o
@)

4]
O N

A 10%

- O 20%
® 30% o
) /o
. / .

Y/

1 1 i

L i |
20 30
DEXTROSE EQUIVALENTS

1
40

50



ETHYL ACETATE RETENTION (%)

, 5-5¢

Figure 2 -

80

(o))
(@)

g
o

N
(@)

.\o. °" : - |
\0/0:\\0/ .\ -
!
—

. o |
o\o | / \
o0
\A A*

N /\ .

1 L 1

/

o

A 10%.
o 20%
30%

=
-

10 20

1
30 40 . 50
DEXTROSE EQUIVALENTS



5.3 Volatile retention during freeze drying of aqueous

suspensions of cellulose and starch

Reprint from J. Agr. Fd. Chem. 21(6):936-939(1973)



Reprinted from AGRICULTURAL AND FOOD CHEMISTRY, Vol. 21, No. 6, Page 936 Nov /Dec. 1973
Copyright 1973 by the American Chemical Society and reprinted by permission of the copyright owner.

Volatile Retention during Freeze Drying of Aqueous Suspensions vbf

~ Cellulose and Starch

Jorge Chirife! and Marcus Karel*

This paper studies the retention of 14C-labeled
2-propanol in freeze-dried starch or cellulose sus-
pensions. Among the variables affecting the re-
tention level are concentration of solids and ini-
tial concentration of the alcohol in the suspen-
sion. The observed retentions can be explained
by inclusion within the polymer chains, the pre-

dominant mechanism of retentibn, and adsorp-
tion. Cellulose gave a much lower retention than
starch, probably because the low mobility of the

-chains in the highly crystalline. cellulose reduces

the capacity for retention of the alcohol through
inclusion. B

Y

In the past few years, significant progress has been
madeéin studies on the mechanism of volatile retention in
freeze-dried foods. Most of these studies have been based
on model systems, mainly carbohydrate solutions (Flink
and Karel, 1970a,b; King, 1970; Rulkens and Thijssen,

" 1972; Thijssen and Rulkens, 1968) and water-soluble poly-
mers (Chirife and Karel, 1973b; Chirife et al., 1973). It is to
be expected that studies on model systems, based on indi-
vidual food components, could eventually lead to a better

understanding of volatile retention in more complex food”

systems.

In this study we present results which characterize the
retention of 2-propanol in model systems based on cellu-
lose and starch, polysaccharides widely found in fruits and

vegetables. The observed retentions are analyzed in terms .

" Department of Nutrition and Food Science, Massachu-
setts Institute of Technology, Cambridge, Massachusetts
02139.

-1Present address: Departamento de Industrias, Facul-
tad de Ciencias Exactas y Naturales, Buenos Au-es “Ar-
gentina.
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of possible interactions between the polymeric substrates
with volatile.

EXPERIMENTAL SECTION

Model Systems Preparation. The model systems con-
sisted of either cellulose powder (Whatman CC 41, mean
particle size passing 200 B.S.S.).or starch (Merck, Soluble
Starch), 14C-labeled 2-propanol, and water. They were
prepared by suspending the desired amount of cellulose or
starch in water and adding 2-propanol; 0.1% (w/w) of
carboxymethylcellulose (CMC) was added to facilitate the
handling of the suspensions.

Five-milliliter aliquots of the suspensions were plpetted
into 50-ml Erlenmeyer flagsks and frozen immediately in
liquid nitrogen to maintain the solids in the suspended
state. The resultant sample thickness was about 4 mm.
The samples were then freeze-dried for 48 hr at ambient
temperature and at a chamber pressure of less than 100
um in a Virtis freeze drier (model 10-MRTR). .

Reagent ‘grade 2-propanol was mixed with 14C-labeled
2-propanol to give the -desired specific radioactivity. The -

et

)



radioactive propanol was obtained from ‘International
Chemical and Nuclear Corporation, Irving, Calif.

Humidification Experiments. In several experiments,
-freeze-dried samples were humidified by placing tared
and weighed flasks in vacuum desiccators containing satu-
rated salt solutions, which mamtamed the desired con-
stant relative humldmes

2-Propanol Analysis. The 2-propanol content was de-
termined by measuring the radioactivity of the samples
with a liquid scintillation counter.

Reproducible measurements with a constant counting
efficiency were obtained by dispersing the dried samples
of cellulose or starch in water (to 10% w/w) and adding 1
ml of this suspension to 10 ml of the scintillator solution
(2,5-diphenyloxazole (1 g), naphthalene (100 g), dioxane
to 1000-m! volume]. The resulting dispersion was counted
with a liquid scintillator counter (Beckman LSD series).

RESULTS

Figure 1 shows the effect of initial solids concentration
on 2-propanol retention by freeze-dried cellulose and
starch suspensions. In both cases the alcohol retention in-
creases linearly with solids content in the range examined.
For these experiments the initial concentration of 2-pro-
panol was fixed at 0.1% (w/w) for the cellulose system
and 0.05% (w/w) for the starch-based model.

For both cellulose and starch, when solids content is
kept constant, relative retention increases as initial alco-
hol concentration decreases. The use of 14C-labeled 2-pro-
panol of relatively high specific radioactivity allowed for a
wide range of concentration from 2-3 ppm to 5000 ppm for
the starch system.

Results obtained during freeze drying of 20% (w/w) sus-
pensions are shown in Figure 2. The curve which charac-
terizes the behavior of starch suspensions is particularly
interesting because the low volatile concentrations inves-
tigated are similar to those encountered in natural food
systems. The 2-propanol retention in freeze-dried cellulose
suspensions appears to level off at 7.3% re'ention as the
initial volatile concentration is decreased.

Table I summarizes the alcohol retention (1-propanol or
2-propanol) observed during freeze drying of several model
systemis (carbohydrates and polymers). All the. experi-
ments were performed in very similar processing condi-
tions (plate temperature, drying time, chamber pressure,
frozen layer thickness) and system composition (solids
concentration, volatile content), so the observed reten-
tions give a direct indication of the particular ability of
each solid substrate to retain the volatile. For high initial
alcohol concentrations (0.5 to 1.0% w/w), the low molecu-
lar weight carbohydrates are much more effective than the
polymeric systems (PVP, Dextran, Starch, Cellulose).
However, at low volatile concentrations, the polymers are
also able to produce significant alcohol retentions. The ex-
ception is cellulose, which even at low initial volatile con-
centration gives low retention values.

Readsorption of 2-propanol in the dry layer of cellulose
during freeze drying was investigated in the following ex-
periment. Samples were prepared by freezing alternate
layers of a cellulose suspension containing no volatile and
layers of a solution containing the volatile. Each layer was
completely frozen before the next layer was added. The
composition of the systems for these experiments was
fixed: cellulose 20% (w/w) and 2-propanol 0.5% (w/w).
During freezing and drying, the layers were separated by
thin brass mesh to avoid any ‘“contamination” between

them.. After the standard cycle of freeze drying (48 hr),

the layers were  separated for individual analysis. Excel-
lent agreement was found among all the samples. It was
observed that the amount of 2-propanol adsorbed in the
layers originally containing no volatile was 31.5% of the
retention found in the layers originally containing the vol-
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Figure 2. Effects of initial concentration of 2-propanol on reten-
tion in freeze-dried suspensions containing 20% of starch or of
cellulose. .

atile, the absolute amount being between 0.0244-0.0269 g
of 2-propanol /100 g of cellulose.

In another experiment, we studied alcohol release due
to adsorption of water. Twenty percent suspensions of
starch containing 0.05% (w/w) were freeze dried under
standard conditions. These conditions resulted in the re-
tention of 0.0775 g of 2-propanol/100 g of starch. The
freeze-dried systems were then equilibrated to different
relative humidities and the loss of alcohol was deter-
mined. Figure 3 shows the 2-propanol retention in freeze-
dried starch humidified to 11, 52, and 75% relative hu-
midity.

DISCUSSION )

Two types of interactions between the solid substrates
and the volatile will be discussed in connection with the
mechanism of 2-propanol retention during freeze drying of

‘cellulose and starch suspensions; they are inclusion and

adsorption in the dry layer. The first one refers to an en-
trapment of the volatile between the polymeric units of
cellulose and starch, and the second to the binding of the
alcohol to specific sites of these polymers. Russell et al.
(1937) studied the sorption isotherm of alcohols in cellu-
lose. They-found that after sorption of alcohol, evacuation
at room temperature did not completely remove the alco-
hol. They postulated that as a result of the process of re-
moval of alcohol, cellulose chains interact, forming inter-

“nally stressed structures that hold the resxdual “solvent.”

A Agr. Food Chem., Vol. 21, No' 6, 1973 937
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Figure 3. Retention of 2-propanol during exposure of freeze-
dried starch suspensions to specmed levels of relative humidity
at 25°,

Staudinger et al. (1953) also showed that nonpolar liq-
uids which do not react with cellulose cannot be completely
‘removed by drying in vacuum. They also postulated an
inclusion of the organic liquids produced when hydroxyl
groups of the cellulose chains hydrogen-bond together.

We have demonstrated in previous studies that most of
the retention of volatiles in water-soluble polymers, in
particular dextran and polyvinylpyrrolidone, is due pri-
marily to entrapment in microregions similar in their re-
tention properties to those formed by low molecular
weight carbohydrates (Chirife et al, 1973; Flink and
Karel, 1970a). However, in polyvinylpyrrolidone, adsorp-
tion also plays a role and, in fact, a small but significant
readsorption of propanol occurs in dry layers formed dur-
ing freeze-drying (Chirife and Karel, 1973). The ‘“layered
system” experiments reported in this paper show that
readsorption of 2-propanol in the dry layer can contribute
to retention in freeze-dried cellulose suspensions.

Sorption of alcohols in dry cellulose has been measured
by several workers, including Lauer and Ayer (1957), Co-
lombo and Immergut (1970), and Le Maguer (1972).
Through measurements of heats of sorption, Colombo and
Immergut (1970) found that the interaction cellulose-
methanol involves hydrogen-bond formation which ex-
tended over a wide range- of vapor coverage. However,
sorption isotherms measured at high volatile partial pres-
sures may not be valid at the Jow levels expected in freeze
drying of model systems. A small amount of very active
sites may be available for strong adsorption of smalil
- quantities of the volatile, leading to retention. Sorption of

938 J. Agr. Food Chem., Vol. 21, No. 6, 1973
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Table . Alcohol Retention during Freeze Drying of Carbohydrate and Polymer Solutions
" Retention, %
Initial
Concentration concentration Rapidly Slowly
' of initial solids, of volatile, frozen frozen
Solid % (w/w) Volatile % (w/w) samples samples Reference
Initial alcohol concentration between 0.5-1.0%
Maltose 20 1-Propanol 1.0 69.5 Chirife and Karel (1973b)
Maltose 18.8 2-Propanol 0.75 67.6 . Flinkand Karel (1970a)
Malto-dextrin 20 1-Propanol 0.75 80 Flink and Gejl-Hansen (1972)
Glucose 18.8 1-Propanol 0.75 47.8 Flink and Karel (1970a)
Glucose 18.8 2-Propanol 0.75 52.8 Flink and Karel (1970a)
Starch . 20 2-Propanol 0.5 21.0 Present work
. .PVP 20 1-Propanol 0.5 25.5 Chirife et ol. (1973)
CopvP 20 1-Propanol 1.0 9.8 24 Chirife et al. (1973)
Dextran 10 20 2-Propanol 0.75 7.5 Flink and Karel (1970a)
Dextran 10 20 1-Propanol 0.75 4.2 Flink and Karel (1970a)
Cellulose 20 2-Propanol 0.5 4.0 Present work
Initial alcohol concentration between 100-250 ppm
Dextran 10 20 2-Propanol 100 56 97 Flink and Labuza (1972)
Maltose 20 2-Propanol! 100 16 88 Flink and Labuza (1972)
PVP ’ 20 1-Propanol 100 . b8 Chirife et al. (1973)
Starch ) 20 2-Propanol 100 38 . Present work
Cellulose . 20 2-Propanol 250 8.4 Present work
00 n 11 % RH o _ volatile compounds in starch was studied by a number. of
E‘ eo-L{ag‘\§ a 8 o authors; Maier and Bauer (1972) suggest that most aroma
" 2 8o\ T T e~ i — O compounds may be bound by hydrogen bonds or inclusion.
& o1~ Starch has the capacity to complex many ligand molecules
g eol '\ such as aliphatic alcohols, fatty acids, and aliphatic hydro-
& sol- \ carbons (Bear, 1944; Kuge and Takeo, 1967; Osman-Ismail
i el \\ and Solms, 1972; Takashi and Takeo, 1968). It was con-
2 3ol N .sidered that complexing occurs mainly within the helical
2 20l AN 75 % R regions of the amylose fraction. Several possibilities were
z o S~ ‘ _ taken into account for the forces that stabilize the inclusion
= oo ! ! ] | === | complex, namely hydrophobic bonding, hydrogen bonding,
x 9 5 10 15 20 25 30 35 40 45 50 dipolar interactions, etc. (Kuge and Takeo, 1967). Based
TIME , hours. on this property of amylose, Solms et al. (1973) suggest that

the formation of starch-inclusion complexes is an important
mechanism of volatile retention during food processing.
However, some characteristics which regulate the formation
of such complexes strongly indicate that this is not the case
for the 2-propanol retention during freeze drying of starch
suspensions. To begin with, a certain minimum concentra- -
tion of ligand was necessary to initiate the formation of in-
soluble complexes (Solms et al., 1973). Also, reaction mix-
tures did not give inclusion compounds under constant
temperature conditions but only if a temperature gradient
was applied ranging from 90° to room temperature (Solms
et al., 1973). This suggests that the reaction requires some
sort of activation. Furthermore, the humidification exper-
iments shown by Figure 3 are another indication that no
irreversible complex was formed, resulting in 2-propanol
retention. Humidification to 75% RH produces almost
total loss of retained 2-propanol. This effect can be attrib-
uted to the swelling effect of water molecules which per-
mits the loss of the entrapped alcohol.

We may conclude that inclusion of the volatile between
the polymer chains and readsorption in the dry layer are
the main mechanism of retention. The low levels of reten-
tion observed with cellulose can be explained on the basis
of the low mobility of the cellulose chains, as compared
with starch or other polymeric materials.
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INTRODUCTION

Retention of organic volatiles in freeze—aried
systems is determined by propertiés of non-volatile
solutes which often form an amorphous matrix'of the
éreeze—driéd solid. Retention presumably reshlfs from
an entrapment mechanism which immobilizes the volatile .
compounds within that amorphous solute matrix (7, 13,
33, 36). At present two apéroaches appear-to give
mechanistic despriptioné for observed volatiig'retention
phenomena.. These are "seiective diffusion"_(lQ; 20, 29,
34, 36) and "microregions entrapment" théories (13, 15).
While these are based on different approacﬁeé, they may
represent macro and micro views of the same basic
phenomenon (8).

Most of the research on volatile retention has been
concerned with interactions between.carbohydrafes and
various volatiles. Recently,.Chirife~et al. (8). were
able to extend fhe'épplicability of thé microfegions'
theory to a systeﬁ other than carbohydrates. Model systems
of a water soluble polymer, polyvinylpyrrolidéﬁe'(PVP)'
virtually duplicate the behavior of carbohyd;ateslwith
“the exéeption that a small fraction<foOiatile.may be
retained by adsofption phenomena (9), in ﬁhat work,

PVP was chosen as»a’modelAsystem because'it‘is a water-

soluble polymer containing a polar group different from



:those of polysaccharides but also present>ih proteins.
PVP does not, however, manifest the complexity of
iﬁteractions that occurs in proteins.

| We ére now presenting results which describe
retention of 2-propanol in a model system based on a
watef soluble protein, bovine éerum albumin (BSA). Some
experiments were also performed in a model system based

on the enzyme, pepsin.

EXPERIMENTAL

Model system preparation

The model systems consisted of either'bo§ine sérum
albumin (BSA) or pepsine, 14C labeled 2—pro§anol and
'wéter. The model systems were prepared by dissolving
the désired amount of protein in distilled water and
adding 2-propanol. In preparing the pépsin model
system, the pH was increased to 8.5-9.0 using NaOH.
Five.mi aliquots of the solution were pipetted into
50 ml Erlenmeyer flasks which‘were frozen as speCifiea
below and then freeze dried for 48 hr inbafVirtis
freeze drier (modelflO;MRTR). The drying_toék place
at room temperature ana low chamber éressureé (< 100 ﬁm);
Temperatures were not measured during freeze drying;
No partial melting or collapse was'obser?éd in any of
_ the samples during freeze drying. The_cbnaitions of

freeze drying were identical to those that we previously



found gave high volatile retentions in low molecular
weight carbohydrate—voiatile systems.

The sample thickness was varied in some experiments
as néted undef'RESULTS & DISCUSSION. In most experimenté
the composition of the systems was fixed as kinitial
concentfation expressed in Qeight percent):llprotein 20%,.
2-propanoi 0.05%, water 79.95%. In several e#periments
the effect of changing concentrations was studied;_the
changed cémpositioné are noted under RESULTS‘& DISCUSSION.

Samples wereé frozen by one of two methods: fast
freezing was accomplished by immersion of flaské in
liquid nifrogen; slbw freezingirefers to élacing the
stoppered flasks.in still air at ~40°C.

Some freeze-dried samples of BSA'containing no
42-propanol were analyzed gravimetrically for.:esidual
moisture content by drying in a vacuum oven aﬁ 87°C
for 32 hr. The moisture content was found to be < 0.4%.
ssa .

Bovine serum albumin, Cohn Fraction V, powder of purity
'95% was:obtained from Nutritional Biochemical Corporation.
Pepsin

Pepsiﬂ, N.F. powder was obtained from Fisher Scientific
Co; The proteins were not further purified.

-2~Propanol

Reagent grade 2-propanol was:mixed with l%C labeled



2-propanol to give the desired specific radioactivity.
The radioactive piopanol was obtained from International.

Chemical and Nuclear Corporation in Irving,'Californ@a.

2-Propanol analystis

The 2-propanol content was determined by measuring
the radiocactivity of the samples with a liquid scintilla- -
tion counter. Reproducible measurements with a. constant
counting efficiency were obtained by dissolving the dried
samples in water (to 10% w/w) and adding 1 ml of this
solution t6‘13 ml of the scintillator solutidn (2;
S-diphenyloxazole 1 g; naphtalene 100 g, dioxéne to 1000
‘ml volume) . The resulting mixture was counted with a
liquid scintillation counter (Beckman LSD Séries). The
results were corrected for background counting, although
this correction was significant only at the_lowest volatile
concentrations. It was demonétrated-that the sédimentation
‘of insoluble protein did not affect the reproducibility of

the measurements.

RESULTS & DISCUSSION

Effects of pre- treatments and processzng conditions on'
freeze-drying. : .

As discussed previously (8, 15), we conceive the
retention of volatiles in freeze-dried solutions to be
caused by the formétion of miéroregions'during freezing.

During dehydration the microregions are stabilized by
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formation of a matrix wﬁich becomes completely,impermeable
to organic volatiles but not to water when the local |
moisture content drops to a critical level. The matrix

is stabilized by noncovalent bonds between suitable

polar groups of the solute units and the critical moisture
content tends to oécur at the B.E.T. mono}ayer value

(8, 15). |

Process conditions affect the formation‘of micro-regions
and, conseduently the extent of retention. Freeéing rate
is of considefable importance as iﬁ influences volatile
incorporation in'the soluté matrix (13); slow rateé promote.
volatile reténtion_in midroregions.

Table 1 presents a comparisén between rétention of
propanol in freeze-dried BSA and‘pepsin systems and
retentions pfeviously observed in freezefdriéd PVP and
‘maltose. In all systems slow freezing resulted in
higher,retehtion than rapid'freezing; this effect was
particulariy notable with the high molecular weight
(#70,000) BSA. These findings are coméatibie with the
microregion theory: slow freezing, which'éliows,diffusion
of soiute from the.freezing fronﬁ, results_ih_fewei,
larger, more concentrated micforegiops, thch_are less
permeable ‘than those created by rapid fﬁeezing'(l4).

Figure 1 shows the effectloflinitiai-aicohol

concentration on retention of 24propanol.by'BSA (rapidly



frozen) and pepsin (slowly frozen). The relative retention
by BSA can be seen to decrease with increasiné alcohdl
concentration. Similar results were found by Chirife
et al. (8) in the PVP-n-propanol system and are also
consistent with the microregions theory (14). It is
expected that as the volatile concentration decreases the
volatile loss would épproach a minimum, whicﬁ would depend.
on volatile amount transiently entrapped within ice;
(and therefore outside the non-volatile solute matrix)
and ofher factors. Relative volatile reten’tibn will
"thefefore approach a maximum. In the case of;BSA—propanol
sysfem this makimum has not yet been reached down to an
initial concentration of 50 ppm, at which concentration
propanol retention was only about 20%. With pepsin,
however, retention is high (over 80%) at all initial
" concentrations studied (up to 1000 ppm). Apparently
‘maximum retention here is attained already at felatively»
high initial concentrations of propanol.

The miéroregions theory predicts that'increasing
the solid COnéentrat}on incréases'volatilé[retention
up to ;'limiting déncehﬁration which depends on the
type of solid and-tyée and amount of'volatile; Figure 2
shows the results obtéinéd with the BSA-2¥propanol
system (slowly frozen). The shape 6f the curve is in

good agreement with those obtained by other workers in



several model systems-(8).

Thickness of sample is also a factor in retention.
Figure 3 presents the retention of 2-propanol (initial
concentration 0.05%) in BSA (slowly and rapidly frozen)
and pepsin (rapidly frozen). The retention decreases
with increasing thickness primarily because the more
rapid drying and steep moisture gradients in thin
samples decrease the period during which the moisture
content is high enough to permit volatile escape (14);

We also invéstigated the possibility that changes
in the proteins induced by heat or by pH changes éould
influence the 2-propanol retention during ﬁreeZe dryingﬂ
Samples of BSA and pepsin were subjected to pH changes
and/or heat treatment prior to addition of the volatile.
The sémples were then freeze dried under sténaard'
conditions and the observed volatile fetentions were
compared with control samples. Results afelsh0wn in
Table 2. o

BsSa was.partially denatured by shaking a 20%
solution in a bath'at 65.5°C during 120 min (33);

An increase in viséésity after héating Qas easily obsefvable
indicating unfolding of the molecule. Tablelz shows that
heat denatured BSA is as effectiVe in é—propanol retention
durihg freeze drying as the native protein. - This result

indicates that preservation of natiVe structure of the



native protein.is not necessary for'entrapmeht of the
volatile. Table 2 also shows that an increase tc pH 10
has on;y a minor influence in the observed fetention, in
spite-of the known conformafional changes occurring in
BSA at this pH (6, 27).

Pepsin shows a similar behavior; samplés heated at
82°C did not show any difference in 2-propanql retention
as compared with the unheated samples. However, this
exﬁeriment is not as conclusive as the one with BSA
i because it is known that at pH 7 or higher, pépsin is
© already "alkali denctured" (4).

A combinétion of heat and low éH was able to
produce a small reduction in volatile'retention; However;
it is likely that this effect was due to a-chaﬁge in the
substrate composition, because some hydrolysiélof peptide
bonds occurs in these conditions due to autolysis (4).
The physical appearance of the freeze-dried cake also
confirmed that a change ih composition of the system Qccurred;
| The ppssibility of binding of 2—propanoi on specific
sites of BSA was alsp considered. BSA binds a g:eat |
variety of small unéhérged molecules”(lz;vze, 32) .- Very
little ‘information islayailable; however, about |
identification of binding sites. In the presence of any
specific'molecule, a parﬁicula; configuratioh‘bf BSA

is stabilized which permits the various portions of the



small molecule to intéract with the'appropriéte éroups
in the protein (30).

Also,_ihe folded structure of globular prpteins
is partially stabilized by hydrophobic interaétions,
~and these interactions are important in b;ndihg (28) .
However, we Délieve that the role of hydr;phobic
interactions,‘if any, is not significant in retention
of propanol during freeze drying. 1In discussiné the
interaction_of volatiles with food components, Solms
et al. (31) have suggested that hydrophobic interactions
between proteins and ligands are:of importance:in.the
mechanism of flévor retention during food processing.
They based this suggestion in experimental tésults obtained
by Arai et al. (2) who found that some n-hexanal and
" n-hexanol were retained by soy protein éfter Vacuum
distillation at 30°C, and the amount of bound ligand
increased with heat denaturation of.the soy protein.
According to Solms et al. (31) proteinS'retain-volatiles
interacting with them by unfolding and déétrﬁction of
tertiary s£rgctures with the binding mechahism being a
hydrophobic one. Binding, in this view, dépénds partially
on the capacity of the ligand to cause uan1ding of the
protein. Heat’deﬁatufation increases the amount of
binding through the unfolding of the moleéule;

We believe that the role of hydrophobic intefaétions



as a mechanism of volatile retention by prétein systems
have-been over-emphasized by Solms et al. (31); the

amount of n-hexanol in soy protein after vacuum
distillation of 9.1% (w/w) soy protein solution represents
only a retention of 0.13% for an initial volatile
concentration of 1000 ppm, whereas in our»study retention ]
was in the range of 10 to 90%. In-addition;van
examination of the experimental procedure of Arai et all
(2) concludes that heat denaturation of the protein was
_not responsible for the observed increase in volatile
retention. Arai et al. (2) mixed the protein solution
with the volatile€ and then ﬁeated the mixtufeAto produce
fhe denaturation at a temperature of 90°C dﬁring 1 hr;
Heating in presence of the brganic compounds may have

resulted in chemical reactions between the protein and

the volatiles.

Release of entrapped volatile by huhidificatién .

BSA solutions (20% solids; 0;05% 2;prdpénol) were
freeze~dried_under standard conditions (slowly frozen;
fréeze driéd at room’témperatﬁre): These conditions
resulted in the retention of 0,16 g 2-propanol/ 100 g
BSA. The freeze;dried_systems were then eprsed to
different relative humidities and water u?take and volatile

loss were measured as a function of time. From results



in Figure 4 it can be seen that humidification leads
"to loss of propanol untilAa new level of retenfion is
reached, which is again stable unless the ﬁumiaity is
increased further.

Thesevresults afe of striking similarity with those
observed by Flink and Karel (15) during humidification
of freeze-driedvéarbohydrate—volaﬁile systems.. They
found that at low relative humidities (in éduilibrium
with moisture contents below the B.E.T. monolayer Valuef
‘there was no Volatile loss; at higher humidities a répid
volatile losé occurred until a new level of volatile
content was reached.. o

The adsprption of water by BSA was studied by
sevéral authors. Using the B.E.T. equation and the
V#apor pressure data of Bull (5) on horse serum albumin,
Péuling (25) estimated that the first layer of sorbed
.water contained 6.7 g water/100 g BSA. Ambérg (1) and
Eley and Leslie (11) reported values of 6.2 g water/ .
100 g,BSAvfor the B.E.T. monolayer.

Fuller and Brey (17) determined the nuclear magnetic
resonance line widths'of water sorbed on'solid BSA. Their
results indicated that the sorbed ﬁater exiéts in different
stétes, and some 6.5 to 8.5 ngater/100 gVBSA was strongly
bqnded to the protein. Figure 4 shows that there is little
volatile loss. during humidification to 20%:and 32% RH;

. the water adsqrbed in these conditions being respectively,
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in significant volatile release due to microregion
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5.5.and 8.5 g water/100 é BSA. This aﬁpears'to indicateA
that water corresponding to that "strongly bonded" by

BSA does not significantly disrupt the microreéions
entfapping the volatile. However, at 52% andA75% RH

the adsorbed water is well above that range and results

disruption. These results can be considered surprisingly
consistent with those obtained with carbohydrates,
considering the diversity of polar groups and éomplexity
of interactions that can occur in a protein as compared

to carbohydrates.

Role of adsorption

Adsorption has to be also considered in explaining

the 2-propanol retention by BSA. Proteins are able to

adsorb polar vapors in the "dry" state, in contrast to

» cafbohydratefvolatile systems (13, 21). Thé:sorption

of aliphatic alcohols in BSA and related proteins has
been measﬁred by a number of authors. ‘AmOng'them, Benson

and Richardson (3) measured the sorption isotherm of

ethanol, methanol and butanol vapors on egg albumin

and of ethanol on BSA. Eley and Leslie (11) studied

' the sorption of methanol on BSA; Fogiel and Heller (16).

reported on the sorption of ethanol by egg albumin, and

Puri and Malik (26) on the sorption of methanol and

ethanol vépbrs on casein. Most of these studies have
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been concerned with the B.E.T. analysis of the measured
isotherms. However, this kind of analysis is of little
utility from the point of view of the adsorbate which
is irreversibly adsorbed (under the experimental
conditions) and does not take part in the equilibrium
relations of {he B.E.T. theory. Unfortugately, it is
not always possible to decide whether chemiSOrption is
~involved in addition to non-covalent forces.

Some indication of the ability of the ﬁbn4volatile
solids comprising the freeze-dried matrix to interact
strongly with the volatile is given by "layering"
experiments such as those reported by Flink and Karel
(13), and Chirife and Karel (9). The same experiments
wére done on the system BSA~2-propanol. Samples were
preﬁared by rapidly freezing alternate iayers'of a
solution containing the volatile and layers of a
solution containing no volatile. Each layer Qas
éompletely frozen before the next layer was added.. The
initial 2-propanol content was fixed for this experiment
at 1% (w/w) fbr purposes of comparison wiﬁh the
experiments reported on the PVP-n-propanol system .(9).
After the standard cycle of freeze drying (48 hr); the
layers were separatedlfor individual analyéis. " The
absolute amount of 2—propanol adsorbed in the dry

layers was about 0.051 g. 2-propanol/100 g BSA. This



value is equal to thoée reported by Chirife.ahd ﬁarei'
(9) for PVP-n-propanol, and Flink and Karel (13) for
maltose-Z?pfopanbl, and shows that a small amouht of
'very active sites may be available for strong adsorption
of'small quantities of alcohol. In this connection, it
is noteworthy that Fogiel and Heller (16) in studying

the sorption isotherm of ethanol on freezé—dried egg
- albumin founa a strong deviation of B.E.T. theofy at very
Mlqw-relative pressures (below 0.05), which were tentatively
.intefpreted in tqrms of chemisorption or a small. fraction

' of ‘active sites Laving a very high -affinity for the

vapor.

Attempts at thermal desorption éf entrapped volatile

Freeze-dried samples of BSA—Z-propahol'containing
about 0.16 g 2-propanol/100 g BSA were placed in a :-
vacuum oven o&er anydrous calcium sulfate and activated
charcoal and evacuated at 50°¢,.72°C,'87°C and 1l06°C.
The samgles were placed on a bed of purified sand to -
insure goéd thermal COntact.‘ The'2-propanolucontent_was
measured as a function of time.

The results are shown in Figure 5; it can be seen
that there is no significant loss of volatile ip the
range of temperatures examined. In additibn;.we did not
observe any change in the external structuré of the

freeze-dried BSA by effect of temperature. 'These results



are in good agreement with those obtained by Chirife and.
Karel (18) who studied the effectAof temperatﬁre on
the release of entrapped n-propanol from freeéé-dried'
maltose. They nbied especially the éoincidence of
structural changes observable visually at the onset of
volatile release. « We bélieve that the observed results
support the microfegion theory of volatile retention.
The loss of volafile appears associated with_disruption
of structure'present in the freeze-dried cake. Thermal
energy.from héating will cause disruption oﬁly whén it
is above some energy level (24). Thérefore, as shown
in Figure 5, 2-propanol retention in freeze-dried BSA
will remain éonstant when the sample is heated at
temperatures at which no major sﬁructural changes occur.
The lack of apparent change in the_extefnal structure
of BSA does not preclude the pbssibility of denaturation
in the "dry" state. Mirsky (22) heated crystals of
horse serum albumin (HSA) at various temperatures from
60°C to 115°C. At no temperafure.were‘thé'crystals
destroyed and even after heéting at 115°C the crystals
seemed as perfectly formea'as before heating; However,
Mirsky confirmed the occurren¢e of denafhrafion in the
solid state for the highest‘temperatures; without

apparent change in the external crystal form.



SUMMARY

Retention of l4C labeledAZ-propanol was studied
in freeze-dried systems containing eithef bovine serum
albumin (BSA) or pepsin. Retention during freeze
drying varied with: initial concentration of. solids
and 2-propanol, rate of freezing and sample thickness.,
Hea£ denaturation of the proteins did not sighificantly
affect the volatile retention. When freeze—dfied ESA
was rehumidified, volatile retention droppea to a new.
level which depénded on the final water content. Heating
the freeze-dried BSA systems in vacuum had no effect on
the 2-propanol rétention. The resuits are- indicative
of structurally dependent retention and can be mainly
interpreted by the “microregions" theory of volatile

retention.
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FIGURE LEGENDS

Figure 1 Effect of initial 2-propanol content on the
retention during freeze drying of ESA and
pepsin solutions (20% solids).

Figure 2 Effect of concentration of solids on 2-propanol
reteétion during freeze drying of BSA solutions
(initial 2-propanol content: 0.05% w/w).

Figure 3 Effect of sample thickness on 2-propanol
retention during freeze drying of BSA and
pepsin solutions (20% solids content, initial

- 2-propanol contentﬁ 0.05% w/wW) .

Figure 4 Loss of 2-propanol from. freeze dried BSA
humidified to specified relative humidities
at 25°C; A

Initial 2-propanol content: 0.16 g/100 g BSA
Equilibrium water content at.ZQ% RH: 5.7 g/100 g BSA

| ‘at 32% RH: 8.5 "

at 52% RH:12.6 "

at 75% RH:20.2 "

Figure 5 ._ Retention-of 2-propanol in freeze dried BSA
heated at_several_temperatures;

Initial 2-propanol content: 0.16 g/100 g BSA '



TABLE 1

Effect of Frkezing Rate on Retention of Propanol
" by Model Systems

Solid Solid conc. Volatile Initial volatile  Retention(%)
% conc. % Slow Fast

Maltose 18.8 é-propanol 0.75 87.5 67.5

PVP 20 ' n-propanol 1 ] :; 24 . 10
0.05 - 33.5 =
0.005 65 -

BSA 20 2-propanol 0.05 . 62.5 11.5
0.005 . - 20

Pepsin 20 2-propanol 0.05 , 82 59



TABLE 2

Effects of Heat and of pH on Retention of 2-propanol

in Freeze-dried Protein Systems

Solids conc. 20%; Volatile: 2-propanol; Slowly frozen samples

Retention % No. of

65.5°C

Protein Initial volatile pH Heat
samples
Conc. studied .
Pepsin 0.1 8.5-9.0 no 81 .
Pepsin . 8.5-9.0 2 hr at 80.5 3
82°C
Pepsin 0.05 8.5-9.0 no 82 ,
Pepsin 0.05 2 2 hr at 75.5
70°C
BSA 0.05 6.7 no 62.5
BSA 0.05 10 no 67.5
BSA 0.05 6.7 2 hr at 61.5
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Summary

The retention of 11*C-labell‘ed ethyl acetété, n-propanol
énd acetone in freeze-dried food gels is studied. Retention
of volatiles increases with increasing solids concentration
and decreases with increasing initial volatile content.
Retention also decreases with increasing sample thickness
in fast—frozen»samples,'and is lower in rapidly-frozeﬁ
than in slowlj;frozen samples. |
| ‘Humidification causes release of retained volatiles,
the new level of retention depending upon relative
‘humidity. The results indicate that the predominant
retention mechanism is entrapment in microregions, with

a small contribution due to adsorption.



Introduction

The quality of a food pfodUct dépendsiin part on
its flavor constituents. The retention of these compounds
during dehydration and other food processing operations
is therefore of considerable significance.

Retention of organic volatiles in freeze-dried systems
:is determined by properties of non-volatile solutes
which often form én amorphous matrix of tihe freeze-dried
solid.' Retention presumably results from an entrapment
'mechanism which immobilizes the volatile compéunds
‘within thaflamorphous solute matrix (Flink and Karel,
'1970a; Thijssen, 1971).

At present there are two satisfactory mechanistic
descriptions for observed volatile retention phenomena.
These are "selective diffusion" (Thijssen, 1971) and
"microregion entrapment"btheories (Flink and Karel, 1972).
While these are based on different approaéhes, they'may'
represent macro and micro viéws of the same basic phenoménon
(Chirife, Karel and Flink, 1973).

Most of the research-on volatile retention has been
concerned with interactions between carbohydrates and
various volatiles. Recently, Chirife, Karel and Flink

- (1973) were able to exténd-the applicabi1ity_6f the microregion

theory to a system other than carbqhydrétes. Model



systems of a watexr-soluble polymer, polyvinylpyrrolidone
(PVP) virtually duplicéte the behavior 6f carbohydrates,
except that a small fraction of volatile may be retained
by adsorption phenomena (Chirife and Karel, 1973a). Other
polymer systems studied by Chirife and Karel included
cellulose and starch (Chirife and Karel, 1973b; 1973c).
Data on'ietention of flavors in gel systems are
1imited; “Sarayacos and Moyer (1968) studied retention
éfivol;tilés ;A différent freeze-dried food gelé. Sauvageot
et al. (1969)'and Voiley, Sauvageot and Simatos (1973)
stﬁdied retention of alcohols in a mixed system containing
-pectin and sugars, as well as in fruit juicés. Kayaert
(1973) studied the effects of different experimental
parameters on the retention of alcohols, aldehydes, 2-
ketones and 3-ketones in a complex gel system used as a
replacement for pectih; All of the'above investigators
observed éubstantial'retentions of organic.vblatiles.‘
The présent study was undertaken in an attempt to establish
the mechanism by which organic volatiles are)rétained
in a freeze-aried multicomponent food gel and in paftiéular
to determine if it isvﬁhe ﬁame mechanism-as in several
polymefic single4component systems stgdied to date (proteins,

PVP, starch, celiulose).



Materials and methods

-Mo&él system preparation

The model systems consisted of the gel solids described
below, ll+C—la;belled volatile organic coﬁpbunds, and water.
The systems were prepared by dissolving the desired amount
of solids in a ﬁixture of water and the organic volatile.
Concentrations of volatile are expressed in ppm on a
volumetric baSis. The gel concentration is given‘bn a
weight basis; Aliquots of 1.5 ml of the solution were
vweighed into standard glgss screw-capped scintillation
vials,'frozen in a cold foom at -40°C and then freeze-dried
for 48 hr in a Virtis freeze drier. The drying took place
at room temperature and low chamber pressurés ( < 100 um) .
- Temperatures were not measured during freeze dfying. These
conditions of freeze drying were identical to those that
we pfeviously found to give high volatile retentions in |
low molecular weight carbohydraté-volatile‘$YStems.
Non-volatile solutey' |

The non-volétile solﬁte (cOmprisiﬂg the solids frac-
tion of the gel) consisted of avmixtﬁfe:of four carbohydrate
gﬁms.' This mixture is used commercially as a substitute
for pectin in £he‘pr6duction of fruit:jéllies in Europe.
The composition of this‘hikture is: .

35% locust bean gum

20% guar gum |

15% caxaéeenan,gum_~g



30% agar guﬁ
The mixture was' provided by Pectinfabrik Herman Herbstreib,
Germany. »
Volatile compounds

l4c-labelled acetone, ethyl acetate, and n-propanol
were used (Intefnational Chemical and Nucieaf'Corporation,
Irving, California). The radioactive materials were |
diluted with reagent grade nonradioactive voiatiles to
givé the desired specific radioactivity. |
Volatile analysis

Volatile content was determined by measu;ing thé
-radioactivity of the samples with a liquid scintillation
counter. vSince the counting was conducted ih the same
vials iﬁ which the samples Wereﬁfreeze—driéd, no transfer
of aliquots wés necessary. The following érécedure was
found satisfactory,'as itfavoided potential difficulties
in complete dissolution of the freeze—driedlgel:
Samples were rehydrated in the vials by adding wvater to
restore the original sample.Qeight. Fifteen ml of a
water-miscible scintillator solution were added (2,5—
.diphenyloxaque 1 g,~naphthélene 100 g;“dioxane to 10a0
ml volume), and the resulting mixture was counted with a
liquid scintillation counter (Beckman CPM.100).

The volatile retention was calculatéd by multiplying
the original_volatile conteﬁt by . the ratiolof7£he counts

after freeze drying to those in the control solution,



Humidification

Freeze-dried systems were humidified to the desired.
water agtivity by placing them in vacuum desicéators
containing saturated salt solutions, which maintained the
desired constant relative humidities.
- Layer experimenfs

In some é;periments{ 1éyers of different composition
were p;epared_as follows: 15 ml of a solution éqntaining
i% solidé and?éoo ppﬂ of acetone were frozen in E 50-ml
beaker by immersion in liquid nitrogen. On top of this
- layer were added and frozen two additional 15-ml layers
of 1% gel solution with no acetone. After freeze

drYing, the layers were separated and analyzed individually

for their volatile content.
Results and discussion

In several experiments, the effects éf compositioh
and of ﬁrocesé variables on volatile retention were
studied. "Fig.'1 shows the effect of initial gel concentration
on retention of n-propanolvénd acetone.. .The retention
. of both volatiles increased’linearly wiﬁh-solids concentration,
' This is very similar to.resﬁlts obtaipediwith cellulose
and starch (Chirife and Karel, 1973b).  in almost all
systems studied, the retention increases in this manner

up to a concentration level at which it levels off. 1In



many systems this level is approximately 20% solids
(Chirife,lKarel and Flink, 1973). However,~iq this study,
the gel concentration was limited to 3% because higher
concentrations of this poorly soluble material showed
erratic behavior (Kayaert, 1973).

fig. 2 shows the effect of initial volatile concentration
on volatile retention in a slowly frozen, 1.5% gel.
Previops.studigs on the effect of initial volatile concentration
-éendedgta sho&.that ghe ffactional retention dec;eases
with increésing concentration, but not linéarly (Flink
and Kafel,{lQ?Ob; Chirife, Karel and Flink, 1973; Chirife
and Karel, l973a; 1973b). In freeze-dried 20% PVP solutions,
for insténce, the retention of n~-propanol decreased from
65% when initial concentration was 50 ppm to about 25%
at the 1000 ppm level, and remained constant thereafter.
In freeze-dried cellulose and in starch (each initially
at a 20% level) initial volatile concentrati@n did not
éhangé the fractional retention greatly. The behavior
of this complex mixture as shown in Fig. 2-is_qualitativeiy
similar to that observed ih PVP and n-propanol, except
‘ fbr the apparent deqrease of retention'aﬁ levéls below
‘100 ppm for acetone and ethyl acetéte;

The "microregion" theofy énd "éeleéﬁive diffusion"
theory both predict an effect of thickness, with increasing
retentions eXpécted}in thinner samples. Fig. 3 shows

the effect of thickness on retention of volatiles in
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freeze-dried 1.5% gels. The shapes of the curves aré
"similar to those observed by Flink and Karel (1970b)

for carbohydrates, and by Chirife, Karel and Flink (1973)
fér PVP, and the behavior conforms to expectations.

Low molecuiar weight éarbohydrates retain more.volatile
than polysacchaiides, probably because they'have a higher
mobility prior to freeze drying and are able to form a
more retentive matrix (Flink and Karel, 1972; -Chirife,
Karel and Fliﬂk, 1973). Saravacos and Moyér (1965) observed
that addition of sugar to pectin increased fetention 6f
~volatiles ‘after freeze drying, but not adsorption'of
volafilesAon an already dry system. Table:l shows the
results obtained in the present study in mixtures of 2%
gel and 10% sucrose. These.results are in agfeement
with the priorlwork cited above. Another process variable:
‘expected‘to affect retention is the rate of-freezihg.

Siow freezing was expected to give higher volatile
‘retention (Karel and flink; 1973) . We observed similar
effects with a slowly—frozen 1% gel (containing 500 ppm
of acetone),:WHich;éave a retention of l2.4%,vwhi1e only
1.5% was retained invan'identical saﬁple ffozen rapidly.

The results cited above are inAagréement'with
resﬁlts_for 6ther systems;.whiCh indicate that‘ﬁost of
the retained volatile content is entrapped in microregions.
Previous work has éhowh, hoﬁéver, that in PVP, cellulose, -

starch, and other systems}'a relatively.small amount of



volatile may be retained by adsorption. We performed
freeze drying experiments on iayered systems_déscribed
ﬁnder "Materials and methods," and obtained the results
shown iﬁ Table 2. .These results indicate that adsorption
may contribute to the total retention. The concentrations'
of.acetone present after freeze drying in layers originally
containing no_vola&ile were a significant fraction of

the amount»rétainéd in the bottom layer. This behaviour
is comparablel£o that observed in some other(systéms
-(Chirife and Karel, 1973a; 1973b). However, most of the
retention is apparently due to entrapmeht.'-

Previous studies have shown that the microregions
entrapping volatiles in freeze-dried systems are sensitive
to water and that volatiles are released when water in
excess of the B.E.T. monolayer value is adsorbed in
humidification experiments (Flink and Kare1, 1972; Chirife,
Karel and Flink, 1973). Ffeeze-dried solutions of 1.5%
~gel and of either acetone, ethyl acetate; or n-propanol
in concentratiohs of 50, 500, and 5000 ppm; were rehumidified
over constant humidity solutions and analyzed for retention
of volatiles. Typical results are shown in Fig. 4,
indicéfing that at each réiative humidity there is a
new level of retenfioﬂ._ Humidificatidn'to_ll%‘relative
humidity, which is.below.thé'monolayer Qaiue for water
on the dry gel, resulted in a loss of'abéut 20% of the

acetone retained after freeze drying.f Similar small losses



of propanol from PVP humidified to levels below the monolayer
value were explained as being caused by release of adsorbed
| volatile rather than disruption of.microregions (Chirife
vahd Karel, 1973a). |
‘The results presented in this study lead us to the

conclusion that entrapment of organic volatiles in the

gel mixture is the brimary mechanism of retention, with
adsorption cdontributing to a much smaller extent. This
complex mixture shows behaviour similar to that observed
with model systems, each containing one type of polymer
(Chirife, Karel and Flink, 1973; Chirife and Karel, 1973b;
1973c). Retention levels-are comparable with other
polymers at the same solids content. The siight lowering
of fractional retention at very low<initial‘volatile

concentrations also remains unexplained.
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Table 1. Retention of acetone in freeze-dried solutions

of sucrose and of the gel mixture

Initial " Retention of acetone (%) in specified solution
concentration .
of acetone 2% gel 10% sucrose 2% gel +
(ppm) . 10% sucrose
50 - 19.8 84.8 | 60.1
100 235 77,2 55.8

500 20.3 _ 79.8 , 57.5




Table 2. Retention of acetone in specified layers of

the freeze-dried gel

" ‘Acetone content (g/100 g solids)
Before ' After
freeze drying freeze drying

fop la&ef ?. % 0 .006
Middle layer 0 . .009

Bottom layer o 4 - .031




Figure legends

Fig. 1. Effect of gel concentration on retention of
acetone and n-propanol (initial volatile concentration =

2000 ppm).

Fig. 2. Effect of initial volatile concentration on

volatile retention in freeze-dried 1.5% gels.

Fig. 3. Effect of sample thickness on the retention of
volatiles in freeze-dried 1.5% gels (numbers in parentheses

refer to initial volatile.concentrations).

Fig. 4. Loss of acetone from a freeze-dried 1.5% gel
humidified to specified relative humidities (initial

acetone content prior to freeze drying = 50 ppm) .
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Summary

Solutions of 1% l-propanol and 20% maltose iﬁ water were
freeze dried under conditions resulting in retention of
69.5% of the propanol. The freeze-dried solutions were
exposed to vapors of several orgapic compounds which

. varied in size and polarity. Those vapérs which were
-adsorbed in significant amounts caused a partial release
of the entrapped propanol.

Heating the freeze-~dried solutions in vacuum at
temperatures of 37°C, 50°C, 65°C, and 82°C had no effect,
but at -100°C a partial release of the propanol was achieved.

The results support the previously posﬁulated
'microregion theory of volatile retention in freeze-dried

carbohydrate solutions.



Introduction

Retention éf volatiles in freeze-dried foods is controlled
by.interactions of the volatiles Qith non-volatile solids
and watér during freezing, drying, and storage. Flink

& Karel (1970a) studied volatile retention in freeze-dried
carbohydrate solutions, and postuiated that crystallization
_ of water during freezing results in formation of microregions
containing highly concentrated solutions of carbohydrates
and volatiles. As the local moisture content within‘these
regions decreases, first due to freezing and then to
sublimation, there occur associations between‘the'
moiecules of solute. In the case of carbohydrates these
éssociations are caused by hydrogen bonds formed between
hydroxyl groups of carbohydrate molecules (Flink &

~ Karel, 1972; Karel & Flink, 1973). We have‘fecently
observea (Chirife, Karel & Flink, 1973) that molecular
associations entrapping volatiles within microregions

seem to occur also in polar polymers contaihing no

hydroxyl group.

The structure of the microregions and the permeability
of these regions to water and to organic vapors depends
sfrongly on local water content. As this'content decreases,
the ease of loss of organic volatiles decreases until |

-at some critical moisture level there is no further loss



(Flink & Karel, 1970 a, 1970b). Exposure 6f freeze-dried
carbohydrate solutions containing entrapped volatiles
to water vapor shows the following pattern: at low
humidities there is no volatile ioss even afﬁer evacuation
for prolongea periods; at higher humiditiés-a_rapid
volatile loss occurs, until a new level of retention
is reached, which is again stable unless the humidity
is.increaséd>furthef. |

It was determined that the critical point‘for
initiation of volatile loés corresponds to sorption of
water to levels above the calculated B.E.T. monolayer
value (Fiink & Karel, 1972). IBelow this level water
is sorbed on thése hydroxyl groups of the carbthdrates
which do not participate in the structurefforﬁing hydrogen
bonds. Adsorption of water in amounts below the monolayer
value doeé not thefefore disrupt microregion structure;
and the volatile retention is not diminished. At moisture
contents above this level, however, the sorbed water
competes for hydroxyl groups involved in étruéture
forming, the microregion structure is disrupted, and a
volatile loss-occurs. HumidifiCation resulted-in,a.néw
level of retention, as long és the original structure of
the freeze-dried materials was not des£royéd by
sufficient water to cause either dissolution or crystallization.

These observations confirmed the existence of a



microstructure which undergées’partial collapse upon
humidification to level abo&e the monolayer.vélue, this
partial collapse becoming complete onl§ upon ‘dissolution
" or crystallization (Flink & Karel, 1972).

The microstructure developed in freeze-dried
carbohydrates and responsible for volatile retention
can be disrupted by influences other than sdrption of
water. Polar molecules capable of structure,diéruption
should releése entrapped volatiles, and high temperatures
may cause thermal disfuption of structure and volatile
rélease. |

Flink (1969) studied the extraction of freeze-dried
carbohydrates containing entrapped volatiles with different
solvents, incluéing water, methanol, ethanol, propanol,
butanol, and acetone. He Qbserved trends which indicated
that size and polafity of the solvent molecules influenced
the removal of retained volatiles from the:dry solid,
and that these differences were related to the ability
of the solvent to disrupt microregion structure.

The present paper is devoted to study of microregion
" disruption and volatile release by sorption of polar vapors,

and by hea@ing to elevated temperatures.



Materials and methods

Retention of l-éropanol in freeze-dried‘carﬁohydrates
was studied in a model system consisting of maltose,
l4c-1abelled 1-propanol, and water. The model system
was ptepared by diésolving maltose in water and adding
propanol. ' Five ml of the solution were pipetted into
50-ml Erlenmeyer flasks frozen in liquid nitrogen; and -
tﬁen freeze dried for 48 hr at ambient temperature and
at a pressure of less than 100 ﬁm in a Virtis modél
10 MRTR freeze driex. The system composition was 20%
maltose, 1% propanol, and 79% water (by weight). 1-Propanol
was. mixed with l4c_1abelled l-propanol to give the desired
'specific radioactivity. The radioactive propanol was
'obtained from International Chemical and Nuclear
Corporatién; Irving, California.
In several experiments the freeze-dried solutions
‘'were exposed to vapors of various liquids maintained at
constant temperatures and vapor activities. vThe liquids
‘included water, methanol, ethanol, formic acid, acetic
anhydride,‘ethyl.ether, benzene,.and aniiihe. All materials
used ih this study weré of reagent grade and were not
further purified prior to use. |
The control of vapor pressures at saturation levels

‘required:only temperature control; where the.éctivities
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were to be maintained at levels b;low saturation, we
used binary mixtures. Saturated salt solutions were
used in the case of water, since activities of these
solutioﬁs were readily available from literature. Vapor
pressures below zaturation were obtained for methanol
and ethanol by preparing mixtures with the relatively
non-volatile diethyl phtalate. Activify of alcohol
vapors over such mixture was knowh from literature
(Dofnte, 1929); in the case 6f formic acid;la'mixture
of 69 g of 90.9% formic acid with 46 g of_glyceroi was
used (molar fraction of formic acid 0.615). fhe deviation
of the activity from the ideal value was not determined.
in this case. The activity of water in this mixture was
estimated to be well below the ievels producing volatile
release (Flink & Karel, 1972).

Sorption of the various vapérs was accomplished
by placing flasks of the freeze-dried model system in
vacuum desiccators over the appropriate vapor-generating
liquid, or mixture. The ambunt of vapor sorbed at each

vapor activity was determined gravimetrically.

Analysis of 1-propanol.

The l-propanol content was determined by measuring
the radioactivity of the samples with a liquid scintillation
counter. y

The dried samples of maltose were dissolved in water



(to 10% solution);.l.ml of this solution was added to

10 ml of water-miscible scintillator (2,5—diphenyloxazole.
1l g, naphtalene 100 g, dioxane to 1,000 ml) in the counting
vial, and the resulting solution was counted’with a

Beckman LS-230 liquid scintillation counter.

§

Results and discussion

Maltose was chosen as the carbohydrate system to be
investigated, and !“C-labelled l-propanol was the volatile.
Like other sugars, maltose upon freeze drying gives
an amorphous cake which recrystallizes upon_humidification
(Guilbot and Drapron,‘1969). The results bf humidification

of maltose at 75% relative humidity are presented in

Fig. 1. Humidification causes the moistureA¢ontent to
increase to apéroximately 25% (dry basis) and then toA
fall, indicating recrystallization. The humidification
had a pronounced effect on retention of entrapped l-propanol.
After freeze drying and before humidification the
amorphops cake of maltbse contained_3.47'g-i-propanol/

100 g maltose. As the water content of ﬁhe'maltose |
increased towards 25%, the propanol conteﬁﬁ wasldecreasiﬁg
slowly towards a new value of about 50é'of the original.
Then, as_recrystallizatioﬂ.began, propanol was lost
rapidly; the final retention was very low.  The rate of

propanol lossvduring'thié-period paralleled the progress



of crystallization. The high rate of propanbl loss is
a consequence of the extensive disruption of_the
carbohydrate-carbohydrate bonds present iﬁ the amorphous
cake. The results obtained with maltose'éhus are very
similar to those found by Flink & Karel (1972) in
crystallization of lactose after exposure to 61% relative
humidity.
| | In Fig. 2 we present results obtained when the
propanol-containing freeze—dried maltose was_exposed to
vépors of several organic compounds. 'Saturated vapor
of ethyl ether caused no release of propanol at either
25°Cvor 37?6. Ethanol at an activity of 0;75 also failed
to produce any loss of propanol at 25°C. With both
vethaﬁol and ether the lack of propanol reléaSe was
_ associated with negligible sorption of the two vapors
in the amorphous maltose. Sorption of ether was below
detecﬁability limits, and the sorption of ethanol was
about O.SS% on dry basis.
| Acetic anhydride was adsorbed to a slightly greater
extent than ethanol (1.2% dry basis): this'éorption
resulted in a small but éignificént amount of released
l-propanol. |

Fig. 2 also shows results obtained by exposing
the freeze-dried maltose to formic acid over a ternary
lmixture of formic acid, water, and glycerol (mole fraction

of formic acid = 0.615). The total sorption amounted



to approximately 32 g/100 g maltose, and resulted in
disruption of maltose cake structure, as evidénced by
substantial loss of the entrapped propanol. A rapid
initial loss of the entrapped Voiatile occurred during
‘the first day of exposure to formic acid vapor, followed
by an approach to a new retention level. |

Similar behavior was observed.witﬁ methanol vapor
at an_acti&ity of 0.75, but methanol at an activity of
0.17 had no effect. |

The sorption of methanol at an activity df 0;17 was
1.42% (dry basiss, and 14.4% (dry basis) at an activity
of 0.75. | |

The abiiity of methanol to strongly interact with
carbohydrates is well-documented in literature: it is

significant that methanol can act as a'solvéht for a

number of carbohyd:ates (Moyle, 1972). The structure-disrupting

effect of methanol‘is similar to that observed with
water. In Fig. 3 we compare the effects ofAWater vapor
aﬁd of methanoi vapor at selécted activities; At an
activity of 0.61 water sorpﬁion-was 15;0%} at an activity
of 0.75 it reached 25.5% before decreasing again due to "
crysfallization. At an activity of 0.75, héthanol sorbed
was 14.4%(Aand at an activity of 0.98 it reached 26.4%;
then decreased to 18.2%.

As expected from the considerations of both size and



polarity, water is a more efféctive disrupter of maltose

structure than methanol. Methanol at an activity of

0.98 releasesiless propanol than water at an a§tivity
of 0.75; and at an activity of 0.61 water releases slightly
more propanol téan methanol at an activity of 0.75. The
data for release by water at activity 0.61 refer to
2-propanol and were obtained by Flink & Karel (1972).

In a recent reviéw of non-aqueous solvent for
carbohydrates, Moyle (1972) noted that the»ability of
' yarious compounds to act as solvents depends ﬁot only on
polarity, but alsé on the ability of'the compound to
disrupt the crystal lattice of the carbohydrates; Size
as well as polarity are involved in such diéruptive
capability, which is similar to the requiremgnts for the
disruption of the structure in microregions‘in which the
volatile was entrapped in freeze-dried maltqse.

To demonstrate further the separate effects of
polarity and size we exposed freeze-dried maltose
containing entrapped propandl to saturatéd vapors of
benzene and,aniliné. Benzene was not so:bea and produced
no release of propanol; aniline, however; was sorbed to
the extent of approximately 10%, producing a substantial
release of the ehtrapped propanol (Fig. 4). The shape
of the release curve is agéin consistent witﬁ a partial

disruption of the retaining structure in the maltose.



In a series of studies dn'release of entrapped
' volatiles from freeze-dried carbohydrates, we espeéially
noted the coincidence of structurél changes observable
visually at the onsét of volatile release. Sgch structure
changes are élso capable of being produced by éxposure
to elevated temperatures: often phase transitions occur
over a narrow temperature range, below wﬁichfthere is no
effect. These transitions occur in crystalline.forms
(Hodge, Rendleman & Nelson, 1972), but can also be
produced in amorphous structures (Mackenzié, 1966) .

| Freeze~dried samples of maltose-l-propanol were
placed in desiccators over anhydrous calcium sulfate
and activated charcoal and{evacuated at 37°C,A50°C, 65°C,
82°C, and 100°C. The experiments at 37fC and-50°C were
conducted in constant temperature rooms. lForithe
higher temperatures a'desiccator was partially filled
with purified sand as a heat transmission medium; and
was placed ihside an oven wigh temperature control. When
the.steady staﬁé at the desired temperaturé'was reached
(+ 1.5°C), the samples were buried in the;sand and the
desiccator was evacuated. | | _

In Fig. 5 we show that between 37°C and 82°C there

'is no significant loss of voiatiie. 'Hﬁwever, when the
temperature is raised to 100°C a rapid vblatile loss

occurs, and the l-propanol content asymptotically approaChes



i

a new ievel of retention. This loss was associated with ‘
observable changes in the structuré of the fréeze-dried
maltose.

These résults offer positive support to the postulated
.mechanism of retention (Flink & Karel 1970 a,b). The
microregion structure consists of H-bonded ca?bohydrate
1molecules; thermal energy from heating will cause
disruption only when it is above some energy level.

- Therefore, as experimentally found, volatile‘retention
»will remain constant when the sample is heated -at

temperatures at>which no structural changes occur.
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Figure Legends
Fig. 1. Adsorption of water (dashed lines) and retention
of l-propanol (solid lines) in freeze-dried maltose

humidified to 75% relative humidity at 25°C.

lFig. 2. Loss of l-propanol from freezé-dried.maltose
exposed to several organic vapors:
A. Ethyl ether, saturated vapor, 25°C
B. Ethyl ether, saturated vapor, 37°C
. Methanol, vapor activity 0.17, 25°C
. Ethanol, vapor activity 0.75, 25°C
E. Acetic anhydride, saturated vapor; 25°C
F. Methanol, vapor activity 0.75, 25°C -
G. Formic acid, vapor over solution with a mole

‘fraction of 0.615, 25°C

Fig. 3. Effect of water and of methanoljon3fetention of
. propanol ih freeze-dried maltose at 25°C. |
A. Wéter, vapor activity 0.61 (2-propanol; Flink &
Karel, 1972) .
o B. Methanol, vappr.activity 0.75 (i—propanol; present
study) ‘
C. Methanol, vapor activity 0.98 (1—propanol; present

study)



D. Water, vapor activity 0.75 (l-propanol; present

study)

Fig.. 4. Retention of l-propanol in freeze—aried maltose
exposed to saturated vapors of benzene and aniline. Sorption
of aniline is shown by a dashed line; benzeﬁe was not
sorbed in measurable amounts.

A. Benzene, 25°C

B. Benzene, 37°C

C. Aniline, 25°C

D. Sorption of aniline, 25°C

Fig. 5. Retention cf l-propanol in freeze-dried maltose

heated at several temperatures.
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6. Freeze dried food products of improved quality

6.1 Introduction

Utilization of improvements in freeze dehydration
processing suggested by research conducted in this contract
haé been directed to the development of dehydrated fruit
products. Process variables having greatest influence
on product ﬁuality are freezing rate ané initial solids
content. |

Phase I studies evaluated methods and processes
for prepariné a freeze dried fruit product of improved
organoleptic quality. The influence of a number of
variables, but most notably freezing rate and initial solids
content,on'the quality of apple slices was évaluated.

Five pounds of freeze dried apple slices,vprécessed to
give improved quality characteristics, weré.delivefed
to NASA for evalﬁation in accordance with the pertinent
Phase I end item.

Phase II studies have investigated the applicability
of the processes developed in Phase I to a number of addi-
tional fruit products. These studies resulted in the
selection of freeze dried cantaloupe melon as the‘most
preferred fruit product aﬁd 5 poundé of this product
was delivered to NASA in accordance with the Phase II

end item.



6.2 Methods

6.2.1 Methods of preparation

The methods of sample preparation were'described
iﬁ the Phase I Annual Report (pages VI-1 and VI-2).

To summarize that description, the frﬁits-were washed and
trimmed (peeled, pitted, etc). The fruit was then cut
into uniform pieces and subjected to the following treat-
ments.

1) The sliced fruit is socaked in an aqueous solu-
tion of 60% sucfose, 0.52% ascorbic acid and 0.14% malic
acid.

2) The fruit is then rinsed for 30 seconds to
remove thé sugar solution adhering to the surface of the
fruit.

This prevents a stickiness after dehydration.

3) For slow freezing the fruit is spread on
aluminum foil which is covering the freeze'dryer sample
trays and these are then placed in a -20°C room for at
least 24 hours. For rapid freezing, the rinsed fruit
is immersed in a bath of liquid nitrogen'and the frozen
pieces then placed on the freeze dryer sample trays.

;4) Freeze drying is conducted at.a'low chamber
pressure and ambient temperature heating plates.

5) Following'freeze drying, organoleptic evaluations

were conducted on the dry product and in one case on a
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rehydrated paste producedaby grinding the dry proauct and
mixing in the desired amount of water. |

Solids contents of fresh fruits and treated fruits
were determined by measurement of the water loss in the
freeze drying érocess. A water sorption isotherm was
measured for the freeze dried cantaloupe of increased

solids content by equilibration of samples over saturated

salt solutions (Figure 1).

6.2.2 Organoleptic tests

Three methods of organoleptic testing were utilized
in evaluating the relative quality of the different
processing,cohditions for a number of fruit products.

The tests are completely described in Larmond (Methods

for Sensory Evaluation of Foods, Publication 1284,
Canadian Department of Agriculture) and will be summarized
here.

Products were scored in a difference test for
taste and ﬁexture using the following scale (together
with numerical equivalents): very poor (1), poor (2),
fair (3), good (4), very good (5) and excellent (6).

By analysis of variance, the difference between samples

can be evaluated for significance. 1In addition, the
average value of the scores can be used as.a measure of

the absolute product acceptability, though some particular

psychological and numerical factors must be considered.



" As a numerical factor, the values given to the various
scofes must be taken as mid-range values, to account for
the fact that there are no scores granted abqve and below
‘the end points. Even so while "good" will then range from
3.5 to 4.5, "excellent" will still only have half the
‘range, from 5.5 to;6.0. As psychological factors,
there is a reluctance to grant a score of "very poor"
or "excellent", as these represent to many judges an
ideal. Thus, the'scale in reality becomes somewhat
compressed with quite good quality product having numerical
values of 3-4.

A second test was a paired comparison preference
test in which samples were presented in groups of two.
In this case, thé judge merely has to express a preference
for one sample or the other. There w&s a provision for
expressing the degree of preference, but analysis of
this infofmation tended to follow the determined
significance of the preference test. By consideration
" of the various combinations of paired comparisons, an
oyerall preference can be determined.

In the third organoleptic test, all samples were
presented for ranking according to overall quality.
An analysis of variance on the conVersioh~of ranks
to scores results invanevaluatioh of ranking significance.

For most tests, four samples were presented and the



numerical conversion of ranks were first (+1.03), second
(+0.30), third (-0.30) and fourth (-1.03). The degree
to which the sahple approaches +1.03 is a measure of its
overall acceptance and the difference between Valﬁes is

a measure of the degree of preference.



6.3 Organoleptic evaluations

6.3.1 Bvaluation of processing variables

Four types of samples were evaluated for organoléptic

quality for all fruits. They are (with code in parentheses):

normal solids, slow frozen (NS)
normal solids, fast frozen (NF)
increased solids, slow frozen (1s)
increased solids, fast frozen (IF)

The change in solids content from the normal solids
and increased solids versions of most of the fruit samples
are presented in Table 1. It can be seen thgt a 2-3 fold
increase in solids was achieved.

The scores of the difference tests are presented in
Table 2, and numerical evaluations of ranking preference
tests in Table 3. The highest scores for taste and texture
are given in almost all cases to the increased solids
slow frozen (IS) fruits. The notable exception is with
cherries wﬁere all the samples have a "fair" rating.

In most cases, the IS fruits have rated above 4.0 for
taste, with a number of samples in the “very good“ range
(above 4.5). From the ranking preference tests (Table 3)
the élear superiority of the IS fruits is observed.

The evaluation of statistical significance of the

various organoleptic tests is shown in Table 4 and the



summarized evaluation is given in Table 5. These data

demonstrate the superiority of the IS fruits.

6.3.2 Short term storage evaluation

Short term storage stability of Freeze Dried High
Carbohydrate Cantaloupe was evaluated for the following
cpnditions:

1) 'SampleS'held in vacuum sealed can

2) Storage temperature of 4,20,37 and 55°C

3) Storage times of 1,2,4 and 8 weeks.

At the end of. each storage period, samples were
evaluated organoleptically using the difference and ranking
tests described above. The results of these tests (Tables
6,7, Figure 2) show that.all samples undergo some loss
of quality, with the rate of loss depending on the
temperature of storage. After 8 weeks of storage, there
is no sighificant difference in samples held at 4°C and

20°cC.



Table 1

Solids content of fruit slices prior to freeze drying

Fruit

Strawberries
Honeydew
Cantaloupe

. Peaches

Pears
Pineapple

Increased solids (I)

Normal solids

%

23.0
33.6
28.0
29.4
28.0
27.9

%

9.4
9.6
9.6
10.7
14.3
12.1

(N)



Table 2

Sample scores for organoleptic tests

6 = excellent; 1 = very poor
solids content: N:normal, I:increased
freezing rate: S:slow, F:fast

Sample Fruit Taste Texture
1l Cherries
: NS 3.36 3.54
NF 3.29 2.79
Is 3.18 3.32
IF 3.00 - o 2.71
2 Honezdew
NS 3.63 3.70
NF 3.13 3.33
1s 3.63 - 3.37
iF 3.27 2.67
3 Cantaloupe
NS 3.92 3.88
NF 4,00 4.00
Is _ 4.77 3.92
IF : 4.08 - 3.23
4 Strawberries
NS 4,21 3.61
NF. 3.57 3.86
Is 3.93 4.50
IF 3.79 3.50
5 Cantaloupe _
NS * 3.84 4.05
NF
Is 4.50 3.97
IF 3.95 3.11
6 . Strawberries
NS 3.79 3.58
NF - , 3.42 3.07
1S : 4.42 4.21

IF « 4.12 3.46

R



Table 2 (continued)

6 = excellent; é = vVery poor
. solids content: N:normal, I:increased

freezing rate: S:slow, F:fast

Sample

. Fruit

7

10

11

Cantaloupe (rehydrated)
NS
NF
1S
IF

Pears
NS
NF
IS
IF

Peaches
NS
NF
1S
IF

Pineapple
NS

. NF

IS

IF

Pears
NS
NF
Is
IF

Taste Texture
3.29

2.50

3.42

2.92

3.99 3.35
3.90 3.90
4.65 4,35
3.60 3.80
2.83 '3.00
2.42 2.83
4.25 4.42
3.50 3.17
3.50 4,05
2.42 3.36
4.37 4.05
3.75 3.45
3.55 3.55
4.20 4.30
3.75 3.80
3.10 2.30




Table 3

Sagg;ehscores from ranking tests

the extreme values of ranking $.03
solids content: N:normal, I:increased
freezing rate: S:slow, F:fast

Rank
Sample # PFruit First Second Third Fourth
1 Cherries NS IS IF . NF
.190 .180 .130 -.140
2 Honeydew NS Is NF IF
.300 .260 -.037 -.530
3 Cantaloupe I Is NS NF IF
.675 .023 -.274 -.406
4 Strawberries I 1S NS NF IF
B ' ' .380 .095 ~.095 -.380
5 Cantaloupe IS NS IF -
.492 -.224 -.268 .
6 Strawberries IS NS IFr NF
‘ .7137 .161 -.211 -.687
7 Cantaloupe Is NS IF NF
. (rehydrated) * .333 .122 0 -.454
8 Pears 1s NF 'NS IF
.678 - =-.060 -.206 -.412
9 Peaches iS ~ IF NS NF
- .969 - =-.001 ~.233 -.726
10 Pineapple 1s IF NS NF
‘ . 687 .172 .111 -.926
11 Pears NF IS NS IF
' ' .618 ' .326 ~.266 -.678

* Only three samples giving maximum
range of +.85«+0«+(-,85)
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Summarized relative evaluation of quality

| Sample #

Fruit
1 Cherries
2 Honeydew
3 Cantaloupe
4 Strawberries
5 Cantaloupe
6 Strawberries
7 Cantaloupe
(rehydrated)
8 Pears
9 Peaches
10 Pineapple
11 Peérs

Preference tests Ranking
NS > NF,IS > IF  NSD |
?

IS > NS > IF > NF NS,1S
1S > IF,NF,NS 1S

? ?
IS > NS > NF,IF 1S
IS > NS > IF 1S
IS > NS,IF > NF 1s
'Is > IF,NS > NF 1s
1s > NS,IF,NF - IS
IS > NF > IF,NS 1S
IS,NS,IF > NF IS
1S,NF > NS,IF IS ,NF



Table 6

Storage study on high carbohydrate freeze-dried cantaloupe:

Organoleptic scores

Difference analysis

— (6 1s maximum)

Taste
4°C
20°C
37°C
55°C

Texture
4°C
20°C
37°C
55°C

Differences noted

Taste

Texture

* significant on 5% level
** significant on 1% level

Week 1 Week 2 Week 4 Week 8
- 4.30 4,30 3.77
4.58 4.25 4.00 3.45
3.67 3.25 2.00 1.73
2.17 2.00 1.00 C -
- 4.10 3.95 3.91
4.18 4.30 3.80 . 3.64
4.00 4.10 2.80 1.73
3.36 3.70 2.30 -
55/20%*%  55/4 ** 55/4 k%  37/4 *%
55/37*%% 55/37%* S5/20%%* 37/20%*
37/730% 55/20%%* 55/37**
37/20** 37/20%%*
37/4 * 37/4 *
55/37*% NSD 55/4 **  37/4 %%
55/20%* 55/20*%* 37/20*%%
55/37*
37/4 **
37/2 **



Table 7
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Storage studies on high carbohydrate freeze dried cantaloupe:

Preference

Sample

4° sample

RT sample
37° sample

55° sample

Ranking analysis

Week 1

20>37>55

first
.708

second

T 0142

third

-.850

Week 2

4,20>37>55

first
.605

sécond
.472

third

-.120

fourth

-n957

Week 4

4,20>37>55

first
.738

second
.592

third

-.300 -

fourth .

-1.03

Week 8

4,20>37

first
.708

second
.142

. third
-.850

-
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List of Figures

Water sorpfion isotherm of Freeze Dried
High Carbohydrate Cantaloupe melon at 37°C
(Points at 0.32 show decrease in moisture

content due to recrystallization of sucrose)

Organoleptic evaluation of storage stability
of freeze dried High Carbohydrate Cantaloupe

melon
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7. Summary of Results

a) Microscopic observation allows evaluation of
effects of dkying rate on ice front géometry.

b) In a complex,food-gel the phése separation
effects duriné freezing were similar to those observed in
simpler systems. Drying behavior, however, showed more
complexity with microscopically observable formation of dry
"islands" ahead of the drying front. Volagile retention,
however, was similar to the simpler systems. .

¢) Quantitative studies on retention of 14C-ethyl'
acetate indicate equivalence of retention behavior between
the freezé drying microscope and laﬁoratory driers.

d)v Microscopic studies on freeze drying of o/w
emulsions indicate that the solute in the aqueous pﬁase
has a decisive influence on the distribution of the oil
phase (between free and entrapped oil) after freeze drying.

e) Browning at elevated temperatures in.dehyd;ated
foods and model systems was independent of presence of air,
provided moisture changes were aQoided.

f) Effects of water activity on browning of non-fat
milk and egg were determined inh the temperature range
of 70°C to 1l0°C.

g) Browniné rates become large enough to become
significant during drying for certain critical combinations

of temperature and water activity. For instance:



32% E.R.H. and 80°C, or 11% E.R.H. and 90°C.

h) Activation energies for browning depended on
product and on water activity. For milk they were 47,

53 and 33 kcal/mole for water activities of 0, 0.1l and
0.32 respectively. For egg,activation'energy was 23 kcal/
mole for the dry product.

i) Fluorescence development in heatéd egg appears
related to intermediate formation and at high temperatures
"does not correlate with visual evaluation of browning.

- Spectrophotometric analysis of chloroform extract of
egg appears to correlate better with browning.

j) Visual assessment of color depended on simul—
taneous pfesentation or absence of controls, and were
also affected by processing related differences in particle
geometry and surface structure. -

k) A literaturé survey indicates thé-potential
for control of structure using novel freeze'drying,processes
involving non-agqueous solvents. |

1) An artificial gel systém based on calcium
alginate was prepared and evaluated and showed fruit like
cﬁaracteristics when freshly prepared, but the desirable
Apropefties were not retainéd through fréezing and dtying.

m) A number of simple and complexibolymeric matrix
formers including: dextrins; starch; cellulose; a |
complex food gel containing guar, locust bean gum, carra-

‘geenan, and agar; bovine .serum albumin; and pepsin



showed volatile retention behavior conforming’to}theories
developed previously on the basis of work with sugars
and with PVP. |

n) It was shown that matrix disruption and volatile
release are intimately related, and may be achieved by
sorption of water or of selected polar solvents. Very
high temperatures will also achieve the disruption and
release. | o

o) It was shpwn through organoleptic tests for a
number of freeze dried fruit products that control of
solids content and of freezing rate can reéult in
superio: quality.

p) Cantaloupe meloh was shown to bevamong the
highly ranked fruit products and a 5 lb sample was
prepared and sent to NASA/MSC.

g) Storage tests on the cantaloupetshow deteriora-

tion of quality in elevated temperature storage.



