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1.	General Introduction

Phase IV of this contract has been devoted to continuation

of studies to develop methods by which freeze dried foods of im-

proved quality will be produced. Storage stability of freeze dried

fruit products of improved quality, .produced according to technology

developed in earlier phases of this contract was evaluated. These

studies are continuing. Artificial Food Matrices which simulate

fruit texture have been developed. These high quality items which

can be frozen or freeze dried without loss of the desirable organo-

lePtic properties, are incorporated into various food products.

In particular, studies have continued in the following

areas, each of which is covered in a separate section of this

Annual Report.

Section 2: Microstructure of Freeze Dried Systems

Microscopic techniques have been refined for use in study-

ing the structure of freeze dried multiphase systems. These optical

and electron microscope techniques have been used in conjunction

with differential extraction procedures to quantitatively determine

the degree to which lipid has segregated between..surface coating and

matrix encapsulation following freeze drying of emulsified systems.

The ef.fect . of  various process variables on the structure of the

freeze dried emulsion has been investigated.

Section 3: Investigation of Structural Changes in Freeze Dried Systems

Many product quality factors depend, ' either  directly or in-

directly, on the maintenance of the structure of the freeze dried
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materials. This is true both during the freeze drying process and

in the storage period which follows. The influence of variation of

a number of process conditions on the structure of freeze dried

materials has been investigated and is reported in a technical art-

icle "Loss of Structure in. Freeze Dried Carbohydrate Solutions:

Effect of Temperature, Moisture Content and Compositir.,ll".

Section 4: Artificial Food Matrices (.AFM)

Fruit-simulating Artificial Food Matrices have been pre-

pared by a two-step gelation process. The AFM may be flavored

as desired. Their desirable texture is stable to freeze/thaw and

freeze dryng / rehydration cycle. Methods for incorporation of a

lipid-soluble and water- soluble vitamin have been investigated.

A significant fraction of the recommended daily allowance (USRDA) of

vitamin A and vitamin C can be incorporated into the matrix. The

r	rheo-mechanical properties of various combinations of the components

of the AF14 at a number of process steps have been investigated to

aid in elucidation of the factors affecting the interaction of gel

materials. Some texture characteristics of representative fruits

and vegetables have been measured.

Section 5: Osmotic Preconcentration To Yield Improved Quality

Freeze Dried Fruits

Freeze Dried Fruit Slices having improved quality can be

prepared by concentrating the fruit prior to freeze drying and by

use of a slow freezing process. To achieve the concentration step
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the fruit slices undergo an osmosis treatment through immersion in

a concentrated agn,eous solution. The effect of osmosis process con-

ditions on the extent and rate of osmotic preconcentration of apple

slices has been investigated. Solutes which may be substituted for

sucrose in the osmosis solution have been tested for their effect on

osmosis kinetics.

Section 5: Storage Stability of Osmotically Preconcentrated

Freeze Dri r  Fruits

Freeze Dried. Apple Slices which had been prepared. using

osmotic preconcentration steps with either sucrose or maltodextrin

were held in long term storage under a variety of test conditions.

The test variables included, osmosis preconcentration solute, stor-

age time, container headspace atmosphere(air vs. vacuum), storage

temperature, and sample moisture content (or water activity).

A Summary of the results of Phase IV is presented as Section

7.
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2. Microstructure of Freeze Dried Systems

2.1 Introduction

Studies on the microstructure of freeze dried oil-in-water

emulsions containing dispersed or dissolved solids have been con-

tinued. The location of the lipid phase in the freeze dried ma-

trix was investigated using optical microscopy (OM), scanning

electron microscopy (SEM) and electroiz microprobe analyses (EMP).

The distribution of lipid with respect to the matrix (surface

("free") vs. encapsulated) was quantitized by extraction methods

developed in Phase IV of this study, namely a hexane extraction

at controlled temperature in a soxhlet apparatus for surface oil,

followed by an extraction with water, chloroform, and ethanol for

determination of encapsulated oil. A separate determination of

total oil was obtained by conducting a water-chloroform-ethanol

extraction of the initial freeze dried emulsion.

2.2 Development and Refinement of Microscopic Techniques

2.2.1 Techniques.Developed

The o/w emulsions contained either tri.olein or iinoleic

acid as the lipid phase. Maltodextrin was usually used for the

structure forming solute, though in a few cases the effect of

incorporating other solutes was examined.

The presence of lipid encapsulated in the matrix of the

freeze dried system can be easily observed in the optical micro-

scope. In maltodextrin-based systems the lipid appears as liquid.

Via. <w:.=,.... ^.. .... 	 ....	 -	 _ .
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inclusions with diameters ranging from 1 micron or less to 4-5

microns, depending on concentrations and freezing rate.. Occa-

sionally, air inclusions and holes can also be seen. The por-

tion.of the total sample oil which is not encapsulated can be

determined in the optical microscope only after reaction of the

unsaturated bonds of the lipid with osmic acid (OsO 4 ) vapors.

By exposing a freeze dried sample to 0so 4 vapors, the surface

fat becomes visible as dark brown or black areas on the surface.

A number of electron microscopic techniques have been

evaluated for their ability to detect surface fat in freeze dried

emulsions. Heavy metals (ferrocene and tetraethyl)lead were incorp-

orated in the oil phase by dissolving in organic solvents. After

freeze drying, the samples were viewed in the SEM using three

methods of image formation:

a) Secondary electron (the standard SEM operating mode)

b) Backscatter (mode which selectively detects higher

energy backscattered electrons which come from higher

atomic weight targets)

c) Absorption Current (mode which images by variation

of current as it is being scanned over the sample.

The beam current absorption varies due to "elect-

rical" heterogenities of the sample)

None of these SEM modes yielded satisfactory results for detection.

of surface lipid which contained the organic soluble heavy metals

or had been reacted with osmic acid vapors.
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The electron microprobe impacts electrons onto a sample

and then detects the x-rays produced by the atoms of the sample

surface. The electron microprobe is capable of detecting surf-

ace compounds of atomic weight greater than 9. Experimental

studies in Phase IV have shooin that the electron microprobe can

be successfully used to detect surface fat in freeze dried samples

which have been exposed to osmic acid vapors. The osmium present

in the reacted surface lipid is detected by measuring the intensity

of the x-ray lines which are characteristic for osmium. In the

course of this study it was determined that to obtain optimal sig-

nals from samples containing osmium in the surface fat, it is required

that:

a) the target (sample surface) be flat

b) the sample be made conductive by means of a metal

coating

c) osmium stained areas be larger than the probe

diameter (.e., larger than 1-3 microns)

d) the probe scanning speed is sufficiently slow so as

to yield detectable osmium x-ray signals

e) sample is aligned relative to the detector to give

maximum signal intensity and.an  increased signal to

noise ratio

With the above conditons fulfilled, the best results were obtained

with aluminum as the coating metal and the detector set to read

the M. x -ray line for osmium . (OsM d line). It was observed that
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aluminum was superior to gold as a coating material since gold

produces x--rays of nearly the same wavelength as the OsM K line,

thus giving a strong background signal. It was also determined

that the M A line of osmium had a much lower background than the

oSMium L A line, and thus was preferred.

2.2.2 Evaluations of Microscopic Techniques

Observations of freeze dried emulsions exposed to Oso4

vapors showed that a good correlation existed between electron

microprobe images and observations of dark stained areas in the

optical microscope. Maltodextrin samples, whose surface had been

partially coated with lipid, gave superimposable images for each

technique. Surface areas of heavy visual staining showed strong

EMP signals, while surface areas of no staining showed no signals.

Freeze dried emulsions gave similar results. Emulsions which

had their surface fat removed by washing with organic solvent

prior to staining with osmic acid showed no darkening in the OM

and no image in the EMP, even though the OM and SEM showed. the

presence of encapsulated lipid.

Dried mal.todextrin based 0/W emulsions have been found to

produce good EMP images, since the sample surfaces are generally

flat and there is low background since there is no reactivity

between osmic acid vapors and pure maltodextrin. Microcrystal-

line cellulose (Avicel) does not react with osmic acid. The fat

.	on.the Av.cel does. react, but the curved. surfaces . of the micro-

crystals cause the osmium x-ray signals from the fat deposits to
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be scattered and not caught by the detector, thereby preventing

image formation. Some proteins were observed to react with osmic

acid, (e.g. egg albumin) and can therefore produce EMP images.

This causes an additional source of background noise for albumin

based emulsions. It was noted, on the other hand, that gelatin

did not react with osmic acid.

2.2.3 Structure Determination through Sequential Micro-
scopic Observations

It has been demonstrated in Phase TV of this contract that

by use of osmic acid treatments and sequential observations with

the various microscopic techniques (OM, SEM and EMP), the presence

of surface and encapsulated lipid in freeze dried systems can be

visualized and its distribution determined. This is accomplished

by the following experimental plan. The dry sample, which has

been reacted with osmic acid, is first scanned in the optical

microscope. It is then. metal coated and observed in the SEM,

followed by the EMP, The metal coated sample may then be returned

to the OM for more detailed study of areas of interest as found in

the SEM and/or EMP. The metal coating is sufficiently thin

(10-30 nm) so that internal sample structure can be noted when

viewing in the dry state or in an immersion medium. with this

technique it has been possible to produce a series of micrographs

of the same sample area using the above 3 microscopic methods.

This ability to combine information from a variety of techniques

is very important when attempting interpretation of the oil'-solid
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physical interrelationship since each. technique alone gives only

limited information. This is demonst:-ated by the following example

taken from a Phase IV experiment.

Figures 1 and 2 show SEM and EMP images of the same grain

of a freeze dried triolein (5%) and maltodextrin (20%) emulsion.

Grains "flaked" from the freeze dried sample were attached to glass

coverslips with double stick tape and then. exposed to osmic acid

vapors. Grains having a flat surface and dark staining character-

istic for surface fat were selected for further study during ob-

servations in the DM. These grains are coated with aluminum and

then observed in the SEM. Figure 1 shows the SEM view of a typ-

ical maltodextrin grain of relatively smooth surface, having only

a few depressions and bumps. The upper left side has a rough surf-

ace appearance with a ridge running nearly parallel to and close

to the upper edge. The right side shows the major grain surface

with a smaller covering parallel platelet which creates a space

between them. A sizable wedge--shaped crack runs diagonally

through half the grain, starting at the lower Left corner. The

EMP photographic system produces images which are the mirror

image of SEM photographs. The EMP image of the same grain as

seen in Figure 1. (Figure .2.) shows the fat deposits to be located
is	

alon g structural features of the surface. A large amount of oil

was trapped between the ice and. the maltodextr -in  phases, during

freezing. Following freeze drying this oil is present as deposits

along the ridge of maltodextrin in the upper part of the sample
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which formed by the growing ice. Surface lipid is also present

on the upper part of the smaller parallel oriented plate (right

side of Figure 1); surface lipid that is trapped in the space

between the two plates will not be detected in the EMP. Scattered

areas of concentrated osmium signal corresponds well with surface

depressions and broken bumps; the wedge-shaped crack is clearly

visible in the EMP showing only background noise. At some loca^

tions the contour of the grain is sharply defined due to oil exuded

from broken edges. The signal intensity across the grain surface

is higher than the background, indicating that there is a thin

coating of surface lipid. The upper right part of the EMP (upper

left in SEM) shows only a limited osmium signal due to a) little

surface fat and/or b) rough surface morphology which prevents the

generated x-rays from being sent into the detector. All the ob-

servations noted above from the SEM and EMP agreed well with OM

Observations (not shown here) .

2 ..3 Quantitative E valuation of Surface and Encapsulated Li pid

2.3.1 Quantitative Ana3ysis Technique

Methods for quantitative evaluations of surface and encap-

sulated lipid have been developed using sequential extractions,

first a Soxh.iet extraction using hexane to remove surface fat, and

second, a sequential water-chloroform-ethanol extraction to deter-

mine the encapsulated fat. Quantitative evaluation of recovery

of surface lipid was determined by conducting the Soxhlet extrac-

tions on coated samples -of •txp to 2.Og oil/g malto-dextrin.

Recoveries were almost always greater than 98%. A few samples,
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which gave recoveries below 98%, (90-96%), were observed to have

a small amount of "glassy" malto-dextrin in the bottom of the

Soxhlet cup. This resulted from the solvent causing a structural

transformation of the malto-dextrin. OsO 4 staining showed the

presence of lipid in this "glassy" body, while the remaining

porous sample showed no staining. This behavior is eliminated

by control of the extraction temperature, and recoveries of

surface lipid have been between 95-100%.

The sample with surface lipid removed is dispersed in

water in a separatory funnel to disrupt the carbohydrate matrix

and release the encapsulated oil. chloroform is added and the

funnel is shaken. Ethanol is added to improve the sharpness of

the interface between the water and chloroform phases. The

amount of ethanol which must be added will depend on the oil

concentration, solids concentration and - water and chloroform

concentrations. Phase separation can be accelerated by holding

the separatory funnel at 4°C for a few hours. The aqueous phase

is extracted two more times and the chloroform.phases pooled.

The oil in the organic solution is determined by removing the

chloroform from the solution by vacuum evaporation and drying

overnight in a vacuum oven at 45°C. This procedure eliminates

the need for filtration, which has been shown earlier to cause

complications, due to absorption of oil globules on the filter

and passage of some of the fine malto-dextrin particles through

the filter.
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2.3.2 Evaluatic ;n of Quantitative Analysis Technique

Tables 2 and 3 give typical results for recovery of lipids

and quantitation of lipid location for surface, encapsulated and

total lipid for rmalto-dextrin and Avicel based emulsions. It can

be seen in Table 2 that the average recoveries for the various

extraction procedures are good. With the methanol treated solu-

tions, there is some variability between duplicate samples. In

Table 3, this is re.duced.by  first conducting the Soxhlet extrac-

tion to remove surface lipid and by u se of ethanol instead of

methanol. It can also be seen in Table 2 that all the triolein

can be extracted from the Avicel system using the Soxhlet hexane

extraction, ind^.cating that with Avicel all the oil is on the

surface.

The samples listed in Table 3 were f=_rst extracted with

hexane in the Soxhlet apparatus to measure the surface oil, and

then the residual powder re-extracted with water-chloroform-ethanol

to measure encapsulated oil. Sample 12 was held for microscopic

examination. Samples 1 -8 were not measured for surface oil and

thus are not reported here. With the exception of the very high

recovery of sample 15, the average total recovery is good. It

appears that there are two distinct percentage surface oils for

these presumably duplicate samples. The close agreement within

each set of values indicates that this is not due to the extrac-

tion procedures, but rather is somehow related to sample prepara-

tion.
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2.2.3 'Combined Quantitative' and Microscopic Evaluation
of Freeze Dried , Emulsion

'

	

	 Freeze dried emulsions were examined by microscopic tech-

p iques for physical appearance and fat extraction analyses con-

ducted for measuring surface and encapsulated lipid. An a/W emul-

sion (20% maltodextri:n, 5.50 linoleic acid, emulsifiers) was

slowly frozen at -20°C and freeze dried. The lipid distribution

was analyzed for surface oil by hexane extraction in a Soxhlet

and for encapsulated oil or total oil by extraction with water,

chloroform, and ethanol. The results showed the following

distribution:

	

encapsulated oil	 74%

	

surface oil	 26%

	

Recovery of total oil 	100%

The high degree of encapsulation was confirmed by optical

microscopy. Very dense concentrations of deformed oil globules

were observed in practically all maltodextrin grains (Fig. 3).

Exposure of dried grains to osmic acid gave only scattered dark-

erring, indicating that the surface oil was not present as a con-

tinuous. film. The areas of osmic acid.staining were generally

found to have a rough surface topology, indicative of ridges,

depressions, grooves and closely spaced parallel flakes. Flat

grains showed no surface oil, only heavy encapsulation. The

roughness of these surface areas was confirmed by the SEM. The

EMP showed fat concentrations only along these topological feat-

ures. Examination of selected grains showed that this emulsion
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kept its overall matrix structure intact upon washing with hexane

to remove surface oil. Reaction with osmic acid and further

.	microscopic studies showed that the surface oil had been com-

pletely removed front the ridges, depressions, grooves etc.,

while the encapsulated oil was left undisturbed.

The fresh emulsion had oil droplet diameters of generally

1-3 microns. -The behavior of the emulsion during handling and

the high degree of encapsulation during freezing indicated that

the emulsion was quite stable. Rehydration of the freeze-dried

emulsion which had its surface oil removed by the hexane extrac-

tion gave a solution with most droplets in the 1-3 micron range,

though a number of droplets as large as 10 microns were observed.

When freeze-dried emulsion with surface oil present was rehydrated,

the majority of droplets were still about 1-3 microns in diameter,

though in this case a number of large droplets having diameters up

to 35 microns were present. It is assumed that this is due to

agglomeration and coalescence of droplets when present as surface

oil.

The above results indicate that the surface oil consists

of droplets that were too large to be fully encapsulated by a

protective maltodextrin wall during the freezing process.

2.4 Effect of Process Variables on Structure of Freeze Dried
Emulsions

2.4.1 Effect of Sample Composition

Triolein emulsions (5% oil) were prepared using a variety

of structure forming solutes at 20% solids. The solutes included
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glycine, gelatin, egg albumin, starch, carboxy-methyl cellulose

(.CMC). The freeze dried materials were observed in the OM before

and after osmic acid staining, and in the SEM and EMP. Table 1

summarizes some of the principal observations. Surface "sticki-

ness" is due to lipid on the surface which causes the flakes to

adhere to one another. The darkness of the osmic acid staining

was correlated with the EMP image strength (except in the case

of starch where the spherical granules do not give good direct-

ional reflection of the x-rays to the detector). The egg albumin

emulsion gives dark staining with.osmic acid and an EMP image,

although the product is termed. "non sticky". The EMP for the

egg albumin samples shows no locally stained areas, but rather

a uniform weak signal intensity over the whole surface. This

shows that the staining reaction which took place was due not

only to possible surface fat but also to an egg albumin-osmic

acid reaction. A test showed that pure egg albumin will react

with osmic acid to form a colored stain.

2.4.2 Effect of Freezing Rate on Freeze Dried Emulsion
Structure

In initial experiments malto.dextrin emulsions (20% solids)

containing triolein at 1% or 5% were frozen in a cold.room at

= 20°C (slow freezing) or in liquid nitrogen (fast freezing).

a
	 Slowly frozen samples showed less osmic acid staining than the

respective rapidly frozen samples, and a higher degree of encap-

sulated lipid for the 1% emulsion. At 5% triolein the inclusion
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densities appeared very similar for both freezing rates. Freeze

dried emulsions containing linoleic acid instead of triolein showed
w	

similar behavior (i.e., the slow frozen showed less osmic acid

staining than rapidly frozen (liquid nitrogen) samples and the

packing density of the encapsulated oil was higher). These results

indicate that more lipid is encapsulated into the matrix forming

solute with slow freezing than with fast freezing.

2.4.3. Freezing Rate Studies with Microscopic and
Quantitative Evaluations

Emulsions at lower oil phase volumes were evaluated for

the influence of freezing rate on structure. A system consisting

of 20 maltodextrin, 1.0% linoleic acid and emulsifiers was homog-

enized and freeze dried after being frozen slowly at -20°C or fro-

zen rapidly with liquid nitrogen. Extensive optical microscopic

studies were conducted on the dried O/W emulsions. Oil distribu-

tion was quantitatively evaluated by the methods described in

Section 2.3.1:

A) Determination of total oil by extraction of

dried O/W emulsion with a water/chloroform/ethanol

system;

B) Determination of surface oil by Soxhlet extraction

using hexane, followed by determination of encapsu-

lated oil by extraction with water/chloroform/ethanol.

The freshly prepared emulsions had oil .droplet diameters

about 1-2 microns and below. The following results were obtained
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for the freeze dried emulsions.

2.4.3.1 Emulsion frozen at '-20°C

encapsulated oil 	21%

surface oil 	 79%

recovery of total oil 100%

The dried emulsion was noted to be very porous. In the

optical microscope nearly all maltodextrin grains were smooth,

thicknesses averaging B-12 microns. The grains contained spher-

ical oil inclusions of diameters <_ 10 microns (Fig. 4). The

relatively high content of surface oil was easily demonstrated

by exposing dried grains to osmic acid vapors. It was observed

that besides concentrated staining along surface characteristics

(i.e. surface depressions due to ice dendrites, grooves, ridges,

etc.) a light but distinct uniform staining covered nearly all

grains, indicating the presence of a continuous film of oil

(Fig. 5).

While rehydration of this freeze dried emulsion gave a

dispersion with most oil globules having diameters around 1-2

mcrons,a noticeable number of droplets having larger diameters,

up to 35 microns, were observed. When freeze dried emulsion

which had its surface oil removed by soxhlet extraction was

rehydrated, the average globule size was still. around .1-2 microns,

but no droplets larger than 12 microns were found.
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2.4.3.2 Emulsion frozen with liquid nitrogen

z	 encapsulated oil 	 35%

surface oil 	 65%

recovery of total oil 	98%

The freeze dried rapidly frozen emulsion had a very dense

and nonporous cake. In the optical microscope the grains were

Very thin (2-5 microns) with a very rough surface topology due

to narrowly spaced ridges (1-5 microns apart) (Fig. 6). The oil

inclusions were spherical with diameters 5 microns. Upon

exposure to osmic acid, surface oil was visible only as isolated

dark stained areas, usually where one set of ridges led into

another set of ridges oriented at another angle (Fig. 7). It was

also observed that a very weak staining seemed to cover the grains

as partially continuous layers, indicative of deposits of very thin

films of oil.

Rehydration. of the freeze dried emulsion showed average

oil globule sizes around 1-2 microns, with a few with diameters

up to 13 microns. Rehydration of emulsion previously freed of

surface oil.by  soxhlet extraction gave oil globules of diameters

not more than 5 microns..

The above results indicate that the emulsion was not quite

stable during freezing. At the slow freezing rate (10 ml samples

freezing completely in an hour at -20°C) oil droplets presumably

had time to agglomerate and coalesce to give droplet sizes large
k
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enough to exclude them from incorporation in the concentrated

solute phase (CSP), thus forming surface deposits. The formation

of larger clusters and globules of oil means that an even larger

fraction of the oil cannot be encapsulated in the CSP, although

the final thickness of the slow frozen CSP should allow larger

oil globules to be entrapped than would be possible with the

thinner CSP for a fast frozen emulsion.

The results also indicate that the emulsion was not quite

stable when freezing with liquid nitrogen (10 ml samples freeze

in about 15 seconds). The amount of oil encapsulated was higher

(35o versus 21) since during the fast freezing period the oil

globules did not have enough time to destabilize into globules

large enough to be excluded from the CSP. This explains the

somewhat unexpected result that fast .freezing yielded better

encapsulation of oil than slow freezing in these experiments.

i



Table l

Microscopic Evaluation of Freeze Dried Trioiein Emulsions

Matrix Incorporated Droplets upon Sticky OSO4	EMP
structure droplets rehydration surface Stain 	image

glycine 	 anisotropic no yes, many very very	___
plates black
needles

egg albumin 	flaky numerous yes no dark	low
platelets tiny

gelatin 	 Bard many matrix swells no white	none
honeycombed tiny slow release
network

soluble starch* 	intact
granules

none many	 very
appear

very	none
dark

CMC	 rubbery marry some	 no light 	weak
plates small

On examination shows that "soluble starch" was not pregelatinized (as expected) and
was not heated sufficiently to gelatinize during preparation.

N
I
H
v
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Table 2

Recovery of Lipids from Freeze Dried Emulsified Systems

Emulsified. 	Experiment 	of Theoretical 	Average
System a	 Number	Oil Recovered 	% Recovered

1/2 % triolein c	 1	 116.5

20% maltodextrin 	2	 111.0	 106.2

3	 91.2

1% triolein e	 1	 87.4	 100.6

20% maltodextrin 	2	 113.8

2% triolein 	 1	 96.6 a	 99.7

20% maltodextrin 	2	 102.7 f

2% triolein d	 1	 101.5

`	10% Avicel 	 2	 100.9	 101.7

3	 106.2

a Concentrations given are for initial emulsion

bTheoretical based on dry sample weight and initial emulsion.
composition

cMethanol used to sharpen interphase interface during extraction

dExtraction with .. Soxh.let apparatus using hexane (i.e. surface fat)

eEthanol used to sharpers intexpahse interface during extraction

fTwo step extraction: Soxhlet with Hexane (surface) 94.4% of theoretical

H2O-chloroform-ethanol 8.3% of theoretical
(encapsulated)
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Table 3

Lipid Location in Slowly Frozen freeze dried

1% Linoleic Acid, 20% Maltodextrin Emulsions

Sample % of Theoretical
Number oil recovered a

9 105.8

10 96.9

11 97.1

13 94.8

14 91.7

15 1.40.5

surface oil encapsulated oil
(% of total recovered)

54.4 45.6

50.7 49.3

74.0 26.0

76.0 24.0

54.4 45.6

72.6 27.4

Theoretical based on dry sample weights and initial oil composi-
t i:on
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List of Figures

Figure l SEM at 8OX; 5% Traolein, 20-% Maltodextrin freeze

dried emulsion. 	Exposed to OsO 4 vapors and coated

with aluminum

Figure 2 EMP at 8OX; sarne grain as Figure 1 but mirror

image

Figure 3 OM at 40OX; 5.5% linoleic acid, 20t maltodextrin

freeze dried emulsion.

Figure 4 OM at 15OX; 1% linoleic acid, 20% maltodextrin

freeze dried emulsion, frozen at -20°C

Figure 5 OM at 150X; i% linoleic acid, 20% maltodextrin

freeze dried emulsion, frozen at -20°C. 	Exposed

to osmic acid vapors.

Figure 5 OM at 600X: 1% linalei:c acid, 20% maltodextrin

freeze dried expulsion, frozen in liquid nitrogen

Figure 7 OM at. 150X; 1% linoleic acid, 20% maltodextrin

freeze dried emulsion, frozen.in liquid nitrogen.

Exposed to osmic acid vapors.
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3. Investigations of Structural Changes in Freeze Dried Systems

Transformations of structure of dehydrated materials are

quite important, as many factors affecting product quality are

related to such changes. This is especially true with freeze

dried foods where retention of structure through the drying pro-

cess is considered a significant advantage of this process. The

phenomenon of "collapse" is a structural transformation of the

freeze drying material which results from the viscous flow of the

frozen and/or partially dried matrix. Other phenomena which

strongly influence product acceptability, such as caking, loss

of flavor, visual: acceptability and perhaps nutrient stability

are also related to this behavior. Knowledge about viscous flow

in drying and dehydrated products and factors affecting its occur-

rence is needed for development of processes and products of im-

proved quality.
Our studies in this area during the Phase IV period are

described in the following technical articles "Loss of Structure

in Freeze Dried Carbohydrate Solutions: Effect of 'temperature,

Moisture Content and Composition" which has been accepted for

publication by the Journal of the Science of Food and Agriculture.
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Abstract

During prose::: ing and storage, dehydrated food materials

are subject to changes in their structure. Terms used to

describe these changes, which are due to the same basic

phenomena, vary from process to process. Thus, during freeze

drying, loss of structure is called "collapse", while during

storage, phenomena related to viscous flow of the dried

powder matrix are termed "stickiness".

This loss of initial structure often results in the

loss of desirable product qualities, though in some cases

controlled manipulation of these changes is used to produce

improved products. In freeze drying, collapse of capillaries

in the dry layer results in puffing and loss of desirable

structure. In dehydrated powders "stickiness" leading to

caking and other defects is also a result of collapse phenomena.

The collapse temperature of freeze dried orange juice

and carbohydrate solutions was investigated as a function of

moisture content and sample composition. It was observed

that collapse temperature decreased as the sample moisture

content increased. Mixtures of materials colla p sed at a

temperature intermediate to that of the individual components.

The consequences of these observations to a number of food

processes are discussed.
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Introduction

Changes in structure (macroscopic or microscopic) of

dehydrated materials i n response to environmental stresses

has been reported i n the literature for a number of situations.

While it appears that these structural changes are manifest-

ations of the same basic phenomena ( time, temperature and

moisture dependent viscous flow), a variety of expressions

which describe sensory behavior of the materials are used

in the literature. (Throughout this paper we will use the

term "collapse", which has been used to characterize loss

of structure during freeze drying.)

It is noted in the literature that some .products

undergo "COLLAPSE" during freeze drying when the frozen

sample temperature is higher than some characteristic

temperature, called the collapse temperature (T^). For

various aqueous solutions, collaps e temperatures vary over

A wide range, from -- 5 to -600C. 1,2,3 A collapsed product loses

its shape by becoming a highly viscous liquid and often

shows poor aroma retention, poor rehydration characteristics

And uneven dryness. When collapse occurs during freeze

drying, ice crystals appear to dissolve rather than to sub-

lime, resulting in obliteration of capillaries and thus an

increased vapor flow resistance. Extreme collapse completely

closes the capillaries, so that moisture removal is limited

'  i'2to'evaporative.mechanisms, with much bubbling and spattering. 
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A number of cases of structure transformation from

dried products to the viscous state due to added moisture

and/or increased temperature are of importance in industrial

practice. Concentrated liquid foods such as tomato juice

and concentrated orange juice often show problems during

spray drying due to "STICKINESS" of the drying particles.

Scorching of particles sticking to the walls of dryers,

and difficulties in collecting.powder in the collecting

zones are a consequence of this stickiness. The "STICKY-

POINT" temperature marks a transition from a stable dry

powder to a viscous state and is thus related to collapse. 4,5

Instantizng of powders by "AGGLOMERATION" is also

related to collapse. This process depends on controlled

raising of the moisture content of surfaces of powder to a

Level which makes these surfaces sticky at the desired

temperature. The wetting is conducted under conditions

which result in the particles sticking together in clusters,

which are then dried to the desired moisture content.6

"CAKING" of foods during storage is also related to

collapse. Pisecky 7 observes that when sufficient moisture

is present,. sintering of dried particles can occur, which

results in the loss of the powder character for the material.

Again, the moisture and temperature dependent transformation

to the viscous liquid is responsible for this physical change.

During storage, optimum moisture and temperature

conditions must be maintained to avoid structural change of

the material and the resultant loss of . desirable product .
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properties. For the design of spray drying or agglomeration

processes, it is necessary to understand the dependence of

"sticky-point" temperatures on moisture contents.

Recently, theories have been developed to explain

collapse phenomena occurring during freeze drying. One of

these theories, the Amorphous Viscosity Theory 8. appears to

be utilizable to describe collapse pheomena in general, if

it is remembered that particular critical values of environ-

mental parameters will be very different for the different

situations considered.

The explanation of collapse phenomena occurring

during freeze drying is based on phase transition phenomena

which occurs during the initial step of freezing. During

freezing, most compounds of interest in foods, such as sugars

for example, do not nucleate and formation of solid eutectic

mixtures does not occur; rather the solution becomes more

concentrated as water is transferred to ice crystals.

According to MacKenzie 2 and White and. Cakebread 9 , at suff-

ciently high solute concentration, which during freezing

coincides with attainment of low temperatures, the remaining

solution will undergo a glass transition and no more ice is

formed. The Amorphous Viscosity Theory of Collapse considers

the matrix as a concentrated amorphous aqueous solution.

As long as the temperature of the solute matrix is below some

critical value, the collapse temperature, the matrix is

sufficiently viscous to behave like a solid. This viscosity
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is related to the combination of solids content (i.e.,

Moisture content) and temperature, which for the case of

the frozen material, are both related to temperature. If

the temperature of the frozen zone rises above the collapse

temperature, the concentrated amorphous solution becomes

less viscous because of dilution with water due to ice

melting, as well as because of the direct effect of temper-

ature on viscosity.' 1 As water is removed during the drying,

the matrix becomes more rigid and can tolerate higher

temperatures without undergoing viscous flow.

As noted in the description of STICKINESS, etc. above,

the phenomena associated with changes in the structure of

"dry" materials are also related to combined temperature

and moisture stresses, just as is indicated in the Amorphous

Viscosity Theory of Collapse.

We have studied collapse phenomena of freeze dried

carbohydrates and of orange juice as a function of moisture

and temperature. The use of additives to raise the collapse

temperature or to increase the moisture content at which

collapse occurs at a given tempezature was also studied.

Experimental

Systems studied included orange juice, with or without

addition of various carbohydrates, and solutions of several

carbohydrates. Commercial frozen concentrated orange juice

was used and was reconstituted according to manufacturer's

instruction. 1. The sources of the carbohydrates used are

shown in Table 1.
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Solutions of the carbohydrates in water or in the

orange juice were prepared in the desired concentrations,

and 2 ml aliquots were delivered with a syringe to pre-

"	weighed 5 ml ampules. The samples were then frozen with

the ampules in a tilted position so that a greater surface

area could be obtained. This improved the rate of the

subsequent freeze drying and humidification steps and also

aided the visual determination of collapse. The samples

were either slowly frozen (overnight at 0°F) or rapidly

frozen in liquid nitrogen. Following freezing, the samples

were freeze dried for 48 hours. The weight of freeze dried

solids was determined for each sample.

The samples were then humidified to different moisture

contents ranging from about 0% to 10% . . In a typical experi-

ment, 7 to 8 samples of different moisture content were

used. The humidification was conducted at 32 0 F to avoid

collapse during sample conditioning. Samples were humidified

by either holding for different lengths of time in an

evacuated desiccator containing a saturated solution of

K2 sO4 , maintaining a constant relative humidity of 97%, or

by'holding the samples for a fixed time period over a series

of constant humidity solutions ranging from 11% RH (LiCl).

to 97 g RH (K2SO4).

After: humidification, the ampules were carried in ice

to the analytical balance, where the water pick up was

determined gravimetrically. Moisture uptake is expressed as
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as percent of total weight of dry solids in the ampule.

Freeze dried samples were defined as tree of water and all

subsequent uptakes are relative to this zero basis.

Immediately after weighing, the neck of the ampule was

flame-sealed while the body of the ampule was kept cool by

holding it in a chilled wet cloth.

For determination of collapse temperature, two

identical water-baths were used to evaluate the temperature

of the samples in 10°F increments. While the samples

were being held at a constant temperature in one of the

water baths, the other was equilibrating to the next desired

temperature, 10°F higher„ The elevation. of temperature

was continued until all samples had collapsed or until the

maximum temperature of the bath was reached (210°F). An

oil bath or an oven was used for temperatures above 210°F.

Collapse was observed visually and was defined as the change

of the appearance of the sample's surface. The collapsed

sample resembles a highly viscous, glassy material compared.

to the pre-collapse appearance which is that of a porous

solid. It is to be expected that for a dynamic phenomenon

involving flow of viscoelastic materials, the evaluation of

collapse will depend on the length of time allowed for

observation 10 . At a given moisture, the rate of the

transformation step will vary with temperature so that,

for a. given extent of transformation (i.e., the not collapsed/

collapsed boundary) the collapse temperature determined will
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depend on the time period used. A preliminary test showed

that for our system, the time required for collapse varied

with holding temperature as shown in Figure 1. The converse

of this observation means that for holding times over 45

minutes, the collapse temperature remains relatively

constant at its lowest value for a given moisture content.

For this reason, samples were held 45 minutes at each tempera-

ture for the determination of collapse. if collapse occurred

prior to the end of this holding period the collapse

temperature was estimated by an interpolation, which assumed

that a linear relation between collapse temperature and

time, within the narrow specified limits (time interval = 45

minutes; temperature interval = 10°F) was a sufficiently

accurate model of the expected more complex exponential

behavior.

Thus the estimated collapse temperature (T c ) was

obtained by using equation (1)c

t
Tc = TB -  ( 4:5)(10 °F)
	

(1)

where T B = Bath temperature (°F)

t c = Time in minutes to collapse following the

transfer to bath maintained at TB from bath

maintained. at TB-10°F.
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Results

Collapse temperatures for several of the systems

studied are presented in Table 2. These temperatures were

obtained on materials in dry state. Collapse temperature

dependence on moisture content was also studied in a number

of systems. Figure 2 shows the moisture content dependence

of the collapse temperature for maltose. The collapse

temperature of dry maltose is high: 205°F. The mode of

freezing has only a slight affect on the collapse tempera-

ture of the rehumidified freeze dried material. For maltose,

the slowly frozen samples show a slightly higher collapse
temperature at all moistures than the fast frozen samples.

In experiments with lactose, we observed a reverse behavior

r	with slowly frozen samples having a slightly lower Tc.

The dependence of T c on . mo_sturc content in a mixture

of sucrose and maltose is shown in Figure 3. The data are

typical of those obtained with binary mixtures of sugars.

The collapse' temperature of the mixtures are typically inter-

mediate between, the temperatures for the two individual

components.

The maltodextrins used in this experiment, (Maltrins:.

M-1.00, M-150, M=200, M-250) all have a high collapse

temperature (Figure 4). The collapse temperature is a

function of the dextrose equivalent (D.E.) of the maltodextrin.

Maltrins with higher D.E., that is, with a lower average

molecular weight, show a lower collapse temperature (M-250

at 400°F) while Maltrins with lower D.E. (higher average
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molecular weight) have a higher collapse temperature (M-100

at 480°F). Maltrins with intermediate D.E. collapse at

intermediate temperatures. The rate of freezing was not

found to have any effect on the collapse temperature of

Maltrins.

As shown in Figure 5, the collapse temperature of

pure orange juice is relatively low, the dry juice collapsing

at 125°F. This collapse temperature is very close to that

of sucrose (132°F) which is not unexpected since orange

juice has a high content of sucrose. According to Bellows$,

50% of the sugar present in orange juice is sucrose.

In this case, freezing rate has relatively little

influence on collapse temperature. The low collapse temper-

attire observed for the freeze dried orange juice is directly

associated with the difficulties encountered in preparing

`	 the dried material. During the initial steps of freeze

drying:, there is some melting and puffing; however, there

is sufficient unpuffed material to allow determination of

the collapse temperature.

Four Maltrins (M-100, M-150, M-200 and M-250) were

added to orange juice at different Concentrations and the

change of collapse temperature with maltrin concentration

was studied. Collapse was studied only at 0% moisture.

As Figure 6 shows, there is a considerable effect of added

maltodextr-ins on the collapse temperature of dry juice. It

can also be seven that the collapse temperature changes with
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average molecular weight of the Maltrins. Low D.E. Maltrins

give higher collapse temperatures for the orange juice mixture

than high D.E. Maltrins at the same concentration.

Figure 7 shows the increase in collapse temperature of

orange juice with increasing concentration of gum arabic,

again only for 0% moisture samples. There is . a considerable

increase in collapse temperature and it is . affected by the

mode of freezing.

Karaya gum has the same affect on collapse temperature

at all concentrations tested (up to 4%). As Figure 8 shows,

a small amount of Karaya gum (around 0.50) elevates the

collapse temperature of orange juice from 1.25°F to 152°F,

and the T  then remains constant for the whole range of

concentrations from 0.5% to 4t. The mode of freezing does

not affect the collapse temperature. Tragacanth gum

behaves much the same as Karaya gum, but the elevation of

collapse temperature is much higher (Figure 8).
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Discussion
4	 .

The results presented here have described conditions

under which dehydrated food materials will undergo loss of

structure. The loss of structure is presumably related

to the reduction of product viscosity such that under the

influences of a variety of forces (gravity, surface tension

etc.) the matrix materials are able. to undergo viscous

flow. For a particular sample, it appears that a critical

level of viscosity exists, and that this viscosity can be

achieved by various combinations ofmoisture content and

temperature. Furthermore, within limits, the evaluation

of the critical limit of viscosity will depend on. the time

permitted for observation. Thus, if a shorter time is

permitted, it was noted in Figure 1 that a higher sample

temperature (i.e. lower viscosity) was required to obtain

"collapse."

It was noted that the higher the concentration of the

initial solution, the higher the collapse temperature.

The initial solute concentration determines the amount

of water which remains unfrozen at any given temperature,

with concentrated solutions forming less ice than more dilute

solutions. The space occupied by ice in the frozen material

will ultimately become part of the system of pores and other
1

voids in the dried matrix, provided that no collapse during

Y	 freeze drying occurs. Presumably, a system with a smaller

fraction of total volume occupied by voids is more resis-

tant to collapse. Less voidage means a smaller number of
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capillaries, and, therefore, less internal surface area.

'
	

If surface tension is the driving force for collapse, this

would lead to higher collapse temperatures. However, therea
is an upper limit to the use of preconcentration as a

means of achieving higher collapse temperatures, because

higher concentrations inhibit ice nucleation.

The rate of freezing for sample preparation appears

to have a significant, but relatively small, influence on

collapse temperature for solutes of low molecular weight,

though the pattern. of behavior for.the samples studied is

not always the same, even for similar materials such as

d:isaccharides. Freezing rate differences can be considered

in terms of nucleation and growth rates of ice crystals.

Nucleation rate influences the number of ice crystals

formed, and, therefore, the relative sizes of ice crystals

(subsequently the pores) and the matrix thickness. Fast

freezing increases the number of nuclei formed and means

that the distance between ice crystals decreases and there-

fore the thickness of the matrix decreases. There is the

distinct possibility that similar molecular species such

as. disa:ccharides will form different bonding arrays on the

molecular level. indeed, in studies in our labs, we see

that the crystal form for sucrose is quite different from

' that for lactose or maltose this case, the effect

Of thinner matrix lamella on overall matrix strength can

be quite variable from material to material, giving a



13

complex behavior for the effect of freezing rate on collapse

temperature, as observed.

Molecular weight (M.W.) plays a role in affecting TC,

but is not the sole determinant. In Maltrins, Tc increases

with M.W., and the T C I s of the Maltrins are also higher

than those of disaccharides. However, different disaccha-

rides with the same M.W. show different T  values, which,

as noted above, may be due to differences in strengths of

bonding arrays of the different disaccharides.

Addition of high molecular weight polysaccharides to

orange juice resulted in substantial ?ncreases in collapse

temperature, presumably through increasing the system

viscosity. This observation is of practical significance,

since for some of the gums tested, significant increases

in product structural stability can be obtained with the

addition of only small amounts of the gum. This will lead

to increased storage life with respect to quality deterior-

ation associated with structural changes (solubility, caking,

etc.) and /or to decreased package costs to obtain a given

shelf life.

The Amorphcus viscosity Theory of Collapse, which

has been developed on the basis of study of the freeze

drying behavior of solutions, has as its critical variable,

the viscosity of the matrix material Bellows and King1

reported the critical .range of matrix viscosity (called
7the concentrated amorphous solute) to be between 10 and
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10 10 cP (the techniques for measuring the viscosities in

this range are quite slow). When the collapse tempera-

tures for freeze drying materials were included with the

data presented here for freeze dried materials, a smooth

curve was obtained. When this pooled data was plotted

as In moisture content vs. temperature or In moisture

content vs. reciprocal of the absolute temperature, straight

lines were obtained (Figure 9). This indicates that the

same critical viscosity range is applicable to both

Collapse phenomena. Similarly, when the data of Brennan,

et.al. 4 for STICKY-=POINT temperatures is treated in a

similar manner, a similar relationship is obtained.

These observations seem to indicate a simple rapid

z	 way for determining the collapse temperatures for con-

centrated liquid. food systems. The collapse temperatures

are determined for a number of moisture contents and the

results platted as in Figure 9. Extrapolation of this

curve and combination with the freezing point--concentration

curve will give a measure of the collapse temperature for

the frozen material.

It was also noted that in earlier studies on loss of.

model flavor compounds from freeze dried materials, a

critical temperature for release of the volatile from the

dry matrix was found. Chiri£e and Karel 12 noted that

encapsulated 1- propanol was not released from. freeze

dried maltose at temperatures up to 82°C, but that partial

release was obtained at 100 0 C. In this study, it has been




















































































































































































































































































































