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The primary object of this work was to study the
water=relations of a range of dehydrated foods, in an
atteapt todefine woisture levels which prevent solute
diffusion and to examine the effcct of molecular size of
the solute on the diffusion process.

The work entailed preparation of sorption
isotherms for a number of dehydrated foods and
examination of diffusion in similar materials stored
in equilibrium with different relative humiditiecs,
using a carion l4- labelled solute and the technique of
autoradiography.

Results of the sorption experiments show that
sorption isotherms for potato, haricot bean, green bean,
pea, meat and onion are of the sigmoid type, and that
the B.E.T, equation is applicable to these materials.
Carrot, tomato, apple and date gave isotherms of the
Brunauer type III,

Results of the diffusion experiments show
that a relationship exists between the calculated
monelayer values for a nuamber of the materials showing
isotherms of the sigmoid type, and the moisture levels
limiting for solute diffusion. This appears to be the

case, for example, with onion, pea, meat and green



bean, in which diffusion was detected at moisture
contents little highexr tham the corresponding monolayer
values, However, in greeon bean, some migration of

the tracer was found to occur at moisture contents
actually lower than the monolayer value, The results
for the materials showing isotherms of the Brunauer
type IIT were entirely negative at the moisture levels
tested, except im the case of date, in which a

positive result was obtaimed at a moisture content

as low as 4.24 g. water per 190 g, dry solids.,

Results of the experiments carried out teo
study the offect of molecular size of the solute oa
diffusion have yicelded evidence that it is mnot only
the condition of the water in the mabterial which
determines the limiting moisture content at which
diffusion c¢an occur, but that the latter may vary with
the molecular size of the solute,

A further series of experiments was carried
out to study the effect of treating materials with
ligquid glucose, prior to drying, on the rate of
drying and on the hydratiomn characteristics of the
dried products, The fimal distributiom of the liquid
glucose in the dried materials and the effect of

this treatment on solute diffusion was also examined,



In additiom, the effect of the treatment om the culinary
quality of the dried products was comsidered, using
a tasting panel.

Resulits of the dirying curves show that the
neeessary drying period is not oxtendedy that this
treatment has the effect of reducing the dnitial
moisture content and that the rate of drying is greater
in the untreated materials during the firvst 4 hours
of drying. Those of the hydratiom curves and the
sorption isotherms show that the water-holding capacity
of the treated materials is lower-tham that of the
corsesponding untreated materials.,

lesults of the dirfusion experiments suggest
that the liquid gluecose is present as a dry surface
Film which prevents contact between the solute and the
surface of the tissue,

Results of the tastimg tests agree that the
treatment resulis in an inproved texture in apple and

in a more satisfactory colour im onion,
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PREFACE

A proportion of the water present in foodstuffs

is considered to be "bound" bto the macromolecular
constituents of the food,. This "bound" water zssunes

a much greater importance when the moisture level is
reduced, as for @xampi@a during dehydration. When all

the water present is in the bound state, there being neo
solvent water present, the initiation of chemical reactions
in seoluwbion is prevented; and the staebililty of the material
is markedly increased.

The purpose of thig work is to study the water
relations off a ronge of foods of low wmolsture content, in
en atbtempt to defime moisture levels which will prevent
solute diffusion. The method employed is to store
dehydrated food materials of different moisture contont
treated with a carbon 14 - labelled scolute, and to measure
the diffusion taking place during periods of up to 6
months, by auboradiography. in addition, the influecnce
of molecular slze on the diffusion process ils exanined,
and the effects of treating some of the materials, with
"liguld glucose", prior to deyying, on the rabe of drying
and on the water relations and culinary quality of the

dried products,; is considered,



INTRODUCTION



INPRODUCTION

The development of undesirable changes in Food
during storage is due to mlcro-opgonisms, enzymes and
non~cnzymnic chemical reactions, Dehydration as a method
of food preservation hag succeaded in controlling microe
biological spoilage by biinging the molstuvre content of
the food to such a low level thalt micro-organisms cannot
geows .  Dngymic reactiong do not congbliube an dnsuperable
problem in dehydrated foods; since the ensymes responsible
gan be effectively imactivated by suitable scalding
oreatnentss..  fo farg. the problem of detevioration due o
non=ensynic chendcal reactions has not been solved completely,,
although swudies on the effcet of moisture cowntent,.
concentration of sclutes,. cemperature and oxygen and on tho
use of chemicael iahibitors such as sulphur dioxide, have
lent valuable dnformation which has resulted in means of
minindsing the effeots of these reactiouns. OFf these factors,
modsture content has perhaps the most proncunced cffect on
the rate of chemical change..

Salwiﬁl has suggested bthat @ moisbure contend
corresponding to a theorcetical monolayer of water molecules,

as deseribed in the adsorption theory of Brunouer, Emeti

2 :
and Teller ©, confers manimum stebility on dehydrated foods.



Water molecules in the monolayer condition may protect
polar side~groups of hydrophilic molecules from reactions
with one another and with obher congtituents of the fqod,
On the other hand, at moisture contents above the monolayer
value,  chemical reactions such as "browning' teke place
more readily.’ This latter aspect of the monolayer
condition has been a subject of investigation by Duckworth
and Smith 3. These workers have suggested that the
indtlacion and subsequent rate of browning reactions depend
on the ability of reactants Lo move freely. Sinee the
monolayer value is considered as o limit below which all
the water is in & "bound' state and above which some water
is "reeh, the brouning reactions would be acecelerated by
the presence of this solvent water, The results of
Duckworth and Smith have indicated that the limiting
moisturce contents for solute diffusiom in dehydrated pobtato
and carrot are little higher than the moisgture centents
corregponding to the monolayer wvalues for these materials,
These results pupport Salwin's i sugeestion that the
monolayoer value be used ag a guide vhen determining optimum
levels of moisture for sbtability of dehydrated foods
during storage.

The purpose of the present vwork is to examine the

relationships betueen the calculated monolayer values



for a wider variety of foods than has so far been studied,
to the respective levels of meisture ot which the diffusion

g

of solutes is prevenbed. A range of frecze-dried, air -

)

dried and sun-dried products is examined in this way,

vaeing techniqgues similar to these employed im carlier work.
In adﬂiﬁi@m;laxperim@ﬂtﬁ to test the offect of the
molecular size of the solute on diffusilon in such sysbens
will also be described.

& precodure which has recently shown promise in the
dehydration of vegetable materials, especially those which
are particularly susceptible to loss of flavour due to the

removal of volatile constituents duping the drying process
is to dilp the material ia "liguid glucose! immediately
prioy to drying. A Teu exgamim@ﬁtﬁ on whe effects of this
procedurc on the rate of drying and om the hydration
characteristics and culinary quality of the dried products
have also been carsied out and the results of these, together
with these of diffusion cuperiments using material treated

in this way, will alsoe be included,
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WATHER VAPOUR SORPTION AND DIFPUSION
IN DEHYDRATED FGODS



LINERATURE REVIEW

Noneenzymic Chemical Resctbions

9 HR woyvsn ) roscbionmt Y99
Lo Brouning reastions

There are three broad Cypes of beouning reactiom
ogcurring in foodstulfs. The most commen kind, especially
in dehydrated foods; appears o result frem Malllardetype
reactions between @aghemyl and amino compounds (this
includes the reacbions of aldehydes, Ketones, and reducing
pugars with amines, amino acids, peptidos and proteins).
Apother type; called caramelization, occours when
polyhydroxycarbonyl compounds are heated to relatively
high temperatures in the absence of amino coupounds.

Both aclds and bases are known o catalyze caramclization
resctions . A third broad type of browndng is the group
of oxidabive reactions which, Top example, converd o
ascorbic acdd and polyphenols into die or polycarbonyl

pomnpounds . In general, brovaing can be inhibited by

)

the addiﬁiﬁn off reég@nﬁg that will combine with op
obhervise celiminate reactive capbonyl groups.

In dehydeated foods,; the molsture combtent of the
product and temperature are the most ilaportant factors
determining the rate of browning duvring storage, Also

off importance are the initial sugar content of the



product, the mebhod of scalding (whebher it tends to
incerease or decrease the concentration of browning
reactants in the product), and the sulphur dioxide
content of the materdial é.
2 xidative reactions

Several kinds of oxidative deterioration ocour in
dehydrated foods,. Unsaturated lipid materials may
be autoxidis.e d, rosulting in formation of carbhonyl
compounds which produce rancid off-flavours. Pigment
ungtability and loss of vitamin C are also due to
oxidation. In combtrast to the browning reactions,
oxddative reactions appear cspecially to be favnﬁred
by low moisture conbtents. The reason for this is
considered more fully in & later section.
3s Effect of dessication on rehydratlion power

The reconstitutabllity eof certain products is
affected by the way the product has been treated priowr
to drying, by the rate of drying and finally, to an
important exbent, by the final molsture content to
which the material is lowered ‘Y,  When drying is
rapid, hydrophilic polymers, such as cellulose, nay
become highly cpystalline and the water « imbibing
pover of the maberial may thercfore be reduced., When

deying is less rapid a greater amount of amogphous



material is retoined, and the swelling cepacity on
rehydration is greater, In products such as starch
and cellulose; the larger the amount of wateyr removed
during drying, the greater is the loss of
reconstitubability, and in the case of celliulose,
f@rther ingreases in crystallinity have been shown to
occur durdng storage in the dry state.

Bound Water

The term "bound" water is commonly used in the
literature with reference to colloildal sysbems, yet there
iz no wnenimity of definition, Briges 10 jas defined
"bound® water asthat portion of the waber content of the
system which fails to display the normal behaviouxr of
ordinary freec water under ﬁhé particular experimental conditions!.
There are therefore many possible definitions according to
the particular experimental conditions. Kuprilanoff 1L
has defined it as the part of the wabter content of a product
which remains idn it dn a bound state after application of
the vsual dryimg procedures, such as freesing, chemical
dehydration, ebc., and which can be expelied only by
heating to 100 - 110°C. for a long time. It has also been
defined aé that portion of water which does not act as
a solvent 12. Determinations of bound water have, for the

most part, been based either on the results of freezing |



expesriments or on studies of water sorpbtion by the
maberial concerncd.

o

Freeping Duperduente

Many experdments have been performed using different

methods and materialss As carly as 1916, Foobe and

3

Saxton » using dnorgoanic hydrogels, attempted to

deternine unfreezable water by freesiug a precipitate of

knoun tobal waber coatent and aecasuping the cupansion

caused by the freezing of the free waters The water

e

bound against &

‘reeping was then found by differences These
14

pane aunbhors divide the water present in such sysboms

o >

inbo three diptinet fractions:

i Proe water, which freezcs sharply when the
material. is cooled slightly below 0°C,

2¢ Vater which freoezes graduslly ag the temperature
e Turther Lowered.

3y VWater which does nob freéme, however far the
cenperature is depressed.

The waber which freezes gradually with falling temperature

they consider to be caplilary wator, while the unfreezable

water s referved Lo as coambined water. Moran 15 {1926,

studyilng the condition of waber in geletin gols,

distinguished more or less the same three categories:



L. Free water separatiang as dee in the region

of 09C.

b
.

Water bound to gelatin by osmotic forces and
which is gradually frozen as the temperature
is lovered to =20°C.
3. Chemlcally bound water which is not frozen al
any btemperature.
{(st. John 18 (1931) determined the lowest temperature ab
which all the water in egg white £reeges out as m12.5“6.>.

pESy

Gortner ~ 5 in 1930, studied the freeczing out of

water; as loe, in biological tissue. By using ?haanes}179
equation which depends on the measurenent of the hedt of
fusion of ice, he was able to caloulate the amount of
frozen water. The tobal water content was then determined
by dpying the materdal to congtant weight. The difference
bebween the total and frozen water values gave the amount
of bound water in the material.

In 1940, Daughters and Glenn lg'v@vi@wed previous
work on the estiwmation of bound water by freezing. Usdng
calorimetry and a modification of Theones' ecguatiomn, they
were able to obtain values of bound water for different
fruit and vegetable meterials. These range from 3.8 g. per

100 g. dey solids in rhubarb to 08.4 g. per 100 g, dry

solids in samples of green beans. A corresponding value



of 4.3 was obtained for cobbton, at about the same time,

oy
by Magne et al:gg, whe conclude that all the water below

this value is hydrogensbonded to the free hydrouyl groups.

20

Preston “7,; in 1950, used the cooling curve method for

detormnining the bound water conbtent of molst synthetic and
natural £ibres. This method requives no assumption
goncerning the thermal properties of the components, and
thus has an advantage over the calorimetric methods used

by ecarliecr workers. Values of between 37.5 and 41 g./100 g.
drry solids were obtalned with these materials.

Most recently Riedel 21, From studies om meat, has
shown that the amount of unfrozen water at low temperatures
is indepoendent of the imnibtlal water conbent. If the
indtlal water content is below the value of the unfreezable
water, no dee will form. A value of 22.5 g« water per
100 g. dry materdal was found by this author for the waber
bound againgt freezing in meat.

Riedel has aﬁmampﬁed to formulate a theory regarding
the condition of water in such materials by essuming that
a tempersture~dependent equillibrium exists bebtween the
bound and free water. By evaluating the specific
eguilibrium constants Lrom measured sorption isobherns,

Riedel produced the following dsobtherm eguations



Lo
. > \
R S =
K+ -
where!
X e nedsture content in Kg.o/Kgs dey materiali
=4 = g constant represenbting Langmuis term
for a very large binding encrgy and
a very low K value.
K = eguilibrion constant.
o =  a conmtent representing meximum amounb
of bound water.
P = relative water vapour pressuire of the
aiy over the systeme ' ‘
% = a constant wepresenting the ratio of
the molecounlayr weight of dissolved
particles to the salt content of the
material,
$P et bt 4 )
Kip represents chemically bound water ag apwosed to
h
AP

=% vhich represents capillary wator.

Rigdel suggests that the validiby eof B.E.E. theory to watep

sorpbion by proteins is very much open to gquestion, bunt

adds that his oun suggestions are, ab present, hypothetical,

oud require confirmation by further work on similar materials.
Nenitsz 22, working in Riedel'ts laboratory, obtained

a vaiue of 20 g. water per 100 g. dry sclids fowr the content

of bound water in desalted egg white by freezing cxperimonts.

This value is supported by the resulis of sorption and heate

denaturation experiments cerried out on similar material.,

Nemitz, like Riedel distinguishes between "molecular bound

11



12

water’ and Yecaplllary bound watert. The molecules of
the latter are considered to be mobile within the
capillariesn.

Sorption Bxpoeriments

Sogpbion Isobtherns
Modern theory on the adsorption of water by

biclogical maberial has been based on early work om the
adsorpbion of gases on solild Su&a&t&&; a yh@m@meﬂom baat
studied by smvpﬁiéa isobherms, A sovptilon disobherm is
a plot of the amount of gag op vapour adsorbed at various
pressures by a glven soldid at a consbant temperaturc,

snally when the adsorbate is & vapour; the amount adsorbed
ie plotbed againgt the relative pressure rather vhem tho
actual pressurc. The relative pressure is bthe actual
pressuve of the vapour divided by the paturated VADOML

23

pressure &b the btemporature of the experiment. Drunaner s

divides sowpbion dscobherms inbo five types, acecording to
the various shapos obbained. Only Brunouer's types IX
and LTI will be considered in the present connection and
these are represented in Fig. 1. Pype II is commonly
known ag the sigmoid or S-ghapoed isotherm and can be taken

ag consisting of three parts:
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(c.c) AT NTR

VOLUME ADSORPED

Plg., 1.

235

Bruncuer's

F

L]

types 11 and IIT sorption isotherms,
pressure of the vapour in the system

vapour pressure of pure water at any glven temperaiure




2 is a low pressure region, concave to the
pressure axis, which represents Langmuir
adsorption, the amount adsorbed increasing
vapidly with increage in vapour pressure and
the end of this part corresponds to a
completion of a monolayer of gasg molecules (Vam).

B is a limear portion representing multilayer
adsorption, the length and slope of which
depend on the adsorbate; the adsorbent and
the temperature.

T is a portion showing a sharp increase im the
amount adsorbed with increasing vapour pressure
and is probably due to capillary condensatiom,

The type JII isotherm is convex towards the vapour presgure
axis and this is assoclated with low heats of adsorpbtion.
There are two chavacteristic features of sorplion
isotherms., - The first ds that, since the adsorption
process is always cexothermic, the amount adsorbed always
decreases with increasing temperature in accordanee with
the law of Le Chatelier, The second is that the isotherms
show hysteresis effects.
The B.E.D, Theory

Many theories dealing with the adsorption of gases and

vapours have been introduced, but the most widely used has

14



been that of Brunauer; Emmett ond Teller 2 (referred to
usually as the B.EJT. theowyl)s This theory enables the
surface area and pore structbure of solids to be studied
and provides an explanation For the five different types
of sorpbion isotherms through the whble range of vapous
Pressure, The vheory assumes that van der Waalst forces:
are responsible for adsorption of gas molecules on the
surface of the solid adsorbent and that these forces are
the same forces as those regponsible for condensations
that more than one layer of sorbate molecules may be
present on the surface of the adsorbent; +that the energ§
of sorption for nmolecules in all layers execept the first
is the heat of condensation of puire sorbates and that
the energy of sorpbtion is the same for all molecules in
this £irst layewr. The B«Bs equation is best applied

in the grogion of 0.05 « 0.35 relative vapouyr pressuprc.
Several workers have applied B.E.T. theory to water
sorptlon isobherms of food. The Following ie the eguation

o a g L] - :ih
and Lltg modification Ffor molsture sorpbion ¢

p e L C-1, P (1)
g~ P) ZT Zc P

wheres
A = grems of water per 100 grams of dry solids ab

moisture vapour pressure P.

15
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i

vapour pregsure of pure water at the spame
toemperature.

C = a constent related to the heat of adsorpbion.
p = grams of water equivalent to a meonomolecularp

layer adsovrbed en 100 grams of dry solids,

¥ 3 o
4 plot of o againsy N straight lime with
| WP ~ P P
(® - ¥) 3

/

¥ - axis inbtercept cqual tmiif: . In the work carried oub
{

by Salwim, vapour pressures are expressed in terms of

percent relative humiddiy, Ry thus the Ffollowilng

transformation is useds

0. (100-R)
R . .
The streight line plot of =~ ageingt R, has a

A(L00 ~ R)
vy < axis in%erce@t, I and éldpe, 8. ‘The value of the

monomolecular layer can be caleulated using equation (3).

4 = 1 o (3)
/ I + 1608

The numerdical values of I and 8 can be taken Ffrom
the plot of equation (2), or can be calculated by solving
simulbancous equations which result from substituting into
equation (2), numerical values of @ and R at two poinbs
on the isotherm between approximately 5% and 35% relative

hundidity.

16
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A npumber of workers hove suggesbed

modifications of the B.E.TQ. equation by applying 1t to

a LT .0 ¥ gé’ 3 £ .0 ) "
specific systems, Hillks °% methematical tireabtment
Indicates that there nced be no sharp distinction between

condensed water and water adsorbed in multimolecular layers,

2 ,
a conclusion alse accepted by Magae ot al 5. Heilwood

26

and Horrobin * ; working with natural and syntheble Filbres,

.
found the epplication of the B.L.T. theory in such cases

t
to be only paytly successful. By assuming that the
adsorbed water oxists in two states, one in simple selution
and another combined to form a hydeate with defindlte units
of the filbre molecule,  they were able to derive a modified
equation gilving better agreoment with their experimental
.~ Motapen 27
0 Dole and Melopen

resuld also expressed doubt as to

N

the applicablility of the unmodificd equation to protelins

i

and polymers.

The importance of the BJE.T. theopry ldes in its
ability to be used for caleulating the amount of adsorbate
present at the mopolayer condition which, dn addition to
its uvse for measuring the surface avea of the solid
adsorbent 2933@, is of gbeaﬁ value in determining the
condition of the adsorbate in a particular system. It has
been applied by a aumber of workers studying the state of

. . 3=33
water dn dehydrated foods 3 ”33.
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The Adsorption of Water Vapour by Protceins and Polymers

Several werkers have compared the adsorption of
gases, such as nitrogen and water vapour; by proteins

34,-36

and polymers s and have concluded that wabter adsorption

is different from that of nitregen in that it takes place
at speeific sites. A relationship between these sites

and the amount of waber adsorbed has been established by
several workens.

Bull 37 and Shaw 38 both conclunde that the ares
govered by the monclayer is omly a small part of the tobtal
area of a protein when spread im a thim £ilm, and they
ther@fmge suggest that the water is bomnd locally to certain
hydrophiliec 'groups .

Paunling 39

calounlates that bthe number of water
noleculos adsorbed bears a relationship to the total nuiber
of polar side chains in cerbain proteins and inteprprets
previously published data om the assumption that one water
moleonle is abbached to cach polar aminceacid side chain.
He maintains thalt peptide groups do mot bind water, be@aﬁae
of thelr mubual interaction dnvolving hydrogen bonds,
Mellon eb a1.40 have detormined guantitatively the
contyibution of the amino group to the water adsorbing
power of cageinms Thedr study shows that the amdno group,

which constitubes less than 1% of the velght of the casein
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molecule, is responsible for about 25% of the total water
sorpbion by casein over the entire range between 6% and
03% relative humiditys The ameount of water held at 75%
R.He ig comsistent with the amount required for completo
satisfaction of all hydrogen bomnds asgsociated with the
anino groups.

AL

The same authors conclude, from studics on
polyglyecine peptides, that in these cases peptide linkages
must be responsible for most of the water absorpbion.
By comparing the absorption of polyglycine peptideswith
the absorption of proteims, they found that peptide groups
were vesponsible for about 45% of the vapour phase absorption
by casein and 70% of the absorption by Zein at 60% relative
humidity.

Melaren and Rowen 42, in 1951, reviewved previous
work on the sorption of wateyr vapeour by proteins and

polymers and noted that; with synthotie polymers, the

orptilUe capacity of a polar group on a side chain may be

651

=
lﬁl.

iffervent from that of the seme grouping in the madn polymer
chain itself. They suggest that the poldfr . groups in
proteins which can bind water include those of serine,
thretnine; tyrosine, ar%éine, aspartic acid and glutamic
aclde They do not support the idea that peptide bonds

A

play a predominont part in sorption, but suggesec that it o
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necossary in some cases 0 assumne that a certaim proportion
of tho water molecunles ic bound to pepltide groups.

43 conclude from studics on the

Katchaoann et al.
sorption of water vapour by proteins and polymers that,
dn trypsin - inhibition, the crystalline matorial can
hold more water at a given vapour pressure than cam thse
anorphous form, and postulate that in addition to water
held by polar groups, water may also be held between
layers of peptide chains in the crystal. They also
maintain that the ability of a polymer to sorb waber

depends on the mature, as well as the positiom of the

polar groups present in the molecule,

The monolaye

The amount of water in the monclayer has been
found by Salwini to correspond clozely to the molisture
values at which a number of foods have the grestest
stability (Table 1).

Above these optimun values, browning reactions,
caking, and hydrolysis of lipids take place. Below
these values, bleaching, loss of vitawin C and rancidity
occur, and the ability to mecemsﬁi&u&e is affecteod.

It has been suggested that, at tho monolayew

value, the reactions are affected ag follows:
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a) Ab the monolayer there is no free water and
the inditiation of browning reactions is thereby
inhibited,

b) The monolayer water might offer protection
against attack by oxygen on functional groups
of proteins and carbohydrates, possibly by
excluding adsorption of exygen directly,
possibly by inhibiting the batalyti@ action
of trace meta1$‘44
¢) The adsorbed water might also inhibit

interactions, such as the establiishment of
hydrogen bomds, between adjacent polar groups,
thereby preserving thelr hydrophilic properties,
and fagilitabing rehydiabion.

Dififnsion Fxporiments.

Puring drying there is movement not only of water
but also of dissolved solids; and this movement is
facilitated by the loss of thé seni=porneability of the
eytoplasmic membramas which takes place at the death
of the cells as, for example, during scalding. This
movenent of solutes has been studied recemtly by
Buckworth and co-workers. 477 46, 47.

Recently Buckworth and Tabasnié%;usimg sulphuy e

35 « labelled Sodium sulphite and the technigue eof



as

autoradiagraphy, exaniined the distribution amd movement
of sulphite during dehydration of potato and carrot and
found a central accumulation of the sulphite im pleces
of thoso materials, More recontly Duckwerth and
Smﬂ%hé7 studied the mavémenﬁ and distribution of labelled
glucose in scalded potaﬁo and carsot by soaking carrod
and potate stripes in solutions of labelled glmcaaa;

then obtaining autoradiographs of sections taken at
various intervals during drying. Their results imdicate
that there is a net inward movement and accunulation of
labelled glucose at thé centres of the strips, These
results lend support to the suggestion that the
phenomnenon of the brown centre in dehydrated potatoes
{due to the rapid progress of browning reactions in this
central region), might be due to invard diffusion of the
browning reactants during drying. These same workers\ﬁgl
also examined the ability of solutes to diffuse at
different moisture levels using similar methods. Their
results indicate that solute diffusion in these materials
is only possible at moisture contents above those
cgleunlated to correspond to a theoretical monolayer.

When they measured tﬁe eléetrical resistance of these

materials, they found a sharp increase im resistance
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holow ﬁha poeint found o bDe limiting for solute diffusion,
Tho route by which diffusion of theso svlutes takes plaeo
was also oxamined, and 46 was Yonad that, im potato,
diffusion oceurs more qquickly through sections of tho
@ollewall notwork and of the completo tissuwe than Ghrough
secbions of atarch mal. From thio, they ceoncludo that
movement dn the completo tissue ds prodominantly aloag
the ecll walls, a conclusion which bas boon supported

by auteradiographic evidonce.



EXPERIMENTAL

L. Materials

Food materials

The materials used for both sorptiom and diffusion

experinents were: .
(1) Freeze-dried onions, green beans and raspberrics.
(2) Air-dried potatoes, peas, apples, meat and carrot,
{(3) Sunedried tomatoes, haricot beans and dates,.

(These were obtained from the Sudan.)

(1)

The radioactive materials used weres

Glucose, uniformly labelled with Carbom 14,
chtained from the Radiocchemical centre, Amersham,
Buckinshamshire. A specific activity of 25 uc/ml.
was used. Thiﬁlg - emitving isotope ds
particunlarly suitable for autoradiography, haviag
a maximng energy of 0.154 M.e.v., and a half-life
of 5,580 y@arﬁ.si

Glucose was chﬁéam,a@ a representative of the
sinple food constitueants which may contribute as
reactanta towards the chemiecal deberioration

taking place indehydrated foods,

25



(2)

Carbon 14 « labelled urca - specific activity
40 He/ml. This was used in work to study the effect

of molecular size on diffusion.

26



2. Sorption experiments

Introduction

The sorption of water vapour by dehydrated foods

can best be studied by preparing sorption isotherms

showing the equilibrium relationships between the moisture

content of the product and the relative humidity of the
atmosphere immediately arocund it. A saturated salt
solution held im an enclosed vegssel at a certain
temperature will produce a constanﬁhhumidity peculiar to
the salt used;48’49 (See Table 2), Sulphuric acid
solutions of known concentration can also be used for
this purposc. The exact concentration of the solution
can be determined exactly by meoasuring its density.
(Tables relating relative humidity to demsity and
concentration of the acid arc givem im the International
Critical Tableso0),

The time required for equilibration may be
raﬁuced-by evacuation, forced circulation of the air
above the material or by reducing the particle size of
the material used, After equilibrium has been attained
the moisture contvent of the material may then be

determined gravimetrically. The humidity of the vapour

27



PABLE 8

BURATTYY  HUMEDITELS CORFESPONDING, %0 SULPHURIC ACID

AD__SATURATED _SALT _SOLUTIONS gt 39%,

4B=G0

Selution

| &@;iém?‘:mﬁx? an Relative
Humddity
(%)
Lithiwn chloride Satvrated 12
Potassivm acetate i 20
Sulphurie acid &5646% 55
Hagrestun chiloride Seiurated 58
Chromnlun oxide & 40
Potasaiun carbongde ¥ 45
Sodiwn bromide #

28
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phase in equilibrium with the sample is expressed as
equilibrium relative huhidity, P x 100, where:

P
o

P = molsture vapour pressure of the sample.
P = vapour preossure of pure walter at tho sawe
o
CeRperature.
The moisture content lg exprossed ss grams of water powr
LCO grams of dey material.
Preparvation of samples

The food metericls were powdered im a Glem
Creston electric mill, and the powdered materdal passing
a 40 mesh sieve, woo used for sorption exporimonis.

Two methods were used for detepmining theonodobure
c@mtént of the material ot eguidllbrium, In the first
one, and initlally dry sample was ocmployed and lto
equilibriun nolesture comtent av a given relative
humidity was caloulated fron the lncresse in welght of
the sample. in vhis case initially dry samples were
obtained by deying material to noar constant wedght
in @ vacuum-oven at a temperature of ?@ﬁﬂ. and undor a
vacnum Of 125 mn, Heg. (drying wos discontinued when the

difference between two successive welghings was loss



than 2 mg. im a sample of approximately 5 gms.)

In the second method the modsturc content
deternination was made by dryimng material from the
hunidity chambers to constant weight over phosphorous
pentoxide under vacuum,

Samples of appreximately 1 g. were used for cach
determnination of moisturce comtent.

Banidity chambers

Constant relative humidities corresponding to
the different solutions given im Table 2, woere maintained
in closed sweet jars approximately 6% x 6% x 9% in size.
in each jar, a perforated zinc platform, supported by
aluninium strips attached to the neck of the jar, ws used
for holding the welghing bottles containing the samples,.

Relative humidities were mecasured using a Negretti and

Zambra R.H, moter with a Llithium chloride cell. (Plate 1).

Pguilibrotion

The weighed samples were placed im the humidity
chambers, in which they were stored in an incubator at
3?0@. The sanples were removed fr@m the chambers at
various intervals and weighed, VWhen mo significant
change in weight occcourred bebtween two successive

welghings, a sanple was comrsidered to have reached

30
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equilibriun, (In these experiments the samples took

10 - 15 days to reach equilibrium),

b g ,‘i l'

Mamy comparisons have been made in the past
hetween different methods of determining the moisture
contents of food materials, e.g., §52-57. In common
with other authors, Saiw1n66 naintains that oven
methods are not suitable for foods that are unstable,
or which contain volatile materials in addition to
moisture, while drying over phosphorus:. pentoxide undes
vacuum gives erroneocusly high results when velatiles are
present, unless the temperature is reduced to approximately
40°F. in the present work continued losses were recorded
even after drying for 150 hours im the vacuum oven.
Moisture content obtained after drying for ¢ hours were
in good agreemént with those obtained by drying oves
phosphorus : pentoxide (Table 3). Potato, haricot bean
and meat, being relatively stable materials, showed the
least difference in results obtained by the two methods,
while date, tomato, apple, carrot and pea ahowed a
relatively larger discrepancy (materials especially rich

in sugars (Table 4) or in volatiles.)



TABLE &

SRS St

CONPARISON  OF HOISTURE COWTENE DRTERMINATIONS

USING _VAQUUM-OVEN AND __PHOSPIORUS PENTOXIDE METHODS

Metstume content {g.water/i00g. dry soiids)
Materiol Pacuum oven ng’g Difference

(70%0, 6 nrs, 195 mwntly)  (20°C., SO mHge)
Pototoes 8,05 7288 0.20
He Beans 7.98 ‘ 7 74 024
Pecs s, 2,61 0.60
Meat He48 5,80 @,23
Corpote 545 4,85 060
Apples 7. 08 _ 6. 88 9,42
Tomatoes 8,00 4o 0.56
Dates §5.07 L B4 0,83




CABLY 4

AVERAGE _PERCENTAGE SUGARS AND HIGH MNOLEGULAR _WEICHT

CONSTIVUENTS IR BOBNT I ORF MATLRIALS USED (CALCULATED

FRON _AVAILABLE _DAA), 7072

Carbohpiraies

other thon Proteins Sugars
Material SugOis
% dry aol icis

Parmtaes 36‘ D | 9 3

o ] , ,
He beans | 6‘8 24 | 2
-é- beans 68 | 2?7 8
Peas 5.? 8‘? i»?
Méat t). s 0
Ragpberriaeg 59 & 9
omtons 25 2 P
Jarrots 3?‘ 8 54
ronatocs 24 15 54
Apples 24 é? ?e?
.ﬂ@fes ,ZGV' 2 70

34
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Results

Moisture content: cglculation
Results of measurements were calculated as follows:

Moisture content (% dry weight) = (A = B) x 100
B

A = ywelght of sample atb equilibmia‘
B = weight of dry semple.

A - B ds very small and is subject to a large
percontage error resulting from the relatively émall
percentage errvor in the values of A and B.

Bach value for moisture content in Table § is
an arithmetic mean of the weﬁulﬂs obtained from three
sapples treated simultanecusly under the same conditions.

These values were used to obtain the sorption
isotherms chown in Figs. 3=7.

Discussion
Several workers have studied the water relations

31,5866,

of different types of dehydrated foods. It

has been shown from these studies that dehydrated foods
exhibit S » shaped moisture sorption isotherms. Gane 58
points ot that the sigmoid character is most pronounced

with foods rich in starch, protein or other high

moleculaw wolght pelymérs; and least for foods high
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in soluable solids, Salwinéé illustrates four types of
isotherms which he maintain@ cover the moisture sorption
behaviour of mearly all dehydrated foods. (See Fige 2).
The first and second are typical for starchy and protein
foodas respectively. These are both sigmoid and of the
type referred t@ by Brunauer as type II. The third
is typical of foods rich in both sugars and constituents
of high molecular weight., At low temperaturc {(40°F.)
the sigmoid character ia‘pranounced, but at higher
temperature (100°F) the curve becomes more convex
toward the vapour pressure axis, except at very low
vapour preossure. This is due to the solution effects
of the sugars being dominant at higher temperatures.
The fourth type is typical of foods with especially
high sugar content and is sinilar to the type ITIX of
Brunauer.

Recently Gileaﬁ7 as discussed type II and
type IXII isotherms in relation to focds, e mobes that
sugars show the latter type, something which is
unexpected for an almost entirely polar surface, as
opposed to graphite, which also gives type III water
vapour isotvherms,

However, he suggests that osmotic effects due
to solution of sugar at the surface might be respomsible

for this phenomnenon,
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Figs, 3-7 show the aqrption isotherms obtained
for the eleven materials studied. Seven of these
materials gave sorption isothermns which were concave
te the vapour pressure axis at the lower vapour pressure
region and would therefore be expected to show typical
signoid curves, had points also been obtained at higher
relative humidities, These are: potato, harict bean,
green bean, pea, meat, onion and raspberry. The
remaining materials (carrot, tomato, apple and date)
show Brunauer type III isotherms, These results are

66

in good agreement with Salwin's findings in that the
first five materials shoﬁing the sigmoid isotherms ave
rich in high molecular weight constituents, while the
'remaining two are rich both in these macromelecular
materials and in sugars (Table 4). The shape of the
isotherms for apple and date also agree with
expectations since these materials have an especially
high sugar content,

The isotherms also show that starchy foods, such
as potato aﬁd hegif have the greatest watersholding
capacity at low relative humidities, while foods rich in

protein, such as meat, are intermediate in this respect

between the starchy praducts-am& the remaining materials,

39
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Pige 4,
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Fig, 5. Motsture-sorption isotherms for dehydrated motericls at mwon..
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@&1@&63 attribubes the high wator-holding capacity of
staveh to the progrossive chengss in the available susdace
of thin subatance as it beeornos swollen by odoovbed wabew,
The foods with vovry bigh sugor content, on the other hand,
show very low woteve-helding eapacity abt low rolative
fumidities, the wvater presant exesting a rolatively high
VAPOUT Prassura, |
Tt iz basic to the D.E,%. thoory that a plet
. £
o 1001
volueos of a and & at two points on the iscbhorm between

against B should result in s stralgit line for

8% and 38% R.H. The values for these are plobied in
this way. It will be geen thadt only in sose of potatees,
haricot beans, greoon beans, poeas, noat ond onieps, do
the resulting plots approsinate to o steraight line
(Figp. B30}, The ﬁl@ﬁﬁ o EEEé%:E? agaiust B fopr the
vemaining mateprials, asexpectied fron the shapes of the
sorption isothorms oither fail to glve a straight line,
o preduce o line, the slope of which iz the vmveyée of
that obbained with the cavlier materials.

These results support Salwin's contontion that
the B.EBE.%. theory is not applicable to foods with
espetially high sugar content. With rogard to Saluwin's

intvernedigte proup, the earrowu, tomate and raspheorry
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in this case are more similar in. their behaviour to
products with especially high sugar content, while
ondon gave a sigmoid isotherm, and a plot of ETE%E:ﬁ?
againgt R a veasonable straight line of normal slope.
Table 5-$haws the caloulated B.E.T, m@n@layef
values for the six materials to which the equation
seens to be applicable, These values are in good
agreement with values obtaimed from the results of
other workers. The differences are slight and may bhe
attributed to differences in variety, pre-drying

treatment, ete,
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3o Biffusjion experingnts

\Inﬁraﬁuﬁtiam

The purpose of this series of cxporiments was Go
gtudy the diffusion of a simple wator-scluablo compound
{carbon 14- labelled glucese) through pioces of deied
npaterial. Solute diffusion reguires a continuons phase
of solvent water and if éu@h diffusion cam be shown to
take place, then there must be frec wateor presomt im the
material, It is thus possiblc to determine the lowest
moigture content at which there la o continuwous phase
of solvent water, by determining whoether solute
diffusion can take place,

If o vpadicactive substance such as carbon 14-
Llabelled gluceose is applied to the surface of a dry
material, nmigration of this substance can bo studied by
auntoradiography which locates theo distribution of the
labellied compound by the blackenimng of an Xeray £ilm

. . ) . A . 8
due to tho action of the emitted donising waﬁia%man.@

rleces of material wore cut o conveniont sizes
which varied according to the nature of the individual
product . These were First chocked to see that their

modsture conbact was less than the eguilibrium moisturc

50



content corresponding $o0 o relative humidity of 12%,
This was dome by placing a weighed sample in the 129 R.H.
chamber and exanining for any gain or loss of weighb,

A square, with sides of appromimately 1 om, was
marked with Iadian dink on each piece of material to be
used, About $.0002 ml. of a soluticon of carbon lde
labelled glucose {(specific activity 25 uUc/ml, slucose
concentration 0,025%) was applied te the mavked avea with
a small brush, and this was dried inmediately undewr aﬁ
infra-red lamp,

The prepared materials wore then stored at the
different relative humidities (129 ~ 43% R.H.) at 37°C,

A control test was made by examining a number of picces
of each materiallﬁﬁ confirm that the tracer was initially
sharply localised at the surface and confined to the
marked areas. The method by which the materlal was
propared for aunbtoradiography iz deserdbed in subseguendt

sections,

Ppeege=-dry: 69

After gtoring for a definite period, samples of
cach material were removed from the humidity chambers
and freeze~dried, before embedding ir paraffin wax,

This was done to avoid diffusion taking place daring
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the preparation and autoradiography of the material and
to prevent radioactive contamimation of the film,

Freeze=drying was carried out in an Edwards model 10P

freeze-drying unit for a period of 48 hours and under a

vacuum of 0,01 mm. Heg,. The unit is illustrated in

Fi@;u il.

Atter the materials were freeze-dried; they were
de=gassed under vacuum in molten paraffin wax (melting
point 56°C,). This procedure was necessary im order to
obtain satisfactory penetration of wax through the
tissues s0 as to facilitate the subsequent preparation
of the material for autoradiography. The materials
and the molten wax were ther poured into petriedishes
and cooled in air so as to prevent any possibility of
water getting into the material, A flat surface was
then cut through each specimen, at right angles to the
labelled side, by‘means of a microtome, and the cut face
applied to Xeray filim for autoradiography, The .
specimen and film were then placed in a light-proof
envelope and stored im a cool place for pericds of

between one and six weeks.
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Development of Xeray film

The X-ray films were developed as follows:
Kodak D.19B developer 8 ninutes.
2% acetic acid stop bath 1 minute.
Acid hypo fixer 30 minutes,
These treatments were carried out at room
temperature (20°C), using a Kodak 6B safelight, The
fixer solution was washed off the filwm by holding din

running water for omne hour, and the film was allowed to

Yo study the effect of molecular size on

diffusion, two other series of apple pieces were set
up and stored, one being treated with carbon 14- labelled
urea and the other with carbon 14~ labelled glucose in

the manner described previously for labelled glucose.

Results

Figs. 12«55 show autoradiographs obtained for
the different materials after storage for € months in
cquilibrium with relative humidities of 32%, 40% and 43%
resp&&tiveiy. A summary of these resulis is given in
Table 6. Extensive diffusion of a small amount of

tracer is shown to oceur in date at all the pelative
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Evid#inc, of diffusion of «luco», during
Btor. ,B-for 6 month, in eouilibriif
with diffmMmt humiditi, ,.

1. Potato

Control

at ioOi.

at A3i.



Fig.

F&g.

Fi».

Fix».

16.

17.

18.

19.

Hi»

Haricot bean

Control.

at 322

at 4k

at 4J1
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3¢ Green bean

202 £finlT2I

at 32%,

aL-afia.

fj_-i_Ej_ 23* ALJUA.



Fig.

Fig.

Fig.

24

26.

27 .

fu

Control

ai 221>

nt 40%
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Fig. M.

Fig. “0.

Fig. 31.

Control.

at 32%.

at 40%.



Ma# I32
Fig. 33.
Fig. 3i.

6.

oalga

60

Control,

al 221

at AO% o

at 431



7. facf£S1l

Ft£,i T HHgm Control,
figi 37. at 32%.
£i«* 36. UL-aSH

fit,. 19. »t 131.



Eiax-ifie
Fig. 41.
Fig. 42.

Fig. 43.

8e

Tomato

cgnirgl

at, .ASa.

al ils
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Fig.

Fig.

Fig.

Fig.

44

45

46 .

47

9. Raspberry

r

Control

at 40%.

at 43%.
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10. Apple

fig. 48. Control
Fig. 49. al 221-
Fig. SO.

oo

Fig. a%.A21



11. Date

Eiiu b5a Control.

Fie. S3 at 323
fig.,-14 at A0%.

Fia. SS.



EVIDENCE

TADLE &

OF DIFPUSION DURING STORAGE FOR 6 MONTHS

I BQUILIPRIUY WITH DIFFERENY RELATIVE HUMIDIVILS

Hel afive hmidiity and corresponding moloture contenis
Haierial Molsture Notature M‘aisémra
3%% | conteni | 20% conteni | 48% content
gevadery getrriery g.water/
200 g dry 100 g dry 200 g dry
aolids goidda sol ?ds
Peotato P Vo235 P Be 0 P D l&
7. bean e | 7.7E | -we | 882 | ~we | 9480
¢y haan 4o 58 e 5480 e 5468
Poaa 4,63 | wwe | 6o 22 Y 6460
Head ] 5.90 108 6640 e | Be82
onlon R 4,80 e 690 LBE 8411
Carrot ) 4485 | ~e 673 e 7.20
Tomato Qe L4 wi@ G40 e | 6‘.9?
Mspbar*wy ~se? g.52 el 4,94 ~Def 5,58
Apple e 6468 @ 9,70 e J10.80
Date we | dEd +DE 6.85 | e 7,67

The evidence of diffusion in potais is

2ese convineing than that for other

metertals For which a definitely positive

resul t has been recorded,
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humidities and in pea, meat, onion and green bean at 40%
and 43% R.ls. and the fesults in these cases are regarded
as definitely positive. At 327 R,H., date hés a
moisture content of 4.24 g. water/100 g. dry solids,

and at 40% R.H., pea, meat, onion and green bean have
moisture contents of 6.12, 6.4, 0.9 and 5.3 g. water/
100 g. dry solids respectively. Evidence of less
extensive diffusion of the glucose was found in one
particular specimen of meat and another of pea, stored
at 32% R.iH. O0n the other hand, any diffusion of the
glucose in potato has been sirictly localised and the
results for this material are comsidered questiocnable
even at the highest R.H, used {at this R.H. (43%) the
moisture content of the material was 9.15 g. water/

100 g. dry solids). In the case of haricot bean,
carrot, tomato and apple, definitely negative results
were obtained at all the relative humidities used {(at
43% R.H, the moisture contents of these materials were
9.3, 7.2, 6,97, and 10.8 g. water/100 g. dry solids
respectively. (lIn apple, negative resulis were also
obtained at an even higher moisture content - sec later.)
In raspberry only isolated spots of acﬁivity, which

are not regarded as valid evidence of diffusion of the
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tracer during storage, could be detected, This material
was unusually brittle in the dry state and the presence
of these spots on the autoradiographic film is probably
due in this case to the transfer of small active particles
from the located surface across the face of the block
during the preparation of the material for auntoradiography.
This material is therefore considered as showing a
negative result even at the highest moisture content of
5.58 g. water/100 g, dry solids.

Results of the experiment carried out te study
the effect of molecular size on diffusion im apple, are
shown in Figs, 56-69 and are summarised in Table 7.
These show that while diffusion of urea {molecular
weight = 00) was found to ogccur at a moisture content
of |0.8 g. water/100 g. dry solids during storage for ome
month, no evidence of diffusion has been obtained in the
case of glucose (molecular weight = 180} at a moisture
content as high as 16 g. water/100 g. dry solids during four

months of storage.



Evidence of diffu.lon of labelled
elncoee end urea in anole dnrlng

etoreee in equilibrium with

different relmttv# am.

1. Piffneion of elucoee during etoreee for A monthi.

Fie H ¢ Control
Fig, 57» nt 32%
Fig/ 5#- -

P1&A 59. — AITH4H 128



Fig. 61.
Fig. 62.
EXRa” .

Fig. 64.
Fig. 65.

2.

Diffusion of ure.

during

storage for 1 month.

Control

gjLJU.

i0 L -ifil.

at 13~.

ai_j&i



Fig.

Fig.

Fig.

06.

68.

69.

3.

Diffusion of ur#m during

storage for A months.

at aft

at-AJl.

at_SSi.
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AR AT 2 ALY

EVEDENGE _QF  DIFFUSION OF ZABRLLED GLUCOSE AVD UDEA XN _APPLE

DURING STORAGE I'OR & MNONTHS IN PQUILIBRIUM WITH DIFFERINT

BELATIVE _HUMIDITIES

Relodive humidity and corresponding molsture conidend

Soluse

Mpitature Moiatvre Motstura HMotsture
S2% | content | 40% | content | 45% | content |58% | conten
gevaters gerater/ gevaier/ g.water/|
100 g dry 100 g,0vy 100 g.dry 100g. dry
solida solids solids aolids
| Corbon 14 -~
Iabelled . ‘
 glugose =330 e lo} =PQ =8
6e68 ¢ 70 10,80 15,60
Garbon [dw
1 Yabellad
nrea 1@ -3E SBE e




4. Discussion

Previous work has indicated that in some materials
which show sigmoid water sorption isotherams (im partienlar
potato and fish), an appavrently close relationship exists
between the ealculated monolayer value and the level of
moisture which is limiting for solute diffusion. In
other words these earlier results suggest that water in
excess of the First adsorbed layer is relatively free of
restrictive forces and is capable of facilitating the
movement of simple soluable constituents. The primary
object of the present experiments was to examine, by
extending these investigations to a wider range of
materials and solutes, whether this proposed relationship
has any general and fundamental significance in regard
to the condition of water in dehydrated foods,

The evidence described in the previous section
suggests that a similar relationship does inr fact
exist in a number of additional materials which show

isotherms of the sigmoid type. This appears to be the
case, fTor cxample, with onion, pea, meat and green bean,
although in the last material some migration of the

tracer was found to occur at moisture contents actually
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lower than the caleuwlated monclayer value, The results
obtained with haricot bean do not conform to this N
general picture in that ne evidence of diffusion of the
glucose was found evem at the highest moisture comtent
ueed in the experiment, which a2t 9.8 g. water/100 g. dry
solids was some 3% higher than the monolayer Valuﬁ.‘
Hardicobt bean is, however, exceptional awong the materials
used in that the tissues had net been subjected to any
prior heat treatment and, though it is doubtful whethes
the cells would be capable of complete recovery after
the extra drying involved in the experimental procedure,
the biological menbrances wounld be ocssentially intact
and relatively resistant to the passage of ﬂiSS@lJ;d
mataeriale. A disturbing feabture of the resulis im the
present case is the dounbiful nature of the evidence fow
diffusion of glucoso in potate - the wmaterial most
exhanstively studied in previous idmvestigations - at
nolgture contonts between 7.85 and 9,15 g. water/

100 g. dry solids, the latter being some 2.5% higher
than the caloculated monolayer value, Alchough the

rate of diffusion of glucose in potato tissue was alse
found in earlier work to be relatively slow comparcd

with that in other btissues - this has been attribubed



to the relatively high content of dense homogencous
starch gel - the present results are not in agrecment
with those of carlier work in which a more extonsive
novement of the traces was demostrated within this
range of molsture conbtent during evem shorter periods
of storage. Ho satisfactory explanation of this
apparent diserepancy can be offered at the present time.
The vresulis of the diffucion experiments using
materiales which gave isotherms of the Brunauner bype LiX
(nonegignoid isotherms, showing ne clear distinetion
between the First adserbed and later adsorbed wator)
were entirvely negative eoxcept in the case of date, in
which a positive result was obtained alt each of the
noisturce levels tested - down 0 4.24 g. water/100 g.
dry solids, This latter value is the lowest moisture
content at which glucose has been found to diffuse in
any of the materials so far examined, Dates differ
from the other members of this group (apple, carrot and
tomateo) in their unusually high level of invert sugaw
(determination of the proportion of invert sugar te
sucyrose in date gave a value of 15 parts of dnvert sugar
to 1 part of sucrose) and in the absence of any other

explanation foy this exceptional wesult in the diffusion
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experiments, it may be that the condition of the water of
hydration is influenced by this compositional difference
“in such g way as to facilitate the diffusion of the
glucose,

The experiments in which carbon 14- Llabelled
urea was used as a tést solute have yielded evidence that
it is not only the condition of the water in the
matorial which determines tho limiting moisture content
at which diffusion can occur, but that the latter may
alseo vary with the molecular size of the solute, The
smaller molecules of urea diffused cxtensively im
apple tissue at moisture contents at wvhich movement of
glucose appeared to be completely imhibited, This
- raises the question as to whether the struciure of the
solid skeleton of the material may not act as a
molecular sieve, In this case, the ability of a
particular solute to diffuse through the material,
though still dependent om the pre&énce of solvent water,
would also be comtrolled by the dimemsions of the spaces
between the macromolecules, ome effect of increasing
ﬁhe méi&ture &@mﬁeat being to increase the size of the
latter so as te allow the passage of larger and larger

aolute particles. Unfortunately, these tests with



urea were linited o a single feod materdal, but the
vesnlits elearly show that the relationsbhips bebween tho
degreo of hydration of a motordial and the nobility of
its various soluable conpsbituents ave nove complesx than
has been supgestod by the reosults of carlier work
using o single tent sclute. This offect of the
anelecunlar gizo of the solube obviocusly reguires nore
shorough dnvestigation using a svoprosentative vange of
food materials and only thom will i be possible to
esteblioh mere elearly the relationships which exiet
botween the degroe of hydpation, the offect of tho
latter on the sub-nicroseopic struoture of Ghe solid
shkeloton of the matordal and the ability of selutes to
nigrate cad intoract im these dehydrated biolegiceal

BYetens .«



PART IIX
VARICUS EFFECTS OF THE PRE-DRYING
TREATMENT OF DUDHYDRATED MATERIALS
WITH ‘LIQUID GLUCOSE’.



Materials

The food materials - carrot, apple and onion - used
in this part of the work were obtained imn the fresh

condition from local shops.

iliguid glucose® of 38% dextrose eguivalent., This
sample was supplied by the Corm Products Company Ltd.,
and was made by direct acid hydrolysis of maize
stavrch, From this sample two solutions were

prepared:

a) liguid glucose diluted with water (one

part of sample to three parts of water).
¥ P

b) liguid glucose diluted with carbon 14-
labelled glucose - specific activity
5uc/mnl, {one part of sample to three

parts of labelled glucose).



Study, of the rate of dyying

Rr:

and hydration characteristics.

L. Preparation of food materials for drying.

2

2% TR A S e e KA IO

After peeling and trimming as necessary, the

materials were cut in a %Suzimatic Chopper" Go. pieces
an an an ‘ ‘

approximately i6 * 76 * 76 The carrot was them
blanched in a steam box for a periocd of seven
ninntes. Immediately prior to drying half of each
lot of prepared material was dipped for half a
minute in the liguid glucose soclutiom and

subsoguently drained for approximately btwo minutes.

Study of the comparative rates of drying.

Samples of approximately 10 g. of control and
of liguid glucese treated materials were ﬁeigh@d
inte aluminium dishes and allowed to dry in an oven
at 60°C, for periods of time normally used in
commercial drying?g (tem hours for carrots and apples
and eight hours for onions), After following the
course of drying during the above periods, the fimal
mnoisture contents of the samples were determined by
further drying in a vacuum-oven at 70960 and under a
vacuum of 25 mm.Hg. for ¢ hours. Dehydration

curves weére obtained by plotting the moisture content



of the material (g. water per g. dry solids) against

the period of drying.

3. Study of the hvdration chavacceristics.

st ¢ YIS T AL

a) Hydration ecurves

SR T Felpra et e 2

The treated and untreated materials were
dyied in the same manner as the samples used for
studying the rate of drying (first in the oven at
@GGC., then in the vacuumn~oven at 709C.) Samples
of about lg. of the dried materials were weighed
in weighing bottles and placed in a bhumidity
chamber containing pure water., The samples were
removed and weighed at various imtervals during a
period of 45 hours, Uydration curves wewre
obtained by plotting moisture content (dry weight
basis), against the period of vehydration.

b). Sorption isctheras

Serption igotherms were obltained by storing
material, drled in the same way as deseribed above,
at relative humidities of 20%, 32%, 40% and 43%.

(See part I).



4. Results and discussion.

5 P A LT AR IR SO AT R B

Results of drying and hydration experiments ave
given in Yables 8~10 and ave illustrated graphically im
Figs. 70-78. Zhis Treatment would be expected to
cause the materials to dry less rapidly with a smaller
loss in velatile constituents. As may be scen from the
results, the necessary drying period ig not extended
but the treatment with liquid glucose has the effect
of reducing the initial moisbture content of the
materials,and the initial rate of drying is considerably
greater in the untreated materials during the first
four hours, Juring later stages of drying, however,
vhe dryiag rateo appears o be simdlar for the vreated
and untreated materials, The btreated materiagls are
consistontly at a lower molsture content, but this
difference becones very swnall as &myimg proceeds.

?he hydeation curves for carrots and onions show

the moisture contents of the treated materials at a

particular time o be lower than those of the corresponding

untreated materials. In the case of apples there is
Little, if any, difference in this respect. Howaver,

the results obltained Ffor carrots and onions are in

81



YADEN

Wmﬁ

DATA USED XN THE _PREPARATION OF DEHYORATION CURVES  FOR.  YREATED
AND E}TWﬁﬁEA D AT ?lfl’f%.ﬁ‘lﬂﬁ'
Moisture (g, per ge dry solids)
oarrots appies onions
Pime ‘
(rours) | trecied | untreoied | treated | unireated | treaied | unireated
g;, 0;96 .Zg'gg .2.2 ..E QB .gqgg .Z .25
‘.}il Ua@&? ﬁq QQ OQ.ZS} OQ;‘? ' O.{}G\&) 06 @?
& 0,06 06 065 Q25 (I 0,058 0,061
8 0,046 e 4G 0,122 0185 0051 0,058
Lo 0,036 Q058 010 0118




DATA _USED

TABLR O

IN T PEEPARATTION OF HYDRATION CURVES FPOR AREATED

AND ONTREATRD MATERIALS

Hoisture (ge per 100 g, dry sodids)
correts appiles ontong !
rine oo - , .
(rowrs) . .. . o e )
treaded univreaied sreaded | uvntrected | treated | untreated

b4 Ge8 4,06 487 4.7 Te 353 5,36

2 .68 38 8.46 B 8,64 2.2

a1 24,9 868 S0.85 918 25.8 G841

ay 8948 G508 S5 &7 86484 80425 &6.8

45 49 468 4817 48,08 40,65 484 7




PUBLE 10

DATA USED TN SHE JRERARATION OF SCRPTION JSOTHERIS

FOR  TREATAD AND UNIREATED MATERIALS

R %

Moisturs ( 9; ber 100 g. ary sr;).l ids) carrespénd‘zng to % E;If;
| Carrots apples onions
treated | untrected | treated zmtreéted treateé uﬂtreaf:ed
20 2z ;«f.@ .Z;;_ ? 8. ) &u0 1.4 2;5
58 3;44 5.43 4.8 5;19 8.89 3.812
20 5,31 Godd 7.7 8,73 Ge2 G.89
43 G.18 7468 8,96 10,34 7045 ?;88
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Dehydration curves for carro t, showlng the effect of treatment
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Dehydration curves for onion, showing the effect of treatment with 1iquid glucose
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Hydration curves for carrot, showing the efrect of
treatment with 1iguid glucose,

a. unireated carrot

be itreated corrot

| 1

1 !
10 20 30 40 50
TIME (HOURS)



w
o

w
o

N
o

MOISTURE CONTENT <9 WAT F_F\’/IOO 3 .DRY SOL.IDS>
o

RAN
O
T

Pig. 74,

Rydration curves for cpple, showing the effect of
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Hydration curves for onton, showing the effect of
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general agreement with earlier results (part %) in that
they indicate that an increase in sugar content resulis
in a lower water-holding capacity during the earlier
stages of hydration,

The results of the sorption experiments show
that the treatéd materials contain less moisture than
the corresponding untreated materials when in
equilibrium with a particular relative ﬁumidity.
Treated and untreated carrots and apples and treated
onions gave Brunauer type III isotherms, while untreated
onicns showed a sigmoid curve. These rosults are in
general agreement with earlier resﬁlts (part I) with
respect to both the shape of the swrpﬁi@n isotherns
and the effect of sugar contvent on the water~hﬁ1ding
capacity of the materials. In the case of omnions,
treatment with liguid glucese has the additional agffect
of changing the sigunoid character of the sorption
isotherm into that shown by Brunauer type ILII isotherms,

This effect of sugar on the shape of the water
sorption isotherm is iﬁ%er@stimg and indicabtes that
natural differences in sugar content h@ﬁweém.different
batches of a given type of material, such, for example,

as may be found in material of diiTerent varieties,



may cause appreciable diffevences in hydration behaviour,
greater intra-specific variations probably exist im this
respect in some materials than has been suggested by the

published results of earlier work,
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Study of the culinary auality of the

dried preoducts using a tasting panel.

Preparation of the materials for drying.

After peeling and trimming of the materidals, as
necessary, carrot and onion were cut in a "Zylyss Pressor®
int@-piec@$ approximately 1% x §" x 4V in size. Carrot
was subsequently blanched inla steam box for seven
minutes. Apple was cut into 4" thick slices and
immersed for twe minutes im a solution of 0,05% sodium
sulphite (sulphur dioxide inhibits both enzymic and
non~enzynic browning). Half of each lot of prepared
material was then dipped in the liguid glucouse solution
for half a minute and subseguently drained for
approxinately two minutes. The treated and untreated
materials were them dried im an oven at 60°C. for the
periods used in the earlier experiments. The dry

materials were then stored in a dessicator until they

were recomnstituted.

Reconstitution.

To recomstitute the méﬁerials, six p#rts of
water were added to one part of the dry material. The
carrot material was soaked overnight, the onion for

half an hour and the apples for five minutes. The
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pogonatitnted oorret and ondon woero Shon bhollal fop

&

Fidvaom minntes and saltesd; the apple was beonghd o

boeiling and allowed o sioney for Gheos sinutes, Theneo

_ . . o EF o , . ..
wore then placed in an avonr ab 5070, untdl dhey wero

soerved Lo aonbors of a Sasting panel.

Frononintlon do bhe beabios onpol .

.

The taste ponel penborg wopoe seleoebsd From Lhe
aballf amd stedonts dn the Food Seloncs Deopavipent of She
Hoyal College of Sddenco and Teohuology, ?E 148 UMY o AT

difforent 3¢ ﬁ?ﬁ of taoshs wore aarplaed oub, i bhe

Edrat, o suabor of trlanpgules bosto vas used. In ook

wont, twe samplos of tvyested and ong o onteeated
waberdial were presented o the Wﬂﬁﬁi ond bhe jJusipgess

wors asked 0 fdentdfy tho odd saaplo and S0 coonont on

bhe differonces hobween the odd and the othor Swe
Samplase En thoe soeond, o nuuber of peived oapmpavizen

ki

Gesta was earededt owb.  In epch oase, one somple of
teeatod and ope of antroated meberial wers presentoed
and the judgos wore asbed tw describe e differonses

Betweon the Gwo sonplse dln flevowy, toxtaprs and eclour,
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looults of the txiongular and the paived
comparicon tesbs are gilven in Table 11 and 12, L

she trisngnlar tests all bat one of the jgundges wore able
to eorrectly ldentify the odd sample with each of the
materials - a highly significant pesult (Propabilizy =
0.,008) - dndicading a elearly rocognisablo differcnce in
enlinary qualiby. The najoedty of judges soncideped
the texiture of the dreated epple o be encobthier gnd the
colour of the treated onion to be lighter than those of
she corvesponding uatreated asatordals. The majority
considereod the Flavour of Ghe untreated canion to be
slirongey than that of the treated material. in Gha
paired comparison testsy the majoerity considered the
treated apple to boe stronger in flaveur and smoother in
conture than %ﬁ@ ungreatod. In tho ecase of onion, tho
najosity considored the treatoed saterial to have a

gnoethor texturo and o Lighter eolour than the untreated,



TABLE 13

T IR At SR

BESULTS__OF _WASTING PANET (TRIAVGULAR TESTS)
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Number of judges cecribhing choraeteriadics
JSloveur of texture of coloor of

Produet | treatad _¥raoted treated

Stronger | Wearsr | Gmoother | TOUgRer | Lignier | Derior

Then Lhan Than than than than
corirol | contrel | oonitrol | control aontrol | controd.

Corrots 4 - %1 s & -
Apples g J 7 X - &
Ondons - 8 @ o e -




TADLE 18
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RESULTS 0P TASTING PANEL (PAIRED COMPARISON TrS©S)

nmber_of fvdges oseribing chorecteristics

Colour of

Flavortr of Texture of
treated treated treated
Froduet Stronger | Weckor |Smoother | Tougher | Lighier | Dorker
than thon than thoan than than
aonirol control conérol | conirol contrel | control
.:}!, *
Carrots &8 5 & 4 4 X
Apples & 8 G 3 8 ]
ontons & K 7 a 8 z




A% has been sodd hat dinping vopobable paterdials
3oy Bdgmdd glusese fmmodiatoly prior o deyving helss 20
pireserve bhe flavouwr of bhe dyy pradoct by dogreasdng
%%@ ﬁ@ﬁﬂr@ﬁ volabdle constitaents. Whidle She rosulis
of tho polred vompardson tasts lend support e this
pontontion with reapeed to apple, the trlanpular testse

.

rasaits suaggoad that this petesdurs mizhd aven adversoely
affect Llaveny as, fer oxample, s Lhe erse of eonion,
Reselts of both the teilougnler and pairod econpsrison

& anpggest bhet $his dergatvont bhas roouidtesd in ap
dmproved beowburc in apple. ¥a thoe cnne of onion,
accovding to the pesulte of the podred conpavinon tosts,
¢his teoaboont hos soegaitaed dn an dnproved toslupe and

Y

whe reoculdds of babl typoeo of tasting tost saggesh bhab
the broatuont produess & gore sabisfactory eolour in tho
peconstiiubaed groduast. An bBoth those casen, tho

Sozbaral lapvovenant due o tho treatment iz abtbeibntable

to Shae oorfeee fils of dentwin vhich in sone woy

Fosillitates $hae nore sonpleote pobydeation of the saberial.

3 12

fegerding S0 Che pompliés of btho tasting beats, troatoond
wdbh Rlondd gluseoe appeers aob Yo have afifectod tho

enlinary guallty of dohgdeated sorrob,
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rrocedure

The materials used foxr the diffusion experiments
were prepared and dried in the same manner as those used
for the tasting panels, The ability of carbon 14-
labelied glucose to diffuse in these materials was
studied using the techniques already deseribed in Part I,
using relative humidities of 32%, 40% and 43% during a
storage period of six months, The results obtained
with materials treated with liquid glucose were
compared with those of earlier storage experiments with
comparable untreated materials (see Figs, 32-39, 48-51)
- Yhe ability of the liquid glucose to diffuse into the
materials was also studied, in this case, instead of
dipping the materials imn the liquid glucose solution
used aarlier, the materials were dipped in a soclution
prepared by diluting ligquid glucose with carbon 14«
labelled glucose (1 part of liguid glucose to 3 parts of
labelled glucose of specific activity of Su«c/ml.) and
dricd as before. These weroe then prepared for
antoradiography in the same manner as that described

earlier.



Figs, 79«87 show autoradiographs obtained for the
treated materials, These show that mo measurable
diffusion of the tracer has taken place im any of these
materialg at any of the humidities used, Sinco sinilawr
vesults have Leen obtained with untreated carret and
apple; no conclusions can be drawe with regard to the
effeocts of this treatment on the ability of the glucose
to éiffu&@ in these materials over the range of moisture
conrtent obtalned, In the case of onion, while a
negative result has been obtained with the treated
material at a meisture comtent of 7!%5'g. waber/100 g,
dery solids, diffusion of the tracer was found to ocour im
. the untrested material abt a moisture content of 609 ge
water/100 g. dry solids. A possible explanation of this
difference is that diffusion of the tracer im the
treated material might have been impeded by presence of
a dry £film of liquid glucose om the surface of the
material which has prevented contact between the tracer
and the %umfaée of the tissue itself, The presence of
such a film has been demonstrated by the results of the
experiment carried out to study the fimal distribution of
the liquid glucose in the driecd material, {(See Figs,

- 88=00). Since glucose is the comstituent of lowest
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Fig# 79»
Fig- 80.
Fie. 81.

Pl1ffiMtcn of labelled mlmeoma
In mmterimlm treated with

liquid glncoee during mtormmm
in equilibrium with different

relative huniditiee.

1. Carrot

at 13X.
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Eig. U

fig.

94.

2. Aggig
I

[
Hir

at 22x*.

at 40%a

g iif.
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3« Onion

Eig.. 85» SS.JH-
Fig. 86. at iOg
Eigj 87. - at Ali
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Wi » into the nafeerialn,

Fie. 88. My ffarrrt.

Fig. 8Qe Apple,

Fie. 90. Won
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molecnlar weight in the liquid glucose preparation,
which also contains maltose and dexirins of a

wide range of molecular size, the maximum penetration
of the preparation into the material is shown by the
digtribution of the labelled glucose. The extent of
penctration even of the glucose is very limitod and
the bulk of the highey molecular weight materials

mast clearly remain as a surface film,



SUMMARY AND CONCLUSIGCNS
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Sumnagry and Conclusions.

Water sorption dsotherms fop potatoe, havicolt beau,
green bean, pee, meat, orjon and rospberey, have
boon shown o be of the pignoid type.  Those fop
earrot, tomabo, apple and ﬁé@@,arﬁ found to be of
the DBrumonesy tyvpe XX, |

Hogified B.B.T. plote { gfgﬁgjgy against R) fow
potato, harieoh besn, green boan, pea, meat and
onion have given a roasonable straight line of
normal slope. Those Lor the remaining materials;
a8 oxpected fron the shapes of the isotheras,
either fall teo g1V@‘a straight line,; or produce a
line, the slope of which is tho roverse of that
obtained with the earlior materiols. Theso
resulin generally support Salwin's contention that
the B.BE.T. theory is not applicable be foods with
sepaecially high suger content, |

Diffusion of laielled gluceose has been shown o
take place in pea, meat and onion at nolisture
contents littic higher than the corresponding
calonlated monelayer values for these métariaxaa

In green beaa, sone nigration of the tracer



in
©

was found e sccur gt ooisture contenbs aotually
lower than the calculated valuo, The ovidence for
diffusion in potate is doubtful oven ab a meisturc
content 2,8% highor than the caleulated nwnolayer
value, in thoe case of haricot hean no ovidenee

of the tracer was found at a swisture eombvent 3%
highor than the caleulated monroclayer value,
Rospborsy gave a nogative presult ab all the moisture
levels tosted - up o §.53 g. water/l00 g, dry solids.
ihe results of the diffusion experimont usiag
paborials which pavo isothorms of the Drunauer type
IZL wveore omibiroly nogative, exeept in the casc of
date in which a positive result was obbtoined at
cach of the meisture lovels tested - down o

24 e water/i00 g. doy selids,

The oxperinents in which carbon 14« Labelled uvea
was nsed as a test selute with apple have yielded
avidence that 4% ds not only the condivion of the
wator in the motorial which determines thoe limiting
wmedeture content at which diffusion can occur, bub
that the latter Qay also vary with the noleenlar

aizo of tho selute,
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The drying curves for materials treated with liquid
glucose and control materials show that»the
necessary drying period is not extended; that this
Uircatment has the cffect of reducing the initial
moisture content of the materials and that the
initial rate of drying is greater im the untreated
materials during the first 4 hours of drying.
Puring later stages of drying, the drying rate is
shown to be similar for the treated and untreated

materials. The treated materials are shown to be

conaistently at a lower moisture content but this

difference bocomes very small as drying proceeds.
The hydration curves for carrot and onion show the
moisture content of the treated materials to be
lower than those of the corresponding untreated
naterials, In the case of apple there is little,
if any, difference im this respect,

The sresults of the sorption cxperiments show that
the treated matorials contain less moisture than
thé corrosponding untrcated imaverials when in
equilibrinm with a particular relative humidity.
Treated and untreated carrot and apple and treated
onion gave Brunauer type IIT isotherms, while

untreated onion gave a sigmoid curve,
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@» Bosults of the tasting testae agree that troatment

with liguid glucose has resulted in an inproved
vexture din apple esnd la an isproved colownr in onilon.
According Lo resulis of the triangular tvests this
sroatuaent has adversely affeeted the flavour of
onion and sccording bo w@ﬁmlﬁ@»af the paived
comparisen tests, the treatuont resulted dn ag improved
Flovour im spplo and an dnproved boxbure in ondon.

LG, Hosulis of the diffusion ezpeoriment im treated and
untreated naterdels show that diffusion of the
teageer dn the treated onion was nob possible even
at a2 molsture contont about 0.5% highor than that at
which diffusion of the twracer was found o oeccur in
the untreatoed material, Thies hag been ativibuted
to the presence of o dey film of liouid glucose in
the wnéreatoed nmaterial. Hesults of the experinents
carried oud o atudy the ability of the liguid glucose
te diffusne inte the naterial show that cuech a curface film

in indecd prosent.
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