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ABSTRACT

AN ANALYSIS AND INTERPRETATION OF THERMODYNAMIC

PROPERTIES OF FOODS AS DETERMINED FROM

MOISTURE SORPTION DATA

BY

Serafim N. Elvanides

Both the food engineer and the food scientist are

interested in thermodynamic properties of foods. The

engineer is primarily interested in information needed for

design of processing equipment whereas the food scientist

is concerned with the thermodynamic responses which provide

an understanding of the product stability under storage

conditions. The purpose of this investigation was to study

the thermodynamic preperties of foods in the low and inter-

mediate moisture range as evaluated from moisture sorption

isotherms.

The thermodynamic relationships which describe the

water vapor sorption phenomena were systematically devel—

oped and a critical discussion of procedures utilized in

published literature was presented. Evidence was pre—

sented which revealed that the use of the integral form of

the Clausius-—Clapeyron equation for evaluating differen-

tial enthalpies from two isotherms at widely differing

temperatures can lead to errors.
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The water vapor sorption isotherms of precooked freeze—

dried and raw freeze—dried beef obtained gravimetrically at

three different temperatures were used for the thermo—

dynamic analysis. The phenomenon of hysteresis between

adsorption and desorption isotherms was present at all

temperatures for the products studied. The precooked

product had a slightly higher sorptive capacity which was

attributed to the heat denaturation of protein and loss of

fats during cooking.

The values of integral and differential free energies,

enthalpies and entropies of sorption varied considerably

with the amounts of water sorbed by the products. All

calculations utilized saturated water vapor as the standard

state.

The curves of the differential and integral thermo-

dynamic properties obtained in this study were all continu—

ously decreasing or increasing functions when plotted

versus moisture content. A theoretical analysis of the

integral thermodynamic properties indicated that integral

properties will become maximum or minimum at a moisture

content which will be a function of the nonideality of the

system. A study of the influence of temperature on the

differential free energy changes of water and solids with

increasing moisture content revealed that the sorptive

potential of the products increased with decreasing tempera-

ture in the range of temperatures investigated. An

analogous study of the effect of temperature on differential
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entropy changes of the products revealed no significant

influence. This was attributed to small differences between

the isotherm temperatures.

lsosteric heats of adsorption and desorption ranged

from 660 cal/g. water to 50 cal/g. water for the range of

moisture contents studied. Differential free energy,

enthalpy and entropy changes of water during adsorption

and desorption decreased continuously in absolute magnitude

with increasing moisture content. The isosteric properties

during desorption were consistently greater than the

respective properties during adsorption. The net differ—

ential thermodynamic properties of water decreased sharply

in absolute magnitude with increasing moisture content and

leveled off at about 15 percent moisture content approach-

ing zero and indicating that the water may serve as solvent

in the low moisture range. The respective net differen—

tial properties of solids increased in absolute magnitude

during both adsorption and desorption with increasing

moisture content. The change of the differential thermo-

dynamic properties of solids were small compared to the

change of the respective properties of water. However, it

indicated an increased reactivity of the solids with

increasing moisture content.

Characteristic peaks on the thermodynamic property

curves, which could be correlated to the condition of

maximum storage stability of low and intermediate moisture
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products, were not observed. It was concluded that a simple

relationship between thermodynamic properties of low and

intermediate moisture foods and their storage stability

may not exist.
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I. INTRODUCTION

1.1. General Remarks

The presence of water is normally essential for life

to proceed and the existence of sufficient quantities in

food normally leads to spoilage of the products.

Water usually represents 60 to 95 percent of the total

mass of food and is by far the dominant and the most impor-

tant component. Food products normally contain fats and

oils, proteins, carbohydrates, acids, minerals and other

groups of substances. Many of these (like sugars, many

salts, etc.) occur in solution with the water, but others

are distributed less uniformly or may be dispersed in these

solutions.

Many substances found in the foods of biological origin

are organized in characteristic structure (tissue) and

adsorb water in different ways.

The association of the water molecule with biological

substances is still a subject of controversy in spite of

considerable research on the subject. Three types of

adsorbed water have been characterized in different terms

(Rockland, 1969):
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Type 1. Monolayer, frozen or iceberg, hydrate locali-

zed polar site, bound, oriented.

Type 2. Multilayer, chemisorbed, intermediate.

Type 3. Mobile, free, capillary, solution.

Evidence supporting the existance of these three types

of adsorbed water has come principally from thermodynamic

considerations. Additional supporting evidence has been

obtained from x—ray studies, infrared and nuclear magnetic

resonance spectroscopy, refractive index, water density,

and molecular structure investigations.

Typ§_l_water adsorption is referred to as water mole—

cules adsorbed on the polar sites of components of high

molecular weight, such as protein, starch, etc.

Type_2 water adsorption is assumed to involve water

molecules, hydrogen bonded to hydroxyl and amide groups.

Typ§_§_adsorbed water is considered to be water vapor

condensed in interstitial pores of the biological tissues.

The interactions of the water molecules with the polar

groups of the solid constituents of a food and the capillary

effects of the structure of biological tissues lower the

vapor pressure of the water in foods. The water vapor

pressure depression may be enhanced by the dissolution of

solutes such as sodium chloride, citrates, phosphates,

sucrose, glycerol and others, due to well known phenomenon

which is also responsible for the elevation of boiling point.

This iS believed to result from increased total hydration of
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large numbers of solute molecules which decrease the proba—

bility of occurrence of unattached water molecules (Potter,

1970). For example, lactose exists in milk powder at least

partially as mono—hydrated crystals, which exert a water

vapor pressure considerably lower than the vapor pressure

of free water (Berlin et 31., 1968).

1.2. The Sorption Isotherm and Availability

of Water

 

The fugacity or escaping tendency (fi) of component i

in a mixture was previously established as a measure of its

availability for thermodynamic chemical reactions (Rossini,

1950). Since by definition, fi = Pi(Pi = vapor pressure of

component i) for ideal gases and fi = Pi for all gases at

low enough pressures, the vapor pressure of water in a food

product is a measure of its availability.

The ratio (go) between the water vapor pressure of a

substance (P) and the saturation vapor pressure of pure

water (P°) at the same temperature is known as the activity

of the water (aw) in the substance. It is a measure of

the availability of water for chemical reactions or of

the escaping tendency of the water in the substance as

compared to the fugacity or availability of pure water for

chemical reactions. Strictly speaking this is not the

thermodynamic activity of water in the product as the

latter is given by the fugacity ratio and not by the ratio of

vapor pressures. This difference, however, is slight and
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is being investigated in the field of theoretical thermo—

dynamics (Rossini, 1950).

It can be shown that the water activity (aw) of a

product is equal to the relative humidity of the atmosphere,

in thermal and vapor pressure equilibrium with the product,

expressed as a decimal. The graphical relationship of the

moisture content of a food product to the equilibrium

relative humidities of the atmospheres at a given tempera-

ture, is called the sorption isotherm of the product. The

sorption isotherms of most biological materials are sigmoid

curves and are referred to as Type II isotherms, according

to Brunauer's classification (Figure 1.1) (Brunauer, 1945).

It must be noted here, that sorption is a general term

which describes both adsoprtion and desorption.

According to the theory of Brunauer et at. (1938),

water is bound (strongly sorbed) in a monomolecular layer

in the first region of the isotherm (up to point A: Type—l

adsorbed water). Above point A (in the straight—line region)

bi— or multi-molecular adsorption occurs (Type—2 adsorbed

water). Above point B, water is condensed in capillaries

with increasing water activity (Type-3 adsorbed water).

Free, unattached water molecules may be present in liquid

state and may act as a solvent even at low water activity

as has been shown in investigations with model food systems.

One characteristic of a solvent is that dissolved materials

are permitted to diffuse in it by virtue of a concentration

gradient. Water soluble compounds have substantial mobility

in dry foods at water contents very close to monolayer

—¥ 
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coverage in spite of important differences in their inter-

action with the food (Duckworth and Smith, 1963). Thus it

is likely that reactants, which are normally within specific

sites in cells comprising tissue-derived food, may diffuse

out of these sites and react with each other, even at

relatively low water contents.

Acker (1963) has demonstrated this effect in terms of

enzymatic reactions in various foods. His results illus-

trate that some reactions occur at very low activities. At

higher water activity, especially in the capillary condensa-

tion range, the reactions are accelerated.

Chung gt gt, (1967) recently offered additional evidence

for the presence of free water at high moisture levels. The

net heat of adsorption (KEV) approached zero when the heat

of vaporization (A) was subtracted. from the differential

heat of adsorption (AE). Thus:

AW=AIT-)\

indicating that adsorbed water vapor on the adsorbent

behaves like pure water. In general, the differential heat

of adsorption or desorption indicates the binding energy or

the intermolecular force between the molecules of water

vapor and the surface of the adsorbent.

1.3. Water Activity and Storage Stability of

Low and Intermediate Moisture Foods

 

 

Reduction of quality of low and intermediate moisture

foods during storage may result from anyone or a combination
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of undesirable flavor and odor, textural damage and loss of

nutritional value. In addition, the food may be rendered

unwholesome due to microbial spoilage. Accordingly, the

processes leading to quality deterioration of low and

intermediate moisture foods may be classified as chemical,

enzymatic and microbiological in nature.

A food may be characterized as stable in storage if

its quality is preserved during a predefined storage period.

It is generally recognized that water activity is more

closely related to food product stability than total

moisture content. Two foods with the same water content

may have very different water activity values depending

upon the degree to which the water is free or bound to

food constituents.

Water activity, not absolute moisture content, con-

trols bacterial, enzymatic, and chemical reactions and is

dependent on the micro-environmental level in food mater-

ials. The water activity of optimum storage stability of

a food product may be defined as the water activity at

which the combined spoilage effect of all deteriorative

processes is a minimum during the storage period.

It was reported that the differential coefficient

of moisture (M) with respect to humidity (rh) [AM/Arh]

could be related to chemical characteristics pf shelled

walnuts and beans during storage (Rockland, 1957). Salwin

(1959) suggested that low moisture products would be least
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su‘ceptible to deterioration, provided their moisture level

is kept at the mono-molecular moisture layer determined

from BET theory (Brunauer gt gt., 1938). Below this value,

fat oxidation will occur and above the monomolecular layer

moisture content, nonenzymatic browning and hydrolytic

changes would establish the spoilage pattern. Later investi-

gations have demonstrated that water had an inhibitory effect

on nonenzymatic oxidation of fats and promoted the non—

enzymatic browning and enzymatic reactions (Acker, 1963;  
Maloney gt gt., 1966). There seems to be considerable

evidence that the fundamental thermodynamic preperties of

the vapor sorption process of low and intermediate moisture

foods may be related to the water activity (aw) of optimum

storage stability (Rockland, 1969; Kapsalis gt 31': 1971; palnigggg

1970). This might be expected since the water activity of

a food is the same as the chemical activity of the water

in the food. In addition, thermodynamics of sorption

phenomena for low and intermediate moisture foods provide

valuable information useful for the design of dehydration

equipment with low initial and operation costs.

The current status of research on the relationship

between water activity and storage stability for low and

intermediate moisture foods however, is not conclusive

when considering the existence of a generalized approach

to the determination of their optimum storage water

activity. As a result of this situation, it seems necessary

to follow the time-consuming procedure of establishing the
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storage behavior of every range of low-moisture foodstuff

within its individual critical range of moisture content.

1.4. Objectives
 

The objectives of this dissertation were:

1. To systematically develop and present the thermodynamic

equations which describe the phenomenon of vapor

sorption by biological materials.

 
2. To measure the sorption isotherms of raw and precooked

freeze—dried beef at three different temperatures.

3. To determine the various thermodynamic properties of

raw and precooked freeze-dried beef from moisture

sorption data.

4. To analyze the influence of sorption conditions and

product characteristics on thermodynamic properties

of food.

5. To explore the possibilities of finding a relationship

between one or more thermodynamic parameters and

storage stability of foods in the low and intermediate

moisture range.

6. To analyze the expressions and procedures used to

evaluate the thermodynamic properties of foods as

presented in published literature.



II. GENERAL REVIEW OF LITERATURE

11.1. The Mechanism of Sorption
 

11.1.1. Theories of Sorption Phenomena

Three phenomena may be involved in the sorption of

vapors by biological and polymeric materials: monomolecular

sorption, multimolecular sorption, and condensation in

capillaries or pores. Since there is frequently consider—

able overlapping of these phenomena, the interpretation of

sorption isotherms becomes very complex.

Langmuir (1916) presented the monomolecular theory,

which assumes that the film of the adsorbed gas does not

grow to a thickness of more than one molecule, even at

values of P/P° saturation. Brunauer, Emmett, and Teller

(1938) developed the theory of multimolecular adsorption

known as BET theory. The derivation of the BET equation

involves a detailed balancing of evaporation and condensa-

tion phenomena in adjacent layers and assumes that only

the energy of sorption for the first layer differs from the

energy of condensation for water. The resulting equation

is:

P l c-l

T, ‘ : ~——- + ——-— P/PO (2‘1)

VTP P) mc Vmc

10
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where V is the amount of gas adsorbed at an equilibrium

pressure (P); P° is the saturation pressure; Vm is the

quantity of gas (adsorbed vapor) required to form a mono-

layer and c is constant which is a function of the differ—

ence between the energy of sorption in the first layer and

the energy of condensation. Harkins and Jura (1944)

established that the thickness of adsorbed films become

multimolecular as the vapor pressure (P) increases. Bushuk

 
and Winkler (1957) tested the BET equation utilizing

experimental isotherms for flour, starch and gluten.

The BET equation (2-1) was applied in studies of water

sorption by proteins and high polymers (Mellon gt gt.,

1947; Smith, 1947). These investigations have shown that

the BET equation is applicable only at relative humidities

of less than 50 percent. Brunauer gt gt. (1940) established

five categories of isotherm. Type II is the sorption

isotherm most frequently encountered for biological

materials and is referred to as the sigmoid or S-shaped

isotherm. The first portion of the curve (P/P°<0.l)

corresponds to monomolecular adsorption. Capillary conden—

sation occurs in the region above approximately P/P°=0.4.

Labuza (1968) reviewed the theory of sorption iso—

therms and concluded that there are three basic theories

which explain the sorption phenomena: (3) the kinetic

concept of Langmuir (1916) which was used in deriving

the BET theory, (b) Polanyi's (1914) adsorption potential
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theory, and (c) Zsigmondy's (1941) capillary condensation

theory. Ngoddy gt gt. (1970) developed a generalized

theory of sorption phenomena for biological materials and

concluded that none of the known theories explain sorption

phenomena in biological material satisfactorily.

Hoover and Mellon (1950) found that an equation

derived by Bradley (1936) could be used to describe experi—

mental data for relative humidities between 6 and 90 percent

for a variety of high polymers. Bradley (1936) derived

the following equation:

0

P _ ,a
-

for the sigmoid isotherms on the basis of polarization

theory of Deboer and Zwicker (1929).

In equation (2—2) K2 and K are constants, and a
1

is the amount of gas adsorbed at pressure (P). Chung and

Pfost (1967) tested Bradley's equation and found agreement

over the entire range of their experimental data for

cereal grains.

Henderson (1952) developed the following isotherm

equation:

1 - rh = exp (—KTMn) (2—3)

where T is temperature, rh is the relative humidity and K and

n are constants. Hall and Rodriquez-Arias (1958) found that

the Henderson equation (2-3) described isotherms for relative

humidities between 1% and 60%. Rockland (1957) modified

the Henderson equation (2-3) as follows:
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log log ITFE = n log M + Y (2-4)

and found that application of equation (2-4) to experimental

sorption data from a wide variety of biological products

yielded two or three straight intersecting lines. He

suggested that moisture sorption may not necessarily be a

uniform continuous process, but a series of two or more

independent processes. Each process can be characterized

in terms of equation (2—4) if suitable constants, calcu—

lated from experimental data are substituted in the equation.

Rockland (1957) observed nearly perfect agreement between

theoretical curves and all reliable experimental hygroscopic

equilibrium data. Local isotherm one (LI-I) is the straight

line describing the low moisture range, local isotherm two

(LI—II) is the straight line describing the intermediate

moisture range and local isotherm three (LI—III) is the

line describing the moisture range of capillary condensation.

Chung and Pfost (1967) developed the equation:

1n gv-= _%T exp (~BM) (2—5)

where A and B are constants and M is moisture content.

Equation (2-5) is equivalent to Bradley's equation but was

derived on the basis of Polanyi's potential theory and

thermodynamic considerations. The authors (1967) found

remarkable agreement between experimental data and theore—

tical isotherms over the entire range of relative humidity

investigated for cereal products. Note that no theoretical
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equation has been tested at relative vapor pressures lower

than 0.05 experimental and higher than 0.95 because there

are no reliable methods to give experimental data in these

regions.

11.1.2. Physicochemical Aspects of Sorption

Based on physicochemical considerations, adsorption is

a means of neutralizing or satisfying the forces of attrac—

tion that exist at a surface. Adsorption of a gas by a

 
solid may be classified as physisorption or chemisorption,

depending on the nature of the forces involved. Van der

Waals forces are considered to be responsible for physical

adsorption. Many investigators agree that adsorption of

water vapor by biological materials is entirely Van der Walls

type of adsorption (Chung and Pfost, 1967: Osipow, 1962).

Physical adsorption is caused by intermolecular forces

between molecules of water vapor and the surface of the

adsorbent (polar sites of adsorbent). In general, polar

molecules such as H20, NH3’ and alcohol, or molecules

possessing the following polar groups: —NH2, —NH-, —OH,

-COOH, -CONH etc. are considered to be sorption sites on2,

the adsorbent. Pauling (1945) has shown that the number of

molecules of water vapor adsorbed in the first layer is

related to the total number of polar side chains in certain

proteins.

Mellon gt gt. (1947) were able to demonstrate, by

benzoylating successively higher numbers of free amino

groups in casein, that amino groups are responsible for
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approximately one quarter of the total water uptake. The

second portion of the sorption isotherm is a linear increase

in adsorbed water with increase in relative humidity. The

third portion of the isotherm is a rapidly increasing amount

of adsorption with increasing of relative humidity and

appears to be a condensation of water on water molecules

already attached to the amino groups.

The energy change accompanying physical adsorption is

of the same order of magnitude as that of the condensation

of a vapor to form a liquid. The heat of physical adsorption

is of the same order of magnitude as that of condensation.

In addition, physically adsorbed layers, particularly those

which have a thickness of many molecular layers behave

similar to a liquid. Harkins (1952) has shown that the

specific energy of immersion of solid anatase (Ti 02) in

liquid water decreases from 512 erg/cm2 for the dry crystals

to 118.5 erg/cm2 when the crystals are saturated with vapor

(mean thickness of film > 15.0 A°). The same author (1952)

reported that the molar energy required to vaporize the

first, second and third molecular layer, of water vapor on

anatase is 6550, 1380, and 450 cal/mole higher, respect—

ively, than the energy to vaporize pure water. In addition,

Harkins (1952) observed an exponential decrease in the

energy of desorption with increasing distance from the

sorption surface of anatase. It must be emphasized that

anatase is a nonporous solid and might behave differently

than porous solids, where adsorption and capillary



l6

condensation are inextricably mixed. Harkins (1952) has

presented evidence that the films of vapors on solids may

 exist in different states and has proposed the existence of

five phases. He indicated three orders for the possible

phase transitions of films on solids and observed first

and second order phase changes in his experiments.

Bull (1944) determined heats of adsorption for water

vapor on a number of proteins. The heats of adsorption

decreased rapidly with increasing moisture content. The

heat of adsorption tends to decrease rapidly at moisture

 

contents corresponding to BET monomolecular moisture

contents (Vm) and increased slightly at P/P°:0.7. Davis

and McLaren (1948) computed heats of sorption from Bull's

data. These results revealed that the value of differen-

tial net enthalpies decreased with increasing moisture

content undulations occurring at the BET monolayer region.

Amberg (1957) conducted calorimetric measurements to

determine heats of adsorption for water vapor on bovine

serum albumin. These results indicated that heats of

adsorption of the order of 16 to 18 Kcal/mole for approxi—

mately 3 mg/g. solids of adsorbed water. After a rather

rapid decrease in the value with increasing moisture content,

heats of adsorption became constant at approximately

15 Kcal/mole with a minor increase at moisture contents in

the region corresponding to the BET monolayer.
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11.2. Water Activity and Food Stability
 

At low vapor pressures, adsorbed molecules of water

vapor may collect on the regions of surface where energy

of interaction is highest. Initial adsorption is in the

form of single molecules followed by groups of molecules.

In these regions surface heterogeneity has a large effect.

As moisture adsorption proceeds, the small groups of

molecules become larger until there is complete coverage

of the surface by one molecular thickness. The forces of

interaction between the adsorbed molecules increase as the

density of molecules on the surface increases. Harkins

(1952) presented data supporting the proposal that the mean

molecular area (area occupied by a molecule of the adsorbate)

of nonpolar adsorbates is independent of the nature of the

solid upon which the adsorption occurs at the BET monolayer.

Based on the results, the interactions in the film become

very large and the inhomogeneities on the surface of the

solid do not influence the adsorption process. At the BET

monolayer, the film is mobile and the inhomogeneity theory

becomes invalid. Harkins (1952) emphasized that when water

vapor is being adsorbed, the limited data available indicate

that this is no longer true. The inevestigations of Duck—

worth and Smith (1963) illustrate that after completion of

the monomolecular layer, the adsorbed vapor is considered

mobile. The results indicate that diffusion of glucose is

possible in dehydrated material (such as dehydrated potato

slices) at moisture contents which are 2 to 3 percent above

the BET monolayer moisture content.
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Acker (1969) observed that enzyme activity begins at

moisture contents above the monomolecular adsorption layer

and continues along the upper portion of the sorption iso—

therm which represents the region of capillary condensation.

This is not true for enzymatic reactions in which the sub—

strate is mobile enough to establish contact with the enzyme

without needing aqueous phase. For example, enzymatic

reactions involving oily substrates, such as triglycerides,

can occur at water activities lower than the BET monolayer.

The results obtained by Acker (1969) indicate that the

mobility of the substrate is decisive in promoting the enzyme

reaction. The water may participate in enzyme reactions as

a reactant, as a medium for the enzyme reactions as a

reactant, as a medium for the enzyme reactions or as a

vehicle for the substrate movement. Due to these factors,

water plays an active role in determining the rate of the

enzymic reaction and the extent to which the reaction will

proceed.

Salwin (1959, 1963) suggested that the moisture con—

tent at the BET monolayer represents a protective film on

the surface of the food against attack by oxygen. With the

exception of a few foods [mainly high sugar products; Karel

and Nickerson (1964)] where complete dehydration was essen—

tial for good stability, the BET moisture value was proposed

as the final moisture content in dehydration, unless more

specific storage stability information is available.
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Rockland (1957) reported that the differential coef-

ficient of moisture with respect to relative humidity

(AM/Arh) could be related to chemical characteristics of

shelled walnuts and beans during storage. Optimum odor,

flavor and color stability in walnuts, and minimum phospha-

tase and catalase activity in beans occurred at a moisture

content close to a minimum AM/Arh value. Below this value

rancidity occurred, whereas above it fat hydrolysis and

browning occurred. Since dehydrated foods are chemically

complex, it can be difficult to interpret results of storage

stability in terms of specific reactions.

Maloney gt gt. (1966) employed purified freeze-dried

model systems of methyl linoleate, microcrystalline cellu-

lose and water to establish that water had an inhibitory

effect on the oxidation reaction of methyl linoleate. Based

on results presented, this inhibitory effect was not re-

stricted to 19.5 percent RH corresponding to the BET mono-

layer, but it was evident at 14.5 percent RH, and increased

with increasing humidity up to about 50 percent RH. Com-

pared to the BET value, the inhibitory effect was slightly

smaller at 14.5 percent RH and it was appreciably higher at

27.7 percent RH. These findings indicate that water exerts

a specific protective effect against lipid oxidation. -Uri

(1956) attributed the inhibition of oxidation to a specific

type of solvation of the coordination shells of metal ions

by the polar water molecule, whereby the catalytic oxidative

effect of these ions is decreased. Lea (1958) suggested that
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water promotes amino-carbonyl browning which produces inter-

mediate reducing compounds and competition develops between

lipid oxidation and Maillard-type of browning. Simatos (1966)

revealed that water reacts to reduce the free radical content

in serum albumin and it is possible that this is one of the

anti-oxidant mechanisms of water action. These results are

in agreement with a more recent report by Martinez and Labuza

(1968) on the storage stability of freeze-dried salmon. When

kept below the level which promoted nonenzymatic browning,

water decreased the rate of lipid oxidation and prevented

the destruction of the carotenoid pigment astacene.

Karel and Labuza (1968) illustrated that nonenzymatic

browning increased with increasing water activity and

reached a maximum within intermediate moisture range. The

growth of microorganisms, which represents a major limita-

tion to food stability, occurs at higher water activities

(aw>0.85). Scott (1957) and Christian (1963) have reviewed

the relationship of the growth of molds, yeasts and bacteria

to water activity. Labuza gt gt. (1970) presented Figure 2.1

to illustrate the relationship of mechanisms involved in

chemical deterioration to storage stability of foods.

Although the authors do not indicate the water activity at

which oxidation and browning becomes equal, it is recognized

that it occurs slightly above the monolayer moisture content.

Palnitkar (1970) determined thermodynamic parameters

for precooked freeze-dried and raw freeze-dried beef
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and reported that the entropy becomes maximum at moisture

contents slightly above the BET monolayer. He suggested

that computation of entrOpy may provide a tool for deter-

mining optimum water activities for low and intermediate

moisture foods.

 



 

 

 



 

III. EXPERIMENTAL

111.1. Sample Preparation
 

Experimental phases of this investigation involved

preparation of beef samples for the measurements of equil-

ibrium moisture isotherms. The longissimus dorsi muscle 

of beef procured from the Michigan State University Food

Stores was used for the sample preparations.

111.1.1. Preparation and Grinding

All physically separable fat and connective tissue was

removed from the beef sample. The sample was ground twice

through a 1 cm plate and twice through a 2 cm plate, using

a meat grinder. A portion of the ground beef was frozen

at —15°C prior to freeze—drying while part of it was cooked

before freezing at —15°C.

111.1.2. Cooking Procedures

The ground beef samples were formed into l-inch diameter

spheres before cooking in a forced convection air oven at

300°F for a period of 30 min. The precooked beef samples

were subsequently frozen at —15°C prior to freeze—drying.

The freeze—drying of both raw and precooked samples

was accomplished in a commercial freeze—drier with a 100°F
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plate temperature and at a pressure of less than 1 mm of

mercury. The drying was completed in 20 to 25 hrs. After

drying, the product was ground in a Fritz-Patrick mill

using a 0.063-in. screen. The resulting product powder

was sealed in bottles which were stored in a desiccator

at —20°C. Portions of the product to be used for equili-

brium moisture content determination were_equilibrated to

the isotherm temperature prior to the experiment.

111.2. Measurement of Equilibrium

Moisture Isotherms

 

 

The moisture adsorption and desorption isotherms were

determined gravimetrically by exposing the sample to an

-atmosphere produced by a temperature-controlled free water

surface under vacuum. An electrobalance and associated

instrumentation was used to measure and record weight

changes automatically and continuously during moisture

sorption. (The glass chamber containing the balance was

connected to a vacuum pump through a freeze-trap and to a

pure water vapor source. The vapor source consisted of a

temperature controlled distilled water reservoir. The

temperature of the water reservoir was controlled to within

f 0.05°C using a constant temperature ethylene glycol

laboratory bath. A schematic diagram of the vacuum system

and electrobalance assembly is presented in Figure 3.1.

The desired relative vapor pressure values were established

by precise temperature control of the free water surface.
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A vacuum gauge was utilized for pressure measurements. The

entire system except for instrumentation and recorder was

enclosed in a 5 ft x 4 ft x 9 ft constant temperature

.cabinet controlled to within f 1°C. Moisture content of

samples was determined independently using the 95°C 5 hr

vacuum oven method (Triebold and Aurand, 1963). Sorption

isotherms were measured at 10°C, 21.3°C and 31°C. Between

30 and 50 mg of ground freeze—dried material, equilibrated

to isotherm temperature for 24 hr, was introduced into an

aluminum pan in the electrobalance. The vacuum chamber

was sealed and the weight of the sample was recorded. The

chamber was then evacuated and the vacuum was drawn until

the change in moisture content of the sample was less

than 0.01 percent in 1 hr. This usually took 10 to 15 hr

of continuous pumping by the vacuum system. The vapor

pressure in the chamber after this period was between 7

and 25 u depending on temperature and was considered the

starting point for measurement of the isotherm. The sample

was then exposed to progressively higher vapor pressure

atmospheres produced by controlling the temperature of the

vapor source. The vapor source was distilled water which

was degassed by successive freeze—evacuating and thawing.

Equilibrium at each vapor pressure atmosphere was assumed

when weight changes corresponding to changes in moisture

content of less than 0.01 percent occurred in 1 hr. The

corresponding equilibrium moisture contents were determined
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on the basis of moisture content of sample as determined

by the vacuum oven method and the weight changes recorded

by the electrobalance. Approximately 10 to 12 equilibrium

points were used to establish each adsorption isotherm.

Completion of the adsorption isotherm required 3 to 4 days.

After the completion of the adsorption isotherm, the system

was evacuated to remove any air which had diffused into the

chamber and resaturated with vapors until the sample showed

a moisture gain corresponding to a relative humidity of

greater than 95 percent. The desorption isotherm was then

measured by progressive reduction of the vapor pressure

through control of the temperature of the vapor source

reservoir. Generally 6—7 days were required to complete

the adsorption and desorption isotherms for a given sample.

There was no visible microbial activity or any type of

deterioration within the time period required for isotherm

measurement.

 

 



 



 

IV. THERMODYNAMICS OF SORPTION

IV.l. General Remarks
 

Systems containing macromolecules are subject to the

ordinary thermodynamic laws (Hermans, 1949). Gee and

Treloar (1942), Bull (1944), Davis and McLaren (1948),

Fish (1958) used sorption isotherms for thermodynamic

description of binary mixtures of high-polymeric materials

with a low molecular weight liquid. Kapsalis (1967) and

Palnitkar (1970) employed sorption isotherm data for the

calculation of the thermodynamic quantities for various

food products. In general, the differential and the integral

values of free energy, enthalpy and entrOpy were calculated.

There appears to be a certain amount of disagreement among

researchers in the field of adsorption concerning the appli-

cation of thermodynamics to adsorption data. In this

chapter the thermodynamic relations used for the computation

of differential and integral quantities are illustrated

along with some of the conventional assumptions used.

lV.2. Thermodynamics of Nonreacting

Binary Systems

 

 

The thermodynamic processes of interest for homogeneous

binary systems are of two general types; integral and
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differential. The integral process related to sorption

phenomena can be presented as follows:

nsXs (dry at P=0) + anw (at P=P )insXS w1th anw

(system at P=Pm) (4-1)

In addition, the differential process corresponding to sorp—

tion phenomena may be written as:

= o . , = m
anw (at P P ) + system of nsXS w1th anw (at P P )2

' I v =
system of nSXs w1th (nw+nw) Xw and nw/nS

constant, at P=Pm (4—2)

Process (4-1) represents the sorption of nw moles of pure

water (vapor pressure P°) on a finite amount (ns moles) of

dry adsorbent (XS) to produce the system containing 115 moles

of X5 and nw moles of water, at pressure Pm.

Process (4-2) describes the sorption of nw moles of

water on an indefinitely large amount (nS moles) of X5

which already holds n; moles of water for each nS moles of

adsorbent. The ratio nVII/nS and the pressure Pm remain

constant during the differential process (4—2).

1V.2.1. Thermodynamics of the Differential Process

Free Eggtgy——With reference to liquid water as the standard

state, the change in the partial molar free energy (AGW) of

water is defined as the increase in free energy (G) of the
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system when one mole of water is transferred isothermally

from or to a bulk of liquid water to or from an infinite

quantity of solid mixture at definite moisture content

(Fish, 1958). When Gw represents the molar free energy of

pure water and G” the (partial) molar free energy of the

water in the mixture, the change in free energy of the

system (dG) for dnw moles of water being adsorbed is:

dG = G dn - G dnW = AGwdnw (4—3)

If the system is in equilibrium with the vapor of the pure

water, the molar free energy of the water must be the same

in the two phases. Denoting the molar free energy of the

equilibrium vapor phase by G}:

a=tv
W W

1f the vapor has the properties of an ideal gas and if P is

the pressure:

Cg = u°(T) + RTlnP

where u° is a function of temperature alone. Consequently

the partial molar free energy in the solution is:

cw = u (T) + RTlnP

Considering, in addition, the equilibrium between the pure

water and its vapor at the same temperature and pressure

(P°), the molar free energy of pure water is:
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GW = u°(T) + RTlnP°

Thus, from the vapor pressure (P) of the mixture and the

vapor pressure (P°) of the pure water the differential

change of the free energy of the system dG per dnW moles

of adsorbed water can be obtained:

= AGwdnw = RTlnP/P°dnw (4-4)0
|

D
.

s

I

a a a

dc: W W W W

Correspondingly, with reference to pure adsorbent as the

standard state, the change of the partial molar free energy

(AG5) of the adsorbent is defined as the increase in Gibbs

free energy of the whole system when 1 mole of pure adsor—

bent is isothermally transferred from a mass of pure

adsorbent to a large quantity of the mixture (process 4-2).

It is well known that in a homogeneous mixture of two  components, w and s, the change of AG” with concentration

Nw’ at constant temperature and pressure, is related to

the change in AGS according to the Gibb's—Duhem relation

(Hermans, 1949):

Nwd Gw + NSdAGS = 0 (4-5)

Based on equation (4-5), the partial molar free energy

change of solids ( GS) can be derived from the partial molar

free energy change of the water. Equation (4—5) can be

integrated as follows:

AG
w

N AG = - [TN dAG (4-6)
s s w w
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It is apparent from equation (4-4) that AG“ = -w at P/P° = 0

and7Gw is finite when P/P° is finite. It follows that

equation (4—6) can be integrated graphically if written as:

P/P°

NSAG = - RT NW(P°/P)d(P/P°) (4-7)

0

Egthgtpzf—The differential net molar enthalpies (KEV,

AHS) or partial molar net enthalpy changes may be defined

in the same way as AG“, AGS above, except for the substitu-

tion of the concept of enthalpy.

The term ”net" is used here to point out that AH“ is

the difference between the differential heat of adsorption

of the adsorbate vapor and the differential heat of conden—

sation of the vapor.

The differential enthalpies can be computed from  expressions for the corresponding differential free energies.

The partial molar enthalpy of the adsorbate 15:

AH = -T2[8(AGw/T)/8T]n =-RT2[81n(P/P°)/8T]n n
w ,

W S

(4-8)
w n

’ 5

Equation (4—8) is the well known Gibb's—Helmholtz relation

and can be written in the following more explicit form:

NEW = [atmw/Ti/atl/Tnn ,n = R181n(P/P°)/8(1/T)]n {4—9)
n

w s w’ s

Apparently, for an isoteric process, AHW can be obtained

either graphically or by integration from equation (4-9).
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The partial molar enthalpy change of the adsorbent can be

derived either from the Gigg's-Duhem relation:

AH

w

N TE = —J[N dTfi (4-10)
S S W W

0

or from the Gibb’s-Helmholtz relation:

AH = [MAGS/TVMl/Tllns (4—11)

w
n

’ s

Egtropy—-As with enthalpy changes, differential

 

entropy changes may be determined from apprOpriate tempera-

ture coefficients of the corresponding free energy changes.

The change in partial molar entropy of the adsorbate and

~adsorbent are determined directly from the temperature~

coefficients of the differential process (equation 4-2):

5
1

‘CBZEw/BT)p,n n (4-12)

w’ s

D 0
'
)

ll ’(BZCs/BT)p,n {4-13)
n

3

W 5

Equations (4-12) and (4—13) are obtained from the well known

Maxwell's relations. Differential entropy changes may also

be calculated from the thermodynamic relation:

(A w - raw) (4-14)

 

W T
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IV.2.2. Thermodynamics of the Integral Process

Sorption experiments are designed to measure finite

changes. For example, calorimetric determination of heats

of sorption is possible only for finite processes even when

using the best instruments available. Harkins and Boyd

(1942) determined heats of adsorption by measuring heats

of immersion. The immersion process is equivalent to the

integral process (equation 4—1) as illustrated with the aid

of the.following two step process:

A. Immerse a dry adsorbent from a vacuum into a liquid;

adsorbent nsXs (dry at P=0) + an (water, P=P°) +

TnSXS saturated with and in

Tan excess of liquid XW

I
alt

B. Immerse the adsorbent from a vapor, wherein nS

moles of XS adsorbed nW moles of Xw in equilibrium with

vapor at pressure Pm, into a large amount of liquid adsorbate.

Y“ I
n moles of X with in moles of X

s s j s s

an moles Of Xw adsorbed; +(n—nw)X + saturated with and
l

:u on it in e uilibrium .
Y p q 1n an excess of
_ , _ m g E

Lw1th vapor at P—P u liquid Xw I

The difference between these two steps (A—B) is given by the

integral process equation (4—1):
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1h moles of X with n
s s w

nSXS (dry at P=0) + anW (at P=P°) + moles of Xw adsorbed

upon it in equilibrium

  Lwith vapor at pressure Pm_

The integral heat of adsorption (AH) per fixed amount of

adsorbent is the difference between the heat of immersion

of the dry adsorbent and the heat of immersion of the

adsorbent with nw moles of XW adsorbed upon it.

The value of AH obtained by calorimetric measurement

depends on the total quantities of the components mixed

and their relative amounts, which determine the concentra-

tion of the resulting solution. In order to have comparable

values for different concentrations, it is necessary to

base the measurements on some fixed quantity of solute or

solvent or mixture. One approach is the quantity of heat

per mole of solute added. If n1 moles of solvent and n2

moles of solute are mixed, the quantity (AH/n2) is called

the integral heat of solution. Correspondingly the inte-

gral heat of dilution is given by the ratio AH/n1 and

represents the quantity per mole of solvent added in the

mixing process. For dilute solutions (nl/n2 large), the

values of AH/n2 approach a limiting value referred to as

the heat of solution at infinite dilution (Cole and Coles,

1964). It corresponds to the heat adsorbed or desorbed

when one mole of solute is added to an infinitely larger

quantity of solvent, and represents therefore the heat
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supplied when solute molecules are transferred from surround-

ings of other solute molecules to an environment of solvent

molecules.

Considering the process of adsorption as mixing of pure

water with food solids the integral net heat of solution

of the sorption process may be expressed per mole of

adsorbent or per unit mass (100 g. solids), assuming a

molecular weight cannot be assigned to food solids. The

term net is, again, used to point out that AH is the differ—

ence between the integral heat of adsorption of the

adsorbate vapor and the integral heat of condensation of

the vapor. The integral heat (net) of solution of the

sorption process (AH) can be derived either by integration

of the differential net heat of sorption or from the

temperature coefficient of the integral free energy of

solution (AG) (Wu and Copeland, 1964).

The integral prOperties can be obtained from the

differential in the following manner: For a differential

change, at constant temperature and pressure, with respect

to molar concentration of the change of any extensive

property J of a homogeneous binary system the following

expression can be written:

(4-15)dAJ = (aAJ/BnW)T,p,n§an + (BAJ/BnS)T,P’nwdnS

where nw, nS represents moles of water and food solids,

rexpectively. However, by definition:
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(aAJ/an)T’p’ns = AJW and (8AJ/8n5)T,p’nw = AJS

Based on derivations presented the differential change of

free energy and enthalpy for the entire system can be

written as:

dAG = AC dn + A dn (4-16)
WW

dAH = TE dn + A dn (4-17)

Experiments used to investigate sorption phenomena are

conducted at constant mass of solids while varying the

amount of sorbed water. For sorption results, equations

(4—16) and (4—17) can be used in the following form:

dAG = AG dn (4-18)

dAH = TE dn (4—19)
W W

Equations (4-18) and (4—19) prove that the differential change

in any extensive property of a sorption system, at constant

temperature and pressure, is equal to the partial molar

change of the same property of the sorbate. Based on

equations (4-18) and (4-19), the following equations are

obtained:

AGw= 1 AG dn (4-20)

0
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n
, w

AHw = jmwdnw (4-21)

0

where nw is the number of moles of water sorbed per mole

or unit mass of food solids, assuming a molecular weight

cannot be assigned to food solids and AGW and AHw indicate

integral free energy and enthalpy of solution in cal/unit mass

solids. Equations (4-20) and (4-21) have been used by a number

of authors (Davis and McLaren, 1948; Wu and COpeland, 1964;

Kapsalis, 1967) although they do not give an explicit

account of their derivation.

In practice the integrations must be carried out

graphically (Kapsalis, 1967). The quantity (AH), as already

pointed out, is directly accessible to experiment and has

been used as a means to study the thermodynamic properties

of mixtures and as a check on theoretical formulae (Wu and

Copeland, 1964). The significance of the integral heats of

solution for final solution concentration other than

infinitely dilute is not obvious; as solute is added

progressiwfly to pure solvent and to increasingly less dilute

solutions. The integral heat is an average AH for the

total change in solution concentration.

In contrast, the differential heats are values of AH

which represent the addition to a solution of particular

concentration, and are partial molar values. The differ—

ential heat of dilution (adding water to a given amount of
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food solids) must be obtainable from the slope of the

curve AH/n vs. n /n (n = moles or grams of water; n =
s w s w s

1 mole or 100 g. of solids respectively). Thus:

[3(AH/ns)/a(nw/ns)]T,P,ns = (BAH/BnW)T,p,ns = AHw (4-22)

Equation (4322) confirms the correctness of equation (4-21)

and its derivation. In practical calorimetry, known amounts

of the pure mixture components are mixed and the heat

evolved (AH) is measured. The integral heat of solution is

then obtained from the ratio (AH/n5), while the integral

heat of dilution is obtained from the ratio (AH/nw) (Cole

and Coles, 1964). The differential heats of dilution and

solution are obtained as suggested by equation (4-22).

The integral heat of mixing may also be expressed as per

unit mass of mixture. Of courSe the integral heat of

mixing per unit mass of mixture (AH+) will vary with varying

composition of the fixed amount of mixture.

If J in equations (4—16) and (4-17) is used to replace

any extensive property, the general form of the equation

becomes:

dAJ = AJ dn + T" dn (4-23)

At constant temperature and pressure, for a given composition

of the mixture, AUW and A35 are constant and equation (4—23)

may be integrated for a finite addition of water to yield:
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(4—24)AJ = AUdew + Ajsdns

This process of forming a solution of the final composition

could have been initiated with an empty beaker. Both nw

and nS would have been zero initially and:

(4-25)AJ = K7 n + AU n
w w s s

where nw and n5 represent mass of water and food solids

respectively. Dividing both sides of equation (4-25) by

the total weight of the mixture we have:

(4-26)AJ+(cal/g. mixture) WNW + (1%)sz

where W is the weight fraction of water and (l-W) is the

weight fraction of solids in a total mixture.

Fish (1958) and Stitt (1958) used the equation (4—26)

to obtain the integral thermodynamic properties of the water

ofvapor adsorption process by dry starch to form 1 g.

equilibrated material with vapor pressure (Pm).

Free Energy——The integral free energy change for the

entire system in process (4—1) may be derived by integration

of equation (4-20):

The integration of this equation may be carried out as

follows:
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P/P°

AG = nwAC — RT nw(P°/P)d(P/P°)

A plot of nw(P°/P) vs. P/P° will allow evaluation of the

integral (Wu and Copeland, 1964). The integral free energy

obtained by this formula will be the integral free energy

of solution and will be expressed as cal. per unit mass dry

food solids. According to equation (4—26), the integral

free energy per unit mass of mixture may be obtained as

follows:

AG+ = with + (i—W)Acg {4-27)

Egthgthf—The integral enthalpy (net) of sorption can

be derived in several ways. The method using the tempera—

ture coefficient of the integral free energy (AG) leads

to the following equation:

AHw = [3(AGw/T)/8(l/T)]p’nw (4-28)
n

’ s

The method using integration of the differential net heat

of sorption employing data at two isotherms only yields

the following equation:

AHW = (RTlTZ/TZ—Tl)1n(ZZ/Zl)dnw (4-29)

Equation (4—29) is used when sorption isotherms are available

at only two temperatures. In this equation, 22 is the
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relative vapor pressure (P/P°) at the higher temperature

which produces the same number of moles of water sorption

as Z1 at lower temperature. The integral net enthalpy

obtained from the above formulae will be the integral net

enthalpy of solution and will be expressed as cal. per unit

mass of dry food solids. The integral net heat of sorption

per unit mass of mixture can be obtained from equation (4-26)

as follows:

AH+ = wAnw + (l-W)AHS {4-30)

Egtropy-—The integral net entropy of sorption can be

computed from the relationship associating the free energy

and enthalpy of a system:

(AHw -AGw)

T

ASW = (4-31)
 

where S is expressed in cal. per unit mass of solids per

°K.

The integral net entrOpy of sorption per unit mass of

mixture is given by an equation similar to equation (4-31)

when the integral properties per unit mass of solids are

replaced by the corresponding properties per unit mass of

mixture as follows:

+ +
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IV.3. Food as Binary System
 

When deriving the thermodynamic relations for non-

reacting binary systems, the following implicit assumptions

are made

a) The system is nonreacting since there appears to

be no chemical reactions and the changes in free.energy

are associated with changes in surface free energy only.

b) The surface area can be varied reversibly to obtain

the relation:

w = o-d A, (4-29)

where w refers to Work, A is the surface area and o is the

surface tension or the surface free energy (Cole and Coles,

1964).

c) The system is homogeneous mixture of a single

solid substance with a pure liquid.   
Biological substances considered food components are

mixtures of macromolecules. It appears to be well estab—

lished that sorption of water on them is a means of neutral—

izing or satisfying the forces of attraction that exist

at surface (Pauling, 1945; Bull, 1944).

In general it seems evident that assumption (a) will

not introduce errors when evaluating the sorption thermo-

dynamic properties of biological substances as long as

sorption isotherms are obtained within short periods of
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time. If, however, sorption isotherms require long periods

of time, chemical reactions (enzymatic, autoxidative)

unrelated to the sorption process, may alter the system and

the thermodynamic properties determined will not describe

the original system.

There is evidence that the surface area (sorptive

sites of biological substances), as related to sorption

phenomena, is not constant. Chung and Pfost (1967) associ-

ated the phenomenon of hysteresis to changes in available

sorptive sites on the biological substances. Since hysteresis,

as far as is known, occurs invariable in all biological

substances the surface area cannot be varied reversibly and

consequently, there is no expression such as equation

(4—29) [Guggenheim, 1967, p. 166]. In view of the fact

that the integral free energy of the solid is related to

the surface free energy (Copeland and Young, 1964) by the

following equation:

AGS = AAo,

it must be expected that assumption (b) will introduce some

error in evaluation of thermodynamic properties of foods.

However, Copeland and Young (1964) pointed out that the

changes in surface area are usually small and ignored.

A system may be considered homogeneous when the equili—

brium bulk properties vary in a continuous fashion through-

out the entire system with no regions of discontinuity.
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Based on observations, biological substances may be visual—

ized as homogeneous mixtures of solids with water. In

addition, food components are not expected to exert a

"component characteristic influence" on total moisture

isotherm. Berlin gt gt. (1968) indicated a classical

 
effect of a component on the shape of isotherm. In general,

however, biological substances yield smooth sigmoid-shaped

isotherms. This indicates that the components of the solid

mixture of biological substances follow the same mechanism

with respect to sorption and any differences are of a

 quantitative nature. We may accordingly regard the sorption

isotherm as made up additively by quantitative contributions

of the components. The solid mixture of biological sub-

stances may therefore be considered as a single component

with respect to the qualitative behavior during sorption

of vapors.

The considerations above indicate that biological

substances may be treated as binary systems with respect

to their sorption thermodynamic properties.



V. RESULTS AND DISCUSSION

. V.l. Moisture Sorption Isotherms
 

The adsorption and desorption isotherms of precooked

freeze-dried and raw freeze—dried beef at 10, 21.3 and 31°C

are presented in Figure 5.1 and in the appendix (Figures

 

A.l through A.3). The isotherms are sigmoid and belong to

the type II isotherm according to the classification of

Brunauer (1945). The adsorption isotherms of raw

freeze-dried beef are similar to those obtained in previous

investigations (Saravacos and Stinchfield, 1965; Kapsalis,

1967; Palnitkar, 1970) when examining the influence of

temperature on isotherm position. The quantity of water

adsorbed by all samples increased to a maximum as the

temperature decreased from 30 to 10°C. The adsorption and

desorption isotherms of precooked freeze~dried and raw

freeze~dried beef at 10.0°C and 31°C respectively are shown in

the appendix (Figures A.4 and A.5). These isotherms illustrate

that hysteresis between adsorption and desorption is exhibited

over a wide range of relative humidities. The hysteresis

effect is exhibited at 21.3 and 31°C, also. The comparison

of isotherms of precooked freeze-dried and raw freeze—dried

beef reveals that their sorptive capacities for water vapor
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Figure 5.1.-—Adsorption isotherms for precooked freeze—

dried beef.
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are nearly of the same order with the precooked product

being slightly higher. The small differences in sorptive

capacity of the two products should be due primarily to the

differences in the availability of polar sites. It is

certain that the cooking temperature denatured the protein

components of the precooked samples, which also lost con-

siderable amount of fat during cooking.

V.Z. Physicochemical Properties
 

V.2.1. Differential Thermodynamic Properties

Differential net free energy changes (AGg), (AGg). For

any process at constant temperature, the definition of free

energy (G E H - TS) may be used to write:

AG = AH — TAS (5-1)

Based on equation (5—1), the free energy change of a system

combines the changes of enthalpy and entropy of the system.

The change of free energy between two states of a system is

a measure of the feasibility or ”spontaneity” of the process

taking the system from the initial to final state.

The change in free energy (AG) represents a difference

of potential between the two states of the system considered

and could equal the negative of the work done by a reversible iso—

thermal engine as a result of the isothermal flow of the

system from the initial to final state. A negative change

in free energy would indicate that the process is spontaneous
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and capable of producing work. For example, a negative

free energy change indicates that the adsorption of water

vapor by the dry food and the concomitant structural

changes will occur spontaneously at the specified tempera—

ture and other conditions. If the free energy change were

positive, the process would have occurred in the opposite

direction, i.e., the food system would have desorbed its.

residual water into the vapor phase and the structure of

the food would have changed accordingly.

The integral free energy of a two component mixture

however, is related to the partial molar free energies of

the components. according to equation (4-25):

AG = n AG + n AG (5-2)
w w s 5

Equation (5-2) is derived directly from equation (4—25) by

replacing G for the general extensive thermodynamic property

J. In equation (5-2), AG refers to free energy for the

entire mass of mixture. The partial molar free energy

change of sorption per g. of sorbed water (AGW) is expressed

by:

AG = i 3.1- 1n P/P° (5—3)

Where the positive sign refers to adsorption and the

negative sign refers to desorption. Equation (5-3) is

obtained from equation (4—4). The values of differential

free energies with respect to sorbed water were calculated
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for the adsorption and desorption processes using equation

(5—3) and experimental data. The corresponding differential

free energy changes with respect to the solids (adsorbed)

(AG5) were determined using the convenient form of the Gibbs-

Duhem equation (4-5).

Values of differential free energy changes (AGQ and

AGS) for precooked freeze-dried and raw freeze-dried beef

at 10, 21.3 and 31°C were plotted against moisture content

as shown in Figure 5.2 and in the appendix (Figures A.6 to

A.8). The differential free energy values (AGg) of adsorp-

tion and desorption decteased continually in magnitude with

 

increasing moisture content. A comparison of differential

free energy CTGW) of desorption with values from adsorption

indicates that desorption values are consistently greater

in magnitude. This is in agreement with the published

literature (Chung and Pfost, 1967). The differential

free energy values (AG5) of adsorption and desorption for

both products increased continually in magnitude with

increasing moisture. This same relationship was observed

by Palnitkar (1970).

The values of AG“ decreased or increased to infinity

for the adsorption or desorption processes respectively,

as the dry state was approached. The property values

approached zero, assymptotically, with increasing moisture

content. These findings agree with those of other investi-

gators (Fish, 1958; Kapsalis, 1967). The values of AG;

increased negatively to a limiting value with increasing

moisture content. The relatively small changes in free
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Figure 5.2.——Inf1uence of temperature on the differential net

free energy values of water and solids for

adsorption of water vapors on precooked freeze—

dried beef (plate temperature 100°F).
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energy with respect to solids may be attributed to limited

extent on changes due to the stretching, bending and

tortional vibrations of the macromolecules comprising the

solids. The results essentially imply that the polymer

molecules comprising the beef gel are interlinked in

junction points which are not accessible to the swelling

agent. These links may represent covalent ponds (e.g.,

disulfite bridges), or noncovalent bonds (e.g., electro—

static interaction, hydrogen bonding, hydrophobic inter-

action, dipole—dipole interaction), which impedes unlimited

swelling. When the volume of the gel is increased, the

structural units of the gel scaffolding connecting succes-

sive junction points are brought into configurations of

lower entropy and tend to reassume the original configura-

tion to attain minimum Gibb's free energy (Hermans, 1949,

p. 88).

Both differential free energy with respect to water

(AGW) and the differential free energy with respect to

solids (AG5) were higher in magnitude at lower temperature

than the corresponding values at higher temperature. In

practical terms this implies that the adsorption process

will proceed to a larger extent (more water will be adsorbed)

at the lower temperatures (AGW more negative) for a given

relative humidity. Saravacos gt gt. (1967) observed this

relationship over the range of temperatures from 50 to 0°C,

but the amount of adsorbed water remained almost constant

for temperatures below 0°C.
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Palnitkar (1970) reported the same relationship between

free energies (ch and AGS) for water vapor adsorption on

biological materials and temperature and concluded that a

given food system is more stable thermodynamically at a

lower temperature than the higher temperature. This con-

clusion seems very questionable when discussing the vapor

pressure adsorption process.

As discussed previously, the change in free energy is

related to the potential of chemical reactions. The change

in free energy will be zero at thermodynamic equilibrium.

The more negative AGQ of adsorption at low moisture level

indicates that the adsorption of vapors on solids is more

spontaneous at the lower moisture level than at the higher

levels. This equilibrium should not necessarily be related

to the stability of foods as proposed by Palnitkar (1970,

p. 40). - ,

Figure 5.3 demonstrates the influence of product

characteristics on the free energy. The isosteric free

energy values of precooked product are higher than the

respective properties of the raw product both for water

and solids. This indicates a higher sorptive potential

for precooked product due probably to protein denaturation

and loss of fats during cooking.

Differential net enthalpy changes (AHQ), (AHS). AH
w

 

andzfig were evaluated using equations (4~9) and (4-11),

respectively. The use of equation (4-9) for computing AH
w

for the water vapor adsorption by precooked freeze-dried

beef is illustrated in the appendix (Figure A-7a). Using
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Figure 5.3.--Isosteric differential net free energies with

respect to water (AGW) and solids (AG5) for

adsorption of water vapors on precooked and

raw freeze-dried beef at 31°C.
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equation (4-9) does not assume that AH& is invariant with

temperature.

Isosteric differential net heats of adsorption and

desorption of precooked freeze-dried and raw freeze-dried

beef with respect to water are plotted as a function of

moisture content in Figure 5.4 and in the appendix (Figures

A.9 to A.ll). The isosteric heats (AHfi) of adsorption and

desorption ranged from 660 cal/g to 50 cal/g for the range

of moisture contents studied and are in agreement with

values obtained by Kapsalis (1967) and Palnitkar (1970)

for precooked freeze—dried beef. The high negative values

of AHQ of adsorption at low moisture contents indicates the

formation of more or stronger bonds, such that the system  
moves to a state of lower energy accompanied by the evolution

of heat. The high heats of sorption also indicate nonideal

behavior of vapor pressure. Based on thermodynamic con-

siderations, ideal solutions will not adsorb or evolve

heat when the species are mixed (Cole and Coles, 1964).

Plots of AHW for adsorption and desorption processes of all

samples demonstrate that heats of sorption decrease continu-

ally in magnitude with increasing moisture content. Since

the heats of sorption can be considered as indicative of

intermolecular attraction forces between sorptive sites and

water vapor, plotted values of AHQ vs. moisture content can

be used to study the magnitude of binding energy or the

availability of polar sites to water vapor as sorption
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proceeds. Accordingly, the high AH“ values at low moisture

content may be due to sorption (possibly by hydrogen bond

formation) on polar groups of the protein side chains and

of other substances, as proposed first by Pauling (1945),

Davis and McLaren (1948) and Dole and McLaren (1947). The

differential net heat AHw of adsorption for all samples

drops rapidly at low moisture contents and then gradually

in magnitude as the water is adsorbed and approaches a low

value at moisture contents greater than that regptred for

a complete monolayer of adsorbed moisture. The nonzero value

of net AH” at water contents greater than necessary for the

first monolayer violates the assumptions of the BET theory

which is based on the idea that the heat of adsorption on

layers above the first is equal to the heat of condensation

in pure water. This violation of the BET theory has also

been observed by Kapsalis (1967) and Dole and McLaren (1947).

Note that there is no break in the AH“ curve at the point

where the amount of water sorbed is equal to that required

for one monolayer. As is well known, the BET theory permits

the onset of multilayer sorption before sorption on the

first layer is complete.

It should be emphasized that at all moisture contents,

the AH” curve for desorption lies above the respective

curve for adsorption (Figure 5.5) indicating that adsorption

and desorption are essentially different processes. The

results indicate that the heat required to remove one gram

of water from an infinitely large quantity of food solids
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is greater than that required to place the gram of water

in the solids at the same moisture content. This is in

agreement with the concept that more sorption sites, which

possess the adsorption potential on the surface of an

adsorbent, are available to water vapor during the desorption

process than during adsorption. This hypothesis has been

advanced by Simril and Smith (1942) and recently by Chung

and Pfost (1967) to explain the hysteresis effect.

The change in net differential enthalpy of precooked

freeze-dried beef with respect to solid component (AHg)

during adsorption is illustrated in Figure 5.6. Isosteric

differential net heats with respect to solid component

(AHS) of adsorption and desorption of precooked freeze-

dried and raw freeze-dried beef were plotted as a function

of moisture content. In general, the changes in partial

molar thermodynamic preperties of adsorbents are smaller

than for adsorbates over the ranges of moisture content

studied. This behavior should be expected since partial

molar properties are average properties of the respective

components (Wu and Copeland, 1961). The values of AHS of

desorption were consistently greater than those of adsorption

for all materials investigated, indicating that inter- and

intra—molecular structural changes in adsorbent during

desorption are greater than occur during adsorption.

Figure 5.7 illustrates the influence of product char-

acteristics on the net differential enthalpy (AHg) of water

vapor adsorption. The differential net enthalpy values of
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water vapor adsorption and desorption (see appendix,

Figures A.9 and A.lO) by raw freeze-dried beef were con-

sistently higher in absolute magnitude than the differ-

ential net enthalpy values for the respective processes of

precooked freeze-dried beef. This suggests that more polar

sites were available and chemisorption proceeded to a larger

extent in raw freeze-dried product than in precooked

freeze-dried. More energy will be required to dehydrate

the raw freeze-dried beef than the precooked freeze-dried.

Differential net entrOpy changes (ASg), (ASg). Differ-

 

ential net entropy changes (ASfi) were calculated using

equation (4-14). The corresponding differential net entropy

changes with respect to solids (ASS) were calculated using

the same equation and the values of AH; and AGS at 21.3°C.

The computation of AS& for water vapor adsorption by pre-

cooked freeze-dried beef at 21.3°C is illustrated in Table

5—1. In the same table the calculation of integral entropy

per unit mass of mixture (AS+) with varying water content

is also illustrated. .Equation (4-30) was employed for

these calculations.

The product of differential net entrepies with tempera-

ture ( TASW) of adsorption and desorption of precooked

freeze-dried and raw freeze-dried beef are plotted as a

function of moisture content in Figure 5.4 and in the

appendix (Figures A.9 to A.ll). The differential net

entropy changes for the adsorption and desorption processes
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(38”) have rather high negative and positive values,

respectively at low moisture contents. The values decrease

in absolute magnitude with increasing hydration in a manner

similar to the corresponding differential net enthalpies.

The negative value of KSW for adsorption is due to the

decrease in randomness of the system when water molecules

from the vapor phase are adsorbed on the surface. When

water molecules possessing high translational, rotational

and vibrational energies in the vapor phase are adsorbed on

the surface of food solids, they lose their translational

energy, become "ordered" and the entropy of the system

decreases. Since it has been suggested (Pauling, 1945;

Stitt, 1958) that the adsorbed water molecules are hydrogen

bonded to polar sites of the adsorbent before the completion

of the BET monolayer the initial adsorption will impose an

increased order to water molecules resulting in the higher

negative entropy values at lower moisture contents. As  
the adsorption proceeds however, it is possible that the

adsorbent surface does not remain intact but undergoes

configurational changes; a local solubilization or incipient

solution, which tends to increase the randomness of solids

and contributes positively to the entropy of mixing (Davis

and McLaren, 1948). Positive entropies were not observed

in this investigation indicating that the beef gels are

highly interlinked and tend to maintain their original

configuration in the range of moisture contents studied.
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The change in net differential entropy of raw freeze-

dried beef with respect to solid component (K35) during

adsorption is illustrated in Figure 5.8. The differential

net entropies with respect to solid component (33g) of

adsorption and desorption of all materials investigated

were plotted as a function of moisture content in a similar

manner. The change in differential entropy of raw freeze—

dried beef with respect to water (ESQ) during the adsorption

process is also plotted in Figure 5.8. As illustrated, the

change in ZSW increases monotonically to a value near zero

(absolutely decreases) with increasing amount of adsorbed

water. The differential entropy of the solid component K35

-decreases (becomes more negative) with increasing moisture

content during adsorption.

As was the case with differential enthalpy values with

respect to solid component, the differential entropy values   
(135) are smaller in magnitude than the differential

entropy values with respect to water (KSW) over the range

of moisture contents studied. This is particularly true

for both differential enthalpy and differential entropy

changes at moisture contents below the BET monolayer.

Within this range of moisture contents therefore, the

integral enthalpy and entropy changes of mixing are mainly

contributed by the water component while the opposite is

true for moisture contents over the BET monolayer as can

be seen from -NWZHV, -NSZHg and -AH+ values in Table 5-1.

Obviously, any undulations of the integral free energy,
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Figure 5.8.-—Change in net entropy for adsorption of water

vapors on precooked freeze—dried beef (plate

temperature 100°F) at 21.3°C.

 



 



 

68

enthalpy and entropy curves at low moisture contents will

manifest analogous more intense undulations of the respective

partial molar property curves of water (Davis and McLaren,

1948). In a similar manner undulations in the integral

curves at high moisture contents (above the BET monolayer)

will manifest more intense undulations of the respective

partial molar properties of the solid components.

For all materials investigated, Egg for desorption was

consistently greater in absolute magnitude than for

adsorption. The same relation was true for the differen-

tial net entropies with respect to food solids (K85). This

reflects the phenomenon of hysteresis and may be explained

in terms of the usual theory of the sorption of moisture

by biological materials. Considering the adsorption of

water molecules on the exposed polar sites together with   
condensation in the structural interstices, the observed

entropy difference between adsorption and desorption may

be explained in either of two ways: (a) the number of

available polar sites may be greater for desorption than

for adsorption or (b) the interstitial space may be re-

distributed with an increase in the proportion of water

condensed in small pores. It can be shown that the decrease

in entropy produced by transferring water from a plane

surface to the concave surface of water condensed in a

capillary is inversely proportional to the radius of

curvature of the concave surface. Such transfer of water

should be considered responsible for the observed continuous
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decrease of entropy. During this process, however, the solid

component will experience structural and configurational

changes which produce more sorptive sites available for the

desorption process (Chung and Pfost, 1967) and equalizes

the interstices in which water is held by capillary conden-

sation. After on desorption, the adsorption process is

reversed except that the spatial distribution produced on

adsorption persists to lower moisture contents, with the

result that the desorption entropy is always higher than

the adsorption entropy.

The differential net entrOpy values with respect to

water (ESQ) obtained from the adsorption isotherms of pre-

cooked freeze-dried beef agree very closely with values

obtained by Kapsalis (1967) and Palnitkar (1970). In

Figure 5.9 the effect of temperature on entropy change

with moisture content is illustrated. For all materials

investigated the differential entropy (ng) changes with

moisture content as well as the differential entropy changes

with respect to solids (Egg) on adsorption and desorption

were uneffected by the temperature. This is in disagreement

with the findings of Stamm and Loughborough (1935). These

authors however, studied isotherms at widely varying

temperatures which is not the case in this study and this

may explain the disagreement.
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v.2.2. An Analysis of Procedures Used to Compute Differen—

tial Properties

As it can be seen from Figures 5.1 to 5.9 the 36%,

K65, Kfiw, Ens, ng’ K85 curves are all smooth curves without

any indication of discontinuation. There is no sign of

sharp transition between the bound or surface adsorbed

water and capillary condensed water or water held by Van

der Waals forces. This is in keeping with the moisture

content—relative humidity curves (isotherms) which do not

reveal sharp discontinuity. The smoothness of the curves

is in agreement with the BET theory, which permits the

onset of multilayer sorption before sorption on the first

layer is complete, and is supported by the findings of

Duckworth et 31. (1963). The latter author demonstrated

that at low moisture content water is very strongly adsorbed

and becomes loose enough to serve as solvent only at moisture

contents 2 to 3 percent higher than the BET monolayer.

The shape of the curves representing the change of the

differential net thermodynamic properties of precooked

freeze—dried and raw freeze—dried beef during water vapor

adsorption and desorption obtained in this study is similar

to the shape of the curves of the respective properties of

the same or other biological materials obtained by Stamm

and Loughborough (1934), Simril and Smith (1942), Fish

(1958), Kapsalis (1967), Kapsalis at al. (1970a), Chung

ancl Pfost (1967) and Palnitkar (1970). Other authors

Udasuzawa and Sterling, 1968; Volman et a1., 1960; Bettelheim
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and Volman, 1957; Davis and McLaren, 1948; and Kapsalis,

1970b], when working with a variety of biological materials,

obtained smooth KCW curves but their curves for ER“ and ESQ

were characterized by many peaks, some of which were close

to BET monolayer.

In the first four of the latter papers the authors

 
studied strongly swelling substances (Pectins, etc.) and

interpreted the peaks as signs of stepwise swelling pro-

cesses. Bettelheim et a1. (1963) proposed that during

swelling, either previously nonhydrogen bonded polar sites  
open and give rise to greater second minima or previously

 

existing hydrogen bonds are first cloven and subsequently

establish such bonding with water molecules giving rise to

lesser second minima [the authors call the peaks maxima

referring to absolute values]. The authors pointed out

that the differential entropy change of sorbate represents

changes in entropy of adsorbent due to the fact that it

undergoes configurational changes during adsorption. Since

it is very improbable that subsequently adsorbed water is

more strongly bonded than the previously adsorbed (at least

in the region of moisture contents before the BET mono-

layer), the minima in their Zfiw and KHS curves before the

monolayer are necessarily attributable to configurational

changes of the sorbent. The decrease in entrOpy and

enthalpy of sorbent at the minimum points must apparently

be very great in order to arrest the monotonically decreasing
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contributions of the sorbate to AH“ and KS” and yield

minimum peaks. Such changes probably are possible with

highly swelling materials not being subject to a solvation

process at relatively low vapor pressures. Materials

dissolving at low relative vapor pressure, such as salmine,

show positive entropy change (ASW) long before they dissolve

due to incipient solution as pointed out by Davis and

McLaren (1948). These authors studied the thermodynamic

properties of water vapor adsorption on a number of pro-

teins and concluded that much credence should not be given

to the many undulations observed for the heat and entropy

curves since only the major maxima and minima lie outside  the experimental errors of the measurements. Dole and

McLaren (1947) discussed the accuracy of EH“ values and

concluded that their graphical estimates are uncertain to

about 15 to 20 percent at the lower relative humidities

with the uncertainty decreasing to about 5 percent at

intermediate P/P° values and rising again at the higher

P/P° values. The error inherent in the experimental data

is not included in the above uncertainties.

Kapsalis (1970) studied the relationship between the

mechanical properties and thermodynamic properties of

precooked freeze-dried beef. The author obtained isotherms

at three temperatures (7°C, 25°C and 37°C) and calculated

total differential properties instead of net values; the

standard state of water vapors was considered to be vapors
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at one atmosphere pressure and temperature of the experiment.

Due to these factors, his values include the heat of con—

densation for water vapor. For reasons not explained in

the report, the author employed the integrated form of

Clausius —C1apeyron equation [equation 5-5] and used only

the isotherms at 7 and 37°C, to calculate total differen-

tial enthalpies. The differential form of the same equation

[equation 5-4] could have been employed and used all three

isotherms for the above calculation. Using the two-isotherm

approach, which is the same as that used by Bettelheim and

Ehrlich (1963), Masuzawa and Sterling (1968), Volman gt a1.

(1960), Bettelheim and Volman (1957), Kapsalis St 31. (1970)

obtained a curve for the total differential enthalpy, which

showed two peaks one before and one after the BET monolayer.

It should be emphasized that the same author applied the

differential form of the Clausius —C1apeyron equation to

his 1967 data (Kapsalis, 1967) and obtained smooth curves.

To illustrate the differences in differential net

enthalpy which result from the use of two isotherms and the

integrated Clausius —Clapeyron equation, differential net

enthalpies were calculated from the isotherms of this

investigation. The analysis was conducted on the 10 and

21.3°C isotherms and then the 21.3 and 31°C isotherms.

The results are presented in Table 5.2. To compute differ—

ential net enthalpies by the integrated form of Clausius—

Clapeyron equation a convenient form of this equation was

derived as follows:
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Table 5.2. Differential net enthalpies of water vapor

adsorption by precooked freeze—dried beef as

calculated by the integral form of Clausious—

Clapeyron equation and the equation used in

this investigation.

 

 

Differential Differential ’Differential

net enthalpies net enthalpies net enthalpies

Moisture con- obtained by obtained by obtained in

tent g. water the application the applica- this investi-

per 100 g. of equation (5-6) tion of equa- gation by the

dry solids to isotherms at tion (5-6) to application of

10 and 21.3°C isotherms at equation (4-9)

21.3 and 31°C

 

 

3 468.753 cal/g. 347.559 cal/g. 418.033

4 416.171 ” 333.263 ” 378.600

5 257.150 " 250.235 " 254.098

6 234.376 " 186.713 " 213.114

7 190.011 ” 136.920 ” 168.033

8 170.239 " 107.699 " 143.443

9 142.231 “ 85.399 ” 114.754

10 127.599 " 56.150 ” 94.262

11 101.449 " 53.357 " 81.967

12 86.798 ” 47.676 ” 69.672

13 75.337 ” 46.502 ” 65.574

14 74.894 ” 31.479 ” 57.377

15 67.777 ” 28.756 ” 49.180

16 68.545 ” 17.464 ” 49.180

   -—.-_...__........_._ h_-._ -....__-
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The net enthalpy of adsorption is by definition the

enthalpy of adsorption minus the enthalpy of condensation

of the water vapors at the same temperature.

The differential form of Clausius-—C1apeyron equation

is:

AH

d 1n P w (5_4)
.—

HTTT7T)' ”—F"

(Dye, 1969; Weber and Meissner, 1957). Integration of this

equation between two temperatures, T1 (initial) and T2

(final), where the respective vapor pressures are P1 and

P2, will yield:

R T T

AHW = ~J—T—3 1n ~2— (5-5)

2 1 H

Note that this equation was developed for single component

homogeneous systems (pure water) and for such systems

AH = AHW (molar properties are equal to partial properties).

There is no reason to expect acceptable results when this

equation is applied to mixtures. If the vapor pressures of

0

pure water at the same two temperatures, T1 and T2, are P1

0

and P2 respectively, the net enthalpy AHW will be given by

the following equation:

 

T‘ "‘ " i. n "r . 0

AH (net) = A ll:£——- 1n :Z-— A 1112 1n P2
w 18[T,~T,) P1 l8(T,-T,) P°'

1
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The value of 18 was introduced to allow calculation of AHw

per unit mass of water. This equation can be written as

follows:

Xi» = RTlT2 1n PgPl = _RTlTZ . [1n P2 _ 1n P1] (5-6)

w l TZ—Tl Pin 18[T2-Tli P; P:

Equation (5-6) was used to calculate the results of Table 5—2.

The results of Table 5—2 appear to be very convincing

in that it is not sound practice to calculate differential

enthalpies from two isotherms by using the integrated form

of Clausius- Clapeyron equation.

The differences indicate that either the assumption of

constant AH over small temperature differences for inte-

grating equation (5—4) is wrong, in the case of water vapor

adsorption by biological materials, or that the integrated

form of Clausius -C1apeyron equation should not be applied

in this case. Saravacos and Stinchfield (1965) found that

the vapor pressures of raw freeze—dried beef followed the

differential form of Clausius— Clapeyron equation from -20

to 20°C, and from 20 to 50°C. This, also, indicates that

use of two isotherms one of which is at temperature below

20°C and the other at a temperature higher than 20°C for

computing AH“ values will lead to incorrect results. Since

the computation of entropy is directly dependent upon the

computation of enthalpy values [see equations (4—14) and

(4—32)]errors in enthalpy values will be carried forward.
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V.2.3. Integral Thermodynamic Properties

The integral free energy and enthalpy changes for the

entire process of dry sorbent combining with water to form

a mixture equilibrated with vapor pressure (P) were obtained

using the equations (4-25) and (4-28). The integral free

energies calculated in this manner are expressed as cal/g.

of mixture (product). The following discussion deals with

the approach used for the computation of integral free

energy @5G+) and enthalpy (AH+) values. For a given set

of equilibrium moisture content data, first the differen~

tial thermodynamic values for the aqueous phase (adsorbate)

are calculated. The corresponding contribution of solids

(adsorbent) was determined using the convenient form of the

Uibb‘s-Duhem equation (4-6). The integral free energy (AG+)

and enthalpy (AH+) values were computed by multiplying the

differential values of the components with their respective

weigh fractions followed by summation. The integral entropy

values were calculated using equation (4-30). The computaa

tion of integral free energy (AG+), integral enthalpy (AH4)

and the product of integral entropy and temperature (TAS+)

is illustrated in Table 5-1. Data from water vapor adsorp—

tion isotherms at 10, 21.3 and 31°C ror precooked freeze—

dried beef were utilized in these computations. The critLual

part in these computations is the calculation of 365 and

Mtg at low moisture contents. In the calculations pre-
L

sented, equation (4-8) is used for computing ACS. A plot

‘.\I {)0 :7 . - . .. \ 1 ‘ , J f-‘ - -:‘ ~‘I4 ': (‘1‘ ‘- (‘1‘-4~, ’_, _1?‘ 1: (IV...-

-—- VS h [5 :5 ‘VS .1“. {/0 v1.1 QLLU girl. I ‘) -- 1 CIL SI]. 4 ‘vklfi- “ -’ -' "' “I' 4 Iof __,. —
L N P

(;
IN

:xiatixma vapor ~> ess‘uw> (as) ixilqez -««s extrfinniiatéd t ii
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Nw P°
N - p"’ axis. The area beneath the curve was

s

computed by using the trapezoidal rule. A similar approach

cross the

 

was used for AHS.

Integral free energy (AG+), enthalpy (AH+) and the

product of absolute temperature with integral entropy

(TAS+) for adsorption and desorption processes of all

product studied are plotted in Figures 5.10 and in the

appendix (Figures A.lZ to A.l4). The figures reveal that

the integral thermodynamic properties of adsorption and

desorption increase in absolute value with increasing

moisture content. The change is rapid at low moisture

contents but gradually levels off at higher moisture

contents,at least for the range and mixture contents investi—

gated in this study. Fish (1958) studied the integral

thermodynamic properties (AG+, AH+, TAS+) of water vapor

adsorption on starch and the curves obtained for the above

properties showed minima at about 10 g of water per 100 g.

of dry starch. This moisture content is higher than the

BET monolayer which was found to be about 6 g. of water per

100 g. of dry starch (Stitt, 1958). It must be mentioned

that using the differential enthalpy curve of Fish (1958)

the curve for integral AH+ can be reproduced very clearly.

Palnitkar (1970) investigated the thermodynamic properties

of water vapor adsorption and desorption by precooked

freeze—dried beef and reported minima in the curves for

integral enthalpy (AH+) and entropy (TAS+) which coincided

rather closely with the BET monolayer values. On the basis
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Figure 5.lO.-~Integral change in net thermodynamic values for

water vapor adsorption on precooked freeze—

dried beef solids to form 1 g. of mixture with

tne indicated composition.
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of these findings Palnitkar (1970), suggested that there may

be a relationship between the minimum entropy moisture

content and optimum stability moisture level as proposed

by Salwin (1959). An analysis of the data and procedures

used by Palnitkar (1970) revealed that the minimum entropy

values could not be reproduced. The data used by Palnitkar

(1970) produced results very similar to relationships

obtained in this investigation. Discussions with Palnitkar

(1972) indicate that errors in computer programs used for

data analysis probably produced the results presented by

Palnitkar (1970).

V.2.4. An Analysis of Procedures Used to Compute Integral

Properties

As previously mentioned, the curves for the differen-

tial thermodynamic properties of water vapor adsorption by

starch obtained by Fish (1958) were smooth curves similar in

shape to those obtained by Palnitkar (1970) and in present

investigation when analyzing data from vapor adsorption on

precooked freeze-dried and raw freeze—dried beef. The

difference in shape between the integral thermodynamic

properties of water vapor adsorption by starch and those

for water vapor adsorption by precooked freeze-dried and

raw freeze—dried beef requires explanation. Consider a

real two—component liquid solution. Assuming the perfect—

gas laws to apply to the vapor phases of the liquids and

considering the pure liquids, at the same temperature and

pressure as the solution, to be their standard states, the
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dlfferential
free energy

changes
are given by equation

(4-5)

P1
p2

AC" = RTln ~s
AC" = RTln ~v

1
P1

2
P2

Subscripts l and 2 refer to components and P and P° are thevapor pressures of the subscribed component over the solutiand at its standard st

on

ate.

According to Henry's

p. 347),

law (Weber and Meissner, 1957,

and

(5-7)

the
following

equations
are obtained:

AC, = RTlnlel,
AC? = RTlnyzxz

(5-8)

By substitution
in equation

(4-24):

AG+ = ‘ ’VTln' x + x RTln' x

(5“9)

Al‘ *‘11 1 2 Y2‘2

where AG+ in the above equation represents the chen1ge infree energy of system per mole of solution.
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For an ideal solution, all activity coefficients are

unity at all concentrations hence (5—9) becomes

46+ = x RTlnx + x RTlnx
1 1 2 2 (5‘10)

Analysis of equation (5—8) indicates that for both real and

idealeliquid solutions, 401 approaches minus infinity as x1

approaches zero. On the other hand, it can be shown that

the product x136, approaches zero as xl approaches zero

(Weber and Meissner, 1957, p. 447). It can be shown (Weber

and Meissner, 1957, p. 347) that the predominant component

of both a real— and ideal- liquid solution will follow

Raoult's law as its mole fraction approaches unity, and

hence its activity coefficient must also approach unity with

increasing mole fraction. As xl approaches unity, the term

XE, must approach zero both for real- and ideal-liquid

solutions, as is clear from an inspection of equation (5—8).

The above arguments are also true for 402. The change in

AG+/RT, AGl/RT and AGZ/RT when one mole of solution is

produced by mixing two liquids yielding an ideal solution

at varying concentrations as shown in Figure 5.11=

It is apparent from Figure (S—li) that AG+ must hay?

Ininimum, which for an ideal solution will occur at a con>

centration of 100 moles of component 1 per 100 moles of

component 2. The composition of a nonideal binary solution

at which 46+ will become a minimum will probably be determined

from the degree of nonideality of the solution.
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Iiiigure 5.ll.—~Variation of free-energy quantities with

composition in an ideal binary mixture at

constant temperature and total pressure

(Weber and Meissner, 1957).
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The proceeding discussion and equations were derived

by considering a binary liquid solution. Obviously it also

applies to a binary solution when one of the components of

which is liquid in its standard state while the other is

solid in its standard state. The vapor pressure of the

solid component may not be measurable but Gibb's-Duhem

equation provides an acceptable procedure for determining

the changes of free energy of these components. It would

appear as those minima must occur in the curves of integral

properties but it is highly unlikely that these minima will

occur at the BET monolayer or if they occur at this moisture

content it will be a coincidence.

The integral change in free energy (AG+) and the con—

tribution to AG+ by water NWACQ, and food solids, NS'ACg,

for the water vapor adsorption by precooked freeze-dried

beef are plotted in Figure 5.12. The integral change in

free energy (AG+) decreases monotonically with increasing

coverage, as it must in the region of moisture contents

studied. The adsorption process is spontaneous for an

increase in vapor pressure of the adsorbate (Wu and

Copeland, 1964). The curve for Nw°ZCw decreases with

increasing coverage in the low coverage region, but passes

through a minimum and increases with increasing coverage

approaching zero. The curve for the contribution of solids,

NSACS, decreases monotonically with coverage, and shows that

the beef solids are not an ”inert adsorbent” for water.

Since Nq approaches zero vith increasing moisture content,
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21.3°C

   
0 10°C

\Cf‘.

I

  l I

5 '10 15

Moisture content, g water/100 g dry solids

Figure 5.12.-—Free energy change of adsorption of water vapors

on precooked freeze—dried beef.

. P + .
Integral change in :rer energy, G , 15 for the process of

mixing appropriate amounts of dry solids and water to form

1 g of mixture with the indicated composition. T=294.45°K

ard at 1:283.15°h.
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at Nw = l, NSKCS will become zero and obviously both

NSKCg and AG+ will pass through a minimum at some higher

moisture content and both start increasing tending towards

zero.

Figure 5.13 for precooked freeze-dried beef and

similar plots for raw freeze-dried beef show that the

values of integral net enthalpies of desorption are con«

sistently greater than those for adsorption. It could be

suggested that in the design of dehydration equipment, the

integral enthalpy of desorption at a moisture content where

it becomes a maximum must be considered.

V.2.5. Thermodynamic Properties of the Water Vapor Sorption

by Dry Food Solids and Food Stability

The water vapor sorption by dry or low moisture content

food solids is of particular importance with respect to pre-

serving the quality characteristics of the food product.

The moisture content of a food product has a significant

influence on the chemical enzymatic and microbiological

activities in the product and determines rates of change

of such quality attributes as color, flavor, odor, vitamin

content, texture, wholesomeness and physical appearance

(agglomeration of sugar, soapiness in oils, sogginess in

biscuits). It is uncertain whether loss of these qualities

(even in the case of similar foods) becomes evident simul—

taneously at a given moisture content, or whether all these

factors are equally important (Heiss and Eichner, 1971).

It seems likely that one of the quality factors will be the
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one which will set the permissible moisture level for each

type of food. For example, the relative humidity of the

storage atmosphere at low Values will not influence any of

the quality attributes of refined sugar but has a signifi—

cant influence on product appearance. A very small moisture

uptake can cause agglomeration of sugar. It is apparent

that the moisture content at which sugar will be stable

From the consumer's point of view will be determined from

the relationship "moisture content-sugar agglomeration.”

In practice the moisture content of sugar will be determined

from the relative humidity of storage atmosphere and the

stability determining relationship of interest then is

”storage relative humidity—sugar agglomeration." The fore-

going discussion makes it evident that ”food stability" is

a general term which signifies different “storage relative

humidity-quality factor(s)” relationships for each type of

food. The optimum moisture content for a given dehydrated

food, which may be defined as the one at which the food has

the maximum stability, will apparently be determined by

accounting for all quality factors of concern. To under-

stand the role of water and the manner in which it causes

undesirable changes in quality factors will require know-

ledge of the mechanism of the deteriorative reactions and

its relation to water content.

The thermodynamics of water vapor adsorption and

desorption merely describe the various energy levels with

which the water associates with the food solids. The curves
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representing the relationship between thermodynamic functions

of interest and moisture content of the food solids compare

the values of the respective functions at a number of

"relative humidity-moisture content” equilibrium positions-

within the range of moisture content studied. It is a

thermodynamic axiom as pointed out in the discussion of

entropy changes, the change in free energy (d6) of the

system is zero at each equilibrium position at constant

temperature and pressure. Since d6 = 0, G is a minimum at

equilibrium. An inference about the entropy value of the

system alone at equilibrium cannot be made although the

entropy of the system plus the entrOpy of the surroundings

will be a maxiAun (Denbigh, p. 82; King, 1969, p. 10—12).

Any maxima or minima occurring in the entropy curve cannot

be interpreted in terms of system stability at various

equilibrium positions, since the entropy function is not

specifically associated to equilibrium.

In addition, it must be kept in mind that the

equilibria referred to the process of water vapor sorption

and their comparative stability conveys the easiness by

which the system may be thrown out of the respective

”moisture content—vapor pressure” equilibria. In other

words, if any thermodynamic function was a measure of

relative stability of the various possible ”moisture

content-vapor pressure” equilibria and indicated a given

”moisture content«vapor pressure” equilibrium as the most
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stable, it would merely imply that at this moisture level

the increment of vapor pressure needed for additional

adsorption would be a maximum compared to other moisture

levels.

Although it is very hard to visualize any simple

relationship between thermodynamic stability and the

quality stability of a food product, no thermodynamic

treatment associates a certain function to relative

stability of equilibria of a system. The only meaningful

implication which may be assigned to entropy curve undula—

tions is the degree of orientation or orderliness of the  
system molecules compared to a datum level (Kapsalis gt

al., 1970a).
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VT. SUMMARY AND CONCLUSIONS

The thermodynamic prOperties of water vapor sorption

by foods at low and intermediate moisture contents were

inv-stigatei. Raw freeze-dried and precooked freeze-dried

beef were studied in this investigation. The sorption

isotherms of the products at three different temperatures

were smooth sigmoid curves. The desorption isotherms

followed the respective adsorption isotherms with considerable

~
.
.
.
)

V
J

‘
1

D (
1)

r-resis inditating that the processes of adsorption and

ition are no: equivalent. The sorption isotherms
.1 -«

«--L

'
1
"

obtained in this investigation were in good agreement with

published data.

The equilibrium moisture content increased with

decreasing temperature from 31 to 10°C. This was re-

?Iected in the differential free energy values of the

water and the solids. The differential free energy values

of water and solids were more negative (larger in absolute

magnitude) at lower temperatures than at higher. This

suggests a larger driving force for water vapor adsorption

at lower temperatures for the products studied and leads

to the conclusion that the equilibrium moisture content

will be higher at lower temperatures.

k
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I
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The differential free energy, enthalpy and entropy of

"ntvr decreased sharply in absolute magnitude for both

udcnrption and desorption with increasing moisture content

ind leveled off at about 15 percent moisture content. This

suggests that water may behave similar to free water and

serve as a solvent for reactants in the solid mixture at verr

low moisture range.

The respective differential properties of solids

increased in absolute magnitude with increasing moisture

content for both adsorption and desorption. The differ-

 

ential thermodynamic properties of solids changed very

little with increasing moisture content and tended to level

off at higher moisture contents. This suggests that

although the reactivity of the macromolecular components

of the solid mixture increases with increasing moisture

content no extensive structural changes take place in the

range of moisture contents studied.

The differential enthalpy values were obtained from

Maxwell's relationship between free energy and enthalpy

and their curves were smooth without sharp transitions or

pTJkS. The application of the integrated form of Clau51us-

C? pcyron equn’ien for evaluating differential enthalpies

fzom two isotherms was considered. It was concluded that

irwrs can result from its application when isotherms at

widely differing temperatures were employed.

The differential enthalpy values of water and solids

for the desorption process were consistentlv higher in
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absolute magnitude than the respective values for the

adsorption process for all products considered reflecting

the phenomenon of hysteresis. The integral enthalpy values

(AH+) for desorption of water vapor were also consistently

higher than the respective property values of adsorption

for all products. This suggests that in the design of

dehydration equipment, the maximum integral enthalpy of

desorption and the corresponding moisture content must be

considered.

The differential entropy changes of water were large

in absolute magnitude at low moisture content for both

adsorption and desorption and decreased sharply with

increasing moisture content. The high entropy changes

of water at low moisture content supports the theory that

chemisorption takes place at low moisture contents.

'The curves of the integral thermodynamic properties

were also smooth and changed rapidly with increasing

moisture contents at low moisture contents but leveled

off at higher moisture content. The change of the integral

curves reflect the change of the respective contributing

differential curves of water and solids. A theoretical

analysis of the integral thermodynamic properties was

carried out. It was concluded that the integral thermo—

dynamic property curves will become maximum or minimum

at a moisture content which will be a function of the

nonideality of the syStem.
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Evidence of special responses of the thermodynamic

property curves of water vapor sorption by dehydrated foods

which could be related to the storage stability of foods

was not revealed in this investigation. It was concluded

that a simple relationship between thermodynamic properties

of low and intermediate moisture foods and their storage

stability may not exist.
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Figure A.l.-—Desorption isotherms of precooked freeze-dried

beef. Plate temperature 100°F.
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Figure A.2.——Adsorption isotherms of raw freeze-dried beef.

Plate temperature 100°F.
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Figure A.3.—-Desorption isotherms of raw freeze-dried beef.
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Figure A.4.-—Adsorption and desorption isotherms of precooked

freeze-dried beef at 10.0°C.
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Figure A.6.-—Inf1uence of temperature on the differential net

free energy values of water and solids for

desorption of water vapors from precooked

freeze—dried beef (plate temperature 100°F).
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Figure A.7.--Inf1uence of temperature on the differential net

free energy values of water and solids for

adsorption of water vapors on raw freeze-dried

beef (plate temperature 100°F).
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