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The dinvestigation is primarily concerncd with an experimental
inquiry into the theor-tical sspects of grain drying with the hroad
objcctive of zaining fundamental informati n pertoining both to the
equilibrium and to the 1:ute relationshins of the drying process,
with particular reference to shelled corn.

The exjperimentul phase was directed toward obtaining hygroscopic
equilibrium data over a wide enouch range of constant drying condi-
tions to permit the accurate construction of desorption isotherms
for temperatures of 40°, 60%, 86°, 100°, 1:2°, and 140°F. A static
method was used whereby thin laye: samples of grain were equilibrated
ahove saturated aqueous solutions of chemically purc salts maintained
in thermostatically controlled constant-temperature cabinets. Data
obtained throughout the equilibration period allowed accurate con-
struction of drying curves corresponding to the testing conditions,

Yihen exanined with the B.L.T. two-constant equation the iso-
therms were found to yield very satisfactory linear plots in the
prescribed region of validity as well as rcasonable values for the
equation constants. Further treatment with the B.E.T. three-
constant equation and the Hlarkins-Jura eguation led to the con-
clusion that multimolecular adsorption is the predominant water-
binding mechanism in shelled corn. The analysiﬁ strongly suggests
that in the regiom of relative pressures from zero to 0,75 the ad-
Sorbed water consists of n first unimolecular layer of firmly
bound molecules plus four to five additional layers ‘of decreasingly

bound molecules; thet beyond a relative pressurc betwecn 0.30 and

0.45 enough lateral interaction between adsorbed molecules develops
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to cause the formation of a condensed film, with condensation in
increasingly larger capillaries occurring beyond a relative nres-—
sure of about 0,75. The isotherms were found to obey Smith's
equation in the range of relative pressures from 0.45 to 0.90,

The average isosteric heats of desorption at various moisturc levels
from 8 to 22 percent, dry besis, over the temperaturc range from
60° to 122°F were calculated by three different methods, all based
on the Clausius-Clapeyron equation.

Henderson's equation successfully describes the isotherms in
the relative pressure range between 0.10 and 0,6C, but it tends to
considerably understate the sorption beyond that range and to
slightly overstate it at the lower pressures. Furthermore, with
single=valued constants the equation fails to account correcctly for
the temperature depcndence of the isotherm.

The thin layer bchavior of shelled corn was found to obey
closely an exponential drying law analogous to Newton's law of cool-
ing. However, the rate constant was found to decrease according to
stepwise discrete changes in value at various intervals throughout
the drying process, which seriously hinders the usefulness of the
simple equation. The instantaneous vapor pressure potential appears
not to be the most important single factor governing the instantan-
eous drying rate; widely divergent drying rates occurred under
identical vapor pressure potentials. Over restricted ranges of
moisture content the drying rate could be characterized by an equa-

tion analogous to Ohm's law with the vapor pressure potential as
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the driving force and the reciprocal of a mass transfer coefficient
as the resistance. Llectromagnetic irradiation of shelled corn at
a moisture level of 15 percent, dry basis, with doses of 106 and
107 reps applied on both sides of the corn kernels had no notice-

able effect on the drying rate.
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INTRODUCTION

The problem of drying and storing cereal grains has long been
of great importance to the American farmer and to the nation's in-
terests as a wvhole. The same is undoubtedly true for any of the
other grain-exporting or grain-importing areas of the world; in
fact, the value of grain as a food for mankind makes the problem
one of worldwide concern. The request made to the Food and Agri-
cultural Organization — as a result of discussions at the Inter-
national Meeting on Infestation of Foodstuffs held in London in
August 1947 — to conduct a critical review of the methods of grein
drying and storage in use in all parts of the world was only a re-
flection of the present and potential importance of the problem and
sure evidence of its worldwide scope.

With the advent and subsequent development of mechanized har-
vesting methods, artificial drying éf grain has attained unprece-
dented importance. In the United States alone it has been estimated
that nearly ten percent of the grain produced on farms never gets
to be utilized because of losses during harvesting and farm storage.
(22) Both harvesting and storage losses can be greatly minimized
by adoption and proper mandgement of sound drying practices. Recent
Studies have revealed that for a picker sheller minimum field losses
of corn will occur when the moisture content is as high as twenty-

four to thirty percent wet basis (22 ). On the other hand, the



recommended maximum moisture content for safe storage as shelled
corn is, under most conditions, around thirteen percent wet basis.
Obviously, a method of removing the excess moisture is necessary in
order to realize the benefits of mechanized harvesting and still
assure safe storage after harvesting at high moisture levels. It
was estimated in the above studies that approximately 55 percent
of the normal harvest loss of corn could be saved by making proper
use of artificial methods of drying. Similar results have been
obtained elsewhere for wheat where harvesting by combine at about
18 percent moisture resulted in a reduction of one to two percent
of the normal expected losses. Regarding losses in storage the
possibilities.of effecting savings by drying are even more impres-
sive. Hall (22 ) has estimated that approximately 95 percent of
the stornge losses of both grain and hay could be prevented through
proper storage and drying, and that possible savings of 75 percent
of the total losscs which occur during harvesting and storage could
be realized by a combination pf early harvest and subsequent drying.
It is clear from the foregoing that the importance of artificial
drying of grain can hardly be overemphasized.
Since the inception of artificial grain drying there has been

2 need for information concerning the drying characteristics of the
various kinds of grains as a basis for design. While considerable
research effort qu funds have been increasingly spent in agricul-
tural drying, most of the investigations to date have becen concerned

with finding immedicte solution to practical problems without much



regard to theoretical analysis. As a result, present design
practice concerning grain drying equipment and nrocesses have
remained largely dependent on experience and empirical knowledge
rather than on precise scientific principles. Despite a few note-
worthy contributions in recent years there still exists a pressing
need for more extensive fundamental research which may yield addi-
tional engineering data and at the same time lead to the develop-
ment of more exact relationships for grain drying. This need has
been materially accentuated by the recent trend toward increased
use of heated air in drying, and the consequent use of elevated
temperatures in the drying process. Most of the present available
data concerning hygroscopic equilibria of grains has been the re-
sult of pioneering work performed at a time when heated—air drying
had not come into being. Conseguently there is a grént dearth of
basic information pertaining both to the equilibrium and to the
rate relationships of the drying process in the range of tempera-
tures usually employed in drying with heated air.

It is a well-recognized fuct that in any bulk drying process
thé decrease in moisture content of the grain is controlled by the
drying characteristics of the individual kernels. For any given
grain these characteristics are known to depend meinly on the mois-
ture content, and on the temperature and humidity conditions of
the drying air. A knowledge of the characteristic drying rates of
fully exposed grain under a wide diversity of drying conditions is

of unquestionable value in solving design problems and in the proper



management of drying equipment and processes. The energy relation-
ships involved in any process are always of interest from the stand-
point of economy and efficiency. It is well known that the heat re-
quired to remove one pound of water from grain is substantially
larger than that required for the vaporization of one pound of free
water. However, little is known as to the exact amounts of heat
needed for drying the various kinds of grain at various moisture
levels., In spite of recent contributions along that line, there is
great need for additional data on the heats of drying of agricul-
tural crops.

The far-reaching developments in the field of adsorption theory
which have taken place over the past fifteen or twenty years have
provided important tools with which to probe deeper into the myster-
ies of the water relations of cereal grains. It is felt that nothing
can contribute more to pave the way toward the development of exact
mathematical equations for grain drying than to elucidate the mechan-—
isms by which water is bound in the grain. A most fruitful approach
to the study of the fundamental water-grain relationships has been
found in the theoretical analysis of desorption isotherms on the basis
of existing adsorption theories. Obtaining accurate hygroscopic equil-
ibrium data over a wide range of temperatures afforded a valuahle op-
Portunity for comtributing to that end.

The investigation is primarily concerned with an experimental
inquiry into the theoretiéQI aspects of grain drying with the broad

objective of gaining fundamental information pertaining both to the




equilibrium and to the rate relationships of the drying process,

vith particulor reference to corn. There were several reasons for
selecting shelled corn as the experimental material. In the first
place it was considered that corn is by far the most important cereal
grain in the United States where the annual crop of well over 3,000
million bushels is fed mostly to livestock and therefore must be
safely stofed until it is consumed. Secondly, while at present corn
does not hold such an outstanding position in Puerto Rico as it does
on the mainland, it is even now the only cereal crop grown to any
considerable extent in the island. Furthermore, it occupies a high-
ranking position among the potential crops which are being considered
for expansion in the present efforts toward improving the balance in
the existing agricultural pattern of the island. Mechanization of
the corn crop is now being intentlly explored and most assuredly will
Soon be widely adopted; there is little doubt that artificial drying
vill have to go hand in hand with the mechanization effort. It was
felt, therefore, that by vorking with corn the results of the inves-
tigation could make a more immediate contribution to Puerto Rican
8€riculture. In the third place it was considered that most of the
fécent work on grain drying theory has been done in Canada and the
Unit&!d.Kingdom on wheat grain, there being perhaps more information
8Vailable pertaining to wheat than to any other of the cereal grains.
In vieyw of the foregoing, it appeared logical that corn be selected

88 the material for this investigution.



OBJECTIVE:

The investigation was undertaken with the following specific
objectives in minds

1, To obtain hygroscopic equilibrium data for shelled corn
over a wide enough range of constant drying conditions to enable
the construction of desorption isotherms at temperatures of 400,
60°, 86°, 100°; 122°, and 140°F.

2. To obtain information on the characteristic drying rates
of shelled corn under the various test conditions,.

3. To test the validity of the vapor pressure theory of
drying as applied to agricultural products, and in particular to
grain,

4, To obtain information concerning the magnitudes of the
heats of desorption for shelled corn at different moisture levels.

5. To investigate the applicability to the desorption iso-
therms of various isotherm equations and theories in an attempt
to elucidate the exact nature of the water-binding mechanism in
sheljed corn.

6. To obtain experimental evidence of the validity of Hen-
derson's equation in correctly accounting for the shape charac-
teristics and temperature dependence of the desorption isotherms.

7. To explore in a preliminary way the possibilities of in-

fluencing the drying characteristics of shelled corn by means of

electromagnetic irradiation.



ILLATED LITERATURE
Hygroscopic Nature of Cereal Grains

Most problems related to cereal grains, whether they are con-
cerned with harvesting operations, conditioning, storing, marketing,
or even processing are dominated to a greater or lesser degree by
considerations of water content. Denending on the vapor pressure
that it is capable of exerting, the water associated with the grain
has been conveniently divided into two general types: free water
and bound water. According to this critcrion, the water in the
grain that exerts its full vapor pressure at any given temperature
is called free water, while that which exerts less than its normal
vVapor pressure is classified as bound or hygroscopic water. The
extent to which the latter type exhibits a lower than normal vapor
Pressure will depend on the particular type of biﬁding involved.,
Each type of binding in turn is characterized by a particular
énergy of reanction, and for any given grain it has been found that
Poth are related to the level of moisture content. In genmeral, the
lower the moisture content the greater is the binding energy in-
Volwved and consequently the lower will be the vapor pressurc exerted
&t any giveh temperature.

The water-binding property of solids is termed hygroscopicity,

a&nd it is perhaps the most important single characteristic of

grains from the standpoint of conditioning and storing problems.
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While conceivably cereal grains may at times contain appreciable
amounts of free water, it is generally recognized that it is the
hygroscopic type of water that pleys by faer the most importoant

role in the practically important range of moisture contents. This
practical range of water content has generally been defined between
10 and 35 percent wet basis. (25)

A deeper insight into the hygroscopic nature of cereal groins
may be gained by a brief consideration of the structural character=-
istics of two of the predominant constituent substances occurring
in grain, namely, starch end protein. DBoth of these are classified
among the group of compounds generally known as high polymers, or
macromolecules, so-called because their individual molecules are
& result of the linking together by actual chemical bonds of a
large number of ordinary chemical molecules to form a large mole-
Cule which then exhibits associative effects.

Starch, on the one hand, is a natural high polymer built up

by repetition of the basic glucose unit into & long branched chain

28 represented by the fortula shown in Figure 1. This natural

higllrwlymer is characterized by hydroxyl groups on the ring,

\
/ CIL,OH
H 0o H
OH H
— 0
H bﬂ
\ )n

Fipure 1. Diagrem showing'the structural arrangement of the

starch molecule.



ring oxygzen, and hridge oxyzen, all of which are points of
polaritly in the molecule and therefore suitable foci for in-
teraction with wvater molecules. UIroteins, on the other hand, are
derived essentially from the combination of amino acids and charac-
terized by the presence of the polypeptide chain made up of repeti-

tions of the peptide units

where cach different R represents a side chain charncteristic
of particular amino acids to be found in various parts of the
chain.

According to the results ohtained independently by several
investigators, summarized recently by Hlynka and iiobinson (25),
there arc two hydrophilic groups in the structure of the proteins
which are capable of binding water prohbably through the formation
°f hydrogen bonds. These are, in the first place, the amino acid
Side chains which usually carry a wide variety of polar and ionic
Eroups; and secondly, the oxygen and nitrogen associated with the
Peptide bonds in the peptide chain. It has been suggested that
the amount of water held by & protein is thus primarily determined
bY the number and availability of these two polar groups. The

finding by Benson and his co-workers (5) that water adsorption
g ny rp
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by proteins was independent of the surface arca in the range below
one—fourth the saturation vapor pressure led them to surgest that
wetcr adsorption takes place at specific sites on the protein mole-
cules. In line with these views, Snow et nl have also found a defin-
ite correlation between the relative amounts of protein and carbo-
hydrate content and the general pattern of water sorpticn by various
feedstuffs. There can be little doubt therefore as to the vital
role that hoth proteins and starch play in the water relations of

cereal grains,

fMygroscopic Equilibrium Relationships

The relatisnship between the vapor pressure of water over a
hygroscopic solid and the moisture content of the solid can be
dete ~mined by experiment, and is usually given in the form of a
curve wherein the moisture content of the material is plotted against
the relative humidity of the eir in equilibrium with the material.
The wusual arrangement is for the moisture content values to bhe
Plotted as ordinates and the rclative humidities as abscissae. Be-
cduse the c:uilibrium relationship is usually obtained at a coastant
Srecified temporature, the curve is designated an isotherm. Fur-
thermore, depending on whether weter is teken up or given off by
the so1id in approaching equilibrium, the curve is referred to as
& Sorption or a desorption isotheirm, respectively. More often the
SOrption isotherm is called an adsorption isotherm, since in most
tases the sorption mechanism involved is specifically one of ad-

S .
orptlon.
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Since the isotherm represents an equilibrium relationship,
the same curve should, theoretically, represent the end points of
both water sorption and desorption processes applied to the mater-
iale In practice, however, when sorption and desorption isotherms
have been obtained experimentally, the curves frequently do not
coincide over their full length but the desorption curves give
lower equilibrium relative pressures for a given moisture content
than do the sorption curves. This phenomenon is generally known
as hysteresis, and though it is not as yet fully understood,
several hyrotheses have been advanced to account for its occur-
rence. (25) The most satisfactory explanations are still hased
on the capillary theory of adsorption which will be briefly dis-
cussed in a later section. It may suffice to caution at this
roint thnt in the experimental determination of isotherm data it
is dimpo:rtant to adhere to the same direction of approach to equili-
brium in order to avoid the adverse influence of hysteresis ef-
fects on the comparability of the data and on their suitability
for constructing isotherm curves. It is likewise important to
designate the data according to the particular process involved.
It may be added that when problems concerning drying processes
&re wunder consideration it is preferable to refer to desorption
isotherms, while adsorption data are more generally applicable
Yo problems in storage.

The moisture content of the material that correéponds to

the relative humidity of the surrounding air after equilibrium



has bcen establish:d is a point in the isotherm curve, This is
usually called the equilibrium moisture content or guite frequently,
the hygroscopic equilibrium of the materinl, Conversely, the cor-
responding relative humidity is referred to as the equilibrium
relative humidity for the particular moisture content, or as the
equilibrium relative pressure when it is expressed in decimal form.
Actuelly, at equilibrium the vapor pressure of the water associated
with the grein is equal to the pactial acqueous vapor pressure of
the surrounding atmosphcre so that the ratio of either one to the
saturation vapor pressure of water at the specified isotherm tem-—
Pe rature gives the equilibrium relative pressure.

It follows from the above considerations and from the defini-
tions of free and bound waters that the moisture content corres-
Ponding to a relative humidity of 100 percent is the moisture that
divides the free and bound types of water in the material. Beyond
this moisture content the material contains some free water and a
Max imum amount of bound water, while below it the material contains
°nly bound water. It is well to caution at this time that the term
"free water" as herein defined, must not be confused with the simi-
lar term "free moisture content" to be introduced later in connection
Yith the discussion on drying relationships. The latter tewm refers
Y0 the difference between the moisture content at any instant and
the equilibrium moisture content for the material in question,
Under a given sct of drying conditions. This amount of moisture

is Qctually the maximum that can possibly be removed from the
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mate ;'ial under the specified drying conditions, and may obviously
include both bound and free water depending on the particular
rmoisture content under consideration.

While there are undoubtedly other ways in which water may be
bound by cereal grains, such as in solution or in chemical combin-
ation, it is now generally agreed among investigotors of the subject
that the predominant binding mechanism involved is that of adsorp-
tion., Becouse of its tremendous importance in connection with
the problem under investigation, it is deemed appropriate to review
at this moment a few pertinent facts concerning the phenomenon of

adsorption.
Nature of Adsorption

Whenever a gas or vapor is brought in contact with a solid,
its molecules distribute themselves so that there will be a higher
concentration of the cas at the surface of the solid than in the
bulk of the ges. This is the phenomenon called adsorptionj the
Solid that takes up the gas or vapor is called the adsorbent,
vhile the adsorbed substance is called the adsorbate. The phenomenon
of adsorption is not by any means confined to solid-gas interfaces;
it may be expected to occur at any contact Letween a gas and a
liJPﬂid, a liquid and a solid, between two liquids, and even, in
cértain circumstances, when two solids come into contact (9).

In water-grain relationships, the dry grain may be considered as
8n adsorbent, and water=—whether in the liquid or in the vapor

rhase—as the adsorbate.
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There are two general type: of adsorption depending on the
relative strength of interaction between adsorbent and adsorbate.
When there is a relatively weak interaction between adsorbent and
adsorbate, involving only forces of the order of magnitude of

hose nctive in condensation phenomena, the adsorption is called
physical or van der Waals adsorption. On the other hand, when
strong interaction takes place, involviug forces similar to those

active in chemical reactions, the adsorption is called chemical

adsorption or chemisorption. The fact tliet chemisorption can not

take place without an energy of activation being supplied to the
System led Taylor (9) to introduce the term "activated adsorption"
by which name it is often cited in the litcrature. While the
Probability of chemisorption playing at lcast some minor role has
been considered by several investisators, it is now generally apreed

that it is the van der waals type of adsorption that is almost

vhol1ly concerned in grain=water relationships.
Representing Adsorption Lquilibriun Data

In any adsorption equilibrium the number of molecules falling
on the surface and being adsorbed must be equal to the number of
Mole cules which are set free from the surface to re—evaporatc.
For a given adsorbate and a unit weight of adsorbent, the amount

°f adsorbate adsorbed at equilibrium is & function of the final

Pressure and temperature only. This general relationship may he

stated thus
M = f£(p, T) (1)
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where M is the amount of adsorbate adsorbed per gram of adsorbent,
p 1is the equilibriur pressure, and T 1is the i:hsolute terreratnre,
By keeping one of the three variahbles constant while the others are
varying, the ahove rclationshi; may e obtained in any one of three
different ways.

When the pressure of the gas or vapor is varied while the tem-
perature is held constant the plot of the amount adsorbed against
the pressure is called the adsorption isotherm, and the general
isotherm equation is

M = £ (p) T = constant (2)

This is by far the rost frequently determined and indeed the most
important experimental relation in the field of adsorption. It
can Dbe readily identified with the eguilibrium moisture content-
relative humidity curve of cereal grains and simil:r hygroscopic
mrte rials which has been previcusly mentioned, since in describing
Sorption of vapors it is customary to plot relative pressures or
relative humidities ruther than absolute pressures. It may be
Pointed out at this point that excent for the hystevesis effects
commonly encountered, the geuneral characteristics and energy rela-
t'if’“ships involved are the same for the equilibrium curve regnrd-
less of whether the isotherm is obtained by an adsorption or a
desorption process.

The other two mcthods of representing adsorption eguilibriun
dota are by means of the adsorption isobar and the edsorption

180stere. The isobar is obtained by plotting the amount of
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adsorbate adsorbed ageinst the temperatuce at whieh the adsorption
takes place while the pressure is kept constant. The relationship

then becomes

M = £ (T) p = constant (3)

The adsorption isostere is the curve obtained from a nlot of the
variation of the equilibrium pressure with temperature coirresponding
to a constant amount of adsorbote adsorbed., The equation of the

isostere is thus

p = f ( T ) M = constant (4)

The isosteres resemble the vapor pressure curves of a psychrometric
chart, increasing at first slowly then rapidly with tempereture.
Just as every point on the vapor pressure curve renrescents a pres—
Surce and & temperature at which water and its vapor are in equili-
brium with cach other, on the isostere every point vepresents a
Pre ssure and a temperature at vhich grain of a given moisture con-

tent js in eguilibrium with the water vapor of the surrounding

atmo sphere.

Types of Isotherms

There are various tyres of isotherms which can be found in
the 3 jtercture. In 1940 Bruncuer and his co-vorlers (9) proposead
% Classification of isotherm types which has since hcen widely
Aon ted by other investisators and authorities in the field. Their
Clnssjificntion includes five principal types, according to shape

chu!‘acteristics, which they designated by Noman numernls from I
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types in physical adsorption.
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Figure 6  Brunauer's classification of the five isotherm
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to V as shown in Figure 6. The curves are iraginnrvy iso-
therms which illustrate the general shape characteristics of each
type. Drunauver et al also gave the names Langmuir isotherm and the
S-shaped or sigmoid isotherm to Types I and II respectively, but
none to the other three types. Type II isothsrm has been genecrally

attributed to multimoleculur adsorption, and is of great importance

in relotisn with cerenl grains and related materials.
Thermodynamic Functions of Adsorption

When a gas or vepor is adsorbed by a solid, the adsorbed par-—
ticles are ecither held rigidly to the surface, or they are free to
Mmove over the surface in two dimensions. Since prior to ndsorption
the gas molecules moved freely in three dimensions, it follows that
the adsorption nrocess must always he accompanicd by a decrease in
entropy.

The atoms or molecules constituting a given solid are held
tO{Setherby different forces. Whatever the nature of these forces
&n atom loceted inside the body of the solid is subjected to equal
forces in a1l directions, whereas an ntom in the plane of the sur-
face is subjected to unhalanced forces, the inward pull being
greater than the outward forces. This results in the solid ex-
hibiting a surface tension, similar to that of liquids even though
of mich greater magnitudes (9). Upon adsorption of a substance
by the Solid, the atoms or molecules of the former tend to saturate

S .
ome of <the unbalanced forces of the surface, thereby decreasing
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he surfoce tension and hence alco 1he frec surfuce ene ey,

this being the product of the surface tensiovi and the surface
arca. Since any process that tends to decrerse the free surfoce
energy occurs spontuneously, it is seen tuet all adsorption
ph;nomena, vhether physical or chemical, are sportancous in char-
acter and alwars result in e decrease of tihe free surfuce encrgy
of the system. Thermodynamically the staite of adsorption eguili-
brium is attained when the change in the free surface encrygy of
the system is zero.

The change in heat couatent of the adsorbent-adsorbiete system

is given by

Al = AF + TAS (5)

where AF is the chenge in the free energy of the system, T is
the absolute temperaturc, and A3 1is the entropy change. USince,
as woes seen pefore, both AF and A5 are alweys nepgative it
follows thnt Al must clso be regntive, This means that the od-
Serption process results in the evolution of heat, aud is there-
fore described as exothermic iun character, The decrease in the
heut content of the system is generally called the heat of adsorp-
tion,  Tye general megnitude of the ' ot of adsorption serves as

" Measure of the nature of the forces involved in the process and
M3y assist in distinguishing between physical and chemical adsorp-
tion. Iy yan der Waals adsorption it is of ihe same order of mag--
Ntude ns gye heats of condensation of guses, whercas in chemi-

sorpti . . . .
Ption jt compares with the heots of chemical renctions.
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Various Heats of Adsorption

It is decmed necessary at this point to differentiate bhe-

tveen the wvarious heats of adsorption that can be found in the
literature., lLet it be asswsed for the snke of illustrition that

2 definite amount N& moles of nn ideal gas is adsorbed by the

clean surface of 1 sram of adsorbent. The amount of hent liber=—
ated in thie process is colled the integral heat of adsorption,
IT the enoroy of the zas per grum in the gas phase is denoted by
Eg anad the energy of the zas per gram in the adsorbed stote by
Eu » and assuming that no externul work is done in the process,

this loss of heat from the system is given by

<int Na (Eg - 1"tx) (6)

Y. Y

The Integral heat of ndsorption Qint usunlly expressed in kilo-
¢alorjag rer gran, i« therefore proportional to the amount of gas
whi - . ‘. :

hich is adsorbed. Now if the amount of zas adsorbed is increased

by & - s
Y &n  jncremental amount dNa , an addlitional amount of heat, 4, ,

Vill 3,e liberated, Keeping the temnervature constant, the differ-
‘Mial coefficient

(int/ aN_ )y (7)

i . . . .
> Called the differential heat of adsorption, sometimes also
T*ferred to ns the instantaneous heat of adsorption, which will
b

¢ Aenoted by 4q
If the expression for 05, &iven abeve is now diffe:cntiated
L

¥itl respect to Na s one olitiins

s 1w



(B =Ex) )
= a th = E =1L N T E—— Q
1a ( d"’:int/ (Va)'l‘ Eg lu + \a ( dNu. )T (2)

Since for an ideal gas LE_ is a function of the temperature only,
(=)

the above equation simplifies to

W (_d_E.{"_) (9)

For the case in which the adsorption is performed under isother—
ma) conditions and without change in the totul number of molecules,
then work is done in the process, since a volume dv of pas at a
Pressure p , corresponding to the numher of molecules which are
tdsorbed, has disappeared, Applying the perfect gas law, this

amount of work is

pdv. = &N RT (10)

¥here 1 is the universal gas constant. Thevefore, the work
done per mole of gas adsorbed is given by the product @t T. De-
cause of the isothermal conditions of the process, Iuckel (9)

has called the quintity

Qisoth = 3 * RT (11)

the igothermal heat of adsorpticon. Since, however, 9q * RT -
&1"’&3"8 refers to a definite quantity of gas adsorbed at different
temp ratures a:!' pressurcs, Brunauer preferred to call it the
iso o teric heat of adsorption, which term has been more widely
&dQDted and which will therefore be adhered to throughout this

Ussertation. The fact that this amount of heat of adsorption
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cen also be derived by thermodynamic arguments from the explicit
equation of the adsorption isostere (6) lends additional support
to the adoption of the latter term.

The heat of adsorption may be measured directly by calori-
metric determinations, in which case it is usually termwmed the
calorimetric heat of adsorption. When it is thus determined, the

value obtained usually lies somewhere between 4q and Qisoth ’

depending on the conditions of the experiment. It is fortunate,
howewver, thot in most cases the froction of heat RT is small as
usually not amounting to

compared with both and Q.

94 isoth ,
more than about 5=10 percent of the total heat of adsorption. (9)

From thermodynamic considerations it may be safely assumed
that the same amount of energy involved in the process of adsorp-
tion will have to be supplied in order for desorption to take place.
Exactly the same terms defined above and conveying essentially the
Same meaning may therefore be epplied to the quantities of heat
involved in desorption processes.,

When the heats of adsorption are lerger for a given adsorbent-
tdsorbate system than the corresponding heats of liquefaction of
the adsorbate, as is usually the case for cereal grains and water,
it is gometimes convenient to refer to the difference between the
two by the general term of net heats of adsorption. Thus Becker
8nA sallans (4) have recently reported values on the differential
"€t heats of desorption of water from wheat at 25°C as calculated

from desorption isotherms. They also defined the heat of dehydra-

Hon 4 the andditional heat above the normal heat of vaporization




which is required to reduce the moisture content from saturation
to & designated level, usually cxpressed in calories per gram of
grain, dry basis. This actually corresponds to the net integral
heat of desorption for the moisture level under consideration.
Besides the foregoing, the term latent heat of vaporization
has also been frequently applied to the amount of heat necessary
to evaporate water from agricultural crops. (17, 30) It should
not be confused, however, with the same term as applied to free
water. In the sense in which it is most frequently used with

rcference to grains, the term is intended to mean the differential

heats of adsorption.
Adsorption Theories and Equations

It is beyond the scope of this dissertetion to delve into
adsorption theory in too much detail. Two very thorough discussions
°n the subject have been given by Brunauer and by de Boer in their
vell —Kknown books on adsorption. lHowever, it is considered neces-
8ary +to review briefly some of the salient features of the most
impo rtant theories of adsorption as a background to an understanding
°f later discussions pertaining to the analysis of the experimental

date

langmuyir's Equation
Although as early as 1814 T. de saussurc (9) had already
out) jned many of the points featured by the later adsorption the-

°"i98, until 1914 no satisfactory treatiient of these phenomena had
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as yet been formulatod. In 1910 Langmuir (33) proposed a theory
based on his belief that adsorption wes essentiallr a chemical
process leading to & unimolecular layer of the adsorbate. In
arriving at his isotherm equation Langmuir made two simplifying
assumptions. !le first assuried that the heat of adsorption was
the same for every rolecule striking the bare surface of the ab-
sorbent and furthermore that this heat of adsorption was independent
of the other molecules already adsorbed. Secondly, he assumed that
every molecule striking anothe: one already adsorbed was elastically
reflected, and only those molecules condensed that made contact with
the clean surface of the adsorbent. The Langmuir equation is

I&‘ P

1+I&'p

v

(12)

where v is the volume of gas adsorhed, p is the pressure, and
K'L is the adsorption coefficient which in turn is a function of
the tenmperature onlye.

Despite the two simplifying assunptions involved in its
derivation, which considerably limit its scope, the Langmuir iso-
the rm equation is now regarded as perhaps the most important single
€quation in the ficld of adsorption, serving in wany cases as the
sta"‘ting point in the derivation of other equations. Type I ad-
SOrption isotherms are best interpreted in terms of Langmuir's
€4 tion and accordingly, are sometimes referred to as Langmuir

isc’thems.
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Potential Theory

ADout the same time that Langmuir postulated his theory,
Polany i (2) proposed anotlier theory following an altogether dif-
ferent approaciie Ile aussumed thet adsorption was a physicel process
due to long range attractive forces extending out from the surface

of the adsorbent and leading to multimoleculur adsorption. The

Polanyi thcory hes also been Lnown as the potential theory. Polanyi

defined the adsorption potential at a point near the adsorbent sur-

foce as the work done by the adsorption forces in bringing a mole-—

cule from the gas phase to that point. This work is conceived as

a work of compression, and mathematically its value is given by

the so—cealled hydrostatic eguation

where e. is the adsorption potential at a point where the density

of the adsorbed substance is /CQ ’ /ﬂzx is the density in the gas

phese, and Vv = MOO wvhere M is the moleculnr weight of the ab-

Sorbata, V is the molar volume of the adsorbate. It is funda-

mental to Polanyi's theory thet the adsorption potential at any
siven point is characteristic of tihe adsorbent alone and is not

affecteq hy either the temperature or the presence of other mole-

cules, llence it is possible to map out the entire adsorption
Space into a number of equipotential surfaces, the dispositiou

of which vould be characteristic of the adsorbent. The potential

theory applies to both unimolecular and multimolecular adsorption
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and has been credited by DBrunauer as being the only theory that
can handle quantitatively adsorption on strongly heterogeneous
surfaces . Another noteworthy featurc of the theory is its success
in predicting the temperature dependence of physical adsorption.
lTovever, since the theory does not attempt to formulate an iso-

therm equation, the scope of information obtainable is limited. -

Capillary Condensation Theory

It has long been known that if a capillary is immersed in a
liquid that wets its walls, the liquid riscs in the capillary and
forms a meniscus which is concave toward the vapor phase. The
vapor pressure over the meniscus is lower than the normal vapor
pressure of the liquid by an amount equal to the pressure exerted
by the column of liquid in the cepillary. The vapor pressure lower-

ing ove r the cylindrical capillary is given by Kelvin equation

20V
lnps-lnp = TRT (14)

where D is the equilibrium vapor pressure over the meniscus in
the capillary, Py is the normal vapor pressure, 0’is the surface
tension and V is the molar volume of the liquid at temperature
T, and r 4is the rndius of the capillary. It will be seen that
the sma)jey the radius, the greater will be the vapor pressure
lovering according to equation (141).

It was Zsigmondy in 1911 who first correlated the adsorption
°f water with the capillary properties of the adsorbent ( 55). Ilis

¢ouclusion that in capillaries of sufficiently small diameters
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(such as those occurring in silica gel) liquid would condense at
pressures far below the normal vapor pressure, may be regarded

as the first formulation of the capillary condensation theory.

In terms of the theory every vealue of relative pressure corresponds
to a capillary radius that can be calculated from the Kelvin equa-
tione As the vapor pressure is increased alwnys larger capillaries
fill until finally at the saturntion pressure all the pores of the
adsorbent fill with liquid,

Today most investipantors agree thet capillary condensation
plays some role in physical adsorption. It is generclly believed,
however, that it becomes important only when ~ndsorbents have capil=-
laries at lenst several molecular diameters in width, and then only

at the higher relative vapor pressures.

Polari»ation Theory

The polarization thcory was first proposed by de Boer and
Zvikke r jin 1929 (9) and again in a somewhat different form by
Bradley in 1936 (7). It explains the adsorption of mnon-polar
molecules on ionic adsorbents by assuming that the uppermost
layer of the adsorbent induces dipoles in the first leyer of ad-
sorbeq pmolccules, which in turn induce dipoles in the next layer,
and 8o on until several layers are built up. Dipoles arc mole-
cules whjch though neutral, have both positive and negative
charges, If the center of gravity of the negative charges does

not cojincide with the center of gravity of the positive charges
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the nolecules are said to posses« a permanent dinole moment. Their
electrical noture enahbles them to induce an electric field in their
neighboring moleculces; they are also free to turn and align them-
selves in order to satisfy the charges. Water constitutes a good

typical example of a dijole melecule.

The B=E—-T Theory of Multimolecular Adsorption

This theory, first postulated by Brunauer, Lamett and Teller
in 1932 (10) and two years later by Brunauer, Deming, Deming, and
Teller (11) is based or the assumption that the same forces that
produce condensation are also responsible for the binding energy
of multimolecular adsorption. In contrast with the polarization
theory which attributes andsorption to the action of induced di-
Poles, the B=E~T theory of multimoleculn: nclcorption ascribes the
¢huse for adsorption to the totnlity of the wvan der %aals forces.
According to Brunauer, the B=E=T thcory constitutes the first at-
tempt to give a unified theory of phrysicel adsorption. Its most
gererel  e-untion includes all five isotherm types a3 special cnses
tnd dess eribes the shane of cnch isotherm tyrne throuch the entire
range of adsorption, from zero pressure to saturation pressure.
This includes the region of unimolecular adsorption, nmltimole-
cular adsorption and cipillary condensation, in contrast to the
Separate trewtments accorded to thesc regions by the previously
Bentioned theorics,

Because of the great isnportanée which the thcory of Jrunaura,

Emactt and Teller have obteined during the last ycarvs, and also



Lecruse of itls heasicg on the amalysis of the experimental dota
of this investigetion, the arguments followed by its origiwilors
in the derivation of th-ir most usceful equations will he now pro-
seated in some detnil,
Let S, 9 €1 9 Sg seceres 5. geee represent the surfoce arcu
et dIs covered by 0, 1, 2, ceeee 1y, see layc:rs of adsorhbed role=
cules s oince vt eqguilibriug S, must vemain constant, the rote

ef condensation on the bore sacface must he equal to the ratle of

eveporation from the first layer, or

-:sl/a'r
@y ps, = bl sy e (1)
whe.,c p 1is the pressure, El is the heat of adeorptlion in the
first laycr; and ay and bl rre constants,
At eyuilibrium s also must rerain constant. Ifrom the
! 1

principle of microscopic reversibilily it follows therefore thet
-Ez/RT
a, P8y = h, s, e (16)
or the rate of condensation on top of the first layer is equal

to the rate of evaporation from the second layer. In e:uation (16)

E, is

o

the heat of udsorptiovan in the sccond leyer, and a, and b,
3 [<3

are constants, Extending the same arguwent to s, , s, , etc.

3
-E3/RT

. . (17)
. . -Ei/RT
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The totul surface of the adsorhent is given by

A = 8 (1%)

and the total volurme adsorhed is
vy = Vv is, (19)
wviere Vs is (he volume adsorbed on one squ v ceutimeter of

the adsorb:nt surface wuen it is covered with a complzte unimole—

cular leyer. It follows that

i- o0
is,
v v i-0 o
Av v °© i-o0 (20)
(o] m s
. i
(A ¢

vhere Vi is tie volune of gas adzorbed vhen the entire adsorbent
|8
surface is coverved with o corplete unimolecular layer.

The suimation indicated in equation (20) can be carried onut,

1f the simplifying assumptions are mede that
E = E = ec v Ei = L (21)

Where By s the heut of liquefaction, and

b b b
-2 . 3 _ 4 = g (22)
% 23 %5

W . .
here g s an appropriate coustant.



This is cqyuivalent to assuming that Lhe evaporation—condensation
properties of the molecules iu the second and higher layers are the
same as those of the liquid stete. The assumption is deened reason—
able on the grounds that the effect of the adsorbent is probably
(uite  small alrexdy in the second layer, since the van der VNanls

S

force:s have a very short range of action. Now Sy 9 So 3 Sg oy eeees

S ee= cun be expressed in terms of s, thus

L,/RT 23
s = Y s, 5 vhere y = (al/bl) pe 1/ (23)
Sy = X 8, where x = (p/e) eLL/“T (24)
2
S, = X8, = x 8 (25)
s, = - = Sl o ¢ xl s (26)
i T X% 7 Sy 7 Y0 o o’ -
vhere
O ',1 2
c =y/x = (a; g/bl) e (By LL)/ T (27)
Substituting into eguation (12)
(-]
v/v. = _csghui=1 T ¥ (28)
) -
i
8 [l + C . ]
o i=1

A
The summation represented in the denominator is merely the sum of

&n infinite geometric progression
N ®
. X = X 29
/i1 (29)

4dbout the summation in the pnumerator it is notecd that
oo
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Substituting (29) and (30) into (20)

V/vm = (l-x)c(’lﬁ-x+cx) (31)

If the vdsorption takes place on a free surface, then at Py » the
saturation pressure of the pgns, an infinite number of layers can

build up on the adsorbent. To make v =GO when p = p x mast

s ?

he equnl to unity in equation (31). From equation (%4) it follows

that
EL/ KT

(p,/c) e (32)

|
-

p/pg (33)

and x

Substituting into egnation (31) the B-E-T isotherm equation is

obtnined:
Vm [ P

MR CRETY R § N = 7)) (34)

For the purpose of testing, equation (34) may he put in the form

1 c -1 o
m"‘f;y = T — (r/p,) (35)
S n m

Equation (35) is the isotherm equation of the multimolccular

edsorption theory for adsorption taking place on a free surfuce.
It is a linear equation so that the plot of function p/v(ps-p)
tgainst p/ps gives a streight line, if the theory is obeyed.
The intercept of the straight line is l/vmc s and the slope
is (0-1)/vmc . The constants v and c can be obtained from

the experimental data.
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The constant ¢ is given by equations (19) and (14).

(E,-E, )/RT
c = (a b,,/hlu,_,)e 1L (36)

From the nature of the constants ay bl y Ry oy and b, it follows

that ulb2/b a, will not differ much from unity. As a first ap-

<

proximation it may theirefoie be writtern that

e(EI-EL)/uT

c = (a7)

Thus from constant ¢ the value of E s the average heat of ad-

1
sorption in the first layer, can he calculated.

If the adsorption does not take place on a free surfoce hut
in n limited spnace, then at scturation not an infinite but only
& finite numbor of leyers can build up on the surfoce of the adsorbent.
For instence, if the maximui number of layers that can he ndsorbed
on ench wall of a capillary is denoted by n , then the sumnatinn

of the two scries in equotior (20) is to be carried to n  torms

only nand instead of equation (35) the following is obtained,

m® ¥ 1 - (n+1) x' + n xn‘ﬂ} (3%)
1 -x 1 + (c=1) x = ¢ £

It Wil] he seen thet this is identical to Langmuir's isotherm
€l tion with the constent h  having the value c/ps .

The other linmit is vhen n =00 , which is equivalent to the
ads‘OP’ptinn taking place on a free surface. In this case equation
(39‘) reduces to e¢uation (35). It should also be noted that vhen
X i3 small and n ot least as large as 4 or 5, equation (35) be-

Comes a very good approximation to (38). To use equation (32) the
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experimental data should therefore be plotted in the low pressure
region according to the linear equation (25), in order to evaluate
the constants Vo and ¢ from the slope and intercert of the
straight line. These values of Vi and ¢ should then be used

in equation (38) in order to solve for the value of n that gives
the best agreement with the experimental data. Equation (30) in-
cludes as special cnses the isotherm types designoted as I, II,
and XIXI, in Figure 6., If n=1 , it reduces to (31) and the Type I
isotherm is obtnined. If n is larger than 1, either Type II or
Tyre IXII isotherms are obtained dependirg on the value of the con-
stant ¢, If the attractive forces between ndsorbeut and adsorbate
are grrcater than the attractive forces between the molecules of the
dédsorbate in the liquid stete, Type II isotherms are obtained. If,
on the other hand, the forces between adsorbent and adsorbate are

Smal 1 so that E. is smaller than E; , then Type IIT isotherms

1
are ohtained.
While equation (30) includes the first three isotherm tyres
s special cases it does not account for Types IV and V. The
shapes of these isotherms suggest that capillary condensation sets
in at the higher relative pressures. To take care of this situa-
tiom, Brunauer, Deming, Deming, and Teller (11) have derived other
®quations involving two additional constants. These nced not be
gone into ﬁere since aside from their theoretical significance in

Successfully accounting for the shape of Types IV and V isotherms

they are of little practical usefulness.
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In general, the two-—constint B-E-T equation has been found to
be obeyed very closely for maany adsorbents over the range of recla-
tive pressures hetween 0.005 or 0.10 to at least 0.35, and somctines
0.50, Outside of this ranse the equation usually breaks down, In
recent years several investigators have aprlied the equation suc-—
cessfully to hygroscopic equilibrium data on greins and other bio-
logical materials. For instance, Bull (12) measured the adsorption
of water vapor by a large number of proteins and found that the
B-E-T simple equation fitted the isotherms over the full range of
validity specified for the equation, namely, from a relative pres—
sure of 0.05 up to 0.50. Luite recently, Becker andl Sallans (4)
obtained perfectly lincar plots of desorption equilibrium data for
wheat at 25°C up to a relative vapor pressure of about 0.35, which
is the usuel upper limit of applicability of the eguation. Hogan
and Karon (26) also applied the eguution to their dete on hygro-
scopic equilibria of rough rice and obtained fairly good linear
plots over a range of reletive pressures bhetween 0,10 and 0,40,
A11 of these results tend to favor the view that the water-hinding
nechanism predominnting in cereal grains involvds nultimolecular

adsorntion as postulated by the B=E-T theory.

Tarkins Jura Equation

The accurate determinntion of the surface arec of adsorbents
has loug posed a difficult prohlem of great practical as well as
theo"etictzl importance. One of the most useful anplications of

th . . .
¢ B—¥3_T two—constant equation relates to this pnrticular jroblen.
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It will Lo recellad Lhat the connto! Vi of the D=U-T equation
represents the acuount of cdeoorhats needed for the completion of a
unimolecular layer over the coypface of the alsorbent. It fsllows
that haviag letevrined o value for v, accordiag Lo the prrocedure
previoiusly outlined, a Knovledge of the arca occupied by ore mole-—
cule of the adsorbate woull voadily ellow the czlculation of the
effective surface avea of the adsorbsnt, The method, thongh simple,
Still involves the asswiptisn of a =mel-cular arca for the :ul:\orl‘;::t.n.,
2 reyiircement thaot is sormetines Jifficalt 15 F1fil1,

In 0%y, Tpvics and Jure of the University of Chicigo (s
rojyosed a simple methcd of detesninige {he surfuce arvea from the
edso rption icothe s vithont the nced of essoming » woleculnr arca
for thae o lcorbates Their mettod consists first, iv plolting the
loza-ithn of the relative venor rresgure againgt the reciprocal of
the squave of the volume cdsorbed. According to their theory,
straight lines are thereby obtained cver the range of relative
Pre s sures where a condensed film of the edsorbate is involved,

The i ecquation for the above-mentioned linear plot is
2
Log (p/p.) = B - aA/V (40)

"Mere V represents the amount of adsorbute correspouding to
¢ Ziwven equilibrium relative sressures  The area of the adsorbent

IS then given by the eguation
1

= K A° (1)
vhe re /__, is the surface arca of the adsorbent, A is the slope

°f the linewr plot referred to above, anl K is o constant which
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has to De determined for a given adsorbed vapor at & given tem-
perature. By means of an ahsolute mcthod Herkins and Jura bhave
standardized values of K for a few gases cnd vapors at various
tempera tures. The areas obtained by application of their method
have been found to bhe in very good agreement with those calculated
by means of the B-E-T procedure. llowvever, the usefulness of the
H-J me thod has been greatly limited by & lack of knowledge con=-
cerning the hchavior of the constant K in the ahove eqguation.
Liangy (34) has correlated the results of both the Harkins=Jura end
the B_L-T equations and found that the square root of the slope A
of the HaJ equation corresponds closely with the value of the con-
stant v of the B=E-T equation.

Dunford and Morrison (15) have applied the ‘lerkins=Jura
€fuation to Bull's water-protein adsorption isotherms and obtained
800d 1 inear plots in most cuses over the relative vapor pressure
ringe from 0.5 or 0.6 to 0.95., They also used Liang's methed for
orre Y ating the H-J and the B-E-T equatinons and found good agree—
"ent bHetween the calculated values of v and A% « It should be
Boted that whereas the value of v relates to the lowermost por-
tion of the isotherm, that of Alr corresponds to the higher pres-
Sure region. The general observation that the same value is ob-
tained for these two oprosite regions of the isotherm led Dunford
nd Morrison to suggest that the same number of adsorption sites
and hence the same surfoce area are probably involved in the for-
Motion of hoth the first wonolayer at the lower pressures and the

Condensed film at the higher relative pressurese.
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Smith's Tquation

sewrching for nan explanation of the mechanism involved ir the
sorption of water by hizsh polymers, Snith (44) derived the lincer
equation

W= Wh - w' 1In (1 - ?//pﬁ) (\42)

5]

where  wo js tle ameunt of water vapor adeorbed expresced in poreent
vet hasis, It will e scen that in thve nlot of values of w as
ordinat .s asninst those of the functisn 1n(l - p'/ps) as abscissae,
v anaq v, correspond respectively to the slope and inte-cept of
the Striight lines obtained. In gzenernl, Smith found the equation
to yieqq zood str-izht lines hetween relative precsure valnes of
%5 ana 0,05, According to Smith's trectment, w' repreavenis ot
cach 5 tage of the sorplion the weight fraclion of viter required
to Complete the first layer of nerm:lly condensed woter molecules
AMd in that sense is ronghly cormvarable 1o the constant v of t:e
CE~T eqn tion. The irtercept, w on the other hend is to he

R . 'ty h?
T"Zrrded as the 1casure of a tightly boan? substrotus of water
ole cyutes vhich paves the sorbirg marfuce of the polymer ard cf-
fectively redees the intensities of the surface forces of attroc—

tion ¢y te level of 10 forces in a ligaid water asnrfaces Smith

fonna o, strifivg agreencnt belween the values of the B-E-T con-
Stunt v, and those ohteined hy averaging the velnes of w' and
‘”b s which led him to suggest that the surface arca given by the
B-i-r procedurc reclly corresponds to an average hetween that
Covered by the tightly bound water molecules and thet covered by

the first norually coadensed layer.
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Becker und Sallans (4) also applied smith's equation to their
dlesorption isotherms of wheet and obtoined curves which were cssen-—
tially Jinear in the reage of relative pre-sures from 0.59 to 0,95,
¥hieh dis the prescribed range of validity for te equation. Deyoud
a relative pressure of 0.95 the function -lu (1 - p/ps) becomes
highily sonsitive to small absolute errors in the measurenent of
Pressure,

Noting that the B=E-T and the Smith isotherm e juations tend
to complement each other as to their respective rozions of velidity,
Beclze y and sellans suggested an interesting miethod of defining the
inte rmediate lincar region charccteristic of Type II isotherm hy
-“]')ttirag the date cecording to both equatiors on the same graph and
d)'awing o line tungential to the Smith curve and intersecting the
B-E— curve at its roint of inflection, They fonnd that this pro-
c¢duxe resulted in an excellent fit of the experimental data and
82V g smooth unhro%en transition into the curved rezions described

A ]

by o th equations.

lene rson's Equilibrium Eguationr
In an attempt to formulate an isotherm equation which could
2€cownt for the terperature dependence of the experimental curve

"ende rson (24) derived by thermedynamic reasoning the following

€qQua tijion:

/ —kTM:
1 - P o e (43)

here T jis the ahsolute temperature, and k and n arc experi-

"ental constants charccteristic of en iven hygroscopic material.
ye 1
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The starting point for Menderson's derivation was Gibbs' adsorp-
tion e gquation which relates the surface tension of the adsorbed
liguid, ¢ , the wetted surfece of the adsorbent, s , the volume
of thie 1liquid adsorhbed, v , and the osmotlic pressure, P , as
follows:

82 - - (@/as), (44)

Iis complete derivation nced not be inclnded here; it may suffice

to sazx that his derived equrtion turned out to he identical to an
empirical relationship previously estonblished, except for the ad-
dition of the temperature foctor in the course of his derivation.

e found remarkable agrecmcent hetween observed and calculated
velues when the equation was applied to limited date available in
the Y3iternture. Accordiugly, he culculated and published the values
°f constants % and n for a large number of agricultural mater-
ials .  while the equation appeared generally acceptable in des-
cribing the shape of the isotherm and fitting limited experimental
datn

s Henderson himself cautioned against its general use pending

furthe, experimental confirmation of its velidity.

Adsorption Rates and Equilibria

Theoretically, adsorption phenomena on a free surface take
Place with enormous rapidity, almost instantaneously. A brief
looye at the kinetiec picture of the process will assist in realizing
the order of magnitude of adsorption rates. Consider as an illus-

t""‘-‘tion that the clean surface of a hygroscopic substaunce such as
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starchy, or nrotein is suddenly exposed to an atmosphere with a
relative humidity of 10 percent at a temperature of 20°C. This
is & relatively dry atmosphere in which the pressure of the water
vapor is 1.75 mm of mercury. From the kinetic theory of gases the
number, n , of molecules of water striking each square centimeter

of the surface per second is given by

n = Np/ (27 Mn T)% (45)

[212] 1
n = 3.52x10 " xp/ (MT)® (45a)

where p 1is the vapor pressure in millimeters of mercury, T is
the absolute tempercture in degrees Kelvin, and M is the molecular
wveight of water. Equi:tion (45a) then states that 8.5 x 1029 water
molecules will strike each square centimeter of the surface each
Second. Such enormously large number of molecules striking the
surface every second should cause adsorption phenomena to take place
"®arly instontaneously. It must be emphasized, howcver, that such
great gpeeds of adsorption as suggested by the number n can only
occur immediately after the surface is exposed to the atmosphere,

®t Which moment there are sufficient water molecules in the direct
PTOX3imity of the surface. As the immediate neighborhood of the
SUrface is exhausted, a further supply of water molecules has to
‘®me  from more remote parts. The speed with which this takes place
is de termined by the rate of diffusion of water molecules in the
inte rvening air. After the adsorption equilibrium is established,

n . . .
Wa ter molecules will strike each square centimeter of surface






per second and the same number n will evaporate, this being the

condition of the dynamic equilibrium,

It will be clear from the above considerations that when an
adsorption equilibrium requires considerable time to establish it-
self, the cause of the delay is to be found in diffusion problems,
These may involve principally the transport of the gas molecules
from the bullt phase to the surface of the adsorbent, as in the case

of the above example, or may also involve diffusion of the adsorbed

gas Trom the outer surface of the adsorbent to the more interior

parts of the porous structure. he lattcr would undoubtedly be

the case with such materials as cereal grains, which often require

equilibration periods in the order of weeks and even months.

Drying of Hygroscopic Solids

The drying of hygroscopic materials such as cercal groins
involves the removal or desorption of water, which may include
Poth free and hound wnte s depending on the initial moisture con-
tent of the matcrial and on the extent of the drying process. In
any d"?ing process, the equilibrium moisture content of the material
s dete rmincd by the temporature and humidity conditions of the
rying Air, represents the limit to which the material can be

dried. Y4 js the free moisture content that is susceptible of

being removed by drying rather than the total moisture content.



Periods of Drying

Among the most fundamental investigations on drying iheory are

those of Shervood (43) and Lewis (23%), Sherwood has developed a

theory, mnow generally accepted, that postulates three possible dis-

tinct periods in the drying process. These drying stages, classi-

fied according to the rate of drying under constant drying condi-

tions, ares (1) a constant—drying rate period, during which the

surface remains completely wet, the rate of evaporation being the
same as that from a free liquid surface of constant area; (2) a
first falling-rate period, during which there is a falling off of
wvetted surface, the drying rate being directly proportional to

the fraction of the surface that is wet; and (3) a second falling-
rate period during which the rate of transfer of water from the
interior of the material to the surface becomes the controlling

factor.

The moisture content of the material which marks the end of

the congtant-rate period and the beginning of the first falling-

rate period is designated as the critical moisture content., If

the ¢ritical moisture content is less than the required moisture

content, the constant-rate period will constitute the whole drying
Process. (n the other hand, if the initial moisture content is
less t'hti.n't.he critical moisture content, the whole drying process
vill take place in the falling-rate period. It has now been pretty
vell established that practically all agricultural drying processes

take place in the falling rate period. In recent studies on the



drying of wheat grain, Simmonds and his co-workers (44) found

that the critical moisture for wheat varied between 69 and 85 per-
cent dry basis. They also found the critical moisture contents to
show the same tendency to increase at lower air temperatures as

was observed with the equilibrium moisture contents. It may

safely be assumed that in the practically important range of mois-
ture content for cereal grains in general, the drying process takes
place entirely in the second falling-rate period, which henceforth

will be referred to simply as the falling-rate period.

Equations for the Falling-itate Period

It has been pointed out that during the falling-rate period
of drying the rate of internal moisture transfer controls the drying
rate. While several controlling mechanisms have been postulated to
account for the internal flow of moisture~—including capillary
flow, shrinkage and pressure gradients, and diffusion——it is now
generally agreed that in the practically important range of moisture

content the most likely mechanism is one of diffusion (1, 3, 43).

Differential Equations for Diffusion

Numerous investigators have attempted to correlate drying
rates with standard diffusion equations. (43,33 ) The limita-
tions of the diffusion equations in drying have been summarized,
and their restrictions to various materials and certain times of
the drying cycle noted (27). The classical hypothesis of Sherwood

and Newman (37,43 ) is worth mentioning. Aeccording to this theory,



the potential producing movewment of moisture within the solid is
ddentified with a concentration difference. The differential

equation expressing the change in concentration C at any point
wvith respect to time is as follows for one-~dimensional diffusion

(infinite slab)

dc/ 8¢ = b (8%c/9x°) (46)

vhere D is the diffusivity of moisture in the material. Equation
(46) is analogous to the temperature—time-distance equation for
heat flow. In the case of diffusion in three dimensions the equa-

tion is

c/de = k (9%/9x% +3%c/aY + 8%c/87°) (47)

where the diffusivity coefficient is now denoted by k . The equa-
tion involves no implication that the flow at time € at a point
(X, Y, 8) is not in some definite direction. It merely resolves
the direction of flow into components along the previously selected
rectangular coordinates X, Y, and 2.

The above differential equations merely express the general
law for diffusional flow and are of no practical use as they stand.
Following the approach of finding an equation which could be proved
consistent with the differential equation and with the specific
conditions of the problem, Newman (37) proposed solutions for solids
of various shapes. Recently, Becker and Sallans (3) applied the
standard solution of the non-stationary state diffusion equation

out of spheres to the drying of wheat. On the basis of their
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findings they postulated that the diffusion coefficient was inde-
pendent of moisture content in the range from 12 to 30 percent dry
basis, and reported values for the coefficient as lying between
0,069 x 10‘-6 and 2.77 x 10-6 square ccentimeters per second in

the temperature range 20° to 80°C.

Lewis Exponential Equation
Based on the diffusion differential equation and assuming
certain approximations, Lewis (33) derived the following expres-—

sion for drying under constant drying conditions,

M -
In N—x = -ke (48)
o e

vhere M is the moisture content at any time, Mo is the initial
moisture content, M is the equilibrium moisture content (al1
moisture contents expressed on a dry hasis), @ is the time in
hours, end k a proportionality constant which he called the drying
“0efficient, Equation (48) is analogous to Newton's law of cooling
and has come to be regarded as a fairly good approximation for
fully exposed drying rates. Hukill (2°) employed this relation-
Ship in his analysis of bulk drying of grains. In their recent
investigation on the drying of wheat grain, Simmonds et al found
800d agreement between their experimental data and equation (48).
They uged a dynamic method with air velocities in the range of 30
to 160 feet per minute, and employed drying temperatures in the

range 70° to 170°F.
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lav of Exponential Growth

Because of its importance in the analysis of drying phenomena,
equation (48) merits closer examination. As stated earlier, it is
analogous to Newton's law of cooling; or more generally, it is an
application of the compound interest law, often referred to as the
lav of exponential growth (or decay). Both of these names empha-—
size the fact that the increase (or decrease) is proportiona] to
the size of the thing that is increasing (or decreasing). In other
words, if ¢ is the concentration at time & then the rate of de-

crease in concentration is given by

dc
- FVy » k ¢ (49)

vhere k js a proportionality constant. The minus sign indicates
that the concentration is decreasing with an increase in time.
Equation (49) can be transposed giving

4 _ e (50)

Integrating between the limits c, at the time @, and ¢

1
at 0’)_ » where 0-2 is greater than 01 ’
c, /‘02
- de ./
c
cl & '01
one obtains

1n (el/cz) - k(e, - o) (51)
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Ir co is taken as the concentration at zero time and ¢ the

concentration at any time € , equation (51) simplifies to
1n (co/c) = k& (52)

or ln (c/eo) = -k® (53)

It is evident that equation (53) is analogous to equation (48),
the moisture ratio (M - ue)/(no - ue) of the latter taking the
place of the concentration ratio c:/co of the former. The same
relationship expressed by the foregoing logarithmic equations can
be expressed in exponential form as follows
-k & .

c = ¢ e ' (54)
Equation (54) can be readily converted to the logarithmic form
by taking logarithms of both sides.

The law of exponential growth finds wide application in des-
cribing natural phenomena. It is applicable whenever it is found
that the value of a quantity or property is changing with respect
Y some vyariable at a rate which is proportional to the magnitude
of the property. It can be deduced from the above equations that
the frac tion of the property or quantity which is undergoing change—
88y, molecules in a unimolecular reaction; atoms in radio-active
di“‘n"egmtion; temperature decrease in a cooling process (Newton's
lav of cooling); or molecules desorbed in a drying process under
Constant-drying conditions—in a given period of time is inde-

Pendent of the amount that is present. The constant k is known
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as the specific reaction rate and may be expressed in any unit of
time, such as reciprocal minutes, hours, or seconds. It should be
noted that equation (48) is a linear equation so that if the func—
tion 1n ((M - ue)/(no - ue)) is plotted against the drying time
a straight line will‘be obtained if the experimental data obeys the
law of exponential growth. The slope of the straight line will
give the value of the rate constant k directly. These features
coupled with the fact that it has been found to fit experimental
data surprisingly well in many cases have enhanced the usefulness
of this equation in grain drying studies.

In applying the law of expomential growth to any specifie
problem it is customary to refer to the time period corresponding
to one half of unaccomplished change as the term period of half-
response. In the case under consideration it is obvious that the
change involved is moisture desorption or removal, that the total
amount amenable to change is the initial free moisture content,

Ho - le s and that the amount of change yet to be accomplished is
the free moisture content at any given time, M - Me e Sometimes
the free moisture ratio (M - ue)/(uo - He) is called the unac-
complished moisture change. In drying processes, as in other
similar phenomena, the half-response period has attained some im-
portance as a parameter in the formulation of approximation equa-
tions with which to characterize the drying process. When used in
this connection, it is usually cmployed as a unit with which to
measure the drying time. Hukill (28) employed it thus in develop-

ing a method for predicting approximately bulk drying rates. It



is also of general value in drawing drying curves of different
samples on a more comparable basis, and in permitting constructing
the curves over a longer span of drying time.

It is clear from the foregoing that o Tnowledge of the mag—
nitude of the half-response period for different drying conditions
would constitute a fund of valuable engineering data for use in
practical drying problems. The value of the half-response period
for any given drying process under constant drying conditions may
be determined experimentally from the drying curve obtained by
plotting the moisture ratio as ordinates against the drying time
as abscissae. Or, provided the rate constant k is known for
the drying conditions under consideration, it may be calculated
by equating the right-hand side of equation (48) to 0.50, and

solving for the corresponding value of time € .

Page's Modified Equation
In an investigation of basic drying rates of shelled corn,
Page (40) analyzed his results by using a modification of equation

(48) as follows

-k Oy

(M - M)/(M, - M) = e (55)
vhere the value of constant k was determined on the basis of time
expressed in half-response units, and N is an experimental con-
stant, He found that constant N was a function of relative

humidity and obtained values of 0.60, 0.65, and 0,83 for relative
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humidities of 35, 50, and 70 percent respectively; for the constant

k he obtained a value of 0.68,
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EXPERIMENTAL
Materials

The corn used in all tests for determination of hygroscopic
equilibria and drying data was obtained from a lot purchased at a
local elevator during the fall of 1954 and subsequently stored at
40°F, The corn was of the yellow dent type and of hybrid origin.
About ten pounds of this lot were sct aside for use in the inves-
tigation and sealed in two glass jars which were kept in the same
40°F storage box. A representative sample of this corn taken at
this time was tested for moisture content and found to be of 25.43
pe rcent, dry basis.

The samples used for the irradiation tests were obtained from

o stock of five pounds of air-dried seed corn, variety Mayorbela,

wvhich was flown directly from Puerto Rico. Immediately upon ar-

rival in August 1955, the seed was placed in tightly closed jars
and stored at 40°F. Its moisture content was found to be 15.35
percent, dry basis.

The salts for preparing the saturated salt solutions used
88 controllers of relative humidity were all of chemically pure
grade, and were obtained from the stock rooms of the Chemistry

Department of the University.

The a.iéfial used for making the sample contriners consisted

of a S creen mesh sixteen-to-the-inch made of saran plastic. This

Baterigq] proved to be particularly suitable for this purpose owing
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in part to the ease with which it could be worked, but mainly be-

couse of its resistance to corrosion.
Apparatus and Procedure

Since it was considered essential for the purposes of the in-
vestigation to obtain the drying data in the greatest possible de-
tail, particularly over the initicl stages of the desorption j1ro-
cess, 1t wus decided to employ a static method for obtaining the
experimental data. The most serious objection which is generally
allegedq against static methods lies on the long periods of time
necessa.fy for attainment of equilibrium. Yet, this very circum-
stAnce made it feasible to obtuin drying data to a degree of detanil
and precision not ordi- rily attainable with dynamic methods. The
method consisted esscntially of exposing the samples of grain to
u‘t'mOS‘rpheres of constont temperatiire and relative humidity maintained
in mo isture-tight glass chambers by saturated aqueous solutions of
selected chemically pure salts. The glass chambers were kept in
the rnostatically=controlled storage cabinets maintained at constant
tenpe rature within plus or minus one degree Fahrenheit. Periodic
'eighing of the samples at appropriate intervals provided the neces-—
Sary data for determining the drying rates., When essentially con-
Stant weight was maintained over a period of at least two weeks,
1t waq generally decided that equilibrium had been virtually at-
t'ai“ed. Longer times were allowed for the samples held a4t the lower

tempe ratures. As soon as possible thereafter the samples were
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tested for moisture content by the air-oven method. A more detailed
description of the apparatus and procedure employed shall prescntly

be given.

Controlling llelative Humidity

The fact that a saturated agueous solution of a salt at a
given temperature will maintain a constant humidity within any en-
closed space has long been recognized as a valuable instrumentation
technique for controlling relative humidity in small chamhers, par-
ticularly under static conditions. Numerous investigators (13, 50,
51, 52) have undertaken to determine the equilibrium relative humid-
ities maintained by various salts at various temperatures, and pub-
lished vyalues are now available from various sources. The salts
Used in the present investigation were selected after a thorough
Séarch of the literature and are given in Table I together with
the i r- corresponding values of relative humidity at the various
tempe ra tures.

In the preparation of the various saturated salt solutions
tvo different procedures were followed. The first method con-
sisteq of weighing a predetermined amount of the salt on an ordin-
%Y platform balance and thoroﬁghly mixing it in a beaker with
approximtely 250 milliliters of distilled water. The mixture
Y23 then heated to & temperature of 212°F and held at this tem-
per“ture long enough to make sure that the salt necessary to
S8turn te the solution at the lower temperature had entirely

disaolved. The solution was then transferred to the glass chambers




TABLE 1

EQUILIBRIUM RELATIVE HUMIDITIES ABOVE SATURATED SALT SOLUTIONS

Salt

—— . .=

Lithium chloride
Magnesium chloride
Sodium dichromate
Sodium chloride
Potassium nitrate
Potassium sulphate

Lithium chloride
Magnesium chloride
Chromic oxide

" ”
Sodium dichromate
Sodium chloride
Potassium nitrate

Potassium sulphate

- ———— c——————

— eem s ems emse  eue e

Lithium chloride
Potassium fluoride
Magnesium chloride
Chromic oxide
Potagsium carbonate

Sodium dichromate
" "

Sodium bromide
Sodium nitrite
" 1]

Qupric chloride
Sodium nitrate

Sodium chloride

Amnonium monophosphate NH H2PO4

AT VARIOUS TEMPERATURES

Formula

40°F
LiCl.ﬂzo 14.0
lg012.6320 34.6
N520r207.2320 59.3
NaCl 75.1
KN03 96.6
K2SO4 98.4

60° F
LiCl.820 12.8
Mg012.6ﬂ20 33.9
Cr03 37.5
" 45.4
Na20r207.2820 56.6
NaCl 75.9
KNO3 94.3
K2804 97.5

86°F
LiCl.Hao 11.2
KP.2320 27 .4
ngc12.eazo 32.4
Cr03 40.0
K2003 43.5
Na _Cr.0,.2H_0 54.2
27" 27 2 52.0
NaBr.EBao 56.3
NaNO2 63.3
" 64.8
Cn012.2320 68.3
Na.NO3 72.8
NaCl 15.2
92.0

R.H.  Authority

——————— e - - m

Wexler and Hasegawa

" L]

” "
L "
" ”

Carr and Harris
Wexler and Hasegawa
Wink and Sears
Carr and Harris
Wexler and Hasegawa
Carr and Harris

Wexler and Hasegzawa

Wink and Sears
Carr and Harris

Wink and Sears

Carr and Harris
Wink and Sears

"

Carr and Harris
Wink and Sears




TABLE I (Cont.)
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Salt Formula R.H. Authority
100°F

Lithium chloride LiCl.Hp0 1l.1 Wink and Sears
Magnesium chloride Mg012.6H20 32.4 " n
Chromic oxide Cx‘O3 40.2 " "
Potassium carbonate K2003 43.4 " "

Sodium dichromate Nazcrzo.‘.zﬂao 50.0 " "

Sodium bromide NaBr.21120 53.7 " "

Sodium nitrite NaNO2 61.8 " n

Sodium chloride NaCl 75.1 " "
Asmonium sulphate (NB‘!)2SO4 79.1 " "
Potassium chromate K20r0 4 86.3 " "

Amn onium monophosphate NH 4321'0 4 92,0 o "
Potassium nitrate KNO3 96.2 Wexler and Hasegawa

122°F

Lithium chloride _ LiCl.ll20 11.4 Wexler and Hasegawa
Potassium fluoride KF.2320 20.4 Carr and Harris
Sodium iodide NaI.2H20 28.4 " "
Magnesium chloride MgCl,.6H,0 31.4 Wexler and Hasegawa
Chromic oxide Ccro, 45.4 Carr and Harris
Sodium dichromate Na,Cr,0,.2H,0 47,1 Wexler and Hasegawa
Sodium nitrite NaNo, 59.8 " "
Sodium nitrate NaNoO, 68.7 Carr and Harris
Sodium chloride NaCl 74.7 Wexler and Hasegawa
Potasgium chloride KC1 81.2  Carr and Harris
Potasgium nitrate KNO, 85.0 Wexler and Hasegawa
Potassium sulphate 95.8 " "

T em wme ww wm em e
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TABLE I (Cont.)

Salt Formula R.H. Authority
140°F

Potassium fluoride KF 21.0 Carr and Harris
Sodium iodide NaI.2H2O 25.3 " "
Chromic oxide (::-03 45.8

Sodium bromide NaBr.2B2O 49.9

Sodium dichromate N520r207.2ﬂ20 55,2 " "
Sodium nitrite NaN02 59.2 " "
Sodium nitrate NnNOa 87.5 " "
Sodium chloride NaCl 74.9 " "

Potassium chloride KC1 80.7 " "




and allowed to cool at room temperature whereupon a suitable ex-

cess of salt was added to guurd against the possibilities of super-

saturation. Where the cost and the amount of salt available per-

mitted, it was desiruble to use a considerable excess of salt so

that mounds of crystals protruded above the liquid surface. It

should be ccutioned, however, that too much of an excess may re-

sult in drying up the solution. For relative humidities above 85

percent the extreme excess of salt is not necessary; though it is
still important to have some crystals present in the solution.
Enough of the prepared solution was then placed in the jar to fill
it to a depth of approximately one and a half inches. The jar was
then sealed, properly labeled, and placed in the corresponding

constant-temperature cabinet where it was allowed to stand for at

least 24 hours prior to use. As a guide in predetermining the

approximate amount of salt necessary for obtaining a given amount
of saturated solution Seidell's encyclopedia on Solubilities of
Inorganic and Metal Organic Compounds (42) is probably the hest
Source of information.

The second method consisted essentially of placing the pre-—
dete rmineq amount of the salt in the empty glass jar or chamber and

2dding the appropriate amount of distilled water to produce the re-

Mired saturated solution. The mixture was thoroughly stirred,

'here“Don the jar was sealed, labeled properly, and placed in the
c
orreslnbnding constant-temperature cabinet. The solutions prepared

ac -
cor‘illlg to this method were allowed to stand for at least one



week prior to use in order to insure complete saturation. The

same precaution of providing for an excess of salt crystals in

the solution was followed as explained for the first method.
Wink and Sears (52) compared both of the above methods and

obtained relative humidities which agreed within 0.3 percent.

J’W

Cons tant-~Humidity Chambers and Sample Containers

Two principal types of containers were employed as constant-
humidity chambers, namely, one-gallon wide-mouthed glass jars of
the type generally used for pickles or mayonnaise in the food in-
dustries, and one-half gallon mason fruit jars. The metallic
S¢rew—on type of lids of the former were furnished with a suit-
able gasgket in order to insure a moisture-tight seal and also
88 a2 means of holding the hanger for the sample container. This
hanger was made of a piece of brass wire formed in a loop with a
straight section bent at right angles to the plame of the loop
and threaded through the center of the circular 1id gasket to pro-
vide a terminal pig-tail hook for suspending the sample container
above the solution. The mason fruit jars were provided with
8pecial 1jds made of polysterene plastic and similarly equipped
vith gasket and hanger. Both types of jars allowed for an ade-
Quate ratio between the free surface area of the salt solution and
the ©Stimated external surface area of the kernels making up the
fample | Likewise, the ratio of free surface area of the solution
tnd the estimated external surface area of the kernels making up

th
® Samype. Likewise, the ratio of free surface area of the solution
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to the volume of the chamber above the solution was adequate in
both cases. Both of these factors are of importance in determining
the time required for humidity equilibrium to be reached, and for
restoration of the original conditions after disturbances inciden-
tal to the weighing operations. The length of the sample hangers
wes 80 adjusted as to bring the sample as close to the surface as
wa8 considered safe from the standpoint of min{mizing the chances
of accidentally splashing the solution over the samples. This
height usually varied from one to three inches. Extreme care was
elways exercised in handling the jars, and only in very few in-
Stances were samples ruined by accidental splashing. Figure 2
ill‘lstrataes both types of containers described above with the samples
SuSpended in the regular manner. One of the plastic lids used with
the mason jars lies on the table to show the gasket and sample
h&nger; also one of the mason jars is shown with a type of zinc
AP wuged with a few of the jars. .

The sample holders were made of the plastic material previously
described in the form of cylindrical baskets about two to four and
& half inches in diameter and two to four inches high. They were
Provided with a handle in the form of a loop made of strands of the
8ame material. While adhesive cements may be helpful in making the
b'“'kets, their use was found objectionable owing to their hygro-
8Copicity which wmay cause the tare weight of the basket to change
%PPre ciably throughout the test period. Accordingly the seams of

the baskets were stitched together with strands of the same plastic




Figure 2.

The two main types of containers used as
constant-humidity chambers. Samples are
seen suspended in their regular position
above the saturated salt solutions.

Figure 3.

Constant-temperature cabinet with regular
loed of constant—humidity chambers.

01



material. Small labels made of aluminum foil on which the code
number was typed were attached to the baskets as a means of iden-

tification.

Temperature Control

Six different temperatures were employed for the tests on
hygroscopic equilibria and drying rates, namely, 400, 600, 860, -
1000, 1220, and 140°F. The selection of these temperatures was
partly governed by the availability of suitable data pertaining
to the relative humidities obtainable with various salts.

The 40°F temperature was maintained by thermostatic on—off
control in a walk-in type refrigerated cabinet with forced draft
air circulation. The 60°F temperature was similarly maintained
in a smaller cabinet of the same general dimensions as those showed
in Figures 3 and 4. The 86°F temperature was maintained in walk-in
type storage cabinet similar to the one used for the 40°F tempera-
ture but equipped with a thermostatically-controlled lamp bank
as a source of heat and with suitable shielding to protect the
constant-humidity chambers against direct radiation from the lamps.
The higher temperatures were maintained in wooden storage cabinets
provided with lamp bulbs as a heat source, with forced draft air
circulation, with suitable on;off thermostatic control, with a
mercury-in-glass thermometer for checking the temperature, with
a sheet metal shelf to serve as a radiation shield and as an aid
to air circulation, and with a slatted false floor which insured

adequate air circulation underneath the jars. Figures 3 and 4
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Figure 4. Constant temperature cabinet with most jars
removed to show construction features.

Figure 5. Weighing equipment and general set-up for
the weighing operation.
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shows one of these cabhinets in wide—opened position in order to
illustrate all of the above features. In all cdses, constancy of

tempe rature was maintained within plus or minus one degree Fahrenheit.

Preparation of the Samples

The corn samples were either taken directly from the regular
stock previously described with no further preparation othgr than
allowing the corn to warm up to room temperature, or from portions
of this same stock previously conditioned to higher moisture con-
tents as it was deemed necessary. No specific values of initial
moisture content were particularly aimed at, as long as high enough
levels were obtained to allow for a wide enough range of desorption
vapor pressure differences and still have the drying process take
Place in the falling-rate period. This conditioning treatment was
Particularly necessary in the case of the samples intended for equil-
ibration at high relative humidities.

The conditioning procedure followed consisted generally of
Soaking the required amount of seed in distilled water for a period
of four to six hours. Throughout the soaking period the grain was
kept inside the 40°F cabinet. The excess water was then drained
°ff and the kernels spread singly over a sheet of towel paper and
8llowed to stand at room temperature until all the surface water
had dried out. The seed was then placed in a clean dry jar, sealed
Yightly, properly labeled, and returned to the 40° box until ready
% use, Enough time was allowed to insure moisture equilibrium

Yithinp the individual kernels. The evening before the test was to
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be started the jar was removed from cold storage and allowed to re-—
main overnight at room tcmperature. The resulting moisture content
of the seed conditioned according to the foregoing treatment varied
from 37 .25 to 45.52 percent, dry basis. No harmful effects whatso-
ever were detected as a result of this conditioning procedure.

In any case, the samples were made up of anywhere from twenty
to thirty singly selected kernels of normal shape and size charac-
teristic of the variety. The kernels were spread in a thin layer
one grain deep on the bottom of the basket. The basket and sample
vere <then accurately weighed to the closest tenth of a milligram
and immediately placed in the corresponding constant-humidity
chamber, This was immediately placed, in turn, inside the corres-
ronding constant-temperaturc cahinet. All necessary information
¥as subsequently recorded on & data sheet especially prepared for
the purpose. One separate sheet was used for each sample and all
subse quent data pertaining to that sample was recorded therein.

One example of these data sheets is shown in Table II, with typi-
cal information pertaining to one of the samples. The time of

veighing was recorded to the nearest minute.

Drying Rate Data

Measured from the time they were first weighed and placed in
the drying chambers at the beginning of the run, the samples were
veighed at periodic intervals. The sequence of steps involved in

each drying operation was as follows:
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(1) The analytical balance was prepared with the approximate
anticipated gross weight of the sample on the corresponding pan.

(2) The constant-temperature cabinet was opened, the desired
jar was removed promptly and carefully with a steady motion aimed
at producing the least possible disturbance of the contents, and
the cabinet was reclosed.

(3) The 1id of the jar was unscrewed and lifted with care,
the sample w:s removed and placed in position on the balance as
shown in Figure 5. po

(4) The weighing pans were released and the actual weighing
of the sample performed.

(5) The sample was returned to the jar, the jar wes sealed
tightly, and returned to the constant temperuture\cubinet.

(6) The gross weight and the time of weighing were then
recorded on the corresponding data sheet.

The whole operation generally required not more than 75
to 90 seconds, while the time that the sample remained out of
the drying chamber and the chamber out of the constant-—temperature
cabine t seldom exceeded thirty and forty-five seconds respectively.
Promptmness and accuracy were the objectives to strive for in each
veighing operation.

The weighing intervals adopted for the first series of runs
VYere in the order of twenty-four hours during the initiol stages
of the drying process, and were gradually increased after the

first two weeks, as the rates of drying slowed down. It was soon



realized, however, that an observation interval of twenty-four
hours was far too long to permit a detailed enough study of the
drying rates during the all-important initial stages of drying.
In all subsequent runs, therefore, the observations were made
et intervals which were in the order of one-half hour for the
first eight to twelve hours, twice or four times every day for
the next seven to eight days, once a day for the next fourteen
or sixteen days, and at longer intervals thereafter as it was

deeme d appropriate on the basis of the ohserved drying rates.

Dete rmination of Moisture Contents

The general procedure followed upon termination of a run
for any given sample was as followss

The final gross weight of the sample was obtained as ex-
Plained ahove and the kernels promptly transferred to a weighing
can. The terminal tare weight of the sample container was then
determined and recorded after which the basket was returned to
its Corresponding drying chamber. The weighing can was then
¢losed and placed in a desiccator for transferring to the oven.
The corresponding data was entered in the appropriate data sheet.
The same procedure was followed with all samples due for termina-
tion., The weighing cans were then taken to an electric air—oven,
vhere they were placed with the lids removed and placed underneath
the Corresponding cans. The samples were thus held at a tempera-
ture of 212°F for a period of seventy-two to eighty hours, which

had been previously decided as adequate to achieve constancy of
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weight, After this period the cans were closed while still in

the oven, removed, and placed in an a.luminum desiccator charged
with activated alumina where they were allowed to cool to room
temperature. The cans with their contents were then weighed im-
nediately, each at a time, and their weight recorded on the cor-
responding data sheets., The cuns were then emptied, weighed
again, and their tare weight recorded. All samples were handled
in quick succession, one at a time. Processing of these deta
Yielded the net terminal weights of the semples and their dry
matter content. From the recorded initial weight of the samples
the instantaneous moisture contents at the various times of obser-
Yation were calculated. Both the initial and the equilibrium
moisture contents were accurately calculated to the closest hun-
dredth of one percent. Slide-rule accuracy was judged sufficient
for all intermediate moisture content values, even though readings
vere gtill read to two decimal places whenever possible. The re-
sul ts of all these calculations were ente reci in the type of data

sheet shown in Table 1I.

Irradiation Tests

It is a well recognized fact that the drying rate of any
given material under a given set of drying conditions is a func-
tion of the particular characteristizs of the material. Many
éxperimenters have concerned themselves with the nature and dis-

tributioyn of the resistance to the movement of moisture within the
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grain in response to a drying potential. »Several noteworthy ex-
planations have becn advanced concerning the mechanism whereby
moisture escapes from the grain. It has been speculated whether
the resistance to moisture transfer is uniform thronghout the ker-
nel or rather concentrated at some particular site within the
grain or at the surface. Oxley (38) has suggested that this resis-
tance might be concentrated somewhere below the surface of the
graing, basing his judgment on Edholm's findings in experiments on
inte rmittent drying. On the other hand, the suggestion has also
been made that the open tissue at the tip of the corn kernel is
Probably the exit space for moisture during the drying process.
It was therefore considered of interest in connection with the in-
Yestigation to explore the possibilities of improving the moisture
transfer characteristics of the grain with electromagnetic irra-
diation. Accordingly a short series of experiments was planned
for +this purpose.

As was pointed out before, the stock of Mayorbela corn from
Puerto Rico was used in this series of experiments. Typical
Samples were prepared from a small batch of seed previously irra—
diated with a dose of 106 reps applied on each side of the kernels
and placed in drying chambers corresponding to the following drying
¢tonditionss 11.1 percent relative humidity and 100°F; 75.1 per-
cent re)ative humidity at 100°F; 49.9 percent relative humidity
%t 140°F, Control samples were run simultaneously under the same

‘nditions, The test was repeated following exactly the same
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procedure, except that the irradiation dose was increased tenfold
to 107 reps. Again exactly the same procedure as previously des-

cribed was followed in obtaining the drying data of these samples.

Results

The hygroscopic equilibrium data for shelled corn obtained as
& result of the foregoing experiments and the initial processing
of the observational data are tabulated in Table II. The table
includes information on the salt solution employed as constant—
hmnidity controller, the corresponding temperatures and relative
humi dities, the initial moisture contents of the samples, the cal-
talated values of hygroscopic equilibria, and the duration in
hours of the corresponding tests. It should be pointed out that
in many cases the runs were extended well beyond the virtual at-
tainment of equilibrium and therefore, the duration of the run is
Dot mecessarily to be interpre':ted as the time required for equili-
bration. It is felt that the equilibrium moisture content values
°bt&ined.ﬁre as close to true equilibrium as it is possible to ob-
tain in such tests. Subsequent processing and analysis of these
data wjill be dealt with in the next chapter.
The drying data consists principally of the instantaneous
Yalues of moisture content and their respective times of occur-
rénce as obtained from the preliminary processing of the observa-

tional data as previously explained. The extensiveness of the data

definitely precludes their inclusion here, and only Table II1I—
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TABLE II

EXPERIMENTAL EQUILIBRIUM MOISTURE CONTENTS OF SHELLED CORN AT VARIOUS
RELATIVE HUMIDITIES AND TEMPERATUHES

Salt Solution ftelative Initial Moisture  floiinrau™ E?rif,',ilo“

Humidity Content Content Py

_ L ~ percent __M‘_,__j»_o_i_._!i, M, % d.b. hours

40°F
Lithium chloride 14.0 18.20 8,09 1587
Magnesium chloride 34.6 18.40 11.71 1587
Chromic oxide 37.0 18.36 12.27 1943
Sodium chloride 75.9 24.30 20.51 2217
25.90 21.14 69.12
Sodium dichromate 59.3 27.12 16.35 1520
Manganese chloride 53.4 27.22 15.00 1454
60°F
Magne s ium chloride 33.9 18.42 10.52 1496
Chromi ¢ oxide 37.5 18.20 11.40 1496
28,10 11.20 390
20.93 11.38 586
23.12 11.08 450
Sodium dichromate 56.6 17.86 13.77 1334
Potas s dum fluoride 32.35 18.04 10.51 540
Sodimm chloride 75.9 18.75 18.23 1496
Potasmium nitrate 91.4 43.7 28,7 205
86°F

Lithium chloride 11.2 20.77 4.86 925
Potassium fluoride 27.4 24,59 8.10 560
17.95 7.96 1580
Magnesium chloride 32.4 21.75 9,02 900
18.15 8.90 1686
24.25 8.74 1885
23.70 8.97 1613
Chromic oxide 40.0 22,44 10,32 2311
21.66 9.60 689

18.02 9.87 1492



TABLL I1I (Cont.)

Relative Initial Moisture T:q“ilibritvm Duration

Salt Solution Humi di ty Content golsture ¢ run
percent My % dobe M,y % deb.  hours
86°F
Potassium carbonate 43.5 21.14 10.50 941
Sodium dichromate 53.1 18.36 11.90 1687
23.03 11.48 1893
23.98 11.93 1800
23.48 11.88 1914
18.15 11.90 1586
Sodium nitrite 63.3 18.08 13.64 1466
17.86 13.57 814
Cupric chloride 68.3 23.00 14.89 1638
18.03 14.52 1689
Sodium chioride 15.2 24.85 15.83 1107
20,92 15.83 867
Sodium byromide 56.3 20,08 12.38 860
Potassium chromate 86.3 21.20 19.28 97
100°F
Lithium cpioride 11.1 18.60 4.78 1618
¥2gne s sum chioride 31.9 18.44 8.46 1062
Potass ium carbonate 43.4 18.35 9.95 1062
:::i‘:m dichromate 50.0 27.79 10.86 1365
Sodiu: nitrite 61.8 18.49 12.78 1062
* chloride 75.1 18.55 15.28 1061
32,82 15.35 839
:::::um sulphate 79.1 28,85 16.88 856
iuam sulphate 96.3 17.61 24,81 242
- e e e o=l
Lithy 122°F
m  chloride 11.4 37.48 3.93 870
44.00 3.83 1188
17.98 4.12 1047

SoAs .
Tam 4 o4ide 28.4 36.79 7.48 507
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Salt Solution Relative Initial Moisture Eqix‘glibrium Duration
Humidity Content isture

Content of run
percent M, % d.b. d,b. hours

e’

122°F
Potassium fluoride 20.4 38.10 5.97 1038
Sodium dichromate 47.1 32.28 9.88 1153
Sodium nitrite 59.8 38.35 11.65 1042
Sodium nitrate 68.7 32.11 13.31 506
Sodium chloride 14.7 37.66 14.78 1040
Potassium mijtrate 85.0 37.17 17.74 1047
41,79 17.79 213
17.70 17.33 975

140°F
Lithium chioride 11.2 42,70 3.39 981
Potassium f1uoride 21.0 43.80 5.21 1304
Sodium jo0qjde 25.3 17.48 . 6.12 981
Sodium bromjde 49.9 43.70 8.59 1006
Sodium dichromate 55.2 43.58 8.92 170
19.71 9.65 1086
Ss::::: nitrite 59.3 43.12 9.75 994
Po“saichloride 74.9 18.33 12.43 941
um chloride 80,7 27.40 13.71 168
oty 44,58 14.03 218
nitrate 67.5 28.50 10,78 205

——_

—
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vYhich partially shows the results obtained for one of the samples—

is offered as an example. Table III-A on the other hand illustrates

a8 form employed for recording the results of further processing

of the data of each sample for the purpose of obtaining basic values

nNecessary for subsequent treatments. These basic values include,

the mojisture contents converted to a wet basis, the free moisture
content on a dry basis, the moisture content ratio on a dry basis,
the equilibrium relative humidities as given by the constructed
€exXperimental isotherms, the equilibrium vapor pressures, pg ’

obtained by multiplying the equilibrium relative pressures by the

8aturation vapor pressure, Pg » of water corresponding to the

d"]ing temperature as given by thermodynamic steam tables, and the
values of vapor pressure potentials (pg - pa) as obtained from the

difference between the equilibrium vapor pressure and the partial

&queous vapor pressure, P, » of the drying air. All of the vapor

Pressgures given in Tables 111 and III-A are expressed in pounds
Per gquare inch absolute.

As in the case of the hygroscopic equilibrium data, .fnrther
trea tment and analysis as well as the results obtained will be dis-
Cussed in the next chapter.

The results of the irradiation tests are illustrated in
Figure 35 which shows the drying curves for one of the samples irra-
diated with a dose of 106 reps and its corresponding control sample.

Since the point values for both curves were nearly coincident the

‘Arwe for the control sample was displaced as shown in order to be
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TABLE III
EXPERIMENTAL DATA SHEET

Code No. I-3 Salt Solution X2C03  Temp.100°F Rel. Hum._ 43.4%

Sat. vapor pressure, Pg 0.9492 psi Vapor pressure, Py 0.129 psi
Date run started 9/18/55 Date run ended 11/1/55 Duration 1062 hrs.
Basket mno. _10 Tare weight 3.4201 gm Gross weight 13.8353 gm

Net weight sample 10.4152 gm Initial water content 1.6155 gm
Initial moisture content, M) 15.52 % w.b. 18.35 % d.b.

Final Moisture Determination :
Moisture can no. _8  Date and hour to oven 11/1/55 at 3300 P.M.
Tare we i ght can 23.9854 gm Date and hour out of oven 11/4 at 5:00 P.M.
Weight can + saemple = 33.6707 gm Terminal net wt. _9.6853 gm
Gross wt out of oven 32.7899 gm Weight dry matter 8.8045 gm
Equilibrxjum moisture content, M _9.08 % w.b. M _10.00 % d.b.

Date Time € hrs. Gross wt. Wt. H,0  VWt. H)0 Calculated
grams lost-cum. remaining M % d.b.
9/18 A 8345  0.00  13.8353 0.0000 1.6155 18.35
9515 0,50  13.7860 0.0493 1.5662 17.78
9145  1.00  13.7451 0.0902 1.5253 17.31
10:18  1.55  13.7117 0.1236 1.4919 16.94
10558  2.21 13,6755 0.1598 1.4557 16.52
11315 2.50 13.6620 0.1733 1.4452 16.36
11345  3.00  13.6377 0.1976 1.4179 16.08
P 12415 3.50 13.6179 0.2174 1.3981 15.85
12:45 4.00  13.5988 0.2365 1.3790 15.65
2:15 5.50  13.5507 0.2846 1.3309 15.10
23456 6.00  13.5375 0.2978 1.3177 14.94
3:15 | 6.50 13,5238 0.3115 1.3040 14.80
33145 7.00 13,5109 0.3244 1.2911 14.68
. . . R . .
/1 p 2:45 1062.00 13,1022 0.7395 0.8760 10.00

T
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TABLE IIIA
ANALYSIS OF DATA SHEET

Summary from Data Sheet

. (]
Code no, _I-3  Salt solution _K2C03  femp, 100°F pel. Hum. 43.4%

Ps 0.9492 psia P, 0.4129psia M_15.52% w.b. “o 18.35% d.b.
Duration of run _1062 hrs. Half-response period, 0} 9 hrs.

ue 9e 08% w.b. ue 10.00% d.be Mo - Me 8,35 % d.b.

% hrs. M, percent M-M M-M (R.H.), Pg P~ Py
% webe ® debe % debe M - M percent psi psi

0.00 15.52 18.35 8.35 1.000 86.60 0.822 0.409
0.50 15.10 17.78  7.78 0.931 84.40 0.801 0.388
1.00 14.75 17.31 7.31 0.875 83.40 0.792 0.379
1.55 14.50 16.94 6.94 0.831 82,10 0.779 0.366
2,21 14.30 16.52 6.52 0.780 30,50 0.764 0.351
2.50 14.18 16.36 6.36 0.761 79.99  0.758 0.345
3.00 13.83 16.08 6.08 0.728 78,60 0,746 0.333
3.50 13.70 15.85 5.85 0.700 77.70  0.737 0.324
4.00 13.54 15.65 5.65 0.676  76.80 0.729 0.316
5.50 13.10 15.10 5.10 0.610 74.30 0,705 0,202
6.00 13.01 14.94  4.94 0.591 73.50 0.698 0.285
6.50 12.90 14.80 4.80 0.575 73.00 0.693 0.280
7.00 12.78 14.68  4.68 0.562 72.30 0.686 0.273
7.50 12.66 14.50  4.50 0.539 71.50 0.679 0.266
8.00 12.55 14.38  4.38 9.525 70.80 0.672 0.259
8.50 12.45 14.26  4.26 0.510 70.40 0.668 0,255
13.84 11.78 13.35  3.35 0.400 65.50 0.622 0.209
1062.00 9,08 10,00 0.00 0.000 43.40 0.413  0.000




able to plot both curves distinctly. It is evident from the char-
acter of the curves that there was no noticeable effeet of the ir-
radiation on the drying behavior of the corn. Similar results were

obtained under the other drying conditions used in these tests, and

the curves presented are typical.
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ANALYSIS AND DISCUSSION

It has undoubtedly become evident that the scope of the
investigation has touched on two distinct aspects of the water
relations of shelled corns the equilibrium or thermodynamic rc-
lationships on the one hand, and the time-dependent rate processes
on the other. However closely related these two phases of the
rroblem are=— both from the theoretical and the practical view-
points—— it has been deemed convenient for the purposes of the
analysis and discussion that will follow to “eep them under
separate headings. The results pertaining to desorption equili-
brium data shall be dealt with in the first placej the drying rate

data shall be considered next.

Desorption Equilibrium Data

The experimentally determined values of equilibrium mois-
ture content for the various test conditions investigated have
been presented in Table I1. The mext step in the analysis of the
data was concerned with the construction of desorption isotherms

for the temperatures of the investigation.

Construction of Desorption Isotherms
The isotherms were constructed by plotting for each tempera-
ture Separately the equilibrium moisture content values (dry basis)

8 ordipates against the corrcsponding values of equilibrium relative
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humidity as abscissae. The curves were then drawn as smootnly as
possible through the point values corresponding to each tempera-—
ture. In the absence of experimental data for relative pressures
below 0,10, the lowermost portions of the isotherms could be con-
structed by extrapolating the curves to converge at the origin,
since it is well-established characteristic of all isotherms that
at zero pressure the amount of adsorbate adsorbed is also zero.
While a certain degree of uncertainty may still be recognized con-
cerning the exact course of the isothe:ms in that region, whatever
inaccuracy may exist must necessurily be very slight. There is
therefore little doubt as to the reliability of the isotherms
éven in that lowermost region, for all practical purposes.

The uppermost region of the isotherms beyond a relative pres-—
Sure of about 0.85 presented a similar problem as described above
for the }owermost regionr in that not enough date was at hand to
comple te each isotherm up to saturation pressure. It will be re-
membered that hercin lies one of the-,shortcomings of the static
method jp securing hygroscopic equilibrium date at the higher rela-
tive humidity, owing to the susceptibility of the samples to molding
°7r protracted periods of equilibration. To circumvent this dif-
ficulty an interesting method suggested by Bull (12) for extrapo-
lating the curves up to saturation pressure was resorted to, with
very S8atisfactory results. This method required the plotting of
the functjon a/X a8 ordinates against corresponding values of X

ag .
8bcissae for each one of the isotherms; where a represents the
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TADLE IV

COMPUTATION OF DATA FOR a/X VERSUS X PLOTS
FROM DESOXPTION ISOTHLQRMS

Isotherm Temperature - 100°F

X a afx
Equilibrium Moisture
Relative Content, M M/(R.H.)
Humidity, (R.H.), percent dry basis ¢
percent
2,50 1.90 0.7600
5.00 2,90 0.5800
10.00 4.30 0.4300
15.00 5.50 0.3660
20.00 6.40 0.3200
30.00 8.10 0.2700
35.00 8.80 0.2510
40.00 9.50 0.2370
45.00 10.25 0.2280
50.00 : 10.90 0.2180
55.00 11.65 0.2120
60.00 12.49 0.2080
65.00 13.25 0.2040
10.00 14.25 0.2038
75.00 15.30 0.2040
80.00 16.75 0.2093
85.00 18.40 0.2163
920.00 20.50 0.2280
95.00 23.75 0.2500
96.40 24.75 0.2560

97.50 26.00 0.2665

——
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moisture content on a dry basis and X stands for the equilibrium
relative humidity. In order to compute point values for constructing
the plots, values of relative humidity were selected at intervals

of 5 percent up to 85 percent. Table IV shows the results of the
computations involved in calculating the plot for the 100°F isotherm.
The same procedure was followed for each of the isotherms. The
completed plots are shown in Figure 8. It will be seen that smooth
curves were obtained which, though swinging upwards rather abruptly
in the low pressure region, do show only moderate changes in slope
at the higher relative pressures. It was thus possible to extrapo-
la te the curves bgyond the last plotted point up to saturation pres-
sure without much chance for n.mbiguity; The values of a/x s given
by the intersection of the curves with the vertical at saturation
Pressure, yielded the desired values of equilibrium moisture con-
tent corresponding to 100 percent relative humidity. The extrapo-
lated sections of the plots are shown in dashed lines in Figure 8,
vhile the circles indicate the point values calculated as explained
sbove. The three points which appear beyond the plotted curves repre-
Sent actual experimental values which could be obtained in this re-
gion, a