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INTRODUCTION

Moisture equilibria in sseds are problems of consider-
able practical inmpertance because of their direct relationship
to storage and drying p=oblems. They ere also of theoretical
interest because of the mechanisms and forces involved.

The overeall problem hes been considered from the as-
pects of moisture movement and moisture sorption. The two
are closely interrelated in that the same factors affect
both. Drying curves were obtained for whole soybeans, and
graded size fractions of beans at four temperatures. An
attempt has been made to describe the drying of seeds in
terms of the mechanisms involved.

Adsorption and desorption isotherms were obtained &t
20° and 30°C. The interpretation of the isotherms has been
approached in two ways. First, the Brunauer, Emmett, and
Teller theory has been used to describe the isotherms, and
secondly, the thermodynamic functions of free energy, en-
thalpy, and entropy have been calculated. These functions
may indicate the mode of sorption of the water molecules
and can be related to the theoretical interpretations of the

isotherms.
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REVIEW O LITERATURE

Drying

The drying of seeds is similar in many respects to the
drying of inert porous solids, such as clay pellets. In
some aspects, howewver, it differs markedlye.

The classical analysis oif the drying of porous solids
is due largely to ILewis (17), Sherwood (2L, 25, 26, 27, 28)
and Newman (19, 20). They have divided the drying process
into constant rate and falling rate periods, the junction
of these two being termed the critical point. The falling
rate period has freguently been further suvdivided into two
portions, spoken of as the first and second falling rate
periods.

During the constant rate period the surface remains
completely wet. The rate of drying during this pericd is
very nearly equivalent to the rate of evaporation of water
from a free water surface.

The first falling rate period is characterized by a con-
tinuously decreasing liquid concentration at the surface,
and the drying rate is postulated to be proportional to the
fraction of the surface which is wet. This period continues
until the liquid concentration at the surface has reached
equilibrium with that of the air.
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During the second falling rates period the moisture con-
centration at the surface remains constant and the drying
rate 1s controlled by the rate of iInternal diffusion.

Many materials fail to exhibit a constant rate period
because the initial moisture content is less than the criti-
cal moisture content. Furthermore, some of these materials,
as they dry, pass so quickly into the second falling rate
period, that for all practical purposes the first falling
rate period is negligible. Such 1s the case in the drying
of seeds. During this phase the rate of internai liguid
flow controls the rate of drying, and the mechanism of lig-
uid flow is diffusion (15, 29).

Numerous attempts have been made to describe mathemeti-
cally the drying of seeds; these efforts have met with vary-
ing degrees of success. Some workers (3, i) have used the
diffusion equation based on ¥Fick's laws of diffusion. The

two familiar differential forms of Fick's laws of diffusion

are
¢
P=-~-D-—=Z (1)
and
de _ ., 9%
W—D_;;;Z- (2)
where rate of permeation per unit area

concentration of diffusing substance
space coordinate

diffusion coefficient

time.

UM Qard
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Bquation (1) gives the rate of permestion, in terms of the
concentration gradient, while Equation (2) is the fundamen-
tal differential equation of diffusion. Eguation (2) is
readily derived from Equation (1) by considering the rate
of accumulation of matier within an element of volume dx of
2 rectangular parallelepiped of unit cross section. This
i1s simply the difference between the rate of flow into the
volume and the rate of flow out of the volume. In three

dimensions Bguation (2) becomes

¢ 2 ¢ . Yo 22!
=D + + . (3)
ot [ 2x° )yz 222 J

If Equetion (3) is expressed in terms of spherical coordi-

nates it becomes

=D |2 2 2¢C 1 2 20
>t 2 [)r (r Dr) T SIn 6 36 (Sine*ae)

2
+ 1 3 c] .
sin® @ 24° )

For spherically symmetrical diffusion, Bouation (li}) reduces

to

it [\M

2
2&:]}(3 C+

2C
>T - ‘5?} . (5)
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Babbitt (3), working with wheat, used the non-steady
state diffusion equation for diffusion out of spheres to de-

scribe his drying curves. The solution he used is of the

form

0
2 _2
=m =(m = -5 E 1 pR Tt
m = m =(m -m,) {l —= 5 exp(-D S )J (6)
T n r

1

where m = average moisture content, %

m, = initial moisture content, %
m, = final moisture content, %
D = diffusion coefficient

r = kernel radius

t

drying time, hours.
He evaluated D by making the calculated values fit the experi-
mental values at t = 106. When the calculated drying curve
was plotted and compared with the experimental curve there was
a rather large discrepancy, particularly in the lower range.
He worked in the moisture range of 0-16%, and concluded that
the diffusion coefficient decreases witn falling moisture
content.

Becker and Sallans (l}), also working with wheat, used
the non-steady state diffusion equation for diffusion out of
spheres to describe their drying curves. The solution they

used was of the form

- oo 2 2
L&:ﬁ.i.&exp(nagct) (7)
Mo~ By g2 “71 2 r§
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where m = average moisture content, %

m, = uniform initial moisture content, %
m, = surfaece moisture content, %

Dc = diffusion coefficient

r, = kernel radius

t = drying time, sec.

Becker and Sallans-used a different procedure to evalu-
ate the diffusion coefficient, Dc’ They plotted moisture
loss per 19.7 minute drying period against initial content.
By rearranging the left hand side of Ecuation (7) into the

o)

m -m
f -
orm 1 = -

and designating this as M, they stated
s
that M is equal to unity minus the slope of the regression
of moisture loss for 2 19.7 minute drying period on initial
moisture content. By use of Equation (7) they were then
able to determine D for a fixed value of M. In order to
determine a wvalue for m, they extrapolated the plot of
moisture loss per 19.7 minute drying period against initial
moisture content, to the point where it crossed the hori-
zontal axis. That is, the initial molisture content at which
the seeds would lose no moisture in a 19.7 minute drying
interval.

Other workers (12, 21) have attempted to describe the
drying of seeds by means of the relationship

=% (m-m) (8)



where m = average mpoisture content at time ¢
m, = equilibrium moisture content
k = a constant
t = drying time.

This equation states that the rate of drying is proportionsal
to the "free"moisture content m - m, . It is snalogous to
Newtonfs law of cooling. Upon integration it becomes

me=-1m
e _ _~kt
==& ¢ (9)

The applicability of this eguation can be tested, and the
constant k evaluated, by plotting ln(m - me) against time.
If the relationship holds this semlilogarithmic plot should
give a straight line, the slope of which represents k.

It may be noted that Eguation (9) is very similer in
form to the first term of the Fourier series in Equation (7)
and might, therefore, be expected to approximate the series.
This approximation is relatively close for large values of
t but is poor for small values, where it becomes necessary
to use a large number of terms of the series.

While Equation (S) describes the rate of drying only
approximately, and is sometimes a poor approximation, it is
nevertheless useful because of its simpliclity and ease cf

hendling.



Sorption

It is a well known fact that seeds are hygroscopic and
that thelir moisture content will vary with the relative
humidity and temperature of the air. The moisture value ap-
proached at any fixed relative humidity and temperature is
known as the equilibrium moisture content. If, at a con-
stent temperature, the equilibrium relationship between the
amount of water vapor sorbed by the seed and the relstive
bumidity or vapor pressure of the atmosphere is represented
grephically, the curve obtained is known as an isotherm.
Depending on whether moisture is taken up or gliven off by
the seed as it approaches equilibrium, the isotherm is classed
as either an adsorption or a desorpticn isctherm.

In generzl, the isotherm characteristic of seeds is an
S-shaped or sigmoid type curve. In the low vapor pressure
range it is concave to the vapor pressure axis; in the mid-
range it is approximately linear and has an inflection point;
and in the high vapor pressure range it is convex to the
vapor pressure axis.

Freundlich {10) was one of the first to attempt to de-
scribe the isotherm with a mathematical expression. The

Freundlich isotherm may be expressed by the equation

x = ap?/® (11)



where x = amount adsorbed
p = equilibrium pressure
a end n = constants.
The Freundlich equation holds for only a very narrow range
of vapor pressures and has no thearetical basis. It is,
therefore, of little value in elucidating the mechanism of
moisture sorption by seeds.

Langmuir (16) advanced a theory that probably represeants
the first theoretlcal epproach to adsorption. He developed
an adsorption equation based on theoretical considerations
by equating the rate of evaporation to the rste of condensa-
tion. The iscvtherm equation proposed by Langmuir may be ex-
pressed in the form

_ abp
*=T+0op (12)

where X = amount adsorbed
p = equilibrium pressure
a2 and b = constants.

ILangmuir's equation is based on the theory of monomolecular
adsorption and may be represented as a hyperbola, the curva-
ture of which is concave tc the pressure axis. It is, there-
fore, able to account for only the initial portion of the
S-shaped isotherm.

Brunauer, Emmett, and Teller (6) extended the ILangmuir

derivation to include multimolecular adsorption, and thus
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developed an equation to describe the S-shaped isotherm.
The Brunauer, Emmett, and Teller (BET) theory ls based on
the assumption that the same forces which produce condensa-
tion are chiefly responsible for the binding energy of
multimolecular adsorption. That is, that the heats of ad-
sorption in the second and subsequent layers are equal to
the heat of liquefaction. By equating condensation and
evaporation rates between the layers of adsorbate they de-

rived the eaquation

Xﬁ Cp
X = = (13}
(p,=p) [l-*-(c-l)p/Pol
where X = amount adsorbed
Xm = amount required to cover a complete mono-
molecular layer
P = ecuilibrium pressure
Py = saturation pressure
C = a constant which is very closely approximated
by the relationship
= -m RrRT
C = exp(E) - By)/RT (1L)
where El = average heat of adsorption for the first
layer
EL = heat of liquefaction
R = gas constant

T = absolute temperature.
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To examine the applicability of the BET theory, Equa-

tion (13) is transformed into the form
1 ,(-1p '
T e . 1
i e A (13)

Thus if the BET theory does apply, a plot of p/X(po - p)
against p/'po should result in a straight line witk (C-l)/XﬁQ
as the slope and I/th as the intercept. This gives a meth-
od for determining the constants Xm and C from experimental
data. If the surfece area occupled by a single water mole-
cule is known, 1t is possible to calculate the specific
surface of the seed. The heat of adsorption for the first
layer, E,, can be calculated from Equation (1Lh).

The BET theory given by Equation (13) assumes that the
number of layers adsorbed et saturation is infinite. This
is not always true, particularly with an adsorbent such as
a seed where structural features definitely 1imit the num-
ber of adsorbed layers to some finite value. BET (6) pro-
vide an extended equatioa to describe such isotherms. This
modified equation is

c 1- 1 n n+1
o m P (n + 1) (p/p,)” + nlp/p)” "~ (16}

(po = ») 1+(C - 1)p/p, ~ Clp/p )2 T 1

where X, X , P, P,, and C are defined as in Equation (13),

and n is the number of adsorbed layers. In order to
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evaluate the constants in Bguation (16}, Equation (15) is
plotted as before and the constants Xm and C determined from
the linear portion. These constants are then substituted in
Bquation (16) along with the experimental data and tne best
value for n is determined by trial and error.

Recent theories in the field of adsorption may be cles-
sified in two general categories: +hose which wodify and
extend the BET theory, and those which are completely differ-
ent from the BET theory. An excellent review of these vari-
ous theories is given by McIlaren and Rowen (18).

In a large number of sorbent-sorbate systems the ad-
sorpticn end desorption isotherms do not coincide. The de=-
sorption isotherm shows a marked displacement to the left of
the adsorption isotherm. This corresponds to & larger quan-
tity of moisture present at a given pressure, or what amounts
to the same thing, a lower pressure for a given amount of
moisture. This phenomenon is known as the hysteresis effect.

Numerous attempts have been made to explain hysteresis.
Coolidge (9) offers as an explanation the effsect of perma-
nent gases. According %o his explanation the vapor bteing
absorbed displaces from the surface small quantities of
previously adsorbed permanent gases. These remain in the
gas phase during adsorption and thus raise the pressure.
Since desorption Involves the removal of gas, these perma-
nent gases are removed along with the adsorbate so that the

extra pressure they exert is less than during the adsorption
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process. According to this explanation the desorption iso-
therm will more nearly correspond to the true values.

Hougen et al. (13) offer an explanation for hysteresis
without reference to permsnent gas. They explain the phe=
nomenon by assuming & particular geometric shape of the pore
space within the solid. They picture the pore spaces as
sheped like ink bottles with narrow necks end wide bodies
tapering et the bottom. Sterting with an adsorbate-
saturated solid, desorption continues until the curvature
attained in the capillary of the ™neck®™ corresponds to the
equilibrium vapor pressure. Starting with an adsorbate-free
solid, adsorption continues until the liquid level in the
"body™ has reached the point where the curvature, and hence
the vapor pressure, is the same as that iIn the neck upon
desorption. Thus equilibrium is attained in desorption with
a high liquid content, and in adéorption with a low liguid
content.

Urquhart (31) suggested a mechanism for hysteresis
based on swelling-shrinking phenomena which cause a distor-
tion of the surface. Smith (30) proposed an analogous mech-
anism for hysteresis in sorption of water vapor by proteins.
Pierce and Smith (23) demonstrated that plane surfaces with
no capillary structure may also show hysteresis. They
suggest that hysteresis results from the energy changes
which take place in the system when adsorption occurs. It

would appear, therefore, that perhaps no single mechanism
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is adequate to explain hysteresis, and that it 1s probably
the combination of several factors acting simultanecusiye.

The isotherm provides a useful tocl for the study of
the sorption of water by seeds. Starting with the classical
work of Colemsn and Fellows (8), a great meny purely descrip-
tive data have been accumulated relating eguilibrium moisture
content to the relstive humidity and temperature of the air.
A discussion of these may be found irn Hiynka and Robinson
(11). The main object of the majorlty of these studies was
to get some indication of the comparative moisture contents
under different storage éonditions. Little effort was made
to interpret the results in terms of the mechanisms involvede.

Many of the earlier workers failed to appreciate the
differences between adsorption equilibris and desorption
equilibria and the magnitude of the hysteresis effect. Bab-
bitt (1) was among the first to distinguish clesrly between
the two. He studied hysteresis in botk wheat and flour, and
found that the isotherms for wheat showed considerably ﬁore
hysteresis than those for flour.

Babbitt (2) was also one of the first workers to pre-
sent a unified picture of the sorption process. He applied
the BET treatment to the adsorption isotherms for spruce
wood and cotton. 1In addition, he studied the thermodynamics
of adsorption in an effort to deseribe more clearly the

actual mechanisms involved.
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Mcre recently, lisotherm studies have been reported by
Becker and Sallans (5), and Bushuk and Winkler (7). Becker
and Sallans studied desorption isotherms of wheat at 25° and
50°C. Rather than apply the BET equation to the overall
isotherm by varying the value of n, they divided the isotherm
into three portions and applied a different eguation to each.
They found that the simplified BET equation applied between
0.0l and 0.30 relative vapor pressure. From 0.12 to 0.65
the linear equation m-m = a p/bo, where m_ and a are con-
stants, applied. Between 0.50 and 0.95 the semi-logarithmic
equation given by Smith (30) applied. Smith's equation is
of the form m = m, - M' In(1l - p/bo), where m is the moisture
content g/g wet basis, m, 1s the intercept of the plot of m
vs. In(1 - ;p/po) and M* is the slope. Becker and Sallans
also evaluated the differential heat of desorption.

Bushuk and Winkler (7) studied both adsorption and de-
scrption of water vapor on wheat flour, starch, and gluten
at four temperatures: 20.2°, 30.1°, L0.8°, and 50.2°C.

They applied the modified BET equation tc the entire flour-
water isotherm and obtained a2 reasonably good fit if they
assumed the number of adscrbed layers at saturation to be
five or six. In addition, they calculated the heat of ad-

sorption.
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MATERTALS AND METHODS

The seeds used in this investigation were locally grown

soybeans of the variety Hawkeye.

Drying Methods

The seeds used in The drying studies were first rewet
to approximately 4O0% moisture, dry weight basis, by sﬁspend-
ing them in a screen wire basket azbove water in a closed
container for a period of three months. They were kept at
a temperature of 1°C to retard mold growth. This procedure
was thought to be more desirable, in terms of insuring uni-
form moisture distribution, than soaking the seeds. As the
samples were used for drying studies they were warmed from
1°C by allowing them to stand at room temperature for 12
hours In sealed mason jars.

The seeds used for particle size studies were broken
into approximately 1/2, 1/li, and 1/8 fractions. Volume
measurements of each of the particle sizes were made by the
metnod of toluene displacement, using a burette with a large
bulb blown on one end. The average volume wzs used to con-
pute the radius of a sphere of equal volume.

The drying apparatus consisted of a specially con-
structed drying chamber. This was designed to maintain a
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constant, rapid flow of dry, heated air over the seeds. The
chamber was placec in a constant temperature cebinet.

The seeds were weighed at fifteen minute intervals for
the first two hours and then at thirty minute intervals until
the weight loss per unit time became very small compsasred with
the total weight loss. The weighings were made to one-tenth

of & miiiigram on an analytical balance.

Sorption Methods

Desorption equilibria between vapor pressure of water
and moisture content of seeds were studied using both natu-~
rally wet and rewet seeds. The naturally wet seeds were
harvested when they had a moisture content ol approximately
40%, dry weight basis. The rewet seeds were prepared by the
method described above. They aiso had a molsture content of
approximately L0%.

Adsorption equilibria were studied using seeds previous-
1y dried at 100°C for L8 hours, the standard drying procedure
used for moisture determination; seeds dried at 50°C for four
days, and seeds dried at 30°C for nine days. Vacuum drying
was used at the two lower temperatures.

Sulfuric acid solutions were used to produce the de-
sired relative vapor pressures, which ranged from 0.0 to 0.7.
These were prepared from tables given by Perry (22). The

seeds, in wire basxets, were suspended above the acid
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solutions in seatled glass jers. The jars were kept in con-
stant temperature cabinets. The seeds were weighed periodi-
cally to determine moisture equilibrias. ZEqullibrium was
established when the seeds showed no further weight change
in a two week interval. The moisture content at equilibrium

was determined by drying the seeds at 100°C for 48 hours.
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EXPERIMENTAT, RESULTS

The research on this problem comrsisted primarily of the
establishment of drying curves and sorption isotherms under

varying conditions.

Drying Studies

Drying data were obtained for whole beans and 1/2, 1/i,
and 1/8 size fractions of beans at J0°, 50°, 60°, and 70°C.
These data have been plotted as drying curves expressing the
percentage of molsture on a dry weight basis as a function
of time. The data are given in Table 1 and the drying curves
in Figures 1 through 8.

Examination of the curves shows that the rate of drying
decreases constantly, and that it is influenced by both tem~

perature and the size of the particle.

Sorption Studies

Desorption isotherms were obtained at 28° and 30°C for
both naturally wet and rewet seeds. The data are given in
Table 2 and the isotherms in Figures 9 through 12. These
are of a sigmoid shape characteristic of many types of bio-
logical materials. It may be noted that the isotherm for
the naturally wet seeds lies above the isotherm for the

rewet seeds, thus indicating a larger percentage of water



Table l. Drying data for soybeans of four relatlve particle slzes at four
temperatures showing percentage molsture on a dry weight basils
as a function of time
Time Particle sizes at L0°C Time Particle sizes at 50°C
(Min.) 1 1/2 1/l 1/8 (Min.) 1 1/2 1/h 1/8
0 40.60% 40.82 L40.40  Lo.ul 0 U4l.29 40.83 L40.81 L0.98
15 34.20 32,50 31.00 29.75 15  33.20 31,50 28.50 27.55
30 3l.1 27.80 26,76 25.06 30 30.40 26.36 24.19 22.42
45 29,2 25.28 2h.10 22.15 45  28.22 23,38 21.31 19.37
60 27.90 23.57 22.42 20.40 60 2644 21.38 19.39 17.28
75 26,82 22.18 20.88 18.72 75 2490 19,73 17.76 15.63
90 25,71 20.98 19.80 17.61 90 23.58 18.50 16,78 1hL.58
1056 24.88 19.72 18.51 16.58 105 22.50 17.44 15.61 13.55
120 24,18 18.98 17.98 15.92 120 21.60 16.U3 .89  12.67
150 23.00 17.50 16.50 14.60 150 20.00 14,78  13.h41  11.49
180 21.85 16.08 15.28 13.52 180 18.60 13,50 12.10 10.50
200 20,80 15.03 1h.25 12.57 210 17.50 12.50 11l.12 9.57
265 19.18 13.76 12.72 1l.36 270 15.52 10.91 9.58 8.43
320 17.58  12.34 11.36  10.1lL 315 1h.32 9.98 8.86 7.81
380 16.30 1ll.16 10.32 9436 385 13.12 9.02 8.0l 7.13
90 1hL.36 9.70 9.09 8.30 Whs  12.02 8.28 Telt6 6456
R ¢ O I R
) '] . ° 105 . . 7 061 .
1300 7.97 5.6% 558 5.6 + * -39
1470 T.27 5.2 5.38 5.23
2190 5.50 .60 e 7l .66

*anh entry represents the average of two closely agreeing replications.

oc



Table 1. (Continued)
Time Particle sizes at 60°C Time Particle sizes at 70°C
(Min,) 1 1/2 1/ 1/8 (Min.,) 1 1/2 1/ 1/8
0 Lo.2L 11.73 39.70 38.60 0 Llelt5 U40.68 LU0.86 39.72
15 32.0 30.80 27.48 25,00 15 31.40 29.50 27.30 23.58
30 28.3 25.32 22419 20.65 30 28.03 23,78 21l.32 18.54
45 25.8l 22.21 19.1h 17.38 U5 25.24 20.03 17.62 15.16
60 23.9h 19.77 16.90 15.25 60 23.12 17.u0 15,08 12. 74
75 22.26 17.80 15,23 13.72 75 21.43 15.37 13.37 11.20
90 20.92 16.29 13.85 12.60 90 19.92 13.82 12.00 10,0l
105 19.80 15,01 12,78 11.58 105 18,60 l2.h8 10.6l 9.01
120 18.6L 1u.1o 11.98 10.82 120 17.30 11,2l 9.58 8.48
150 16.92 12,54 10.22 9.63 135 16.81 10.36 .9 7.6l
180 1v5.L8 1l.2l 9.146 8.82 165 1h.22 8.55 Te53 6.83
210 1h.25 10,08 8.60 8.07 195 1%.58 743 6.62 6.08
240 13.17 9.36 8.00 7.53 255  10.39 6.05 546 5.10
360 10.20 6.92 6.12 6,08 315 8.79 491 130 . 48
420 9.06 6.25 5.52 5.55 495 5.69 3.39 3.37 3.19
550 T7.30 5.08 1.82 Lely3 9L5 2.99 2.36 2.50 2.l
1050 4«19 3.40 3.30 3.23

TC
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Table 2. Adsorption and desorption data for soybeans at two temperatures
- showing the equilibrium moisture percentage on a dry welght basis
as & functlion of relative vapor pressure

Equllibrated at 30°C Equilibrated at 20°C

p/po Naturally Rewet Predried Predried Predried Naturally Rewet  Predried
. woet at 30°C at 50°C at 100°C wet at 50°C
0 Le26™ o7h .68 12 L1.86 1.9 1.07
«0003 1.50 «96 o718 .18 2.02 1.60 1.18
. 0015 1.19 .90 092 26 2.08 1.82 1,27
+ 005 Le6ly L .90 ce 2l 2.@8 2.06 1.5
« 015 2410 2.1 1.28 .60 2,80 2.56 1,66
.03 3.00 2.80 149 092 3.80 3.14 2402
« 05 3.70 3.36 1.80 1.30 4 65 375 2.38
.07 1}« 20 3.81 2.19 1.61 5.10 l}+ 20 2.66
«1.0 L. 80 Ly 28 4e20 3.00 2,19 5.50 11,68 3.39
«20 5067 5.22 bo’.ls ).l.078 3095 60).!.0 5062 5.38
.Eo 8.16 Te6 8.06 Teh1 6.98 8.80 8.07 7.98
50 10.00 9.37 10.00 9.30 8+92 10.36 9.60 9.65
+60 12.16 11.53 12.18 11,65 11.b3 12.28 11.58 11.81
o 70 15,01 128 15,09 1);..83 .59 15.00 1432 14.98

*Each entry represents the average of two closely agreeing replications.

o€
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Figure 9. Descorption of naturally wet or fresh seeds
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Figure 10. Desorption of rewet sceds



33

N R

% MOISTURE

I l I | ' l

G

FPigure 11.

01 02 03 04 05 06
RELATIVE VAPOR PRESSURE

Desorption of fresh and rewet seeds at 30°C
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Figure 12. Desorption of fresh and rewet seeds at 20°C
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present in the fresh seeds at the same relative vapor pres-
sure, or what amounts to the same thing, a lower wvapor pres-
sure for a given percentege of moisture. It may also be
noted that the isotherms at 20° lie sbove those at 3G°C.
This is to be expeéted inasmuch as desorption is endothermic.
Adsorption isotherms were obtained using seeds previ-
ously dried at 30°, 50°, and 100°C. These data are given in
Table 2 and the isotherms in Figures 13 and 1ll. PFigure 1l
shows a definite hysteresis effect; that is, the adsorption
curves for the ?redried seeds do not retrace the descrption
curve. The discrepancy was small in the seceds predried gt
30° and increased markedly with predrying at 50° and 100°C.
These results indicate that the higher temperatures had
changed the chemical or physical properties of the seed ma-
terials. Drying at 30° was so slow that dats for the lower

end of the desorptior curve were not obtained.
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Adsorption by seeds dried at 50°C
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Figure 1li. Desorption of fresh seeds (D(F)) compared to

adsorption by seeds dried at three temperatures
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ANALYSIS OF DATA

Drying

Experimental drying of seeds has revealed that the dry-

is 211 at a falling rate. Thus the rate of moisture loss
is controlled by the rate of interral diffusion. Under these
cilrcumstances it should be possible to describe the drying of
seeds by use of the fundamental equations of diffusion. The
mathematicael theory of diffusion in isofropic substances is

based on Fick's laws of diffusion. These are of the form

_ 2C
P--D-ﬁ (17)
2
‘%‘%=D'?;zg (18)
x

wWhere = rate of permeation

P.
D = diffusion coefficient

C = concentration of diffusing substance

X = space coordinate

t = tine.

Equation (17) gives the rate of transfer of the dif-
fusing substance through 2 unit area, in terms of the concen-
tration gradient. Equation (18) is the fundamental differ-
ential equation describing the non-steady state of diffusion.
Equation (18) may be derived from Equation (17) by considering

diffusion in a positive-x direction through 2 volume element
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(e.g., rectangular pesrallelepiped) bounded by two parasllel
plenes of unit area at x and x + dx. Molsture accumulation
in this element of vblume is found by subtracting the flow
out of the eirement from the flow intc the element. Thus if

P, = flow in and P, = flow out,

N T

22

2c dx . (20)
2x

=D

Py =%

The rate of moisture accumulation is also given by the ex-

pression

2C
dx -3— - (21)

Thus, by egquating (20) and (21),

2

2C 2°-C
2t )XZ

The egquation for diffusion in three dimensions may be derived
by considering an element of volume in the form of a rectan-
guler parallelepiped with sides of lengths dx, dy, and dz.
The contributions to the rate of moisture accumulation in

the element of volume may then be written:



2C 2C
x~-direction: P, - P, = dy dz [- D ("5" + D (-— }
2
= dax 4y dz D -2 ZC
DX

y-direction: P, - P, = dx dz [" D (_g_@,) D (_3_2) + 4 }
¥y Y

Vg 27

2

= ax dy dz D -2 S

oy
X 2C 2C
z-direction: P. - P, = 4y dx[-D ——) + D (==

1 2 (?zz (Bz)z_,_dz
2
= dx dy dz D 320 .
2z

The rate of moisture accumilation in this element of voliume

is also given by

dx dy dz -—g—% .
Thus
2 2 2
__;C =D b 25 + 2 2—C -+ 2 —22] . (23)
d X 2y 2z

Soybeans are best described as spherical particles of homo-
geneous composition. Equation (23) may be transformed into
spherical polar coordinates r, €, and § by means of the

transformation equations
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X =r cos € sin g

r sin 6 sin @

Z =2 COS € .

Equation (23) then becomes

2¢_D [2 (.22¢c) . 12 2 2¢C
'bt-;?[_ar<r"i?)+s:!.n9 26 (31 ® 5
2
¢t 2 g] . (2k)
sin©“ e 2 g

For spherically symmetrical diffusion, as may be assumed in

the case of the soybean, Equation (2L) reduces to

3¢ _[2%¢, 2 2¢ |

‘S‘E'D[Bra +;"ﬁ} (25)
2

2C 2° ¢ _ o

because T = 0 and
e 3}52

Equation (25) is, therefore, the general equation for dif-
fusior out of a soybean. If it is assumed that the mass is
proportional to the volume, then the moisture percentage, m,
can be substituted for the moisture concentration C. If
Equation (25) is now integrated with suitable boundary condi-
tions, a solution will be obtained which will express the
moisture, m, as a function of time, t, and location, r.
Suitable initial and boundary conditions consist of
m(r,0) = £(») , O<r<r

m(ro,t) =m

s s t>0.



Iet u = mr.

It follows that

du _ o 22
-7%—])_}—;2-3 (26)

which is analogous to the equation for linear flow in one

dimension. The initial snd boundery conditions for Eguation
(26) are

u(r,0) = rf(r) , o<r<r

u(o,t) = 0

u(ro,t) =rng .

Now let w(r,t) = u(r,t) - m.r.

This function will satisfy the conditions

2
2W _ 5 2% w
ST =D > o2 (27)
w(r,0) = rf(r) - rmg , O<r<r,

w(0,t) = 0O
w(ro,t) =0 ,

A standard method of obtaining a solution of a partial
differential equation of the form of Equation (27) is to as-
sume that the varisbles are separable. Thus a solution may

be found of the type
w = R(r) T(t) (28)

where R and T are functions of r and t respectively.



According to Equation (28)

dW _

=t - BT
and

2 .

2 = = RVT .

dr

Substituting into Equation (27) yields

RT! = DR"T
which mey be rewritten

Rii - T'

® DT -

n
Since % is a function of r only, it cennot vary with t;
however, since it is ecqual to a function of t only, it cannot
vary with r. Therefore both sides of the equation mmst be

equal to a constant, say a.

Thus
R _ - I!
X T &TDT
or R - aR = 0 (29)

T' = aDT =0 ., (30)

Both of these equations are linear homogeneous ordinary 4dif-
ferential equations for which the solutions may be easily ob-
tained. In order that the solution w = R(r) T(t) satisfy

the boundary conditions w{0,t) = 0O and W(ro,‘c) = 0, R(r) T(%)

must vanish when »r = O and when »r = r for all values of t.

o’
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Therefore R(O} = 0 (31)
and R(r)) =0 . (32)

The general solution of Equation (29) may be written

R=Ae\/gr+Be-\/§r

where A and B are srbitrary constants and the value of a
must be determined so that conditions (31) and (32) will be
satisfied. These conditions cannot be satisfied if a is

positive. By asguming e to be negative:
a = -b2
the general solution of Eguation (29) can be written
R =G sin br + E cos br (33)

where G and H are arbitrary constants and the value of b
mast be determined so that conditions (31) and (32) will be

satisfied. Where r = 0, E = 0, and where r = r

o’
sin bro = 0. Sin bro is equal to zero when
nw
b=;-°', (n=l,2,ooo) .

Thus the general solution of Equation (29) has the form

R=¢sin ZE . (3L)
]

Consider next Equation (30)
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T' - 2DT = 0 .

The general solution of this equation can be written

T =q Pt . (35)
2 2
Since a = e = - 2 2ﬁ , Bouation (35) becomes
r
o
n? xe Dt
T = Qe 2
s
2 2
or T =4Q exp (— E_.lt.é_gl:.) .
s
Therefore all the functions
2 2
. vt Dt -
s, sin( 2 ] oxp (. n__go__) (2 = 1,2,3,...) (36)

where the constants An are arbitrary, are solutvions of Equa-
tion (27) ané satisfy the homogeneous boundary conditions
w(0,t) = 0, and W(ro,t} = Q. There remains yet the nonhomo-
geneous boundary condition w(r,0) = rfir) - T, which rmust
also be satisfied. Consider an infinite series of the

functions (36),

2 e () = (EER) o

This satisfies Equation (27) provided it converges and is

termwise differentiable. It also satisfies the homogeneous
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boundary condéitions. It will reduce to rf(r) - rmg when

t = 0, provided the coefficients A, are so determined that
00
= nar
rf(r) - rmg = E Al sin (——ro) . (38)
1

Assuming that the series can be integrated term by term,

4
multiply both sides of Eguation (38) by sin(nr"r) and inte-
o]

grate from zero to r,s

o b
/Ofr [p£(r) = rm) sin(r—lr—:z)dr

nr
e -

-2 [ Cs1n(2 orn(2}
1 o

It follows then that the coeificients An mast have the

values

A = & ° [rf(r) - rm] sin -nﬁr—)dr (39)
n T )

° %

r
o t
since f ss.n(n—f,—r) sin(nrm”/ dr =0 if n'#n
0 © o)

l

I
Mo
N
b"

n
]

Equation (37) can now be written



g
i
Hpv
[ 4]
K
TN
X
o "
Se—
o
b4
AN
“N
"
v
o)
ct
\-——/

T
/ [rf (r)-rm] sin& 1tz)dz:' . (1L0)
(0]

Since w = u-rm ,

it follows that

r
o
[ [rf(r)-rmsJ sin (—i‘ﬁ—:-)dr . (i41)

Likewise, since u = mr,
it follows that

0
2.2
mr = rm 5__ E (n )exp(_n nznt)
1 © Fo

o

r
/ ° [rf(r)-rmS] sin(-n%r—)dr (42)
0

or
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o0
< 2 2 .
m=m + ;E—o- 2_ sin (-i‘-’-;r—;) exp <- 2 :2 D")
1 o}
/ ° [rf (r)-rmSJ sin(%—i)dr. (43)

which is the solution of the equation for diffusion out of a
sphere wita surface concentration meintasined at m, and with
an initial moisture distribution £(r). If it is assumed that
the initial distribution may be represented by an average

initial moisture concentration, m_, Equation (43) becomes

o’
N 2 2
- 2 E s, [BILr _n- n° Dt
m=mg +or s:m(r)exp< 2 )
o 5 o ry

or
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2
o) r
Since f v sin(nm' )dr (-1)8+ E%‘ , Equation (415) can be
0
writcten
< 2
- 2 nir n- Dt
m—ms+-——rro sin( )exp(———-—-—-}

2

r
o) nt+l
(mo-ms) o= (=1) »

od
2{(m_-m )r E n+l
= o 8 "0 {(~-1) nnr
m=m, + m o sin (—-—ro)

(o]
m - m nr

This gives the moisture, m, as a function of both time and
location. The value actually measured in a drying procedure
is the average moisture, m, and is a function of time only.
An expression for the average moisture content, m, at any
time, t, may be obtained from Equation (Li6) by dividing the
total moisture content at that time by the total volume.
Consider a spherical shell within the solid sphere. The
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surface of the shell will be Lymr> and its thiclmess dr,

meking its volume Lptrzdr. The removable moisture content
of the shell will be (m—ms)Lpzrzdr, and the total removeable

moisture content of the sclid sphere will be (i—ms) %m‘o .

It follows that

3 T

- Lar o

(m-m,) 3° = / (m-m,) yar2ar . (47)

o]
From Eguation (L6)
ob
+ 1
m-mg = (m-m,) ro Z (G ki sm(m exp( n® ’t Dt

1

If this is substituted into Equation (47) the following is

obtained:
- J'*m'o3 To 2“""o S g-l)n+l ngr
(m-mg) 3 - / (m=mg) ™ Z n (sin —5—)
0 1 °
2 2
exp (- BB D8 mPar . ()
Ts

Simplification and integraticn of Equation (LB8B) gives
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Equation (L9) expresses the average moisture content, m, &s
a function of time.

It may be noted that Equation (49) is of the same form
as that used by Becker and Sallans (see Equation 7) to de=
scribe the drying of wheat kernels. For the surface moisture
content, they used the value 10.5%. If the seeds are dried
with a current of dry, heated air, as was the case wlith both
Becker and Sallans! work and slso with the present study, it
seems more logical because of continuity considerations, to
assume a value of zero for the surface moisture content. In
other words, it is assumed that the initial moisture concen-
tration 1s uniform throughout the interior, but that at the
surface the concentration drops to zero immediately at the
beginning of tkhe diffusional stage. If this assumption is

valid, Equation (49) reduces to

o0
- 2
B2 L oem(- n__-;o Z28). (50

o0
2r 1
;‘_= o E -L—-L--l = sin (___nm) exp (- 2® 22 pt Dt). (51)
1

Equations (50) and (51) are the ones which were used through-
out this investigation. It might be mentioned in passing
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thet Equations (50) and (51) can be mare easily obtained by
assuming an initial boundary condition m(ro,t) = 0 at the
very outset of the problem. It should be noted, however,
that Equations (L49) and (Ui6) are more general than Egquations
(50) and (51) and are directly applicable in some cases.
Tor example, in the study of desorption retes where the ex-

ternal atmosphere has a relative humidity greater than zero,

m, must be larger than zero.
It may be noted that the series in Bquation (50) con-
2
tains the term & gt in the exponent of e. Since 1:2, D, and
r
o

r2 are assumed to be constant, this non-dimensional ratio

o
may be denoted by D't. Inasmuch as the only variables in

Equation (50) are the average moisture content and time, it

is convenient to plot a curve of %— vse. D't which may subse-
(o]
quently be used as a calibration curve.

The curve showing -f'— as a function of D't was obtained

o
by assigning arbitrary values to D!t, and then solving the

resulting series for the corresponéing value of f;i . The
(o}
resulting values were then plotted on semi~logarithmic paper

(Pigure 15).

Values for z_nIE' were calculated directly from the drying
(e}

curves and the corresponding values of D't were then ob-
2
tained from the calibration curve. By equating D't to -’3——2]—)3,
r
o

the value of the diffusion coefficient, D, was calculated.



Figure 15. Calibration curve showing m/m as a function of D't
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Table 3. Diffusion coeifficients for four paerticle sizes
at four temperatures

Tempe. Particle sizes

1 1/2 1/ 1/8
10°C 0.37% 0.L3 0.28 0.25
50°C 0.53 0.60 Q.45 0.37
60°C 0.70 0.80 0.58 0.43
70°C 0.87 0.97 0.75 0.60

xData = Dx106

In this manner, the wvalue of b was calculated for each point
plotted, for each of the drying curves obtasined. A summary
of these results is shown in Teble 3, and a typicel set of
data 1s shown in Table 4. The values shown in Table 3 are
the average values of the diffusion coefficients in the range
from }j0% to 15% moisture content. The diffusion coefficient
remained constant down to approximately 15% (slightly lower
at 70°C), but below that point it dropped rather markedly,
indicating non-conformity to Fick's law.

Measurements of the rate at which a diffusion process
occurs are usually expressed in terms of the diffusion coef-
ficient, which is defined as the rate of transfer of the
diffusing substance across a unit area, divided by the con-

centration gradient. The effect of temperature on the
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Diffusion cbefficients at 70°C with decreasing

moisture contents and particle sizes

Particle sizes

1 1/2 1/l 1/8

&  Dxio® s  px1o® & pxio® &  Dpxio®
hi. iS5 L0.68 L0.86 39.72
31.40 .88 29.590 70 27.30 6l 23.58 62
28.03 .87 23.78 .97 21.32 .73 18.5L .60
25.2L .87 20.03 .97 17.62 o7 15.16 .60
23.16 .87 17.40 .97 15.08 o715 12.74 .57
21.43 .87 15.37 97 13.37 72 11.20 .55
19.92 .87 13.82 97 12.00 .68 10.04 52
18.60 .87 12.48 .97 10.6L .68 9.01 .48
17.30 .87 11.24 .97 9.58 .67 8.48 U5
16.18 .87 10.36 97 8.90 62 7.6l L5
1h.22 .87 8.5 90 7.53 .60 6.83 10
12.58 87 Te43 .87 6.62 .55 6.08 <37
10.39 «50 6.05 o7 S. 6 <145 5.10 32

8.79 o148 L.91 .70 Le30 U5 Lo 148 27
5.9 L2 3.39 3.27 3.49
diffusion coefficient has been evaluated by means of the
Arrhenius equation, which may be written

D = ae ~Sp/RT (52)
Eé

or logh = logh - z—r—p% (53)
where D = giffusion coefficient

constant
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E_ = heat of activation
R = gas constant
= absolute temperature
Thus if the logarithm of the diffusion coefficient is plotted
against the reciprocal of the absolute temperature, the slope
of the resulting line is equal to -Ea/é.BR. Hence the energy
of ectivation, Ea’ may be obtaeined. Even if the plot of logD

against 1/T exhibits a curvature, differentiation shows that

dlsomd) - _ e (5h)
d (T) 2.3R

so that the tangent at any point is equal to -E&/2.3R.

The datas for whole soybeans have been plotted in Figure
16. The line drawn through all the points shows definite
curvature. An average value of Ea = 8.2 Kcal/mole was ob-
tained by considering the curve in three segments. By draw-
ing a straight line (dashed), a wvalue of E, = 8e3 Kcal/mole
was obtained.

The energy of activation 1s the energy that the molecules
must acquire before they can react, or in other words, it is
the difference between the average energy level of all the
molecules that react and the average energy level of all the
molecules. The values obtained here are of no particular
significance in elucidating the problem of moisture sorption
because they have been obtained in the range where the diffu-

sion coefficient is constant (a2bove 15% moisture). In this
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range the moisture is no more tightly bound to the seed than
are water molecules to water molecules.

Teble 3 shows that the particle size also had a definite
effect on the diffusion coefficient. If the diffusion coef-
ficient at uniform temperature is considered to be a function
of the material only, it should be independent of particle
size. This apparently is not the case. This variation of
the diffusion coefficient with particle size can possibly be
explained on the basis of a éurface area to velume ratio.

The volume can easily be determined by displacement, but the
surface area can only be calculated and not accurately meas-
ured. Irregularities on the surface of the broken seeds
would result in a surface area larger than that calculated.
Hence it is difficult to interpret quantitatively the effect
of particle size on the diffusian coefficient.

Equation (51) mey be used to determine the moisture

-

distributicon within the drying seed. For a given value of éi,
(o
the corresponding value of D't can be obtained from the

calibraetion curve. This value of D't can then be substituted

into Equation (51) which thus gives ﬁl as a function of r
o -
alone. Eguation (51) wes solved for severel values of % and

Figure 17 shows the resulting moisture gradients, where M is

m,
equal to .~

o
Becker and Sallans (5) determined the moisture gradient

in drying wheat kernels using the equation
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Figure 17. Moisture gradieants in drying soybeans

(M = .50, .4C, .25, means that the average
moisture content of the seed is equal to
50%, L40%, 25%, respectively, of the original
moisture content)
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(-1)P"t sin <%) exp (- Q—%——?-).(Eﬂ
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1t may be noted, however, that when r is egual to zero, the
m=ra

series venishes, and hence ,» which they denote as M,

——-ﬁ-—
L4 -
mO mS

is also equel toc zero. Furthermore, the equation which they

use to describe the average moisture content as a function of

time,
- ' o0 2 2
m=m n ® Dt
s 6 E 1 c
m =T gt2 1 nZ ( ri )

cannot be obtained from Equation (55).

Sorption

The BET equation was applied to each of the desorption

isotherms. This equation is of the form

m,Cp
m = 1%%/2 (57)

 (1-p/p,) [1+(c-1)p/p ]

where m = amount adsorbed

amount required to cover a complete monomolecular
layer

W

P = equilibrium vapor pressure

P, = saturation pressure
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C = a constant which is very closely epproximated by
the relstionship

C = exp (El-EL) /RT (58)

where El = average heat of adsorption for the {first layer

EL = heat of liguefaction
R = gas constant
T = gbsolute temperature.

To use the BET equation, it is first necessary to obtain
values for the constants m, and C. These are obtained by

transforming Ecuation (57) into the form

el A el (59)
Figure 18 shows that the plot of the BET equation for rewet
seeds equilibrated at 30°C gave a rather gocd straight line
in the reiative vapor pressure range from 0.03 to C.60. Be-
low 0.03 the points fell below the straight line, and the
point at 0.7 was a2bove the line. BET (6) attributed the dis-
crepancy in the lower range to a highly heterogeneous surface
for which the approximation of an average heat of adsorption
in the firsit layer does not hold. It is possible that the
seeds at the lower relative humidities had not reached equi-
librium. Tney were held for 1lli months, however, and seeds
held for two years gave even lower values. The deviation in

the upper range is explained by the fact that Equation {(57)
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Figure 18. Iinear plot of the BET equation - rewet seeds at

30°C
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is derived on the assumption that adsorption occurs or a
plane surface which does not 1imit the number of adsorbed
layers. This is nct true in seeds, and thus at higher rela-
tive vapor pressures less moisture is present than would be
predicted by Egquation (57).

The velues of the constants my and C were evaluated
from the slope and the intercept of the straight line given

in ®igure 18.

Slope = %;% = 206
1
Intercept = ;}5 = 5.9 x 10
1
Hence C = 35.9
ml = ).i.072 L 4

Using these values for C and my, the average heat of adsorp-
tion of the first layer and also the specific surface ares

of the seed were calculeted. These values are given 1n Table
5. The calculated BET isotherm is shown in Figure 19 along
with the observed data polnts.

Wren water 1s adsorbed by the seed a quantity of heat is
released which 1s known as the heat of adsorption. Iikewise,
when desorption occurs & gquantity of heat known as the heat

f desorption must be added to the water in order that it will

possess sufficient energy to break away as vapor. The excess
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Table 5. Heats of adsorption and specific surface of
soybean seeds

Heat of Specific
Seed lot Temperature adsorption (E1) surface

(K cal) (m?/g dry seed)
Rewet 30°¢C 12.6 167.5L
Fresh 30°C 12.8 171.7
Rewet 20°C 12.7 169.6
Fresh 20°C 13.3 186.8

of the heat of desorption over the heat of vaporization is a
measure of the strength of binding of the moisture tc the seed.
Since the sorption (both adsorption and desorption) of

water has been investigated at two temperatures (20°C and
30°C), it is possible, using the Clausius-Clapeyron equation,
to calculate both the differential heat of adsorption and the
differential heat of desorption. The Clausius-Clapeyron equa-

tion is of the form

1 1

RT,T p'/p
AH = T _J_'TZ In j_(_7_j°l (60)
2 "1 | P/Pq

where p'/'p'0 is the relative vapor pressure at the higher

temperature, TZ’ which corresponds to the same moisture con-

tent as the relative wvapor pressure p/'po at the lower
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Agreement between a calculated isotherm and data
obtained at 30°C with rewet seeds
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temperature. The values of p/'p° and p‘/b’o at a given mois-
ture concentration were obtesined from the isotherms at the
two temperatures.

Figure 20 shows the differential heat of adsorption and
the differential heat of desorpti&n for both naturally wet or
fresh, and rewet seeds. To Equation (60) may be added the
heat of vaporization, whickh is represented by the dashed line
in Pigure 20. The curves show a uniform decrease in dsgree
of~Binding with increasing moisture content. The high ini-
tial portion probably represents chemisorption on specific
active sites. It is of interest to note the bresks in the
Ab-curves. These coincide rather well with the values of the
monolayer calculated from the BET equation.

The free energy change when one mole of water is added

to the seed isothermally is given by

AP = RT 1n p/po .

This is known as the free energy of sorption and is a quanti-
tetive measure of the affinlity of the seed for the water
vapor. Figure 21 shows the free energy of adsorption and the
free energy of desorption for both naturally wet and rewet
seeds. The differential entropy of sorption is given by the
relationship

AS = (AH - AF)/T .
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Figure 20. Differential heat of adsorption and desorption

D(F) = Desorption of fresh seeds
D(R) = Desorption of rewet seeds
A = Adsorption
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Figure 21l. Differential free energy of adsorption and
, desorption

D(F) = Desorption of fresh seeds
D(R) = Desorption of rewet seeds
A = Adsorption
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The differential entropy of adsorption and the differentisl
entropy of desorption for both fresh and rewet seeds are
shown in Figure 22. The magnitude of AS at each moisture
content is a measure of the relative restriction of the mo-
tion of the water molecules. The high Initisl values indicate
that the molecules are very restricted in motion, and suggest
the possibility of orientation of the molecules such as would
be expected to occur in the case of chemisorption on specific
sites. The degree of restriction of the water molecules de=-

creases with increasing moisture content.
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Flgure 22. Differential entropy of adsorption and desorption

D(P) = Desorption of fresh seeds
D(R) = Desorption of rewet seeds
A = Adsorption
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DISCUSSION

Diffusion of moisture in seeds is & complex process,
thus making the mathematical description of the drying of
seeds very difficult. Although the drying process is some-
times amenable to an empirical description, it is generally
difficult to forrmlate a workable relationship based on
theoretical interpretetion of the diffusion mechenism. The
devigtions from what may be termed ideal behavior usually
involve a variety of contributory factors. The mechanism
of the diffusion of moisture may certainly be expected vo
depend on the physical and chemical properties of the seed
and on the state of the adsorbed moisture. The sorption
isotherm 1s of particular significance here. According to
the Brunauer, Emmett, and Teller (BET) theory the initial,
concave portion of the isotherm represents the sorption of
a monomolecular layer of water on the adsorbing sufface;
the region of inflection represents the sorption of the sec-
ond and third molecular layers: and the convex portion rep-
resents the adsorption of additional layers and finally
cepillary condensation. Sorption theories based on statis-
tical thermodynamics have shown that the portion which BET
consider as a monomolecular layer can be explalined just as
satiéfactorily by sorption on specific sorption sites. This
type of explanation has perhaps more merit than the BET

theory if the heat of desorption curve is considered. One



73

of the assumptions of the BET theory is that the heat of
sorption is uniform throughout the monolayer. Considering
the forces inveolved in adsorption and the chemical groups
within the seed which are responsible for the binding of the
molsture, it seems reasonsble to expect not one but many
types of binding, each with its own cheracteristic affinity
between the moisture and the group on which the adsorption
occurs. Thus there will be present, and represented by the
sorption isotherm, a whole spectrum of types or degrees of
moisture binding. The heat of desorption curves show uni-
form decrease of affinity with increasing moisture content,
suggesting the presence of not one but numerous types and
degrees of binding at the lower moisture levels. The en-
tropy of desorption curves indicate the degree of restric-
tion of motion of the water molecules adsorbed on the in-
ternal seed surface. This restriction suggests the possi-
bility of the existence of a different type of moisture
movement mechanism in the lower moisture range. If the
water molecules in this lower range are coansidered as being
tightly bound to the adsorbing surface so that thelr motion
is restricted to two dimensions instead of three, then the
moisture movement may be pictured as eilther a skating of
the molecules along the Internal surfaces or a site-to-site
migration of activated molecules.

Plek's law of diffusion has been applied to the drying

of soybeans. Satisfactory agreement between the theory and
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the data was obtained in the drying renge from LOZ to ap-
proximately 15% moisture. Below 15% the diffusion coefficient
dropped markedly, indicating thet the simple assumptions of
FPick s law no longer applied. Sorption studies indiceted
that above approximetely 15% moisture the heat of desorption
is equal tc the heat of vaporization, but below 15% it be-
comes considerably greater. Thus it seems reasonable to con-
clude that sbove 15%, the assumption of Fick's law that dif-
fusion depends upon concentration is applicable. Below 15%
moisture it is assumed that the surface forces of adsorption
became significantly large in terms of the total, so that
Fick's law is no longer appliceble.

In the lower moisture range an empirical equation of the

form

where m = moisture percentage
t = drying time

a and b = constants
can be fitted to the drying data. Inasmuch as Equation (61)
is emplirical, it hes little or no theoretical significance
and hence, is of no particular value in elucidating the me-
chanism of moisture movement. Imn this lower range one of two
alternative procedures is available. Fick'’s law with a
varisble diffusion coefficient may be applied. This can be

written, for one dimemsion, in the form
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22 - (0 3%) . (62)
If D varies with the concentration, Equation (62) is non-
iinear. Thus a general solution cannot be found by addition
of particular solutions. The alternative and more logical
procedure is to consider some function other than concentra-
tion as responsible for the diffusive flow. The problem thus
becomes one of deftermining, on the basis of theoretical con-
siderations, the potential functicn to be used in place of
concentration.

The free energy of water appears to be a considerasbly
more attractive potential function than concentration. It is
more general and at the same time more meaningful. It is
worthwhile, therefore, to develop a diffusion equation in
terms of free energy. If free energy is considered as the
cause of diffusion, then the rate of flow is proporticnal to
the negative of the free energy gredient. This may be written

for one dimensional flow as
- - 2 AR
J=-Dp 5% . (63)

To make Equation (63) more general a resistance factor may be
included. Thus if G is the resistance factor, the general

equation of flow may be written

_ %
J—--é_-—— (6L)

?2x .



76

This is somewhat anslogous to Obm's law, the common charac-
teristic being that the rate of flow 1s proportional to a
certain potential difference divided by a resistance factor.

It may not be clear whether the resistance factor will be
independent of the moisture content. It is apparent that the
water molecules at the lower moisture content are more tightly
held to the adsorbing surfece and hence offer greater resist-
ance to flow. Thus the resistance factor might be thought of
as dependent upon the moisture content. On the other hand,
this variation of the binding forces would cause a variation
in the free energy of the water. Hence the resistance might
be considered a constent. There should be considered, how-
ever, the resistance to the diffusive flow offered by the
structural changes which occur within the adsorbing material.
It 1is simplest in the derivation of the diffusion equation to
consider G a constant and, for convenience, incorporate it
into the diffusion coefficient. Thus Equation (63) is again
obtained.

The fundemental differential equation of diffusion may
be obtained from Equation (63) in a manner analogous to that
described earlier. Thus the equation for non-steady state

diffusion using free energy as the potential function is

2
-0 2F . (65)

2x
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In a drying procedure the average moisture content is
measured as a function of time. Therefore Equation (65) must
be transformed into an expression which has moisture content
as the only dependent variable. The free energy of the mois-

ture is related to the vapor pressure by the expression
&F = RT iIn p/p, . (66)

The vapor pressure is in turn related to the moisture con-

tent by the moisture desorption isotherm

- ) (67)
(1-p/p,) [1+(c-1)p/p ]

Since AF 1s a function of p, p is a function of m, and m is

a function of x

QAP _ A Dp om. . .

2X 5P om °X

227 - sz[ 2 AF Bp] + /‘Bm)2 2 AR ?ap_i_ 2 2ap /?D\ZJ
\2 .

> %2 ap 2m \72x 9P P2 DPZ

This may be substituted into Equation (65) giving

om _ BZQ._ 24 dp] 'bmz['bzsz? 22, | 22w ZPZJ
ot -%{sz 2p ©om) * (DX) dp 3m2 * 2p2 Zm) .

(69)
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2 2
24 s 2 s 2P >, anc 2D can be evaluated from Equations
(66) and (67). The value obtained for 'BZAF/'Zx? in Bquation

(63) may then be substituted into Eguation (65). The result-
ing equation expresses moisture concentration as a function of
time and location. It may be noted, however, that the equa-
tion is non-linear, and hence the general solution cannot be

obtained by addition of particuliar solutions.
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SUMMARY

Moisture equilibrie in seeds have been investigated from
the aspects of drying and molsture sorption.

It was found that the drying of seeds could be described
by Fick's law of diffusion in the moisture range from L0% to
15%. Below 15% Fick's law was no longer applicsble. An em-

pirical equation of the form

was found to give satisfactory agreement with the data below
15%, but, because of its empirical nature, is of no particu-
lar value in elucidating the mechanism of moisture movement.
An equation for diffusion below 15% was developed in terms

of free energy as thé potential function. This equation may

be written

But when DZAF/ 2x° was expressed in terms of the moisture
‘content, the resulting equation was found to be a non-linear
differentizl equation, and hence, not amenable to a general
solution by addition of particular solutions. |
Adsorption and desorption isotherms were cbtained at 20°
and 30°C. The Brunauer, Emmett, and Teller isotherm equatior

was applied to the desorption isotherms. The eguation and
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the data showed close agreement, with the exception of those
values in the very low relative vapor pressure range.

The thermodynamic functions of free energy, enthalpy,
and entropy were calculated. The heat of desorption data
showed very large values in the lower moisture content range,
indicating the magnitude of the Torces binding the moisture
to the seed at the lower range. The heat of desorption curve
showed further a uniform decreaée of the binding energy with
increasing moisture content, suggesting the presence of a
multiplicity of types of water binding, and emphasizing the
indefiniteness of the concept of bound water.
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