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The Study on Hysteresis Phenomenon of
EMC Curves for Peanuts
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ABSTRACT

This study was to develop the dynamic method to measure the
EMC of peanut pod, kernel, and hull. Kernel and hull could reach
the equilibrium within one day, if the air could pass over them
directly. The pod needed 5 days to be at equilibrium. The modified
Henderson equation was used to simulate the experimental results.
Most of the correlation coefficients were above 0.99, and the standard
errors were below 0.05. Therefore, the modified Henderson model was
suitable to simulate the EMC of peanut.
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The hysteresis phenomenon did exist between the adsorption
isotherm and desorption isotherm by inspecting the experimental
data. The hysteresis value was defined as the difference between
two curves. Most of the hysteresis values were less than 1%. There
was a good linear relationship between the hysteresis values and
desorption EMC. Using the hysteresis equation and EMC equation
together can estimate the EMC of adsorption accurately.
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Introduction

After harvesting and processing, effectively
drying and storing for agricultural products are
important.  Storage at high initial moisture
content or exposure to adverse environment
conditions, which are at high temperature and
relative humidity, will be rapidly spoilage. The
moiture content of biological hygroscopic ma-
terials, which include agricultural products, is of
major concern in their proper drying and safe
storage. In order to provide suitable moisture
condition for a material, it is often necessary to
dry or wet the material. An understanding of
this wetting or drying process requires a knowl-
edge of the equilibrium moisture content (EMC)
of the material in the surrounding environment:
The equilibrium moisture content is particularly
important in drying, because it states the limiting
value for given humidity and temperature condi-
tions. A knowledge of the equilibrium moisture
content of a biological material is essential
for the efficient design and operation of systems
for drying, or storing the material.

A hygroscopic biological material is con-
tacted continuously with air at constant tem-
perature and humidity until equilibrium is
reached, the material will "attain a definite
moisture content which is known as the equili-
brium moisture content (Perry, 1963). The
equilibrium moisture content for a given environ-
ment may be defined as the moisture content
which the material would approach if left in that
environment for an infinite period of time. A
graphic expression of the relationship between
the equilibrium moisture content of a material
and the corresponding relative humidity of air is
termed the equilibrium moisture constent curve
(Henderson, 1952), or the moisture sorption
isotherm. The mathéematical descriptions of the
curves are known as sorption isotherm equations.
An adsorption or desorption isotherm is a curve
of equilibrium moisture content versus relative
humidity at a given temperature for a material
which has been subjected to a drying or wetting
environment.

Many researchers have experimentally
determined EMC for peanut and other grains,
and also developed the corresponding adsorption
and desorption isotherms. It is known that a
hystersis exists between the sorption isotherms

of drying and wetting processes. Hysteresis
refers to the difference of EMC between the
adsorption and desorption curves. Thus, when
obtaining equilibrium data, the moisture sorption
and desorption history of the material under in-
vestigation must be known and stated. Since
several researchers including Babbitt (1945),
Hubbard et al. (1957), Breese (1955), and Young
and Nelson (1967), found a hystersis between
the sorption iostherms curves for wetting and
drying processes, sometimes it is necessary to
define both adsorption and desorption isotherms
respectively.

One of the objectves of this study was to
experimentally determine the EMC of peanuts
for the range of temperatures and relative humid-
ities most likely to be encountered in Taiwan for
the drying process. The way to measure EMC
can be done either by bringing air to equilibrium
with a sample of fixed moisture content (ERH
method), or by bringing a sample of peanut to
equilibrium with air of fixed relative humidity
(EMC method). The EMC method was adopted
in this work. The other objectives of this study
were to experimentally determine adsorption and
desorption isotherms for Spanish Type peanut
kernel, hull, and pod at selected termperatures,
also to use the experimentally determined data
to evaluate the parameters of modified Hender-
son equation and to discover the phenomenon of
hysteresis.

Literature Review

EMC definition

When a biological hygroscopic material is
exposed to atmospheric conditions, it loses to or
gains moisture from the atmosphere, until it is
at equilibrium. The moisture content at equili-
brium is called the equilibrium moisture content
(EMC). In other words, the EMC of a material is
that moisture content which a material will reach
and maintain when it is exposed to a steady con-
trolled environment. There is an obvious need to
know the equilibrium moisture contents of agri-
cultural ‘products in-handling their drying and
storage processes. This information can help
predicting the drying rates of products under
various drying conditions. It can also be used to
predict what moisture levels would be necessary
for long-term safe storage. The process of
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transferring moisture between a material and the
atmosphere is named sorption which includes
adsorption and desorption. The adsorption and
desorption are used to describe the process of
taking up or giving off water for the material.
The equilibrium moisture content varies with the
relative humidity and temperature of the air sur-
rounding it. The most important factor which
influences the EMC of peanut is the relative
humidity of the surrounding air.

The problem of EMC has been studied to a
considerable extent as is evident from the hun-
dreds of related publications. Almost all EMC of
agricultural products, which must be determined
with experiments, are temperature dependent.
The determination needs extensive testing to an
normal encounting range of values of tempera-
ture and relative humidity. Temperature affects
the EMC of biological hygroscopic materials
in two ways: the immediate effect of tempera-
ture and the effect of temperature history. The
immediate effect of temperature is to reduce the
hygroscopicity of peanut at a given relative
humidity. Exposure of biological materials to
high temperatures for various lengths of time
causes a permanent decrease in hygroscopicity.
Most of the decrease in hygroscopicity is pro-
bably due to the decomposition of the consti-
tuents. Ayerst (1965) and Pixton and Warburton
(1971) found that if the relative humidity
remained constant, the moisture content of
wheat decreased approximately 0.6 to 0.7% per
10°C rise in temperature.

It is known that the EMC varies from one
variety of agricultural products to another. This
is the result of a number of factors such as the
different proportions of the major constituents.
It should be remembered, however, that the
EMC for the constituents might be different in
the gross agricultural product than in the isolated
constituents because of the effect of extracting
the constituents and also because of the inter-
relationships among the constituents. Coleman
and Fellows (1925) studied the EMC of cereals.
They equilibrated various grains with the
atmosphere of known relative hmidities. It was
reported that the experimental moisture contents
of all cereals in equilibrium with the same rela-
tive humidity were much the same.
however, had a lower moisture content. The
results showed that the equilibrium moisture

Flaxseed,

content relationship of starchy cereal grains
differed only slightly, and they differed from
oilseeds. The evidence suggested that the oil con-
tent of a product simply acted as a weighting
factor. The reasonably comparable results for
oilseeds might be expected if the mositure con-
tent was expressed on a fat-free basis.

Sorption isotherm

A sorption isotherm is a graphic expression
to describe the equilibrium moisture content of a
product at a particular constant temperature as
a function of the relative humidity. The moisture
content of a product in equilibrium with a given
relative humidity may have two values, one when
the material is adsorbing moisture, and the other
when it is desorbing water or drying out. An
sorption isotherm may, therefore, be an adsorp-
tion or a desorption isotherm. It is important
when quoting EMC data to state to which the
data refer. The sorption isotherms of agriculturel
products usually are described as sigmoid curves.
The sigmoid shape, described as the type II
isotherm according to the classification of
Brunauer et al. (1938). In the low humidity
range the curve is concave to the humidity axis;
in the mid range it has a region of inflection
which is approximatedly linear; and in the high
humidity range the curve is concave to the
moisture content axis. The researchers have
experimentally determined the sortion isotherms
for peanut and grains, and they were smooth
sigmoid curves.

Young (1976) showed the experimental data
for desorption and adsorption respectively of
peanut kernel and hull. The temperature effect
on the adsorption and desorption isotherms was
relatively small as compared with the effect for
cereal grains. He found the desorption isotherm
for kernels had lower equilibrium moisture con-
tents at higher temperatures when the relative
humidity was low and a reverse effect or no
effect of temperature at relative humidities above
70 percent. He also pointed out that the data
for hulls had more variation than for kernels.

Strohman and Yoerger (1967) stated that
the technique of measuring EMC at high relative
humidity is not accurate enough to prove the
existence of a finite equilibrium moisture con-
tent at 100 percent relative humidity. The
asymptotic behavior of sorption isotherm is more




usable for mathematical derivation.

Keen (1968) mentioned that the correspond-
ing stable saturated vapor pressure of selected
saturated salt solution at referred temperature
cold be used to define the experimental relative
humidity. Two ways were adopted to finding
the quilibrium moisture content of a material. In
the static method, a small sample was placed in
an environment of controlled relative humidity.
The sample was weighed continuously until the
attainment of a steady weight which was record-
ed to be the EMC. This method was time con-
suming; several weeks might elapse before
equilibrium was reached. The other method, a
faster technique, was the dynamic method, in
which humidified air was blowed to pass over the
sample. The time for equilibrating was 10 hours
or less. If the testing system was not calibrated
well, the accuracy was somewhat less than with
the static method. A well-calibrated dynamic
method was adopted in this study.

In addition to sorption isotherms, EMC
models which are mathemathicl equations are
commonly used to describe the relationship of
equilibrium moisture content, relative humidity
an temperature. After reviewing published EMC
models, Van den Berg (1985) suggested the fol-
lowing requirements for EMC models: (1) the
equation should have a relatively simple form
with temperature dependent parameters, (2) the
model should be developed for practical appli-
cations such as drying and storing. (3) the model
should include the influence of hysteresis. A
number of theoretical, semi-theoretical, and
empirical equations have been suggested to
model the equilibrium moisture content iso-
therms. Young and Nelson (1967) combined the
BET equation and Smith equation to build their
EMC model which seemed to include the advant-
age of both and fit the isotherm fairly well.
Young (1976) used the model to simulate the
desorption and adsorption isotherms of Virginia-
type peanut. He pointed out that the model
could be used to describe both sorption and
desorption with same parameter values for each
process. The report showed the deviation was less
than 2%. The predicted EMC difference between
adsorption and desorption was much smaller
than the experimental results.

Due to the accuracy and convenience, semi-
empirical equations have been adopted in

practical application. Modified Henderson equa-
tion was investigated in this study. Henderson
(1952) derived the equation of sorption iostherm
for biological materials from Gibb’s adsorption
equation. Henderson (1952) presented his best
known equétion of sorption isotherm for biologi-
cal materials as:

l—RH=(—A*T*MB)

Where;
RH : relative humidity, decimal,
Ta : absolute temperature (R),
M : moisture content, d.b.,%.

'AB : constants.

Chang (1988) modified the procedures to
derive. the Henderson equation to show its
physical and mathematical meanings. The equa-
tion can be transferred to become linear for
variables A and B. Then, the parameters can be
determined by linear regression procedures.
Since A and B are constants, the equation cannot
use to correct the shift of the isotherms as the
temperature changes. Many researchers have
used different values of A and B of the EMC
equation at different temperatures.

Young (1976) compared five EMC equations
as: BET equation, Smith equation, Chung-Pfost
equation, Henderson equation and Young-
Nelson equation.  Henderson equation was
simple but did not fit as well as that of Young
and Nelson at high relative humidities. And he
also found the constants were temperature
dependent. Since Henderson equation is tem-
perature dependent, Thompson et al. (1968)
modified the Henderson equation to include the
temperature term which improved the predictions
of the equation.

1 — RH=(— A * (T+C) * MB)
T: Temperature (F),
C: Constant.

The modified Henderson equation is the
most widely adopted EMC equation. Young did
not make a comparison between modified
Henderson equation and Young-Nelson equation.
Chen (1988) selected four sorption equations, as
modified Henderson equation, Chung-Pfost equa-
tion, modified Halsey equation, and modified
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Oswin equation, to compare in s study of
equilibrium relative humidity. In1 report, the
modified Henderson equation k | the best
prediction for peanut hull.

The modified Henderson equa >n has been
found by other investigators t adequately
describe the equilibrium moisturc contents of
peanut and grains. The equationis >nlinear and
involves three parameters. Since he equation
can not be transferred into the lir ar form, the
parameters must be estimated using he nonlinear
regression technique. Parameters w re computed
for the EMC equation of adsorptic and desorp-
tion respectively.

The adsorption and desorptio isotherms for
most agricultural products are not 1ecessarily the
same. The equilibrium moistu . content cor-
responding to a given relative hwi .idity may have
two values, depending on whether the material is
adsorbing or desorbing moisture. For agricultural
products, the equilibrium moisture content with
a given relative humidity is higher for desorbing
than for adsorbing. The difference of EMC
between desorption and adsorption isotherms is
called the phenomenon of hysteresis. Young
(1967) stated that a difference of as much as to
5% in the equilibrium moisture content. Friesen
(1974) reported that there was not much differ-
ence in the two sorption isotherms at low relative
humidities; however, the difference was gradually
to increase at higher relative humidities.

Hysteresis Phenomenone

Presently, there is no easy and effective
method to predict the equilibrium moisture con-
tent within a hysteresis loop. Skaar (1972)
developed a procedure for determining the
equilibrium moisture contents of biological ma-
terials within their hysteresis loops. The procedure
was developed with the aid of experimental data
and took into account the history of a material’s
previous equilibrium moisture content. The
hysteresis was history dependent. The EMC in
adsorption was higher when a dry sample was
exposed to a given humidity in one single step
than when it was brought to the same humidity
through a series of adsorption steps. Undoubtedly
this phenomenon was a significant factor in
determining the effect of the hysteresis at any
given humidity. The findings of Christensen and
Kelsey (1957) have been substantiated by

Prichananda (1966), who showed that the
adsorption iostherm for yellow birch in air for
single-step adsorption from the dry condition
was higher than that obtained from the usual
multistep process. The magnitude of the
hysteresis was larger for the single-step than for
multistep adsorption curves.

Babbitt (1949) was one of the first workers
to demonstrate the effect of hysteresis in sorp-
tion and desorption of water from wheat and
flour. He observed that hysteresis was not
as pronounced with flour as with whole wheat,
inferring that the structure of the biological ma-
terial had an influence. Pierce and Smith (1950)
suggested that the hysteresis resulted from
energy changes which took place in the system
when water, had deposited first at active centers,
merged to form a layer covering the adsorbing
surface. Hubbard et al. (1975) investigated this
phenomenon for wheat and corn. ayerst (1965)
observed that when products were exposed to an
atmosphere of controlled relative humidity until
a state of constant weight was attained, the
observed hysteresis was large (1.5 to 2.0%
moisture content). Both Ayerst and Pixton and
Warburton (1971), using the same technique
found that with prepared samples the hysteresis
effect was in the order of 0.5 to 1.0% moisture
content. Keen (1968) found that the declined
trend or pattern of hysteresis appears for biologi-
cal materials with increasing temperature.

Becker and Sallans (1956) pointed out that
the side effects of drying would cause the
hysteresis occurrence. The effect of case hard-
ening after drying could make a nearly imperme-
able outer layer, which prevented moisture
transfer between the material and atmosphere.
Therefore, the equilibrium moisture content was
higher in a desorption than in an adsorption.
The irreversible loss of ability to rehydrate was
the other side effect. The process of rehydration
after drying could never be a simple reversal of
the drying mechanism. Some of the changes pro-
duced by drying were* irreversible, which put
severe stresses on the outer layers. The ir-
reversible changes of the colloidal constituents
of both animal and plant tissue did occur when
the material was held for a period of time at
high temperature. It reduced the ability of
rehydration of the tissue. Keéen (1968) stated




that the elasticity of cell walls and the swelling

power of starch gel, both important for rehydra- -

tion of biological materials, were reduced in a
drying process.

Young and Nelson (1967) studiéd EMC of

wheat which lead to hysteresis relationship.and
found the effect of temperature upon -the
hysteresis. They observed the hysteresis phenom-
enon by using saturated salt solutions to control
relative humidity. An approximate 5% EMC
difference was observed between desorption and
adsorption. Hart (1964) conducted EMC tests
for wheat through drying and wetting. Desorp-
tion moisture content was higher than adsorption
moisture content. Repeated wetting and drying
tended to decrease the hysteresis effect. Chung
et al. (1967) used the dynamic method to study
the hysteresis of wheat. The maximum deviaton
of desorption and adsorption was nearly 2%
moisture content. No deviation was reported
after the third cycle with both curves. ‘

Numerous researchers have studied hysteresis
and have . postulated theories for its presence.
There is no single, adequate theory explaining
the hysteresis. Many researchers have proposed
mechanisms to explain hysteresis. . Luikov
(1966) suggested that the phenomena of evapora-
tion and condensation were not reversible for a
hygroscopic capillary material. In adsorption a
dry material became sodden, the capillary walls
were covered by a layer of liquefied vapor, but a
meniscus was not formed until the adsorbed
layers were close enough. to touch and blocked
the pores at the narrowest section. Thus, at the
same ambient humidity, the equilibrium moisture
content for desorption would be greater than
that for adsorption. The above explanation of
hysteresis was defined as the bottle and neck
effect by Chen (1988) and Labuza (1985).
Henderson (1970) stated that the pores of a
capillary hygroscopic material were irregular in
shape and size, which inhibited filling and
emptying of the pores in a manner. The milled
rice was dried and rehydrated, and a hysteresis
was noted. The process was then repeated and,
at the end of the third trial, no hysteresis was
pesent. ‘

McBain (1935) offered the other explana-
tion was that impurities such as permanent gases
- particular air- adsorbed on the pore or capil-
lary walls restricted the attachment of water

molecules. As the water vapor pressure was
raised and more water filled the capillary space
during the adsorption, foreign material was dis-
placed. No foreign material was present during
the desorption process, so.the vapor pressure and
moisture content relationship was different and.
hysteresis resulted. Henderson (1970) reported a
small hysteresis did exist, less than one percent
moisture, which tended to disappear as the ma-
terial repeated through hysteresis loops. Since a
biological material is a combination of many
biological cells, three mechanisms were hy-
pothesized by which water was held by the ma-
terial (Young and Nelson, 1967). First, there
were' unimolecular layers of water. molecules
bound to the surface of the cells. Second, there
were multimolecular layers of molecules stacked
on top of the first layer. Third, there were
moisture within the cells. It was known from
past experimentation that the heat of adsorption
of the water decreased as the moisture content
increased. It could be explained that the first
layer of water molecules was bound to the sur-
face of the cells by forces in excess of those
which would bind the water molecules to each
other .in normal condensation. Then it was
assumed that the second and higher layers of
moisture were condensed with a normal heat of
condensation. When the moisture content of the
material was. very low, practically all of the
adsorbed moisture would be in the first layer,
and would have a higher heat of adsorption. As
the moisture content increased, more and more
of the moisture adsorbed would be in the second
or higher layers where the condensation was
normal, and thus the average heat of adsorption
would decrease. The difference of heat could
cause a hysteresis.

If the adsorption and desorption processes
were completely reversible, the amount of
moisture in the products at equilibrium condi-
tions should be the same, regardless of whether
the equilibrium was reached through a drying or
wetting process. But many EMC studies showed
the existence of the hysteresis; theretore, the
hysteresis effect had to be due to the adsorbed
moisture. If a dry, biological material was sub-
jected to a wetting environment, moisture in a
unimolecular layer first adhered to the surface of
the cells. ‘When a layer of molecules built up on
the surface, the -diffusional forces tended to
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transfer moisture into the cell. However, the sur-
face molecules of the cell exerted binding forces
on the water molecules inhibited moisture
moving into the cell. As more and more water
molecules were accumulated on the surface, the

diffusional forces exceeded the binding forces and -

allowed some moisture to transfer into the cell.
In a drying environment, there was no force to
pull the moisture out of the cells until all the

moisture had been removed from the surface. .

The diffusional forces again caused the moisture
to move out of the cell. Thus a hysteresis effect
occurred between the drying and wetting pro-
cesses. ;

Friesen (1974) defined the two R terms,
moisture ratios for adsorption and desorption,

and developed a procedure to determine the.

equilibrium moisture contents to account for the
effect of hysteresis that varied according to the
range of changes in relative humidities of the
environment. He reported that no data con-
cerning the effect of temperature on, the moisture

history within the hysteresis loop were found. .

Henderson (1970) applied his EMC model with
different parameters for adsorption and desorp-
tion to describe the hysteresis loop. The model
worked very well in his study. Young and
Nelson (1967) presented their model to predict
the hysteresis loop by combining BET equation
and Smith equation. The parameters of their
model were estimated respectively for adsorption
and desorption. The model worked for both
wheat and peanut.

Skaar (1972) defined the hysteresis coeffi-
cient, A/D, as the ratio of the EMC for adorption
to that at desorption for any given temperature
and relative humidity. From his investigations,
he found that in a complete adsorption-desorp-
tion cycle the hysteresis coefficient ranges about
0.8 to 1.0. According to Weichert (1963), the
hysteresis decreased with increasing temperature
and disappeared at temperatures of 75 and
100°C. Kelsey (1957) also showed a reduction
in hysteresis between 25 to 55°C. The hysteresis
ratio would be used to represent the degree of
hysteresis in this study, and the relationship with
temperature would be derived and discussed.

Babbit et al. (1945) reported a significant
hysteresis when wheat was moved through a
single desorption and adsorption cycle when
observations were conducted in the absence of

air. Houston (1952) reported a true hysteresis
wth a 1 percent moisture content deviation.
Breese (1955) used the same procedure on rough
rice.. He found that 60 days were required for
equilibrium and that the hysteresis (1 cycle)
deviation varied from 1.8% at the 50% relative
humidity point to nearly zero at 10 and 90 per-
cent. Bushuk et al. (1957) studied hysteresis in
wheat flour and its fractions. They ran the ma-
terials through two desorption and adsorption
cycles and observed a maximum hysteresis differ-
ential of approximately 1.5% moisture content
for each material.

Instrumentation and Experimental
Procedures

Equilibrium moisture content data of peanut
hull, kernel, and pod would be determined for
both desorption and adsorption conditions for
two temperatures (35 and 45°C) and five relative
humidities from 10% to 90%. This research in-
cluded both adsorption and desorption processes.
Fresh wet sample peanuts were put into sealed
bags for later desorption tests. Dry sample
peanuts, used in adsorption tests, were made of
fresh peanuts which were dried with a vacuum
dryer for 3 days at 15°C. When the samples
were dried to moisture conent less than 2%,
dry peanuts were put into sealed bags. All
sample bags were placed inside air-tight plastic
containers. A freezer was used to store sample
bags at temperature of —5C. Before running the
tests, sample bags were moved from the freezer
to room for 24 hours to normalize the sample
temperature.

The testing system was mainly composed of
an environmental chamber, a solution box, a
sample box, an air pump, a cooling fan, and a
hygrometer. The air was bubbled into the satu-
rated salt solution in the solution box to have air
with saturated humidity referring to a specified
temperature. Five different salt solutions were
selected’ to make air have the desired relative
humidities. The air was blown to pass over the
samples in the sample box. According to the
mass transfer principle, the rate of moisture
transfer between samples and aircould be speeded
up by increasing the air velocity; then, the time
to reach the quilibrium can be reduced. The
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samples were hung inside the sample box with
screen bags. With the pump, the air was drawn
out of the sample box and entered the solution
box again to complete a cycle. The solution and
sample boxes were placed inside the environ-
mental chamber where temperature was defined.
The pump was located next to the chamber. A
fan was used to cool the pump and air through
the pump. A measuring header of a hygrometer
was placed in the sample box to monitor the rela-
tive humidity and temperature changes in tests.

Peanut pod, kernel and hull were tested
separately. The samples were measured for
moisture contents everyday, until the values did
not change in three continuous measurements.
The oven method, 130°C for 6 hours, suggested
by Young et al. (1982) was adopted in this
study. Part of pods were put into the oven to
determine the moisture content. Some pods
were split into kernels and hulls, to measure
moisture contents separately. These moisture
contents were used by comparing with the EMC
of kernel and hull which were tested individually
to prove the accuracy of experimental proce-
dures.
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Figure 1. Historical moisture contents of peanut
pod, kernel, and hull in a desorption

process.

Results and Discussion

To conduct the EMC tests by blowing the
air, of which humidity is referring to selected
saturated salt solution and specific temperature,
to pass over samples is called the dynamic
method. The fact that kernel and hull could
reach the equilibrium in one day showed the
dynamic method was really able to accelerate the
moisture exchange between sample and air. But
pods still needed five days to be at equilibrium.
By testing pods, shelling pods and measuring
moisture contents of kernel and hull separately,
it was found that the hull still could reach the
equilibrium within one day, and the kernel took
much longer period to get the equilibrium. When
running tests for pods, because kernels were
inside hull, the air, blocked by the hull, could
not penetrate the hull and exchange moisture
with kernels directly; therefore, the kernel re-
quired more time to have EMC. However, the
testing time was reduced a lot, if comparing with
the static method. The criterion to justify pods
to be at equilibrium was the moisture contents
of kernel and hull to be equivalent with the data
which were tested individually. Figure 1 and 2
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Figure 2: Historical moisture contents of peanut
pod, kernel, and hull in an adsorption
process.



showed the historical moisture contents of pod,
kernel, and hull in testing runs of desorption and
adsorption.

The modified Henderson model of EMC was
applied to simulating the experimental measure-
ments. The non-linear regression technique, at
least square method (Draper and Smith, 1980),
was used to estimate the parameters of the
model. When using the non-linear regression
pocedures, it may oscillate widely or not con-
verge at all; therefore, the underrelaxation
method was used to help solving the problem of
divergency.  Table 1 presented calculated
parameters and correlation coefficients (R-
square) of EMC models for adsorption and
desorption of peanut pod, kernel, and hull. The
experiments were conducted at 35 and 45°C,
which was the recommended temperature
range to dry peanuts in Taiwan. Besides the
adsorption EMC curves, the values of correlation
coefficient were above 0.99. The standard errors
of EMC in Table 1 were high when comparing

with ASAE Standard D245.4 (1987) and other
published data. Since only five values, the means
of three runs, were used to compute three
parameters, the small sample size would ex-
aggerate the standard error. By inspecting
experiental data, three measurements were soO
close at a specific experimental condition. All
three data were used to run the regression would
help reducing the standard error, but it did not
improve the model. It is a constructive sugges-
tion that to test more EMC data at different
relative humidities then to simulate the model
would improve the model and standard errors.
Figure 3 described the good relationship between
the experimental data and EMC equation. Every
computed EMC equation had the similar relation-
ship with the testing results.

Figure 4 showed the EMC curves of desorp-
tion for hull, pod, and kernel at 35°C. The hull
had higher EMC than the others, and the curve of
kernel was below the other two. Because the
structure of hull was highly porous, it was capable
of retaining more moisture; therefore, at the

Table 1: Estimated constants, correlation coefficients, and standard errors of EMC models.

A B ‘ C R™2 S.E.
35°C Kernel 0.00056248 1.7997 13.6180 0.9852 0.0544
Adsorption
Pod 0.00032170 2.0163 4.5205 0.9827 0.0589
Hull 0.00012957 2.1974 —4.8432 0.9949 0.0318
35°C Kernel 0.00016702 2.0680 28.5270 0.9958 0.0290
Desorption ‘ . v
Pod 0.00019665 2.1408 4.3266 0.9938 0.0352
Hull 0.00016702 1.9851 0.3567 0.9948 0.0032
45°C Kernel 0.00031594 1.8279 39.6450 0.9924 - 0.0328
Adsorption .
Pod 0.00065653 1.7372 —2.3146 0.9836 0.0556
"Hull 0.00019814 1.9931 0.3979 0.9982 0.0184
45°C Kernel 0.00038857 1.8899 5.5898 0.9906 0.0423
Desorption ‘
Pod 0.00028605 1.8703 154360 09910 0.0041
Hull 0.00022423 1.9586 —5.2990 0.9983 0.0179
A, B, C: constants-of modified Henderson equation
R™2 correlation coefficient
S.E.  : standard error of EMC




same temperature and relative humidity, it had
higher EMC than kernel and pod. Chen (1988)
stated that the product containing more oil con-
tant would have lower equilibrium relative
humidity (ERH). It implied that the EMC of
kernel should be lower than the value of hull.
The results of this work showed the coincidence
with Chen’s report. The EMC of pods were the
mixed results of kernel and hull. The EMC curve
of pod had to be located in the middle of the
curves of kernel and hull, which was also
presented in Figure 4.

Almost all the EMC papers reported that the
highr EMC at lower temperature than the values
at higher temperature. The same results were
found in Figure 5. Young (1976) conducted the
EMC study of Virginia-Type peanuts, and found
the unclear temperature effect. Most of his data
followed the rule. Figure 6 showed the experi-
mental and Young’s curves of EMC. The ex-
perimental results were higher than the Young’s
predictions. Keen (1968) had mentioned that
the dynamic method could save time to get the
equilibrium, but lost the accuracy. This might be
one of the reasons to explain the difference
between. two curves. For agricultural products,
the different species would have different major
constituents, which had their own EMC equa-
tions. Spanish-Type peanuts was the selected
variety in this study, and Virginia-Type peanuts
were used in Young’s report. The experimental
EMC curve of pod was examined with the model
presented in ASAE Standard D245.4 (1987) in
Figure 7. Two curves were cross with each other.
The experimental results had lower readings at
low relative humidity and higher values at high
relative humidity.

It is the hysteresis phenomenon that the
EMC curve of desorption is above the curve of
adsorption. Usually, the curves of desorption
and adsorption will form a closed loop is named
as a hysteresis loop. Figure 8 illustrated a
hysteresis loop of kernel at 35°C. The differ-
ences between desorption and adsorption EMC
data were smaller at both ends in the range of
experimental relative humidities comparing with
the differences in the middle of the range. The
similar relationship were found for kernels and
pods in this study. Although the desorption
curve was still above the adsorption curve for

hull, the difference between two curves was
getting larger as increasing the relative humidity
(Figure 9). The structure difference of kernel
and hull was the main reason. The porous hull
was capable of keeping more water, no matter
which process was proceeded. The hysteresis
value,; defined as the difference between adsorp-
tion and desorption data, for hull was relatively
small.  Henderson (1970) tested the hysteresis
phenomenon for rice, and reported the similar
conclusion in this paper. Because rice is not an
oil-rich product, the shape of its hysteresis loop
should be closer to hull than kernel. Most of the
experimental hysteresis values were less than 1%.
When a prouct is dried in a vacuum dryer, it has
the better ability to adsorb moisture. Since the
dry samples for adsorption tests were prepared
with a vacuum dryer in this work, the ability of
adsorption might be increased and the hysteresis
values were decreased.

The hysteresis ratio, A/D, is defined as the
ratio between the values of adsorption and
desorption. Table 2 presented all the values of
hysteresis ratios computed from experimental
results and simulated EMC data. Experimental
hysteresis ratios were scattered within the range
of 0.73 to 0.99. By inspecting the ratios care-
fully, to draw a worthy conclusion from the
data was difficult. When testing at a low relative
humidity, the value of EMC was quite small. The
small deviation in measurement, which could not
be totally avoided, was divided by the denomi-
nator, a relatlively small EMC, the experimental
hysteresis ratio was exaggerated. The hysteresis
loop is temperature dependent. The higher tem-
perature should have less effect of hysteresis, it
can be checked by examining the hysteresis
ratios. Table 2 did not demonstrate the tem-
perature effect on hysteresis. The hysteresis
ratios of EMC models showed the linear relation-
ship with computed EMC values. Table 2 also
presented the R-square’s and standard errors of
the first order linear regression equation to
simulate the relationship between the computing
hysteresis ratios and EMC. Although all R-
square’s were above 0.9, they still could be im-
proved to 0.99, if using the second order linear
regression equation. Figure 10 presented two
curves: one was drawn for the computed values
from the equations of EMC model of desorption
and hysteresis ratio, and the other was the curve
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Figure 3: Experimental data and computed Figure 4: EMC curves of desorption for pod,

modified Henderson equation. kernel, and hull at 35°C.
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Table 2: Experimental and computed hysteresis ratios and their linear regression equations.
EMC (A/D)e CMC (A/D)c Ist Order 2nd Order
35°C 3.36 0.8661 3.3175 0.7066 B0 = 0.66834 CO = 0.614277
Kernel 5.75 0.7704 5.7145 0.7663 Bl = 0.01575 C1 = 0.031354
7.57 0.7332 7.5248 0.7984 R2= 1096900 C2 = —0.000921
10.05 0.8995 10.6246 0.8405 SE= 001304 R2= 0998710
13.50 0.9400 13.4844 0.8709 S.E = 0.003258
35°C 4.08 0.9804 3.6920 0.8471 BO = 0.82885 CO = 0.801213
Pod 6.46 0.8065 6.2430 0.8751 Bl = 0.00677 Cl1 = 0.014137
7.83 0.8787 8.1441 0.8895 R2= 096448 C2 = -0.000405
11.13 0.9461 11.3649 0.9080 SE= 000628 R2= 0.998505
14.88 0.9093 14.3076 0.9210 S.E = 0.001577
35°C, 5.30 0.9547 4.6856 1.0395 BO = 1.06331 CO = 1.119271
Hull 7.90 0.9975 8.2564 0.9841 B1 = —0.0084 Cl1 = —0.019544
11.26 0.9636 10.9976. 0.9572 R2= 094405 C2 = 0.000440
16.10 0.9211 15.7532 0.9246 SE= 0.01460 K2= 0.996799
19.67 0.8770 20.1935 0.9026 ‘ S.E = 0.004278
45°C 3.11 0.8682 2.6292 0.8732 BO = 0.86504 CO = 0.848665
Kernel 4.50 0.9044 4.8012 0.8912 Bl = 0.00485 Cl1 = 0.010570
6.54 0.8471 6.3181 0.8995 R2= 095747 C2 = —0.000398
9.40 0.9362 9.5061 09121 SE = 000423 R2= 0997943
12.10 0.9256 11.5481 0.9181 SE = 0.001140
45°C 341 0.8915 2.8448 0.8204 BO = 0.80247 CO = 0.768114
Pod 5.19 0.8593 5.2279 0.8595 Bl = 0.00976 Cl1 = 0.020747
7.00 0.8229 6.8993 0.8780 R2= 096053 C2 = —0.000699
9.84 09116 10.4251 0.9062 SE= 10.00903 R2= 0998118
12.52 0.9864 12.6904 0.9200 S.EE = 0.002417
45°C 4.20 0.9333 3.8085 0.9720 BO = 097677 - CO = 0986157
Hull 6.70 0.9925 6.8094 0.9623 Bl = —-0.0018 Cl1 = -0.004221
8.83 0.9592 8.8748 0.9579 R2= 095566 C2 = 0.000116
13.22 0.9720 13.1629 09514 SE= 000228 R2= 0.997934
16.09 0.9167 15.8816 0.9483 S.E = 0.000603
EMC : Experimental equilibrium moistuer content
CMC : Computed equilibrium moisture content
(A/D)e : Experimental hysteresis ratios
(A/D)c : Computed hysteresis ratios

(A/D)c = BO+B1*CMC

(A/D)c = CO+C1*CMC+C2*CMC™2
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of adsorption model. Since both curves matched
very well, the linear model of hysteresis ratio
coupled with the EMC equation of desorption
could be used to depict the phenomenon of
hysteresis and to predict the EMC of adsorption.

Conclusions and Suggestions

It is concluded that the modified Henderson
equation is capable of describing the EMC
equations of peanut kernel, pod, and hull. The
dynamic method can accelerate the moisture
exchange process to reach the equilibrium faster.
The structure difference between kernel and
hull makes the EMC curves different. The
porous hull has higher EMC value than the
kernel.

The phenomenon of hysteresis does occur in
a drying and wetting cycle for peanuts. Most of
the hysteresis values were within the moisture
content range of 1%. A linear relationship was
derived, which could be used to predict the EMC
of adsorption in accompanying with the EMC
equation of desorption.

From the learnings of this experiment, the
following suggestions are recommended:

1. The drying temperature, recommended to
use in Taiwan is within the range of 35 to 45°C.
But only these two sorption isotherms are not
enough to draw a safe scheme to store peanuts;
therefore, the EMC curves at 15 and 25°C should
be tested and determined. in future.

2. Because higher air velocity to pass over
samples can have higher moisture transfer rate
between samples and air, it will be applied to
reducing the time to elapse for EMC measure-
ments. But the drawback of the method is the
loss of the accuracy. To find the optimal
velocity, which will help attaining the reliable
and accurate readings, deserves further study.

3. The modified Henderson equation should
work for the whole range of experimental tem-
peratures. The parameters determined in this
study are good for 35 and 45°C only, and it is
too risky to recommend the parameters for ex-
trapolative uses; therefore, more tests at other
temperatures are needed.
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