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SORPTION EQUILIBRIUM MOISTURE CHARACTERISTICS

OF SELECTED CORN STOVER COMPONENTS

C. Igathinathane,  A. R. Womac,  S. Sokhansanj,  L. O. Pordesimo

ABSTRACT. Corn stover equilibrium moisture isotherms were developed to aide biomass engineering of consistent,
uniform-quality feedstock supplies for renewable bioenergy and bioproducts. Equilibrium moisture content (EMC) and
equilibrium relative humidity (ERH) sorption data of corn leaf, stalk skin, and stalk pith were experimentally determined using
the static gravimetric method at six temperatures ranging from 10°C to 40°C and at ten ERH values ranging from 0.11 to
0.98. The greatest EMC values for corn leaf and stalk pith generally corresponded with ERH below and above 0.90,
respectively, at all temperatures. Only at some intermediate ERH range at 20°C to 40°C was stalk skin EMC greater than
stalk pith EMC. Corn stover components followed a type II isotherm typically observed among food materials. EMC of all
components was proportional to ERH and inversely proportional to temperature. Observed EMC ranges were 3.9% to 56.4%,
3.1% to 41.1%, and 2.7% to 71.5% dry basis (d.b.) for corn leaf, stalk skin, and stalk pith, respectively. Calculated whole-stalk
EMC values ranged from 3.1% to 49.2% d.b. Isotherm data were fitted with the EMC model of Henderson, and modified
versions of Henderson, Chung-Pfost, Halsey, Oswin, and Guggenheim-Anderson-deBoer. The modified Oswin model (R2 >
0.98; F > 2085) followed by the modified Halsey model (R2 > 0.97; F > 1758) produced the best fit for corn stover components
studied. The Henderson, modified Henderson, and modified Chung-Pfost models were not suitable since these models did not
produce randomized residuals. The modified Oswin model (R2 = 0.99; F = 6274) best described the stalk EMC. Results have
practical applications in corn stover collection method and timing; process handling, grinding, and drying requirements;
transportation efficiency of dry matter; and necessary storage environment, shelf life, and potential microorganism safety
hazards. For example, results indicated that higher EMC values for corn stover leaf may result in greater propensity for the
onset of mold growth and may determine minimal storage requirements or potential advantages in separating leaf from stalk
fractions.

Keywords. Bioenergy, Biomass, Corn, Equilibrium, Isotherms, Moisture content, Relative humidity, Sorption, Storage,
Stover.

rop residues represent one sector of biomass feed-
stocks being examined for renewable bioenergy
and bioproducts. Corn stover is an abundant crop
residue that may have strategic value as an energy

source once it is processed and converted (Sokhansanj et al.,
2001). Approximately 200 million dry metric tons of annual
U.S. corn stover were estimated as underutilized (Glassner et
al., 1998). Successful processing and conversion of corn
stover, or any other biological feedstock, depends on consis-
tent availability of uniform quality feedstock. Moisture con-
tent is one of many factors affecting feedstock quality,
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material texture, microbial activity and growth, and storage
stability. Environment temperature and relative humidity af-
fect corn stover moisture, which in turn determines engineer-
ing design parameters for successful biomass collection,
processing and transportation (Jenkins and Sumner, 1986),
and storage. Aboveground components of the corn plant, mi-
nus grain and cob, are herein defined as corn stover. Stalk,
leaf, and husk represent 60%, 25%, and 15% of corn stover
dry matter, respectively (Pordesimo et al., 2004).

Equilibrium moisture content (EMC) is a relevant physi-
cochemical  property describing the moisture state of a
hygroscopic material as it equilibrates on a moisture basis
with its environment. EMC data have practical application,
such as helping establish humidity bounds to inhibit micro-
bial growth and mycotoxin production during storage
(Boente et al., 1996). Moisture isotherms describe the EMC
as a function of the environment equilibrium relative
humidity (ERH) (Bell and Labuza, 2000; Rahman, 1995) and
are useful for biological materials (Iglesias and Chirife,
1976). A reliable method to determine sorption moisture
isotherms is the static gravimetric method, which subjects
test samples to the moisture-controlled environment created
by saturated salt solutions until moisture equilibration (Bell
and Labuza, 2000; Rahman, 1995).

Published studies on equilibrium moisture relations of
biomass materials are not numerous, although related
literature was found on food materials. Previous biomass
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equilibrium moisture research included alfalfa hay (Zink,
1935; Dexter et al., 1947) prairie hay, red clover hay, oat
straw (Zink, 1935), wheat straw (Duggal and Muir, 1981),
asparagus (Strahm et al., 1995), and biomass briquettes
(Singh, 2004).

Chirife and Iglesias (1978), Van den Berg and Bruin
(1981), and Wang and Brennan (1991) reviewed several
mathematical  isotherm models for various biological materi-
als. Temperature level affects isotherms, and some models
take this factor into account. Even though several isotherm
models are available, no “universal model” adequately
described sorption characteristics of cereal grains, seeds, and
biological materials over a broad range of temperature and
relative humidity (Chen and Morey, 1989; Sun and Woods,
1993). Selection of the appropriate isotherm model should be
made specific to the material. Six candidate isotherm models
for corn stover included the following: Henderson, modified
Henderson, modified Chung-Pfost, modified Halsey, modi-
fied Oswin, and Guggenheim-Anderson-deBoer (GAB)
(ASAE Standards, 2003a). The GAB model does not
incorporate the effect of temperature; therefore, a modified
GAB isotherm model to include temperature variation was
developed (Jayas and Mazza, 1993; Menkov, 2000).

To summarize the research need, the lack of EMC data
applicable to corn stover is a barrier in determining proper
engineering design parameters for collection method and
timing; process handling, grinding, and drying requirements;
transportation efficiency of dry matter; and necessary storage
environment,  shelf life, and potential micro-organism safety
hazards. EMC data on corn stover are an important
component of the information needed to develop systems to
supply consistent, uniform quality feedstock of an abundant
crop residue for renewable bioenergy and bioproducts.

Thus, the overall objective was to determine EMC
characteristics  of corn stover to aid the resources available
for biomass systems engineering. Specific objectives were as
follows:

� To determine moisture sorption data of selected corn
stover components such as corn leaf, stalk skin, and
stalk pith at six different temperatures ranging from
10°C to 40°C at different ERH ranging from 0.11 to
0.98.

� To evaluate a comprehensive selection of isotherm
models for describing isotherm sorption data for the se-
lected corn stover components.

MATERIALS AND METHODS
The approach focused on corn stover components with the

greatest dry matter. So, the stalk (60%) and leaf (25%)
(Pordesimo et al., 2004) were selected since they comprised
85% of the stover dry matter. It could be argued that husks
have morphology that resembles leaves more than stalks, but
the rationale for dropping husks was to accommodate greater
test ranges in temperature and ERH for not unlimited
resources. The stalk was physically divided into stalk skin
and stalk pith components to test separately for two reasons.
First, EMC is a final state assumed to be more affected by
fundamental component material composition than by rate of
mass transfer of a composite. Sample preparation should
have had minimal impact since the magnitude of interface
cell mass was low compared to stalk skin and stalk pith cell

masses. It is acknowledged that some cell disturbance near
tissue boundaries may have had some affect, but the affect
was thought to be minimal. Second, testing whole stalks
would have required several large environmental chambers
that would have been more difficult to control than the se-
lected salt solution method. The approach assumes that sorp-
tion isotherms are relevant to corn stover being harvested for
biomass. Selection of a sorption study was driven mostly by
the availability of a proven sorption test method and the diffi-
culty in achieving high moisture content uniformity among
natural samples. Hysteresis differences between sorption and
desorption were not evaluated. The sorption-based study was
relevant to stover allowed to naturally dry in the field prior
to harvest.

SAMPLE PREPARATION
Field corn variety Dekalb 743, planted on 20 May 2003 at

The University of Tennessee Knoxville Experiment Station,
was selected for the study. Corn stover stalk and leaf stocks
were collected during typical crop grain harvest (24 Septem-
ber 2003), which coincided with grain moisture of about 25%
wet basis. Airtight bags made of sheet polyethylene (clear,
152 �m thick, Sunbelt Plastics, Monroe, La.) held samples
stored at −15°C in a laboratory freezer before isotherm
experiments.  Previous researchers (Boente et al., 1996; Fan
et al., 2000; Basunia and Abe, 2001; and McNeill et al., 2001)
stored samples in cold or cool storage for EMC experiments.
Minimal moisture loss during storage was not evaluated,
although sample moisture status before the experiments was
determined and reported. Samples were equilibrated to
ambient room conditions after removal from the freezer.

Corn leaves were cut into small pieces (fig. 1a) with
scissors. The cross-sections of corn stalks were elliptical and
geometrically  considered as elliptical frustums. Stalks were
composed of thick fibrous skin covering a spongy pith core.
Stalk skin and stalk pith were treated as separate materials in
the analysis. A bandsaw with a fine blade sectioned stalks
into approximately 8 mm thick discs (fig. 1b) from random
locations along the bottom two-thirds of the stalk length.
Discs were manually separated into rings of stalk skin and
discs of stalk pith. Stalk skin rings were manually broken into
pieces (fig. 1c), and the stalk pith discs were cut into six to
eight sectors (fig. 1d) with a sharp knife. Cutting operations
could have disturbed cells near tissue boundaries.

Vernier calipers measured sample dimensions. Mean
dimensions (50 replications) of samples are presented in
table 1. Sample mass was determined with a digital balance
(0.001 g resolution). Airtight polyethylene sample bags
(clear, 102 �m thick, Whirl-Pak, Nasco, Fort Atkinson,
Wisc.) held samples prepped for experiments.

EXPERIMENTAL PROCEDURE
Sorption isotherm data were collected using saturated salt

solutions and gravimetric sample measures. Initial moisture
contents of stover component samples were determined
separately before moisture sorption experiments based on
ASAE Standards (ASAE  Standards, 2003b) for forage
moisture determination. Glass desiccators with 100 mm
inner diameter and 70 mm working height above the base
plate provided the required airtight environment. Lower
compartments of the desiccators, separated by perforated
stainless steel base plates, held the different chemical salt
solutions prepared with distilled water. All chemical salts
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Figure 1. Corn stover component sample preparation for sorption data collection.

Table 1. Weight proportions of stalk components and dimensions of prepared corn stover component samples.

Material

Dimension (mm)[a]
Stalk Weight
Proportion

(%)

Initial Moisture
Content (% d.b.)

Description Mean S.D.[b] Mean S.D.[b]

Corn leaf L [length - measured along the fiber] 11.25 1.78 -- 8.11 0.68
W [width - measured perpendicular to fiber] 9.46 1.48
T [thickness - measured perpendicular to L and W] 0.17 0.02

Stalk skin L [length - measured along the fiber] 9.17 1.21 74.3 12.19 1.98
W [width - measured perpendicular to fiber] 7.93 1.66
T [thickness - measured perpendicular to L and W] 1.22 0.35

Stalk pith r [radius of sector] 7.14 0.68 25.7 6.09 0.23
c [sector curved chord length] 7.78 1.10
T [thickness - measured along fiber] 7.63 0.99

[a] Figure 1 shows specific orientation of dimension description variables.
[b] S.D. = standard deviation.

Table 2. ERH of selected saturated salt solutions
at 10°C and 40°C (Greenspan, 1977).

Saturated Salt Solution
Chemical
Formula

ERH (decimal)

10°C 40°C

Lithium chloride LiCl 0.113 0.112
Potassium acetate[a] CH3COOK 0.234 0.189
Magnesium chloride MgCl2 0.335 0.316
Potassium carbonate K2CO3 0.431 0.431[a]

Magnesium nitrate Mg(NO3)2⋅6H2O 0.574 0.484
Potassium iodide KI 0.721 0.661
Sodium chloride NaCl 0.757 0.747
Potassium chloride KCl 0.868 0.823
Potassium nitrate[b] KNO3 0.960 0.890
Potassium sulfate K2SO4 0.982 0.964
[a] Extrapolated by cubical polynomial fit from the available ERH data

(10°C to 30°C).
[b] Not used at 10°C due to space limitation in incubator.

used were of extra-pure laboratory or certified grade (Fisher
Science Education, Burr Ridge, Ill.). Saturated salt solutions
with excess salts gave the required ERH environments inside
the desiccators. Excess salt in solution was required to com-
pensate for the possible solution dilution by the liberated
moisture from samples. The saturated salt solutions used in
the desiccators are listed in table 2. The ERH values of the
saturated salt solutions at most of the temperatures consid-
ered between 10°C and 40°C were obtained directly from re-
ported data (Greenspan, 1977). In some cases, polynomial
extrapolation was used to obtain the required ERH values.
ERH levels produced by different saturated salt solutions at
the limiting temperatures (10°C and 40°C) are presented in
table 2.

Glass beakers (10 mL capacity, 22 mm inner diameter,
33 mm height) held samples of corn stover components. The
beakers were washed, thoroughly cleaned with alcohol, and
dried before use. Nine beakers (three replications each for
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corn leaf, stalk skin, and stalk pith) were arranged on the
stainless steel base plate in each desiccator. Samples (6 to
10 pieces) with total weight of approximately 0.2 g of corn
leaf, 0.8 g of stalk skin, and 0.15 g of stalk pith were added
to each beaker. To allow visual observation of microbial
growth during experiments, growth-suppressing chemicals
like phenyl mercury acetate or thymol (Rahman, 1995) were
not included in the desiccators. Desiccators loaded with
samples and saturated salt solutions were then subjected to
six temperature levels of 10°C, 20°C, 25°C, 30°C, 35°C,
and 40°C. A digital iso-temperature incubator with refrigera-
tion facility provided below-ambient temperature levels of
20°C and below, and a digital hot-air oven provided
temperatures 25°C and above. Ten desiccators were used at
all temperatures except at 10°C (table 2). Nine desiccators
were used at 10°C due to space limitations in the incubator.

Gross sample mass per beaker was recorded twice weekly
with a digital balance (0.0001g resolution). Experiments for
each temperature were concluded after 26 days when sample
constant mass (equilibrium) (0.001 g/96 h) was reached
between consecutive measurements. Samples at EMC were
tested for moisture content (ASAE Standards, 2003b) upon
final removal from the controlled environments. Disposable
gloves minimized sample contamination throughout experi-
ments. The selected static gravimetric method of moisture
isotherm data generation was similar to the methods followed
by others (Sokhansanj et al., 1986; Jayas and Mazza, 1993;
Yu et al., 1999). Onset of visible microbial growth was
observed daily and status was recorded.

ESTIMATION OF CORN STALK EMC
Estimates of stalk EMC were reconstituted from stalk skin

and stalk pith components mass proportion, initial moisture
content, and component EMC. It was assumed that the EMC
of individual stalk skin and stalk pith components in their
separate states represented these components in an intact
stalk. Mass proportion and initial moisture content of the
components gave the dry matter of stalk skin and stalk pith.
Let Dst, Ds, and Dp represent dry matter masses of stalk, stalk
skin, and stalk pith, respectively. The EMC of stalk was
estimated from the moisture balance of the components as
follows:

 ppssst MDMDM ′+′=  (1)

where
Mst = estimated EMC of the stalk, % dry basis (% d.b.)
D�s = dry matter mass fraction of stalk skin component

(equals Ds/Dst)
D�p = dry matter mass fraction of stalk pith component

(equals Dp/Dst)
Ms = observed EMC of stalk skin component (% d.b.)
Mp = observed EMC of stalk pith component (% d.b.).
Estimated EMC values of stalk (eq. 1) generated from the

observed component EMC values at different environmental
conditions were subjected to isotherm model fitting. The
above analysis (eq. 1) could serve as representative EMC
estimates of stalk and needs further research for exact
verification.  The sample preparation procedure involving
cutting operations could have damaged otherwise intact
tissues in the stalk samples. However, the final state point of
EMC should be minimally affected.

ISOTHERM MODEL SELECTION AND EVALUATION
Six isotherm models that incorporated temperature effects

were investigated: Henderson and modified versions of
Henderson, Chung-Pfost, Halsey, Oswin, and GAB. Model
selection was based on ASAE Standards (ASAE Standards,
2003a). The Henderson model was included because of its
simplicity, although recent industry adoption was limited.
Transformation of selected ERH models produced the
following EMC models:

Henderson model:
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where
M = equilibrium moisture content (% d.b.)
Hr = equilibrium relative humidity (decimal)
A, B, C = individual model dependent empirical

constants
T = temperature (°C).
The non-linear regression procedure, PROC NLIN, of

SAS version 9.0 (SAS, 2002) fitted EMC models (eqs. 2
through 7) and determined constants. The non-linear regres-
sion procedure minimized the sum of squares of deviation
between the predicted and observed isotherm data in a series
of iterations to solve the model. The NLIN procedure used the
Gauss-Newton method to solve the models. Input data to the
NLIN procedure were a series of temperature, ERH, and
corresponding EMC values for a specific corn stover
component. Performance of the isotherm models was
evaluated using performance parameters for non-linear
models, such as mean relative percent error (Em), standard
error (Es) (% d.b.), coefficient of determination (R2), and
F-statistic values. Most published works (Chen and Morey,
1989; Menkov, 2000; Viswanathan et al., 2003) used these
parameters in model performance analysis. In this study, the
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Table 3. Standard ERH and observed EMC data of corn leaf, stalk skin, and stalk pith
and estimated stalk EMC at different temperatures by static gravimetric method.

Temperature
(°C)

ERH[a]

(decimal)

Corn Leaf Stalk Skin Stalk Pith Stalk

EMC[b]

(% d.b.)
S.D.[c]

(% d.b.)
EMC[b]

(% d.b.)
S.D.[c]

(% d.b.)
EMC[b]

(% d.b.)
S.D.[c]

(% d.b.)
EMC[d]

(% d.b.)

10 0.113 7.15 0.40 4.53 0.21 5.50 0.73 4.79
10 0.234 8.11 0.63 6.26 0.18 6.92 0.21 6.44
10 0.335 9.15 0.57 8.00 0.17 7.84 0.46 7.96
10 0.431 10.76 0.52 9.17 0.22 10.05 0.84 9.41
10 0.574 12.66 0.38 12.06 0.14 12.10 0.39 12.07
10 0.721 16.52 0.51 15.24 0.05 16.10 0.50 15.47
10 0.757 18.46 0.64 15.94 0.08 18.00 0.51 16.49
10 0.868 24.49 0.64 21.00 0.57 28.40 1.48 22.98
10 0.982 56.40 3.02 41.10 2.73 71.50 5.14 49.24

20 0.113 6.55 1.42 3.92 0.13 4.23 0.84 4.00
20 0.231 7.28 0.84 5.65 0.23 5.80 0.82 5.69
20 0.331 8.32 0.47 7.06 0.13 6.90 0.60 7.02
20 0.432 9.60 0.48 9.00 0.16 8.50 1.05 8.87
20 0.544 11.24 0.65 10.88 0.32 10.00 0.83 10.64
20 0.699 14.30 0.49 14.36 0.04 13.40 0.21 14.10
20 0.755 15.57 0.08 15.39 0.29 14.70 1.72 15.21
20 0.851 19.97 0.25 18.45 0.37 22.10 1.07 19.43
20 0.946 32.71 0.72 29.32 1.73 47.60 0.38 34.22
20 0.976 43.60 0.58 38.35 1.65 63.40 5.14 45.06

25 0.113 6.03 0.26 3.96 0.16 4.60 0.30 4.13
25 0.225 6.66 0.34 5.04 0.20 5.00 0.31 5.03
25 0.328 7.54 0.38 6.57 0.10 5.80 0.81 6.36
25 0.432 8.79 0.14 8.44 0.10 6.80 0.34 8.00
25 0.529 10.61 0.63 10.41 0.32 7.90 2.14 9.74
25 0.689 13.15 0.58 13.51 0.13 12.40 0.70 13.21
25 0.753 14.99 0.96 15.13 0.38 13.10 0.66 14.59
25 0.843 18.81 0.45 18.63 0.29 17.00 1.39 18.19
25 0.936 28.14 0.89 26.95 0.55 37.60 4.33 29.80
25 0.973 38.32 1.17 35.81 2.15 54.90 6.07 40.92

30 0.113 5.15 2.65 3.27 0.05 3.98 0.26 3.46
30 0.216 6.00 0.76 3.94 0.24 4.40 0.34 4.06
30 0.324 6.35 0.30 5.95 0.05 4.70 1.42 5.62
30 0.432 8.00 1.28 7.45 0.12 5.07 1.07 6.81
30 0.514 9.45 1.17 9.30 0.63 6.80 1.26 8.63
30 0.679 11.51 0.28 12.22 0.10 11.31 1.79 11.98
30 0.751 13.19 0.84 14.20 0.29 12.00 0.39 13.61
30 0.836 17.23 2.76 16.88 0.83 14.62 0.29 16.27
30 0.923 25.04 0.25 21.75 0.71 28.80 1.03 23.64
30 0.970 36.12 2.44 34.29 2.10 47.40 1.27 37.80

35 0.113 4.56 0.19 3.39 0.08 2.66 0.33 3.19
35 0.204 5.02 0.35 4.16 0.19 3.27 0.40 3.92
35 0.321 5.73 0.09 5.42 0.17 3.58 0.50 4.93
35 0.431[e] 7.25 0.36 6.85 0.26 4.50 0.42 6.22
35 0.499 8.04 0.14 8.22 0.33 5.36 0.59 7.45
35 0.670 10.95 0.38 11.39 0.19 9.75 0.22 10.95
35 0.749 12.74 0.10 13.48 0.04 10.90 0.12 12.79
35 0.83 16.54 0.34 15.95 0.63 14.11 0.45 15.46
35 0.908 22.66 0.68 20.72 0.60 24.00 1.88 21.60
35 0.967 32.63 1.00 30.30 3.87 42.90 5.08 33.67

40 0.112 3.90 2.85 3.14 0.27 2.80 1.53 3.05
40 0.189 4.10 0.58 3.40 0.27 3.00 0.87 3.29
40 0.316 5.40 0.37 4.80 0.10 3.30 2.21 4.40
40 0.431[e] 6.67 0.74 6.59 0.09 4.07 1.05 5.92
40 0.484 7.30 0.84 7.52 0.33 4.70 2.60 6.76
40 0.661 10.30 1.25 11.29 0.85 8.30 4.83 10.49
40 0.747 12.00 3.41 13.00 0.34 10.30 1.64 12.28
40 0.823 14.70 1.23 15.29 0.64 13.10 3.26 14.70
40 0.890 19.90 0.76 18.20 0.29 19.49 2.63 18.55
40 0.964 30.94 3.89 26.79 2.53 40.00 5.76 30.33

[a] Direct ERH values from standard results (Greenspan, 1977).
[b] EMC = mean EMC value.
[c] S.D. = standard deviation.
[d] Stalk EMC values were estimated from stalk skin and stalk pith EMC values.
[e] Polynomial extrapolation (y = 3E−5x3 − 0.0025x2 + 0.0617x + 42.7; R2 = 1.0) from available 10°C to 30°C ERH values.
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F-statistic value of fitted models was also tried as a perfor-
mance parameter for model evaluation. Because of wide
variation in the F-statistic values of the models, F-statistic
value should make a better model performance parameter.
PROC NLIN gave the F-statistic values directly with the
fitted constants.

A model was considered superior than another if it
produced smaller values of Em and Es and greater values of
R2 and F than other models. Reported results (Boente et al.,
1996; Soysal and Öztekin, 1999; Menkov, 2000; Viswana-
than et al., 2003; Aviara et al., 2004) showed that Em, Es, and
R2 did not always line up with the indicated performance
ranking of the models. In such situations, Es and R2 were
typically prioritized. In conjunction with model performance
parameters,  residual plots assessed the adequateness of
models. A model was considered acceptable if the residuals
were uniformly scattered about the x-axis (independent
variable),  showing no systematic distribution or clear pattern
of residuals in the positive and negative directions of the
y-axis (dependent variable residuals). When a residual plot of
a model indicated a systematic distribution or clear pattern,
the model was not accepted (Chen and Morey, 1989; Soysal
and Öztekin, 1999). In this study, model residual plots had the
input ERH values on the x-axis and EMC residuals on the
y-axis.

RESULTS AND DISCUSSION
OBSERVED EMC OF CORN STOVER COMPONENTS

ERH and mean EMC data of corn leaf, stalk skin, and stalk
pith, and the estimated EMC values of stalk at different
temperatures are presented in table 3. EMC generally
increased with increasing ERH for all corn stover compo-
nents at all temperatures. EMC values of corn leaf were the
highest among all components at all temperatures with ERH
below 0.90. EMC values of corn leaf were greater than that
of stalk skin and stalk pith, perhaps due to inherent material
differences. Stalk skin had greater EMC values than stalk pith
with ERH below 0.23 at temperatures of 35°C and 40°C, but
stalk pith had higher EMC values in the temperature range of
10°C to 30°C. It was observed that stalk skin EMC values
were greater than that of stalk pith in some intermediate ERH
range with temperature ranging from 20°C to 40°C (table 3).

Based on tissue structure, stalk skin was fibrous and
readily absorbed moisture, whereas the stalk pith may have
repelled moisture due to encapsulated air in the spongy
material matrix. Stalk pith enclosed more closed cells than
the stalk skin pieces. At ERH conditions greater than 0.90,
stalk pith had the greatest EMC values, followed by corn leaf
and stalk skin at all temperatures. EMC characteristics of
other morphological components of corn stover such as husk,
mid-rib of leaf, and skin and pith of stalk nodes require
further research.

The highest temperature (40°C) and the lowest ERH
(0.11) combination produced the minimum EMC values, and
the lowest temperature (10°C) and the highest ERH (0.98)
combination produced the maximum EMC values with all
components studied (table 3). The observed minimum and
maximum EMC values were 3.9% and 56.4% d.b., 3.1% and
41.1% d.b., and 2.7% and 71.5% d.b., for corn leaf, stalk skin,
and stalk pith, respectively. Overall mean EMC values of
corn leaf, stalk skin, and stalk pith from the complete data

were 14.7 ±10.8% d.b., 13.4 ±9.4% d.b., and 15.4 ±15.9%
d.b., respectively.

Mold growth was observed on all components at ERH
greater than 0.90. Mold growth may offer another mechanism
affecting sample moisture. Since samples were not cleaned
of mold growth before EMC determination, mold growth
may have influenced EMC determinations. However, ob-
served isotherm data with mold infestation were used in the
analyses since EMC values at ERH above 0.90 did not show
any abrupt departure from the smooth increasing trend.

Leaf components tended to have higher EMC values than
stalk components for a given environment temperature and
relative humidity. It can be concluded that the storage
stability of corn leaf will be affected first, followed by stalk
skin and stalk pith at storage environmental condition
conducive for spoilage. Efficient storage may require
separation of components, especially removal of mold-sensi-
tive leaf components, and separate storage under specific
environmental  conditions.

CALCULATED EMC OF CORN STALK

Dry matter of stalk skin and stalk pith components was
calculated as 0.66 and 0.24 kg (1 kg wet stalk basis),
respectively, from the initial moisture content and weight
proportion of stalk skin and stalk pith (table 1). Estimated
EMC values of stalk (eq. 1) are also presented in table 3. The
EMC values of stalk ranged from 3.1% to 49.2% d.b. Overall
mean EMC of stalk was estimated as 13.9 ±11.1% d.b. by
combining data at all temperatures. EMC values of stalk were
more influenced by stalk skin than by stalk pith. This was
because of stalk skin’s greater weight proportion (74.3%) in
stalk, and because the stalk skin had higher EMC values at
most ERH and temperature conditions than the stalk pith.

ISOTHERMS FITTING AND EVALUATION

The fitted isotherm constants and parameters indicating
goodness of model fit are listed in table 4. Performance
parameters differed to some extent in indicating the best-fit
models. Table 4 shows that the performance parameters Es
and R2 followed a similar pattern among models and corn
stover components, but the Em pattern deviated more from
that of the other parameters. Such deviations among
performance parameters have been frequently encountered
(Boente et al., 1996; Soysal and Öztekin, 1999; Menkov,
2000; Viswanathan et al., 2003; Aviara et al., 2004). The
pattern in F-statistic values resembled the Es and R2 patterns.
However, most of these performance parameters coincided in
indicating modified Oswin as the best performing model for
all corn stover components. The F-statistic value examined
in this study, as a performance parameter for non-linear
sorption isotherm fitting, is recommended for ranking the
models based on its wide range and good performance.

The Henderson model did not produce acceptable perfor-
mance. The other five models with three constants gave
better performance than the Henderson model. Models for
corn stover components ranked in order of decreasing
performance were modified Oswin, modified Halsey, modi-
fied Henderson, modified GAB, modified Chung-Pfost, and
Henderson.

Residual patterns of modified Oswin and modified Halsey
for all components, and modified GAB except for stalk pith,
showed random distribution, make only these three models



1455Vol. 48(4): 1449−1460

Table 4. Fitted isotherm parameters for the corn leaf, stalk skin, stalk pith, and stalk of corn stover.[a]

Material Equation A B C
Em
(%)

Es
(% d.b.) F R2

Residual
Classification

Corn Henderson 0.000629 1.6055 -- 17.64 4.37 481.69 0.8402 Systematic
Leaf Modified Henderson 0.000919 36.9385 1.1451 19.32 2.18 1355.94 0.9612 Systematic

Modified Chung-Pfost 104.6 13.3332 0.1296 21.35 3.10 327.43 0.9212 Systematic
Modified Halsey 5.5105 −0.0255 2.2923 6.49 0.83 9423.78 0.9943 Random
Modified Oswin 12.8146 −0.1167 2.5634 6.03 0.78 10762.80 0.9950 Random
Modified GAB 4.4520 0.9127 14932.6 13.88 2.84 785.07 0.9336 Random

Stalk Henderson 0.000403 1.8081 -- 18.81 4.15 427.32 0.8093 Systematic
skin Modified Henderson 0.000472 73.5802 1.2425 11.17 1.30 3066.51 0.9815 Systematic

Modified Chung-Pfost 166.5 34.7830 0.1434 13.23 1.66 905.39 0.9700 Systematic
Modified Halsey 5.3053 −0.0126 2.4065 17.23 1.54 2180.21 0.9741 Random
Modified Oswin 10.8041 −0.0580 2.7102 9.00 0.99 5344.86 0.9894 Random
Modified GAB 5.0314 0.8768 348.7 8.64 1.73 1739.88 0.9676 Random

Stalk Henderson 0.00147 1.2860 -- 30.38 7.54 222.54 0.7780 Systematic
pith Modified Henderson 0.00190 68.7153 0.7616 29.09 2.80 1198.29 0.9700 Systematic

Modified Chung-Pfost 65.6488 14.5591 0.0912 54.94 5.89 182.08 0.8667 Systematic
Modified Halsey 3.7938 −0.0174 1.7461 16.49 2.31 1758.35 0.9795 Random
Modified Oswin 10.6099 −0.0946 1.9136 14.95 2.13 2085.33 0.9826 Random
Modified GAB 9.8813 0.8924 9.1622 38.29 3.15 939.99 0.9619 Random

Stalk[b] Henderson 0.00067 1.6039 -- 19.54 5.01 347.39 0.8025 Systematic
Modified Henderson 0.00085 65.2487 1.0587 17.33 1.74 2011.15 0.9760 Systematic
Modified Chung-Pfost 115.7 25.1278 0.1244 23.59 2.74 447.54 0.9411 Systematic
Modified Halsey 4.7669 −0.0153 2.1592 14.29 1.45 2911.00 0.9834 Random
Modified Oswin 10.9137 −0.0746 2.4116 6.65 0.99 6273.97 0.9923 Random
Modified GAB 4.3589 0.9153 502.6 11.15 2.16 1311.17 0.9634 Random

[a] Smaller values of Em and Es and greater values of F and R2 indicate better model performance.
[b] Stalk EMC values were estimated by combining the stalk skin and stalk pith components data.

acceptable  (fig. 2). Henderson, modified Henderson, and
modified Chung-Pfost showed a systematic distribution, and
these models generally were not acceptable based on residual
patterns, although modified Henderson and modified Chung-
Pfost had acceptable values of performance parameters
(table 4). Hence, based on prediction capabilities and ran-
domized residuals, the modified Oswin isotherm model
(R2 = 0.98 to 0.995; F = 2085 to 10763) was considered best
for corn stover component moisture sorption isotherm analy-
sis. Several studies with biological materials (Chen and
Morey, 1989; Soysal and Öztekin, 1999; Yu et al., 1999; Men-
kov, 2000; Aviara et al., 2004) reported good prediction per-
formance of the modified Oswin isotherm model. The
modified Halsey model (R2 = 0.97 to 0.99; F = 1758 to 9424)
placed a close second. Thus, the modified Oswin and modi-
fied Halsey isotherm models are recommended for corn stov-
er components.

Table 4 also shows the fit of different isotherm models for
the estimated EMC values of stalk. The modified Oswin
isotherm model (R2 = 0.99; F = 6274) again emerged as the
best model, and the second best model was modified Halsey
(R2 = 0.98; F = 2911) based on the performance parameters.
Therefore, subsequent prediction analysis was carried out
using the modified Oswin isotherm model. It should be
understood that the stalk skin and stalk pith components
when intact in stalk were expected to offer more resistance to
moisture exchange than they do as individual constituents.
As a result, the actual EMC value of stalk may be lower than
that estimated from individual components.

PREDICTION OF EMC BY MODIFIED OSWIN MODEL

The modified Oswin isotherm model (table 4) was used to
generate the predicted sorption isotherm of corn stover

components. Predicted and observed EMC for corn leaf, stalk
skin, and stalk pith at temperatures from 10°C to 40°C are
plotted in figures 3, 4, and 5, respectively. The plotted
isotherms of corn stover components followed type II
isotherms (Bell and Labuza, 2000). Type II isotherms are
commonly observed among food materials, where an
increase in temperature reduces the EMC. This EMC-reduc-
ing effect of the increased temperatures is in agreement with
studies on various biological materials (Chen and Jayas,
1998; ASAE Standards, 2003a; Viswanathan et al., 2003).

The predicted isotherms (figs. 3, 4, and 5) show the good
fit of the modified Oswin model, and the arrangement of
curves depicts the reduction of EMC with increase in
temperature.  All corn stover components produced a sharp
increase in EMC at ERH greater than 0.80, which is a
common feature of type II isotherms of food materials.
Moisture isotherms of all components were closer at ERH
values less than about 0.50, and they gradually separated at
ERH above 0.50. Stalk pith obtained greater EMC at ERH
above 0.80, whereas corn leaf and stalk skin had relatively
smaller EMC values. Closer arrangement of the stalk skin
and stalk pith isotherms signified that the temperature had
relatively less effect on the EMC of these components than
on the EMC of corn leaf. Temperature change influenced
stalk pith EMC values more than stalk skin EMC. To make
the results more accessible, a combined plot of modified
Oswin model predictions with converted units of EMC in %
wet basis and % ERH of leaf, stalk skin, and stalk pith is
plotted in figure 6. Figure 6 also shows the developed
modified Oswin equations (table 4) with usual notations
(eq. 6) and the predicted sorption isotherms at temperature
limits of 10°C and 40°C.
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Figure 2. Residual plots of the fitted isotherm equations for the moisture isotherm data of corn stover components at temperatures of 10°C to 40°C.

Error bar: ± 1 standard deviation
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Figure 3. Comparison between observed and modified Oswin equation predicted sorption isotherms of corn leaf at controlled temperatures.
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Figure 4. Comparison between observed and modified Oswin equation predicted sorption isotherms of corn stalk skin at controlled temperatures.

Comparison between estimated and modified Oswin
model predicted EMC values for corn stalk is shown in figure
7, and EMC residuals of prediction are shown in figure 8.
Stalk isotherms resembled stalk skin isotherms because of the
greater weight and moisture contribution from the stalk skin
component. Stalk isotherms belong to the type II isotherm
classification.  Randomized residuals of prediction deter-
mined the acceptability of the modified Oswin isotherm
model (fig. 8). The closeness of residuals with the x-axis
demonstrated the good prediction of the modified Oswin
isotherm model.

CONCLUSIONS
The following conclusions were made from this study:
� Observed EMC of corn leaf, stalk skin, and stalk pith

ranged from 3.9% to 56.4% d.b., 3.1% to 41.1% d.b.,
and 2.7% to 71.5% d.b., respectively. Overall mean
EMC of corn leaf, stalk skin, and stalk pith in the tem-
perature range of 10°C to 40°C were determined as
14.7%, 13.4%, and 15.4% d.b., respectively.

� Corn leaf had the greatest EMC values among the com-
ponents at ERH values below 0.90, and stalk pith had
the greatest values at ERH above 0.90, at all tempera−

Error bar: ± 1 standard deviation
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Figure 5. Comparison between observed and modified Oswin equation predicted sorption isotherms of corn stalk pith at controlled temperatures.



1458 TRANSACTIONS OF THE ASAE

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0

Equilibrium relative humidity (%)

E
q

u
ili

b
ri

u
m

 m
o

is
tu

re
 c

o
n

te
n

t (
%

 w
.b

.)
A − Leaf 10ºC
B − Leaf 40ºC
C − Stalk skin 10ºC
D − Stalk skin 40ºC
E − Stalk pith 10ºC
F − Stalk pith 40ºC

5634.2

1

1
)1167.08146.12( 









−
−=

r

r

H

H
TMLeaf :

7102.2
1

1
)0580.08041.10( 









−
−=

r

r

H

H
TMStalk−skin :

9136.1
1

1
)0946.06099.10( 









−
−=

r

r

H

H
TMStalk−pith :

A

C

E

F

B
D

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0

A − Leaf 10ºC
B − Leaf 40ºC
C − Stalk skin 10ºC
D − Stalk skin 40ºC
E − Stalk pith 10ºC
F − Stalk pith 40ºC

5634.2

1

1
)1167.08146.12( 






r

r

H

H
TM

7102.2
1

0580.08041.10(
r

rTM

9136.1
1

1
)0946.06099.10( 






r

r

H

H
TM

A − Leaf 10ºC
B − Leaf 40ºC
C − Stalk skin 10ºC
D − Stalk skin 40ºC
E − Stalk pith 10ºC
F − Stalk pith 40ºC

5634.2

1

1
)1167.08146.12( 






r

r

H

H
TM

7102.2
1

0580.08041.10(
r

rTM

9136.1
1

1
)0946.06099.10( 






r

r

H

H
TM

A

C

E

F

B
D

Figure 6. Modified Oswin equation predicted sorption isotherms models of corn leaf, stalk skin, and stalk pith at controlled temperature limits of 10°C
and 40°C.

tures. The higher EMC values for leaf at typical ambi-
ent conditions may result in greater propensity for on-
set of mold growth and may determine minimal storage
requirements or potential advantages in separating leaf
from stalk fractions.

� Calculated sorption EMC values for corn stalk ranged
from 3.1% to 49.2% d.b. Future corn stalk EMC studies
are recommended using large controlled-environment
chambers so that stalks are not dissected for study.

Large-scale stalk studies more closely represent pre-
harvest of stalks standing in the field.

� Sorption isotherms of corn leaf, stalk skin, stalk pith,
and stalk followed a type II classification, which is typ-
ically observed among many food materials. Biologi-
cal materials, whether classed as food or
lignocellulose,  exhibit similar isotherm behaviors, al-
though the model constants are different.

� The EMC of all components was proportional to ERH
and inversely proportional to temperature. Tempera−
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Figure 7. Comparison between estimated and modified Oswin equation predicted sorption isotherms of corn stalk at controlled temperatures and resid-
uals of prediction.
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Figure 8. Residuals of prediction between estimated and modified Oswin equation predicted sorption isotherms of corn stalk at controlled tempera-
tures.

ture change had a greater influence on EMC of corn
leaf, followed by stalk pith and stalk skin. Moisture-
and temperature-sensitive leaf materials may control
design and management criteria for corn stover bio-
mass handling, processing, and storage.

� The modified Oswin isotherm model (R2 = 0.98 to
0.995; F = 2085 to 10763) was recommended for the
moisture sorption isotherm analysis of corn leaf, stalk
skin, and stalk pith components, based on its perfor-
mance and randomized residuals of EMC. The next
best model with randomized residuals was the modi-
fied Halsey model (R2 = 0.97 to 0.99; F = 1758 to
9424).

� The modified Oswin isotherm model fitted to the esti-
mated sorption EMC of corn stalk gave good prediction
(R2 = 0.99; F = 6274) and produced randomized residu-
als.
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