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Abstract: Due to their hygroscopic characteristics, equilibrium moisture contents of agricultural
products and byproducts are important factors of their quality. Defatted cottonseed meal (CSM),
washed cottonseed meal (WCSM) and cottonseed protein isolate (CSPI) can be used as energy
and protein sources of animal feedstuff or industrial raw materials. Information on their moisture
adsorption behaviors is needed for their storage conditions and quality control. Thus, this work
measured the equilibrium moisture sorption isotherms of CSM, WCSM and CSPI, at 15, 25, 35
and 45 ◦C. When the moisture contents of the samples were compared at a constant temperature,
the general trend of decreasing moisture content was in the order of CSPI < WCSM < CSM for
water activity <0.6, but the trend reversed to the order of CSM < WCSM < CSPI for water activity
>0.6. Relevant sorption isotherm equations were tested for accurate fit to the moisture adsorption
data. Modelling results indicated that the G.A.B. (Guggenheim-Anderson-de Boer) model was a
consistently good fit for the data among all sample types and all temperatures. This work provides
some insight on designing or selecting appropriate procedures for the handling, aeration, storage
and processing of these cottonseed meal products. In particular, it suggests that moisture content
should be kept at around 8% for safe storage of these products at room temperature (around 25 ◦C)
but below 5% when they are exposed to higher temperature conditions (e.g., >45 ◦C).
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1. Introduction

Cotton (Gossypium hirsutum L.) is a major crop grown in the USA [1,2] and world-
wide [3–6]. Cotton crop is mainly harvested for the cotton bolls for their fiber while other
biomass is left or burnt in the field [7–9]. Cottonseed is the by-product of cotton bolls
left after ginning (i.e., fiber-removing) [10–12]. Cottonseed has both high oil and protein
content. Cottonseed oil is used for cooking, salads, and as shortenings by the food industry
as a premium oil [10,13,14]. After oil extraction, the protein-rich defatted cottonseed meal
(CSM) can be used as an energy and protein source for animal feedstuff or industrial raw
materials [10,14–16].

Due to their hygroscopic characteristics, equilibrium moisture contents of agricultural
products and byproducts are very important for their quality [17–22]. Excessive critical
moisture content would promote hydrolytic/enzymatic cleavage of macromolecules in
these natural products. Adverse conditions during storage (i.e., high temperatures) may
further accelerate this process. Thus, it is necessary to determine their thermodynamic
properties as a function of moisture content to design equipment for handling, aeration,
storage and processing [13,23,24]. One way for presenting moisture characteristics is
through sorption isotherms [25], as the isotherms represent the relationship between
the water adsorbed or desorbed within the product and its water activity, at a constant
temperature under equilibrium conditions. In addition, thermodynamic properties (e.g., the
isosteric heats of sorption) can also be estimated from sorption isotherms and used for
analysis and design of appropriate bioproduct processing and for studying moisture–solid
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interactions [26]. For this purpose, Tunc and Duman [13] measured the moisture adsorption
isotherms of fuzzy cottonseed, delinted cottonseed, whole cottonseed kernel, blended
cottonseed kernel and its protein isolate at 15, 25, 35 and 45 ◦C. The moisture adsorption
isotherms obtained were type II sigmoidal. Using the Clausius–Clapeyron equation, they
calculated the differential enthalpy and entropy from these moisture adsorption data.
As the net isosteric heat of adsorption and differential entropy values of these samples
decreased with increasing moisture content, the authors found that the moisture adsorption
of fuzzy cottonseed, black cottonseed and whole or blended cottonseed kernel was an
enthalpy-controlled process.

Defatted cottonseed meal (CSM), its water washed product (washed cottonseed meal
-WCSM), and protein isolate (CSPI) have shown promise in enhanced utilization as renew-
able and green industrial raw materials, especially as wood adhesives [27–32]. While the
pilot-scale production of relevant products is reported [33], information on their moisture
adsorption behaviors is needed to design or select appropriate equipment for their han-
dling, aeration, storage and processing, even though numerous similar studies have been
conducted with various agricultural products and byproducts [34–36]. Thus, the purposes
of this work were to (1) obtain equilibrium moisture sorption isotherms of CSM, WCSM
and cottonseed protein isolate (CSPI, as a control) at 15, 25, 35 and 45 ◦C; (2) test 13 mathe-
matical equations to fit the experimental sorption behaviors; and (3) calculate the relevant
thermodynamic parameters from these adsorption isotherms. The biggest difference be-
tween the three defatted cottonseed products and those four undefatted products studied
by Tunc and Duman [13] was the oil content (i.e., <2.5% vs. 17.1–41.7%) [13,14]. Thus, this
work will not only provide novel insight on the effect of the composition difference on the
moisture behaviors of cottonseed products, but also shed light on the impacts of oil content
on moisture thermodynamics of seed products from a more general scope.

2. Materials and Methods
2.1. Materials

Mill-scale produced CSM was provided by Cotton, Inc. (Cary, NC, USA). WCSM
and CSPI were obtained previously in a pilot-scale production with CSM as the starting
material [33]. These products were freeze-dried and ground to pass a 0.5-mm screen and
stored in a freezer (−22 ◦C) until use. Selective properties of the three products are listed
in Table 1.

Table 1. Selected organic and mineral components of defatted cottonseed meal (CSM), water washed
defatted cottonseed meal (WCSM) and cottonseed protein isolate (CSPI). Adapted from [33].

Protein Oil Cellulose Ash P Ca K Mg Na S

% of product weight

CSM 34.1 2.5 13.6 7.2 1.5 0.3 1.8 0.7 0.2 0.5
WCSM 46.3 1 17.6 5.2 1.2 0.3 1 0.7 0.1 0.5
CSPI 94.8 0.2 0.6 2.2 0.5 <0.1 0.3 0.1 0.2 0.7

All chemicals were of reagent grade. Eight chemicals [LiCl, MgCl2, K2CO3, Mg(NO3)2,
KI, NaCl, (NH4)2SO4, KCl] were used to obtain constant water activity environments.
Distilled water was used to make the saturated salt solutions.

2.2. Sorption Isotherms

Sorption isotherms of CSM, WCSM and CSPI were determined at four working
temperatures at 15, 25, 35 and 45 ◦C were determined through the static gravimetric
method (i.e., weight increase after moisture adsorption equilibrium under the designated
experimental conditions) [13,17,25]. Before the moisture adsorption isotherm experiments,
samples were dried in a vacuum oven at 60 ◦C for three days. Glass desiccating jars placed
in a conditioning incubator were used to create a closed environment with the desired
temperature and relative humidity. A beaker with a saturated salt solution with known
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water activities (aw, Table S1) was placed in a jar to create the required relative humidity in
that jar. Samples (about 0.8 g) were weighed into small plastic weighing boats and placed
into the jars. Thymol in small cups was placed in the jars with aw > 0.7 to prevent microbial
growth [20,25]. Closed jars were maintained in the incubator at 15, 25, 35 or 45 ◦C for the
equilibration of samples up to 24 days (Figure S1). The weights of the sample tubes were
measured before and after sample loading. These sample tubes were then placed in the jars.
The weight increases over the moisture equilibrium were checked twice or trice during the
period to make sure the equilibrium moisture content was reached. The difference between
the two consecutive weigh-increase measurements was≤0.1%. The moisture contents were
presented as the relative increase (%) of the samples after the moisture equilibrium. The
experiments were conducted in duplicates.

2.3. Mathematical Modelling

Analysis and the representation of the experimental data of equilibrium moisture con-
tent and water activity at different temperatures were performed using sorption isotherm
equations (B.E.T., Bradley, Caurie, Freundlich, G.A.B., Halsey, Harkins and Jura, Henderson,
Iglesias and Chirife, Langmuir, Mizrahi, Oswin, and Smith) [13]. G.A.B. (Guggenheim-
Anderson-de Boer), B.E.T. (Brunauer–Emmett–Teller) and Caurie models are considered to
have parameters based on physicochemical phenomena [25]. The G.A.B model, which has
three parameters, was rearranged into a second-degree polynomial and analyzed using
multiple linear regression. The other equations, which all have two parameters, were
linearized and analyzed using simple linear regression. Regression analysis was done
using the statistical programming language R.

Three criteria, the regression coefficient (R2), mean relative deviation modulus (P) and
standard error of estimate (SE), were considered to determine an equation’s goodness-of-fit
to the data.

P =
100
N

N

∑
i=1

∣∣∣∣Mpred −Mobs

Mobs

∣∣∣∣
SE =

√√√√∑N
i=1

(
Mobs −Mpred

)2

N − n

Mobs is the observed equilibrium moisture content for a given water activity and
temperature and Mpred is the predicted moisture content for the same water activity and
temperature according to the model. N is the number of observations and n is the number
of parameters in the model.

Models with a P value less than 10 percent were considered acceptable [37]. High R2

values and low SE values indicated that a model fitted the data well.

3. Results and Discussion
3.1. Experimental Moisture Sorption Isotherms

The moisture adsorption isotherms of the three cottonseed products at four working
temperatures (15, 25, 35 and 45 ◦C) are shown in Figure 1. It is noticeable that some
error bars were greater than the differences between the corresponding datapoints. This
phenomenon was not only observed in this work, but also reported previously [38,39].
Thus, two-factor ANOVA with replicates was applied to evaluate the significance of the
impacts of the temperature and saturated salt solution (i. e., aw). The results (Table S2)
indicated that both factors impacted significantly (P < 0.001) the water contents of the
three tested samples. However, the interaction of the two factors was not statistically
significant (P > 0.05) with WCSM samples. Generally, the moisture content features of
cottonseed products were consistent with those of agricultural products and byproducts
(e.g., cottonseed, almond and bloodmeal) in literature [13,20,40]. Visually, the adsorption
isotherm of CSM increased slowly initially at low water activity values, which was then
followed by a steep rise at higher water activity values (Figure 1a). This trend was more
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obvious with the low temperature (15 ◦C). These moisture adsorption isotherms were
sigmoid in shape, a characteristic typical of amorphous, hydrophilic polymers [40,41]. The
sigmoid feature generally described a gradual increase in moisture content at low water
activities and then a rapid increase at higher water activities. This is likely caused by
exposure of more polar hydroxyl groups as molecular mobility and free volume increase
with increasing moisture content [40]. A similar increasing feature with smaller slopes was
observed with the other two products, WCSM and CSPI (Figure 1b,c). The less typical
sigmoid shapes of the adsorption isotherms of the two products was apparently due to their
less amorphous and less hydrophilic properties as shown previously by surface imaging
and fluorescence analysis [42,43].
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Figure 1. Moisture adsorption isotherms for (A) defatted cottonseed meal (CSM), (B)water washed defatted cottonseed
meal (WCSM) and (C)cottonseed protein isolate (CSPI) at 15 ◦C, 25 ◦C, 35 ◦C and 45 ◦C, respectively. Data are presented in
the format of average and standard error (n = 2).

The moisture content of all three products generally increased as the temperature
decreased from 45 to 15 ◦C. The biggest difference was from 35 ◦C to 45 ◦C. Tunc and
Duman [13] explained this trend with the mechanism of excitation states of molecules. In
other words, increased temperatures decreased the attractive forces between molecules due
to an increase in kinetic energy of water molecules, leading to an increase in their distance
apart from each other. Therefore, water molecules with slow motion at low temperatures
bound more easily to suitable binding sides on the surface. This explanation suggested that,
in our work, the defatted cottonseed products became less hygroscopic as the temperature
increased. Because water molecules become more active at higher temperatures, they easily
dissociate from the water-binding sites in the cottonseed meal (more carbohydrates) or
protein surface.

When the moisture contents of the samples were compared at a constant temperature,
the general trend of decreasing moisture content was in the order of CSPI < WCSM < CSM
for water activity <0.6, but the trend reversed to the order of CSM < WCSM < CSPI for
water activity >0.6. Taitano et al. [20] reported that raw almonds with brown skin reversed
the order and had higher moisture content than blanched almonds when water activity
was above 0.30. The order changes were also observed with water/sorbitol-plasticized
composite biopolymer of caseinate-pullulan bilayers and blends [41]. They found that the
isotherms of the samples plasticized with 25 and 15% sorbitol swung upwards and crossed
over those of the free-polyol samples at water activity higher than 0.53. They attributed the
drastic increase in water sorption by the sorbitol itself in the region of water activity >0.53.
While we could not figure out the exact cause of our observation, Tunc and Duman [13] did
not report a similar observation with their cottonseed samples. In contrast, they observed
the same trend of decreasing moisture content in all ranges of water activity in the order of
fuzzy cottonseed > black cottonseed > cottonseed protein isolate > whole cottonseed kernel
≈ blended cottonseed kernel. However, there were significant amounts of lipid (17–40%)
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in their products. In contrast, lipid was a minor component in our products, accounting for
only 0.2, 1.0 and 2.5% of CSPI, WCSM and CSM, respectively (Table 1). The hydrophobic
character of lipids might lead to a decrease in the water uptake of cottonseed kernel and
provide the lower value in the moisture content. They proposed that linters, which are
composed of mainly cellulose with hydrophilic characters, may cause an increase in the
water adsorption of their fuzzy cottonseed samples. We could reasonably assume that in
our samples, the cellulose content played a major role in the differences in the moisture
content between CSM, WCSM and CSPI under the same water activity conditions.

3.2. Modeling Adsorption Isotherms

It is a common practice that multiple isotherms are tested and compared for this
type of modelling study. While over 200 mathematical equations have been proposed to
represent the hygroscopic equilibrium phenomenon of agricultural products [44,45], the
number (e.g., 1, 3, 8, 11 and 14) of modelling equations selected for testing seems to be
an option for research groups [13,17,25,46]. In particular, Tunc and Duman [13] tested
14 models for their four cottonseed products. In order to facilitate data comparison, in
this current work, we tested 13 sorption isotherm equations out of the 14 equations tested
by Tunc and Duman [13] (i.e., without the Chung and Pfost equation). Among them, six
sorption isotherm models are, more or less, relatively good fits for the experimental data
(Table S3).

Specifically, for CSM, the G.A.B. model was found to be the best fit with the lowest
average P and SE values and relatively high R2 value across all temperatures (Table 2).
No other model had satisfactory P values for all temperatures, but the Halsey and B.E.T.
models did have P values < 10% for three out of four temperatures. These observations
were consistent with reports that the G.A.B model demonstrates greater universality
in the description of the surface absorption of moisture than the B.E.T equation [13,47]
while the BET isotherm equation gives good fit for a variety of foods over the region
0.05 < aw < 0.45 [36]. For WCSM, the G.A.B. model fitted the data the best with the lowest
average P and SE values across all temperatures. The Henderson and Oswin models also
had good statistical values, indicating a fairly good fit. For CSPI, the G.A.B model gave
the best fit with the lowest average P value and second lowest average SE value across all
temperatures. The Bradley and Henderson models had the highest regression coefficients
while also having very satisfactory P and SE values. Therefore, among all cottonseed types
and all temperatures, it is only the G.A.B. model that provides a consistently good fit for
the data. This is not unexpected because the third parameter adds an additional degree of
freedom to the model which gives it greater versatility [48]. Practically, the G.A.B. model
is a semi-theoretical, multi-molecular, localized homogenous adsorption model and is
considered to be the most versatile sorption model [49,50].

3.3. Monolayer Moisture Content and Specific Surface Area of Sorption

The monolayer moisture content (Mo) given by the G.A.B. equations was in the range
3.87–7.66 kg H2O 100 kg−1 of dry solid (Table 2). The Mo values have been reported in
a range between 1.39 and 7.4 3.87–7.66 kg H2O 100 kg−1 in legume protein isolates (e.g.,
soy protein, cowpea and faba bean) [17]. The Mo values of the cottonseed products were
roughly at the high end of the protein products. The Mo values increased in the order of
CSPI > WCSM > CSM at each temperature tested. Apparently, the chemical compositions
and structures of these cottonseed products affected their Mo values. Tunc and Duman [13]
reported that the hydrophobic oil component was a factor in decreasing Mo values as its
content varied from 17.4% to 41.7% in their cottonseed products. The lipid (oil) content in
our samples was quite low (Table 1); the differences in M0 values between CSM, WCSM
and CSPI seemed due to the different protein contents. Differences in morphological
characteristics might also have contributed to the Mo values [42].

Unlike the cottonseed products with high oil contents [13], we did not observe
a downward trend of Mo values with temperature increases. In contrast, the Mo val-
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ues of all three products CSM, WCSM and CSPI fluctuated consistently in the order of
15 ◦C > 25 ◦C < 35 ◦C > 45 ◦C. Bajpai and Pradeep [50] observed the same trend with red
algae-extracted sulphonated galacan product. The lower Mo values at higher temperatures
could be attributed to the fact that water molecules are activated to a higher energy level
at higher temperatures, which makes the water molecules less stable, thereby favoring
their break away from the binding sites of the testing materials. In the meantime, Bajpai
and Pradeep [50] assumed that the increased Mo values from 10 to 20 ◦C were due to the
fact that increase in temperature from 10 to 20 ◦C causes opening of new binding sites,
thus allowing more and more water vapor molecules to bind, finally resulting in enhanced
equilibrium moisture content. The increasing Mo values of CSM, WCSM and CSPI from
25 ◦C to 35 ◦C could be explained via the same mechanism.

Table 2. Parameters of relevant models, R2 (regression coefficient), mean relative deviation modulus (P) and standard error
of estimate (SE) for isotherms of three cottonseed products at 15, 25, 35 and 45 ◦C. Water content parameters (i.e., Mo and
Mm) are expressed as g water/100 g of solid.

Cottonseed Meal.

G.A.B. B.E.T. Halsey
Temp (◦C) Mo C K R2 P SE Mm C R2 P SE a” r R2 P SE

15 4.302 −180.9 0.9779 0.9312 5.419 1.173 3.961 −30.46 0.9736 8.390 1.079 19.04 1.494 0.9733 8.224 1.637
25 4.227 36.03 0.9868 0.9422 4.380 1.233 4.008 143.3 0.9660 6.193 1.231 12.41 1.349 0.9874 5.532 1.138
35 4.443 13.65 0.9190 0.9863 1.590 0.3967 3.334 −31.78 0.9617 13.93 1.294 11.36 1.400 0.9953 3.712 0.5454
45 3.866 3.114 0.9399 0.9779 2.731 0.3870 3.037 4.989 0.9511 6.052 0.6915 3.180 0.9773 0.9760 11.52 1.107

Washed Cottonseed Meal.

G.A.B. Henderson Oswin
Temp (◦C) Mo C K R2 P SE k n R2 P SE a n R2 P SE

15 6.591 11.92 0.7231 0.9589 3.010 0.4485 0.01137 1.848 0.9939 3.262 0.5126 19.04 1.494 0.9733 8.224 1.637
25 4.829 42.36 0.8564 0.9812 2.112 0.3119 0.0085151.979 0.9427 9.508 1.266 12.41 1.349 0.9874 5.532 1.138
35 5.899 6.404 0.7812 0.9502 2.101 0.2642 0.03287 1.467 0.9973 2.636 0.3800 11.36 1.400 0.9953 3.712 0.5454
45 4.542 4.486 0.8334 0.9719 1.403 0.1518 0.06921 1.268 0.9978 2.689 0.2601 3.180 0.9773 0.9760 11.52 1.107

Cottonseed Protein Isolate.

G.A.B. Bradley Henderson
Temp (◦C) Mo C K R2 P SE K1 K2 R2 P SE k n R2 P SE

15 7.755 9.812 0.6590 0.9254 3.584 0.5635 0.8151 4.832 0.9888 4.248 0.5108 0.01066 1.849 0.9906 3.551 0.5296
25 7.338 7.384 0.6816 0.9107 2.927 0.4585 0.8201 3.983 0.9938 2.706 0.3784 0.01883 1.659 0.9940 3.002 0.4242
35 7.451 5.595 0.6648 0.9370 1.745 0.2017 0.8165 3.647 0.9989 1.592 0.1547 0.02776 1.540 0.9960 2.491 0.2517
45 6.474 3.178 0.6834 0.9272 1.286 0.1161 0.7975 2.857 0.9975 3.986 0.2022 0.06995 1.281 0.9978 2.482 0.2027

Parameters, R2, P, and SE from the best fitting equations for cottonseed meal, washed cottonseed mean, and cottonseed protein isolate at
15 ◦C, 25 ◦C, 35 ◦C, and 45 ◦C.

The parameter C in the G.A.B. and B.E.T. models was related to the heat of adsorption
of water. The physical meaning of the parameter might reflect the trend that strong
adsorbent-adsorbate interactions are favored at lower temperatures, resulting in an increase
in C values with increasing temperature [17]. However, we also observed three negative
values of C (one G.A.B. case and two B.E.T. cases) with defatted cottonseed meal samples.
Previously, Miranda et al. [25] reported negative values of C in their B.E.T. model for
the sorption behavior of quinoa without elaboration. Thus, it is possible that C lacks
any physical meaning being the result of mathematical compensation among parameters
during the curve-fitting process [17]. On the other hand, the K values provide a measure
of the interaction between the molecules in multi layers with absorbent. K << 1 indicates
a structured state of the adsorbate in the adjacent layers to the monolayer while K equal
to 1 indicates the multilayer has the properties of bulk water [17,50]. Alpizar-Reyes [17]
reported K values ranged from 0.71 to 0.74 for their faba bean protein, thus believing that
there were fewer interactions between water molecules and the faba bean protein in the
multilayer. K values were 0.94–0.98 for CSM, 0.72–0.83 for WCSM and 0.66–0.68 for CSPI,
respectively (Table 2). These data indicated that the interaction of CSPI and WCSM with
water were similar to that of faba bean protein, but the multilayer of water adsorbed on
CSM possessed the properties of bulk water. This observation seems reasonable as WCSM
was a product of CSM (after washing out the water soluble components) and CSPI was an
extracted product of CSM [51].
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Using the Mo values, the adsorption surface area was calculated using the following
equation [13]:

S0 =
Mo·N·AH2O

MH2O

N is Avogadro’s number (6.02 × 1023 molecules mol−1), AH2O is the area of a water
molecule (10.6 × 10−20 m2), and MH2O is the molecular weight of water (18 g mol−1).

The influence of temperature on S0 values of the three cottonseed products was
similar to that of M0 as the specific surface area was straightforwardly calculated from the
estimated M0 of their sorption isotherms. The S0 values of samples were between 137 and
158 m2 g−1 for CSM, 161 and 234 m2 g−1 for WCSM and 229 and 275 m2 g−1 for CSPI,
respectively (Table 3). These values were higher than the range of 100–150 m2 g−1 for
oil-rich cottonseed products [13], but similar to those of texturized soy protein with the
values between 163 and 260 m2 g−1 at 10 and 40 ◦C [52]. As a large surface area of some
biopolymers is due to the existence of intrinsic micro porous structures in the material [50],
our cottonseed products were probably similar with a higher porosity than those oil-rich
cottonseed products [13].

Table 3. The sorption surface area values of three cottonseed products at 15, 25, 35 and 45 ◦C.

Sample Temp (◦C) S0 (m2g−1)

Cottonseed meal 15 152.5
25 149.9
35 157.5
45 137.0

Washed cottonseed meal 15 233.7
25 171.2
35 209.1
45 161.0

Cottonseed protein isolate 15 274.9
25 260.1
35 264.1
45 229.5

3.4. Thermodynamic Properties

Knowledge of the magnitude of the heat of sorption, at a specific moisture content,
provides an indication of the state of the sorbed water and, hence, a measure of the
physical, chemical and microbiological stability of the biomaterial under given storage
conditions [13]. Thus, the aw data generated using the G.A.B. model was used to calculate
the isosteric heat of sorption and sorption entropy. The net isosteric heat of adsorption, qst
(defined as qst = Qst − ∆Hvap, where Qst is the isosteric heat of adsorption and ∆Hvap is the
heat of water vaporization), can be calculated using the Clausius-Clapeyron equation [53],
which is able to predict the effect of T on aw once qst is known [44,54]:

d ln(aw)

d
(

1
T

) = − qst

R

where T is the temperature and R is the universal gas constant.
Hereby, the values of ln(aw) for moisture contents 5–17% were calculated using the

G.A.B. model determined from the data fitting. Then, the values of qst were obtained by
plotting ln aw against 1/T (Figure 2). From the ln aw and 1/T plot, the differential entropy
(Sd) was determined using the following equation:

ln(aw)M = − qst

RT
+

Sd
R
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Figure 2. The ln aw versus 1/T plots for evaluation of the net isosteric heat of adsorption (qst).
Moisture content: 5% (#), 7% (N), 9% (�), 11% (•), 13% (4), 15% (�) and 17% (×).

Figure 3 shows the variation in net isosteric heat of sorption qst with moisture contents.
It is obvious that net isosteric heat of sorption shows a negative dependence on moisture
content in all three products. The net isosteric heat of adsorption decreased with increasing
moisture content, initially rapidly, then continued to decrease slowly, and gradually reached
near to a constant level. Indeed, the change trends of the curves in Figure 3 were similar
to those of oil-rich cottonseed products in literature [13]. The high net isosteric heat of
adsorption values at low moisture contents should be an indicator of strong water–surface
interactions in those cottonseed products independent of oil content. In other words, in
the early stages of adsorption, many polar active sites exist on these cottonseed product
surfaces, and as water molecules were attached to these sites as a monolayer, the energy
required for removing water was very high. However, with increased moisture content the
affinity of the molecules for the sample was reduced so that the sorption isosteric heat was
decreased [19]. Furthermore, because the isosteric heat of sorption nearly reached zero,
the influence of the adsorbent on the adsorbed molecules should be considered negligible.
In such a case, additional sorbed water molecules represent those ‘free water’ molecules
available for microbial organisms [50].
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Finally, the entropy values obtained at the four experimental temperatures were
plotted against the respective moisture content of CSM, WCSM and CSPI (Figure 4). The
results show that entropy was also strongly dependent on the moisture content. Similar
trends in sorption entropy have been previously reported in other natural products [19,46].
However, the altered entropy trend of non-defatted whole cottonseed kernel and protein
isolate was in an increasing mode at the lower moisture contents (6%) [13].
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washed defatted cottonseed meal (N) and cottonseed protein isolate (�).

3.5. Entropy—Enthalpy Compensation Theory

The enthalpy—entropy compensation theory is described by the linear equation [55,56]:

qst = Tβ·Sd + α

where Tβ is the isokinetic temperature with an important physical meaning as it represents
the temperature at which all reactions in the series proceed at the same rate and α is
a constant [13]. McMinn et al. [55] reported that the moisture sorption phenomena of
starchy materials are enthalpy-controlled (isokinetic temperature (Tβ) > harmonic mean
temperature (Thm)) and spontaneous (−∆G). The qst and Sd values of three cottonseed types
from Figures 3 and 4 were plotted against each other to confirm the compensation theory.
The plot showed a linear relationship between enthalpy and entropy for all three cottonseed
types (Figure 5) with high R square values > 0.999, thus indicating suitability of the
compensation theory. From these plots, the isokinetic temperature (Tβ) and constant
α were determined (Table 4) [50]. The values of Tβ were 329.7, 354.2 and 368.0 K for
CSM, WCSM and CSPI, respectively. This value was compared to the harmonic mean
temperature (Thm) to test for true compensation. With the tested four temperatures, Thm
was calculated as 302.7 K [13]. As Thm was remarkably different from the value of Tβ, the
isokinetic theory is suitable for water adsorption of these defatted cottonseed products.

As all three Tβ values were greater than Thm, the moisture sorptions of cottonseed
meal, washed cottonseed meal and cottonseed protein isolate were considered as the
enthalpy driven processes. However, the Tβ values of our defatted cottonseed products
were lower than those of un-defatted whole cottonseed, its kernel and protein products
reported by Tunc and Duman [13]. Apparently, the oil components contributed to the
difference [57].
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Figure 5. The plots of qst versus Sd at corresponding moisture contents at 5–17% for defatted
cottonseed meal (#), washed defatted cottonseed meal (N) and cottonseed protein isolate (�).

Table 4. Characteristic parameters and regression coefficients for qst versus Sd relationship.

Sample Tβ (K) α (kJ·mol−1) R2

Cottonseed Meal 329.7 0.7418 0.9991
Washed Cottonseed Meal 354.2 0.3279 0.9999
Cottonseed Protein Isolate 368.0 −0.2692 0.9999

4. Conclusions

The adsorption isotherms of defatted cottonseed meal (CSM), water washed cotton-
seed meal (WCSM) and protein isolate (CSPI) were determined and the data were analyzed
using the 13 models. It was found that the G.A.B. model was most suitable for all three
products in describing the adsorption isotherms in the temperature range of 15–45 ◦C.
When the moisture contents of the samples were compared at a constant temperature, the
general trend of decreasing moisture content was in the order of CSPI < WCSM < CSM for
water activity <0.6, but the trend reversed to the order of CSM < WCSM < CSPI for water
activity >0.6. In general, biochemical and microbiological reactions in a food system can
be inhibited and the deterioration of the product prevented when water activity is <0.6,
and an increase in aw equivalent to an increase of Mo by 0.1 units decreases the shelf life
of a food product by a factor of 2–3 [46]. Thus, safe storage moisture content of around
8% could be suggested for these products at room temperatures (around 25 ◦C), but the
moisture content should be kept below 5% when exposed to 45 ◦C conditions, to have a
final aw below 0.60 to ensure their safety and quality.

There were fewer interactions between water molecules and CSPI or WCSM, but the
multilayer of water adsorbed on CSM possessed the properties of bulk water. The moisture
adsorption of all three products was an enthalpy-controlled process, rather than entropy.
These data indicated that the energy/heating balance for storage facility designs should be
taken in consideration differently for the three products.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foundations1010005/s1, Figure S1: Apparatus illustration for the sorption isotherm mea-
surement., Table S1: Salts and the water activities (aw) of their saturated salt solutions at different
temperatures, Table S2: The results of two-factor ANOVA with replication (n = 2), Table S3: The six
sorption isotherm models better fitting the experimental data of defatted cottonseed products.
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