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Abstract: A study on the effect of the physical properties and moisture sorption isotherm of
palm kernels constitutes the critical criteria in evaluating the drying performance. The drying was
evaluated as a function of moisture content (MC) in the range of 0.31–0.02 kg/kg (d.b.). Whereas,
the equilibrium moisture content (EMC) of palm kernels (whole kernel and ground kernel) was
determined experimentally using the standard gravimetric method at different temperatures (50 ◦C
to 80 ◦C), over a range of relative humidity (RH) from 10% to 81%. Palm kernel length, width,
and thickness decrease from 16.08 ± 2.09 mm to 14.17 ± 2.30 mm, 12.06 ± 1.40 mm to 11.24 ± 1.08 mm,
and 10.01 ± 1.27 mm to 9.18 ± 1.04 mm, respectively, when MC decreased. Bulk density, surface area,
and specific surface area decreased as the MC decreased, while porosity and true density were
increased. EMC of palm kernels (whole kernel and ground kernel) decreased with an increase in
temperature at constant RH. Modified Oswin and modified Halsey models were found to be the
best for predicting desorption moisture isotherms for whole and ground palm kernel, respectively.
Therefore, the study of the effect of drying on physical aspects as well as moisture sorption isotherms
is important to further analyze the drying performance of Tenera palm kernel (e.g., equipment design
and energy requirement).

Keywords: moisture sorption isotherms; equilibrium moisture content; palm kernel;
physical properties

1. Introduction

Oil Palm (Elaeis guineensis jacquin) is originated from Africa, and is monoecious (bears both male
and female flowers), which has a capacity to achieve 30 m height. Oil palm tree will begin bearing
fruits after about 2.5 years of planting in the field and the profit will be for as long as 20 years or more,
thereby ensuring a consistent supply of its major product oil. Fruits are particularly fleshy, similar to
small plums, length about 2–3 cm, elongated egg-shaped of reddish color. The palm fruit is formed
in vast clusters of 16–26 kg each, called fresh fruit bunches (FFBs). Fruits constituted of a pericarp,
the pulp, fibers and walnut. The walnut has a hard shell, which encompasses a kernel; the palm kernel
oil is then extracted from the kernel [1]. Oil palm has become the most important commodity crop in
Malaysia. Palm oil is used for various food and non-food applications.

Oil palm fruits contain about 45% palm kernels. On a dry basis, palm kernels contain about
50% oil. Palm kernel oil and palm oil differ greatly in their characteristics and properties even though
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they come from the same fruitlet [2]. Palm kernel oil is similar to coconut oil in composition, and these
two oils are the only sources of lauric oil available to the world market [3]. Palm kernel oil is regarded
as high-quality oil for food and non-food uses. For example, in food industries, it is used either alone
or in blends with other oils for the manufacture of cocoa butter substitutes and other confectionery
fats, biscuit dough, filling creams, cake icings, ice cream, sharp melting creaming, table margarine,
and many other food products [4]. It is also used for non-edible purposes such as the formulations of
soaps, cosmetics and lubricating oil.

Efficient processing and storage of palm kernel require that the moisture content (MC) be reduced
to an appropriate level by drying. The drying process requires the knowledge of physical properties
and moisture sorption isotherm. It is well known that when a hygroscopic material is placed in
the air, it gains or loses moisture from or to the air until it comes into moisture equilibrium with
the surrounding. The movement of water vapor from a hygroscopic material to the surrounding air
depends on the MC and composition of the material, as well as the temperature and humidity of the
surroundings [5]. The relationship between equilibrium moisture content (EMC) and relative humidity
(RH) or water activity at constant temperature gives a moisture sorption isotherm when presented
graphically. This isotherm curve can be obtained in one of two ways; adsorption and desorption.
Since all the agricultural products are generally hygroscopic, it is important to determine their EMC for
drying, storing, mixing, and packaging operations [6]. The moisture desorption isotherms can be used
to predict the changes in food stability and to select appropriate packing materials and ingredients,
as well as modeling the drying process for optimization of drying equipment design and energy
required for drying [7–10].

Few researchers have studied moisture desorption isotherms of palm kernel. The Halsey and
Henderson equations were well fitted by Ibrahim [11], while the cubic model gave the best description
of the relationship between the ERH and EMC of the palm kernels [12]. The modified Henderson model
was found to be the best model for predicting the EMC and RH of the palm kernel by Ajibola et al. [13].
The comparison between the previous studies shows important differences in the values of EMC;
this difference might be as a result of differences in palm variety, the palm maturity, and the EMC
determination method [14].

Although several data on the physical properties and EMC of palm kernel are available in the
literature, there are not enough data published on the MC dependency and EMC of the Tenera variety
of Malaysian palm kernel. Therefore, the objective of this study is to determine the moisture-dependent
physical properties of Tenera variety of Malaysian palm kernel, namely, physical dimensions, shape,
surface area, specific surface area, bulk density, true bulk density, and porosity in the moisture
reduced from 0.31 to 0.02 kg/kg (d.b.) as well as EMC of palm kernel at different air temperatures and
RH. The EMC experiment was repeated for ground kernel and its isotherm was compared with the
whole kernel.

2. Materials and Methods

2.1. Sample Preparation

The palm kernels used for research were Tenera variety, which was obtained from a local palm
oil mill at Carey Island, Malaysia. To prevent moisture loss during transportation, they were packed
and sealed in plastic bags. The kernels were manually sieved and cleaned. The EMC experiment was
conducted for both whole kernels and ground kernel. The ground kernel with an average size of
0.5–1 mm was obtained by using laboratory blender (WARING, Torrington, US). The initial and final
moisture contents of the palm kernels were determined according to the standard of the Malaysian
Palm Oil Board (MPOB) Test Method [15]. About 0.010 kg of sample was weighed on an aluminum
petri dish and placed in an oven for 4 h at 103 ◦C. To calculate the MC of the samples, which was
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expressed as kg water/kg dry matter, the wet and dried weight were used as outlined in Equation (1).
The MC measurement was carried in triplicates, and the average data were recorded.

MC =
Wi −W f

W f
(1)

where Wi is the initial sample weight (kg) and Wf is the final sample weight (kg).

2.2. Physical Properties of Palm Kernel

2.2.1. Size and Shape

The size of the palm kernel was measured according to Gbadam et al. [16]. Fifty palm kernels
were selected randomly for measuring the axial physical characteristics. For each palm kernel,
the three-dimensional measurement was performed, which is the length (L), width (W), and thickness
(Th) using a vernier caliper reading with an accuracy of 0.01 mm. The palm kernel shape was expressed
in terms of its sphericity index, which represents the shape characteristics of the palm kernel relative to
that of a sphere of the same volume. The dimensions obtained for the kernel were used to calculate the
sphericity index, as shown in Equations (2) and (3), respectively [17].

γ =
GMD

L
(2)

and
GMD = (L×W × Th)

1
3 (3)

Here, γ is the sphericity index, GMD is the geometric mean diameter (mm), and L, W, Th, are the
length, width, and thickness of the kernel (mm), respectively.

2.2.2. Surface Area and Specific Surface Area

The surface area (S) of palm kernel was calculated using GMD as shown in Equation (4) [18–20],
whereas the specific surface area (Ss) is referred to as the palm kernel surface area per unit volume
that exchanges energy and moisture with the air during the drying process [14]. According to
Sirisomboon et al. [19], the Ss is defined to be the surface area of palm kernel multiplied by the number
of kernels, divided by bulk volume. The Ss was simplified as in Equation (5) [19].

S = π×GMD2 (4)

and
Ss =

S× n
Vb

(5)

where S is the surface area (cm2) of palm kernel, π is a constant, 3.14, Ss is the specific surface area
(cm2/cm3), n is the number of kernels, and Vb is the bulk volume of kernels (g/cm3).

2.2.3. Bulk Density, True Density, and Porosity

Bulk density was obtained via the Association of Official Analytical Chemists (AOAC) method [21],
which is performed by filling a known bulk volume of palm kernels in a beaker, and the content was
weighted. Bulk density was calculated by dividing total kernels mass with bulk volume, whereas true
density is the individual material mass that was divided by its volume, and it was obtained using
the liquid displacement method [17]. The volume of the individual palm kernel was determined by
submerging it in toluene (C7H8). The toluene was used because it absorbs less water. The volume was
calculated via the principle of buoyancy force, as shown in Equation (6).
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Vv =
mt

ρto
(6)

where Vv is the volume of single kernel (cm3), mt is the mass weighed of toluene (g), and ρto is the
density of toluene (0.86 g/cm3). Then, the true density was calculated as:

ρt =
mu

Vv
(7)

where ρt is the true density of palm kernel (g/cm3) and mu (g) is the mass of single kernel.
The relationship between true density and bulk density has been frequently used to determine

the total porosity of grains and seeds. Mohsenin [17] gives this relationship in Equation (8).

ε = (1−
ρb

ρt
) × 100 (8)

where ε is the total porosity (%), and ρb is the bulk density of palm kernel (g/cm3).

2.2.4. Scanning Electron Microscope (SEM)

The microstructures were visualized by SEM (S-3400N, Hitachi Science Systems Ltd., Tokyo, Japan)
at different magnifications. The palm kernel surface images were acquired after gold metallization
under vacuum condition before each analysis to increase their electrical conductivity using EMITECH
K550 sputter coater (Ashford, Kent, UK).

2.3. Equilibrium Moisture Content

2.3.1. Experimental Procedure

The EMC experiment was conducted independently for the whole kernel and ground kernel by
the static gravimetric method. This method consists of exposing the palm kernel to a controlled RH
environment until equilibrium conditions are reached [22]. The saturated salt solution was used to
maintain a fixed RH. Seven saturated salt solutions were prepared, corresponding to a wide range of
RH from 10% to 81% and are listed in Table 1 [23].

Table 1. Relative humidity (RH) of different saturated salt solutions at different temperatures.

Salt Solution Chemical Formula
RH (%)

50 ◦C 60 ◦C 70 ◦C 80 ◦C

Lithium chloride LiCl 11.10 10.95 10.75 10.51
Potassium fluoride KF 20.80 20.77 21.74 22.85

Magnesium chloride MgCl2 30.54 29.26 27.77 26.05
Sodium bromide NaBr 50.93 49.66 49.70 51.43
Sodium nitrate NaNO3 69.04 67.35 66.04 62.22

Sodium chloride NaCl 74.43 74.50 75.06 76.29
Potassium chloride KCl 81.20 80.25 79.49 78.90

For each experiment, three glass jars were used, which were all sealed and equipped with sample
holders hanged above the saturated salt solution (Figure 1). Excess salt was consistently settled at the
bottom of the jar to guarantee the saturation of the solution [24]. An appropriate amount of thymol
(C10H14O) was equally added inside the jar at RH higher than 70% to prevent microbial growth [25].
About 15 g of palm kernel was used for each experiment. Weight losses in the samples in each jar
were observed regularly. In order to prevent atmospheric moisture absorption and desorption during
weighing, possible minimum time was used (less than one minute) [24]. After three consecutive
measurements of the weight of each sample, the EMC was determined when the weight differences
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were about 0.001 g. The experiment was conducted over a period of 90 days, depending on oven
temperature and RH inside the jar. The MC of the sample was determined using the MPOB Test
Method [15], as mentioned earlier. EMC was reported by taking the mean of triplicate measurements.Processes 2020, 8, x FOR PEER REVIEW 5 of 18 
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Figure 1. A sealed glass jar used in the experiments.

2.3.2. Curve Fitting and Statistical Analysis

The data obtained from the EMC test were fitted to four different moisture sorption isotherm
models tabulated in Table 2.

Table 2. Moisture sorption isotherm models.

Model Name Model Equation No. Reference

Modified Henderson EMC =
[
−ln(1−RH)

a×(T+b)

]1/c
(9) [26]

Modified Oswin EMC = (a + b× T) ×
[

RH
1−RH

] 1
c (10) [27]

Modified Halsey EMC =
[
−ln(RH)

exp(a+b×T)

]1/c
(11) [28]

Modified Chung–Pfost EMC =
(
−1
C

)
× ln

[(
−(T+b)

a

)
× ln(RH)

]
(12) [29]

EMC is the equilibrium moisture content (kg/kg, d.b.), RH is relative humidity, T is the temperature (◦C) and a, b, c
are model constants (dimensionless).

The parameters for selected mathematical equations were estimated using non-linear regression
analysis by software (SAS 9.2). The evaluation of the numerous isotherm models according to their
appropriateness in predicting the EMC of the samples based on the coefficient of determination (R2),
adjusted R-squared, standard error of estimate (SEE), residual sum of square (RSS), chi-square (χ2) and
residual plot. Higher R2 and adjusted R2 values and lower SEE, RSS, χ2 values imply better goodness
of fit. Residuals are the differences between the experimental and predicted data. The plot of residuals
against experimental value is also taken into account to evaluate the fitting of the different equations to
experimental data. The acceptability of model dependents upon the residual values, if the values fall
within a horizontal band centered around zero and display no systematic tendencies towards a clear
pattern if the residual plot shows systematic distribution or clear pattern, then the model is considered
unacceptable [30]. The SEE is defined as Equation (13):

SEE =

√∑
(Ym −Yp)

2

d f
(13)
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The residual sum of square (RSS) is defined in Equation (14) as:

RSS =
∑(

Ym −Yp
)2

(14)

where SEE is the standard error of estimate, RSS is the residual sum of square, Ym is the measured
value, Yp is the value predicted by model, and df is the degree of freedom.

3. Results

3.1. Physical Properties

3.1.1. Size and Shape

Average values of the size dimensions of palm kernels at MC from 0.31 to 0.02 kg/kg (d.b.)
are displayed in Table 3. The values of palm kernel L, W, and Th vary from 16.08 ± 2.09 mm to
14.17 ± 2.30 mm, 12.06 ± 1.40 mm to 11.24 ± 1.08 mm, and 10.01 ± 1.27 mm to 9.18 ± 1.04 mm,
respectively. Loss of water and heating caused stresses in the cellular structure of the kernel leading to
decrease in L, W, Th, and GMD [31]. Similar patterns were also reported for neem nut and soybean,
respectively [32,33]. However, no effect of MC on dimensions of coffee was found by Chandrasekar
and Viswanathan [34]. In bambara groundnuts, there was no appreciable dimensional change beyond
25% MC, while it decreased with the reduction in MC below 25% [35].

Table 3. Dimensions of palm kernel at different moisture contents

MC
(kg/kg)

L
(mm)

W
(mm)

Th
(mm)

GMD
(mm)

0.31 ± 0.76 16.08 a
± 2.09 12.06 a

± 1.40 10.01 a
± 1.27 12.88 ± 1.33 a

0.28 ± 0.78 16.63 a
± 2.11 12.49 a

± 1.56 9.02 b
± 1.42 12.07 ± 1.20 a

0.25 ± 1.41 14.63 b
± 2.67 11.55 b

± 1.52 9.21 b
± 1.27 11.76 ± 1.23 b

0.20 ± 1.77 14.58 b
± 2.64 11.49 b

± 1.37 9.34 b
± 1.21 11.56 ± 1.21 b

0.17 ± 1.35 14.68 b
± 2.39 11.45 b

± 1.52 9.34 b
± 1.21 11.43 ± 1.28 b

0.09 ± 2.01 14.22 b
± 2.04 11.40 b

± 1.59 9.19 b
± 1.75 11.43 ± 0.98 b

0.05 ± 0.59 14.20 b
± 2.44 11.37 b

± 1.08 9.18 b
± 1.38 11.36 ± 1.26 b

0.02 ± 1.42 14.17 b
± 2.30 11.24 b

± 1.08 9.18 b
± 1.04 11.31 ± 0.97 b

MC is the moisture content (kg/kg), L is length (mm), W is width (mm), Th is thickness (mm) and GMD is the
geometric mean diameter (mm). For each MC, values are expressed as means ± standard deviation. Values in the
same column having the same small letter are not significantly different by Least Significant Difference (LSD) tests at
a confidence level of 95%.

Palm kernel dimensions were employed to determine the GMD and consequently γ value.
Grains and kernels are considered as spherical when the γ value is more than 70% [36]. In this work,
the calculated mean value of palm kernel γ was 78%. Akubuo and Eje [37] reported γ value of 80%,
80%, and 60% for palm nut, palm kernel, and palm shell for Dura variety, respectively. γ values for
Tenera variety of palm kernel by Akinoso and Raji [38] were reported as 88.6%, 77.4% and 87.6% at
MC of 5%, 8%, and 11%, respectively; 68.5%, 70%, and 92.5% for fruit, nut and kernel, respectively,
for Dura variety [39], and 80%, 70%, 85% correspondingly for Dura, Tenera and Pisifera variety [40].
The polynomial correlation between γ and MC of palm kernel is depicted in Figure 2. As can be seen,
the γ of palm kernel increased when MC decreased from 0.31 to 0.09 kg/kg (d.b.) and then slightly
decreased when MC decreased from 0.09 to 0.02 kg/kg (d.b.). Statistically, no significant difference
(P > 0.05) was found in γ of palm kernel with the variation in MC. This could be due to the dimensional
changes while MC reduced. A similar trend but at higher MC for pigeon pea was observed [41].
Increment in γ by decreasing of MC was also observed by Ezeoha and Akubuo [42] and Kibar and
Öztürk [33] who found γ of palm kernel and soybean increased as the MC decreased. However,
Altuntas [43] found the γ of the fenugreek seed decreased as the MC decreased, while Ozturk and
Kara [44] found MC did not affect the γ of common beans. On the contrary, no clear trend on the
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MC effect on the γ of palm kernel was observed by Akinoso and Raji [38]. Equation (15) shows the
correlation of sphericity of palm kernel at different moisture contents.

γ = −0.5916 MC2 + 0.1144 MC + 0.7982 (R2 = 0.98) (15)

where γ is the sphericity index and MC is the moisture content (kg/kg d.b.).Processes 2020, 8, x FOR PEER REVIEW 7 of 18 
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Figure 2. Sphericity index (γ) of palm kernel at different moisture contents.

3.1.2. Surface Area and Specific Surface Area

The values of surface area (S) and specific surface area (Ss) were calculated, and their variations
with MC were plotted in Figure 3a,b, respectively. As clearly observed, the S of the palm kernel
decreased with the decrease in MC. Statistically, a significant difference (P < 0.05) was found for S of
palm kernel with the variation in MC. The decrease in the values might be attributed to its dependence
on the three principal dimensions of palm kernel [45]. One-way ANOVA indicated a significant
difference (P < 0.05) in changes of Ss as a function of MC. The S and Ss of palm kernel changed from 5.21
to 4.01 cm2 and from 3.22 to 3.01 cm2/cm3, respectively, as the MC decreased from 0.31 to 0.02 kg/kg
(d.b.). The S decreased while MC decreased, and that is due to the reduction in GMD. The Ss changed
polynomially, and it decreased from 3.22 to 2.8 cm2/cm3 when MC reduced from 31% to 17% and then
increased to 3.01 cm2/cm3 when MC reduced to 0.02 kg/kg. This is due to the weight changes of a single
palm kernel. The weight of the palm kernel was highly reduced at lower MC. Similar results for the S
of soybean, millet, pistachio, caper seeds, and maize kernels were obtained, respectively [33,46–49].
Hsu et al. [50], however, found the S of pistachios increased with decreasing MC. It was reported
that Dura variety of palm kernel had higher S, 9.32 cm2 [39]. The differences between the current
result and Davier [39] on the surface area of the palm kernel could be due to the different varieties.
The relationship of S and Ss with MC of palm kernel can be expressed by Equations (16) and (17),
respectively:

S = 24.51 MC2
− 5.013 MC + 4.20 (R2 = 0.89) (16)

Ss = 16.08 MC2 + 4.84 MC + 3.12 (R2 = 0.93) (17)

where S is the surface area (cm2), Ss is the specific surface area (cm2/cm3) and MC is the moisture
content (kg/kg d.b.).
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Figure 3. (a) Surface area of palm kernel, (b) specific surface area of palm kernel at different
moisture contents.

3.1.3. Bulk Density, True Density, and Porosity

Bulk density (ρb) is the ratio of the grain mass to its total volume (including free air space),
while true density (ρt) is the ratio of the mass of the sample to its true volume [51]. The ρb of palm
kernel varies between 584 and 630 kg/m3, and it significantly (P < 0.05) decreased with the decrease
in MC, as shown in Figure 4a. Araújo et al. [52] also observed a similar trend for the bulk density
of peanut grains, which values decreased when MC reduced along with the drying. These authors
attributed this effect to a greater contraction inside the cotyledons in relation to its external dimensions
shrinking to a lesser extent, thus forming empty spaces inside the grain. When there is less reduction
in the volume of the product relative to the higher weight loss (due to water releasing) during
drying, the ρb of the grains decreases [53]. In other words, drying will increase the ratio of air space
volume to the solid volume within the system. This finding is similar to those of Chandrasekar and



Processes 2020, 8, 1658 9 of 18

Viswanathan [34] for coffee; Paksoy and Aydin [54] for squash seeds; Altuntas and Erkol [55] for
walnuts and De Souza Smaniotto et al. [53] for sunflower seeds, and in contrast to Baryeh [46] for
millet and Martins et al. [56] for safflower grains who reported ρb increased with the decrease in MC.
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Figure 4. (a) Bulk density of palm kernel, (b) true density of palm kernel at different moisture contents.

According to Figure 4b, ρt of palm kernel slightly increased from 860 to 864 kg/m3 as MC decreased
(P < 0.05). A similar pattern of increasing ρt was noted by Deshpande et al. [57] for soybean; green gram
by Nimkar and Chattopadhyay [58]; hazelnuts by Aydin [59]; areca nut kernel by Kaleemullah and
Gunasekar [60]; walnuts by Altuntas and Erkol [55]; sunflower seeds by De Souza Smaniotto et al. [53].
However, Paksoy and Aydin [54] and Baümler et al. [61] found that the ρt of squash and safflower
seeds decreased as the MC decreased.

Ezeoha and Akubuo [42] reported that ρb and ρt values of an unknown variety of palm kernel
ranged from 550.14 to 653.29 kg/m3 and 1000 to 1320 kg/m3, respectively. Additionally, it was reported
ρb increased and ρt decreased with decreasing MC. Researchers reported average ρb values for palm
kernel were computed to be 710.78 kg/m3 for Dura variety, 568.90–711.10 kg/m3 for Tenera variety and
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568.90–608.05 kg/m3 for an unidentified variety [37,40,62–64]. The differences between current results
and other results, as mentioned above, on ρb and ρt of palm kernel, could be due to the difference in
a variety of palm kernel and measurement method of true density.

The relationship between ρb and ρt with a MC of palm kernel (Figure 4) can be expressed as
Equations (18) and (19), respectively:

ρb = 161.62 MC + 583.15 (R2 = 0.99) (18)

ρt = −13.79 MC + 864.48 (R2 = 0.97) (19)

where ρb is the bulk density (kg/m3), ρt is the true density (kg/m3) and MC is the moisture content
(kg/kg, d.b.).

The total porosity (ε) is the combination of free space among kernels and pore space within the
kernel, and its effect with MC is presented in Figure 5. Therefore, as discussed earlier, ρb and ρt are
influenced by variation in ε. This was also discussed by Kingsly et al. [65], the changes that occur
in ρb and ρt as the moisture decreases affected by the level of increase in ε. In this work, the ε in
palm kernel increased linearly with the decrease in MC during the drying (P < 0.05). Similar results
were obtained from the studies conducted on the relationship between the MC and the ε for hemp
seed [66], cactus pear [67], soybean [33], lablab purpureus sweet seeds [68], minor millets [69],
and maize kernels [49]. Simonyan et al. [68] have explained that, as the material loses moisture,
its volume decreases, decreasing the size and shape, which creates less intimate contact with each
other, thereby increasing the pore space. However, Akar and Aydin [70] found the ε of gumbo fruit
decreased with the reduction in MC, which is due to the increment of densities when MC reduced.
The ε of unknown variety of palm kernel was reported 27.73% [39] and 38.2%–56.4% [42]. The ε value
is often needed in airflow and heat flow studies such as the drying process. During the drying process,
intracellular spaces (pores), previously occupied by water, were replaced either by air or compressed
as a result of shrinkage. The ε of sample increases as the pores containing water is replaced with air.
In addition, heat and mass transfer rate increase with an increase in average pore size [71]. The MC,
as well as the ε of the palm kernel, was correlated as Equation (20):

ε = −19.87 MC + 32.548 (R2 = 0.99) (20)

where ε is the total porosity (%), and MC is the moisture content (kg/kg, d.b.).Processes 2020, 8, x FOR PEER REVIEW 11 of 18 
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3.1.4. Morphology Structure

The drying has damaged the kernel tissue and resulted in visual fissures. In other words,
during the drying, it is expected that the kernel cell started to swell, and the oil was easily detached
from it. Therefore, the oilier surface was clearly observed after the drying (Figure 6). As MC reduced,
more crack surface appeared (Figure 7a,b). This would influence the value of ε, as previously discussed.
According to Figure 7c,d, the smoother SEM surface can be seen after the drying process; this is due to
the oil that was being extracted.
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3.2. Desorption Isotherms

Desorption isotherm study is very important in drying and storage of fruits, vegetables and grains.
The desorption isotherm helps to decide the stability of food at particular MC in the given environment
and to predict the shelf life of dried products due to their sensitivity to moisture changes.

Experimental desorption isotherms obtained for the whole kernel and ground kernel at
temperatures ranging from 50 ◦C to 80 ◦C are presented in Figure 8. EMC corresponding to each RH
shows the mean value of three replications. EMC of palm kernel decreased with an increase in the
temperature at any RH. The decrease in EMC value with the increase in temperature at constant RH
can be explained by the fact that the kinetic energy associated with water molecules that are present in
palm kernel increases with an increase in temperature. This, in turn, resulted in decreasing attractive
forces that promote the removal of water molecules; consequently, this leads to a decrease in EMC
values with the increase in temperature at a given RH [72]. At constant temperature, EMC values
increase with an increase in RH [72]. Several researchers have reported similar trends for tea and
rice [30,73].Processes 2020, 8, x FOR PEER REVIEW 13 of 18 
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Figure 8. Desorption isotherm of whole palm kernel (a) and ground palm kernel (b).

Fitting of Sorption Models

The model coefficients for the modified Chung–Pfost, modified Halsey, modified Oswin,
and modified Henderson models with their statistic mean standard error of estimate (SEE), residual sum
of square (RSS), chi-square (χ2), R2, and adjusted R2 are presented in Tables 4 and 5 for whole and
ground palm kernels, respectively. According to Table 4, almost all models were observed to be good
to represent the experimental data since the overall adjusted R2 was above 0.87, SEE ranged from 2.59
to 2.67, RSS ranged from 20.26 to 21.39, and χ2 ranged from 0.77 to 0.82, respectively, except modified
Chung–Pfost with adjusted R2 = 0.770.

Remarkably for the ground kernel (Table 5), all models were observed to be good since overall
adjusted R2 ranged from 0.80 to 0.96, SEE ranged from 1.37 to 1.79, RSS ranged from 5.68 to 9.61, and χ2

ranged from 0.21 to 0.36. For the whole and ground kernel, the plot of residuals showed random
distribution, displaying no typical systematic tendencies towards a clear pattern, which indicates all
models are acceptable. Hence, based on statistical parameters and randomized residual, the modified
Oswin model gives a better fit to the experimental data for whole palm kernel (highest adjusted
R2 = 0.884 and lowest SEE = 2.59, RSS = 20.26 and χ2 = 0.77) and modified Halsey model gives the best
fit to the experimental data for ground palm kernel (highest adjusted R2 = 0.964 and lowest SEE = 1.37,
RSS = 5.68 and χ2 = 0.21).
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Table 4. Model coefficients and statistical results for whole palm kernel.

Parameters
Modified Modified Modified Modified

Henderson Chung–Pfost Halsey Oswin

a 6.70 × 10−8 6.08 × 109 2.42 4.94
b 5.34 × 105 1.37 × 109 8.4 × 10−4 1.59 × 10−3

c 1.77 0.35 1.81 2.51
R2 0.98 0.878 0.977 0.978

Adjusted R2 0.88 0.77 0.878 0.884
SEE 2.67 2.65 2.66 2.59
RSS 21.4 21.2 21.25 20.26
χ2 0.82 0.815 0.817 0.77

Residual plot random random random random

a, b, c are model constants (dimensionless), R2 is coefficient of determination, SEE is standard error of estimate,
RSS is residual sum of square and χ2 is chi-square.

Table 5. Model coefficients and statistical results for ground palm kernel.

Parameters
Modified Modified Modified Modified

Henderson Chung–Pfost Halsey Oswin

a 0 151.456 3.58 8.31
b −19 −26.031 −0.024 −0.061
c 1.64 0.38 1.7 2.35

R2 0.99 0.938 0.992 0.991
Adjusted R2 0.94 0.8 0.964 0.96

SEE 1.71 1.79 1.37 1.45
RSS 8.82 9.61 5.68 6.32
χ2 0.33 0.36 0.21 0.24

Residual plot random random random random

a, b, c are model constants (dimensionless), R2 is coefficient of determination, SEE is standard error of estimate,
RSS is residual sum of square and χ2 is chi-square.

The modified Oswin and modified Halsey models were further analyzed based on the residual
plots. As a result, the residuals for both models are random in the pattern, as shown in Figure 9. Hence,
the Oswin and modified Halsey are acceptable models that can be used in representing the sorption
models for whole and ground Tenera palm kernel, respectively.
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Figure 9. Residuals of predicated EMC for (a) whole kernel (modified Oswin model) and (b) ground
kernel (modified Halsey model).
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Therefore, Equations (21) and (22) present the modified Oswin and modified Halsey model for
whole and ground palm kernel, respectively.

EMC = (4.94 + 0.00159T)
[
(RH)

1−RH

]1/2.51

(21)

EMC =

[
−ln(RH)

exp(3.58− 0.0239 T)

]1/1.70

(22)

The desorption moisture content predicted by the modified Oswin and modified Halsey models
as in Equations (21) and (22) for whole and ground palm kernel, respectively, are compared with
the experimental values as shown in Figure 10. It can be seen from Figure 10a,b that there is good
agreement between experimental and predicted values.
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in the cellular structure of the kernel leading to a decrease in length, width, thickness, geometric and 
arithmetic diameter. Bulk density and surface area of the palm kernel decreased as the MC decreased, 
whereas porosity and true density increased as the MC decreased. Drying has damaged the kernel 
tissue and resulted in visual fissures, and the oilier surface was clearly observed after drying. 
Moisture sorption isotherms have a significant role to play in the prediction of the shelf life of dried 
products due to their sensitivity to moisture changes. Among the models tested, the modified Oswin 
model and modified Halsey model gave a better fit to the experimental data of whole and ground 
palm kernel, respectively. 
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Figure 10. Experimental and predicted desorption isotherms for whole and ground palm kernel using
modified Oswin model (a) and modified Halsey (b), respectively.

Limited information on the desorption isotherm of palm kernel is available in the literature.
The comparison between the two previous studies [11,13] showed important differences in the values
of EMC; this difference might be as a result of differences in palm variety, the palm maturity, and EMC
determination method [14]. The comparison between desorption isotherm of palm kernels published
by Somade [74] and Jiménez et al. [12] also showed important differences; Somade [74] obtained
lower EMC values compared to Jiménez et al. [12], whereby the difference was about 1.8% for the
75% RH. Jiménez et al. [12] concluded that the observed differences in EMC values between the studies
most likely were originated from the different genetic compositions of kernels used as well as the
postharvest handling of the materials; another possible reason to explain these differences is the MC
and RH determination techniques used, which were different in both studies.

4. Conclusions

Several physical properties of the Tenera palm kernel were determined in order to facilitate
design of the specific equipment for harvesting, transporting, cleaning, packing, drying, storing,
etc., processes. The study shows that the physical properties of the Tenera palm kernel, such as
geometric mean diameter, bulk density, true density, surface area, specific surface area, total porosity,
and morphology structures, changed after the drying process. Loss of water and heating caused
stresses in the cellular structure of the kernel leading to a decrease in length, width, thickness,
geometric and arithmetic diameter. Bulk density and surface area of the palm kernel decreased as the
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MC decreased, whereas porosity and true density increased as the MC decreased. Drying has damaged
the kernel tissue and resulted in visual fissures, and the oilier surface was clearly observed after drying.
Moisture sorption isotherms have a significant role to play in the prediction of the shelf life of dried
products due to their sensitivity to moisture changes. Among the models tested, the modified Oswin
model and modified Halsey model gave a better fit to the experimental data of whole and ground
palm kernel, respectively.
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