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Abstract: Ambient sun drying is the method most used by Indigenous communities for preserving
fruits and seeds harvested from the forest. It is an effective method to increase the shelf-life of
highly perishable foods and prevent spoilage until important bioactive compounds can be extracted
at distant locations. The ambient sun drying kinetics and oil extraction of the pulp and seeds of
commercially important oleaginous fruit directly obtained from the rainforests and swamps of
Guyana, namely Astrocaryum vulgare (Awara), Astrocaryum aculeatum (Kuru), Oenocarpus bacaba (Turu),
Mauritia flexuosa (Ite), Euterpe oleracea (Acai), Caryocar nuciferum (Souari), Attalea maripa (Kukrit),
and Carapa guianensis (Crabwood), were studied. The fruits were dried under ambient conditions
from initial moisture contents ranging from 24–71% to a final moisture content of 5%. Three models,
the Lewis model, the modified Page model, and the standard logistic function (SLF) model, were
utilized to model the drying kinetics and to estimate the parameters governing the drying process.
These models were demonstrated to fit the experimental data with excellent goodness of fit (>0.98).
The SLF, never used before to model drying kinetics, was observed to be the best-suited model
overall, with the highest correlation coefficient and the least Chi-square (χ2). Depending on the fruit
type, the estimated point where the maximum drying rate occurs varies from 35 min to 350 min
for sun-dried fruit pulp and up to 4000 min for sun-dried kernels. The steepness of the drying
curves varied from −0.5 to −3.5 g/min. The results of this work will aid in the design, development,
optimization, and control of the ambient drying processes of economically and functionally important
oleaginous forest fruits. This knowledge will assist in addressing the key challenge of spoilage faced
by Indigenous communities in the preservation of tropical oleaginous fruits and seeds, possibly
aiding in the preservation of functional characteristics of the extracted oils and adducing to the
sustainable economic utilization of such fruit.

Keywords: Guyana; Amazonian fruits; Arecaceae; Meliaceae; Caryocaraceae; ambient drying; drying
kinetics; oil extraction; mechanical cold-pressing

1. Introduction

The pulp and kernels of fruits from many tropical trees have been shown to have
unique sensory, energy, and health characteristics which makes them candidates for sig-
nificant agribusiness potential [1]. The oleaginous fruit-bearing trees play particularly
important ecological roles in the areas where they occur and impact the socio-economic
activities of communities where they proliferate. The Arecaceae family is the largest, com-
prising of 198 genera [2] and 3802 species catalogued worldwide [3]. These families are
distributed in tropical and subtropical ecosystems and occur over a wide range of lati-
tudes and altitudes. These environments and phylogenetic factors affect their botany and
physicochemical characteristics in a complex manner [4–7]. The different characteristics
that distinguish them may vary significantly depending on these factors [8]. The variability
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in the amounts, diversity, and richness of the chemicals stored in the different parts of the
plant such as lipids, bioactive components, fibers, proteins, carbohydrates, and minerals
indicate great potential in various traditional industries such as foods, pharmaceuticals, and
cosmetics as well as large scale applications in emerging bio-industries such as bio-based
lubricants and biodiesel [9]. The economic potential of the tropical oleaginous trees in the
modern cosmetics and nutraceutical industries is considered notable [10–15]. The fruit in
many species is the main part used for human consumption and can be regarded as a func-
tional food due to chemical characteristics that combine nutritional and pharmacological
value [16]. They are significant sources of nutritional compounds, including fibers, healthy
fatty acids, and bioactive compounds including antioxidants [17]. Agostini-Costa [18] re-
ported that in the use of palm trees for example, the utilization of fruits and seeds accounts
for 17–53% and 10–16.5%, respectively, and their oils and fats account for ~33% of the total
mass of the tree.

All the parts of the Arecaceae palms are traditionally used and these usages are pro-
gressively scientifically introduced as part of sustainable local economies. The fruit pulp,
oil, fiber, leaves, petioles, sap, palm heart, seeds, and roots are used for construction, food,
crafts, rituals, cultural activities, medicines, and household utensils [19]. The species of
the Meliaceae family, particularly Carapa guianensis (Crabwood), is well known and rec-
ognized for its oil with reported biological activities including anti-fungal, anti-malarial,
anti-inflammatory, insect repelling, and skin protection activities [20–22]. Oils produced
from the nuts of plants belonging to the Caryocaraceae family are known to have antioxidant,
anti-aging, anti-proliferative, and anti-immunomodulatory properties [22].

The Meliaceae family is composed of 575 species which are categorized into 50 genera.
This family is known to encompass a wide range of plants with known medicinal proper-
ties [5]. The Carapa guianensis (Crabwood) tree is a prominent species of this family. Extracts
from various parts of this tree have been traditionally utilized by indigenous people as
a natural remedy for treating wounds, fungal infections, fever, and malaria [23] and as
an insect repellent [24]. Crabwood oil is also used in the pharmaceutical and cosmetic
industries in products such as soaps, shampoos, and creams [20].

The Caryocaraceae family consists of 23 species categorized into 2 genera [6]. The trees
of the family are mainly logged and used in construction. The leaves of the plants are
traditionally used as a remedy for treating colds and coughs [25]. The seeds are a nutritious
source of fiber, proteins, carbohydrates, and minerals. Caryocar nuciferum kernel (souari)
is considered an exotic super fruit [26]. The souari kernels are soft, sweet, and taste like
almonds [27]. The fresh kernel of the species is reported to have high oil yields. The yield
reported for Caryocar nuciferum kernel (souari), for example, is 45 w/w% [27]. The kernel
oil of the species of the Caryocaraceae family, such as Caryocar brasiliense, (pequi) and
Caryocar villosum, is widely used by indigenous people for cooking, as a butter substitute,
and as an effective healing balm [28–31]. It is also an excellent emollient used in the
formulation of cosmetic products and soaps [32].

As a result of their high moisture content (>50 w/w%), fresh fruits and seeds of tropical
trees are highly perishable, resulting in post-harvest qualitative and quantitative losses if
not properly processed and stored. Low moisture contents, typically below 10 w/w%, are
required to minimize undesirable changes in nutritional and chemical composition, weight,
color, texture, and aroma [33]. By removing moisture from the fresh tropical fruits, drying
inhibits bacterial growth and enzymatic activity, thus increasing the product’s shelf-life [34].

The drying process can be carried out using natural drying or artificially enhanced
drying methods [35,36]. Typically, moisture removal follows three stages. A fourth short
warmup period is observed before the water begins to evaporate when a cold material is
used. Firstly, water is removed from the saturated surface at a high constant rate. After the
surface water is depleted, moisture diffuses slowly to the surface and is lost at a significantly
reduced rate. During this falling rate stage, the texture of the material may change and slow
diffusion as well. When there is no longer enough evaporation to keep the temperature
down, the material tends to heat up and evaporation may take place below the material’s
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surface if there are cracks or pores. This is the second and final falling-rate stage of the
drying process [37].

Natural drying consists of exposing whole or sliced fresh fruits and seeds to ambient
environmental conditions (in the sun or shade) whereas artificial drying processes use special-
ized dryers in which drying parameters such as air flux, temperature, humidity, and time are
carefully controlled and optimized independently of weather conditions [36,38–40]. Dryers
and related drying methods are developed to ensure consistent shelf-life, food safety, and
quality on commercial scales. However, these methods usually require larger investment,
advanced energy sources, and technical skills to operate and thus can be unaffordable to local
communities in hinterland, lowlands, and forest areas.

Although natural drying methods have inherent disadvantages such as dependency
on weather conditions, low operational performance, and potential contamination concerns,
they are simple, chemical free, and require no modern energy source, complex equipment,
or specialized skills. Natural drying is sustainable and considered generally safe if properly
handled. This type of drying is suited for areas that do not have modern infrastructure
and technologies or facile sources of energy such as local communities in the Amazon and
the hinterland in Guyana. These communities have historically taken advantage of direct
solar energy to dry tropical fruits. The practice has cultural significance and contributes
to the preservation of traditional heritage. Nowadays, foods that are naturally dried are
considered high value products and appreciated for their nutrients and flavors as well as
sustainable origin [1].

Several studies were conducted on the drying processes and drying kinetics of oleagi-
nous fruits which are the focus of this study using artificial dryers; but no studies are
available on natural drying methods at ambient environmental conditions. Astrocaryum
aculeatum pulp and kernel were dried in a convective fixed bed dryer at different temper-
atures (50, 60, 70, and 98 ◦C) and drying kinetics were studied using thin-layer models
and fitted with Page, Newton, and Henderson models [41]. Cast-tape drying, freeze dry-
ing [42], and Pratic drying with controlled air speed (1.8 ms−1) [43] were also used to dry
Astrocaryum aculeatum pulp and kernel. Infrared freeze dryers [44], conductive thin-film
dryers [45], and laboratory-scale tunnel dryers [46,47] were used to dry Euterpe oleracea at
controlled temperatures ranging from ~32 ◦C to 65 ◦C. Mauritia flexuosa pulp were dried
milled and dried to produce flour but the drying kinetics study was not performed [48].

Modeling of fruit and vegetable drying has developed significantly from the relatively
simple empirical functions to advanced simulations using machine leaning techniques and
artificial intelligence [49]. Thin-layer models are among the first approaches to be used to
describe the evolution of food moisture content during drying. Since these approaches
do not require extensive computation powers to be implemented and provide significant
practical insights into drying processes, they are still extensively applied to food drying
experimental data.

Thin layer modeling approaches are diverse, including exponential and power func-
tions and more complex functions based on statistics and laws of heat, mass, and momen-
tum transfer. Thin-layer drying models are classified in three categories: empirical, semi
empirical, and theoretical [49,50]. Some models, such as the Lewis model, are straight-
forward but not flexible enough to adapt to the variability in experimental drying and
therefore can be applied to describe only limited drying data sets. The models with in-
significant and correlated parameters and those which require a transformation of the data,
while generally fitting experimental data well, fail to provide meaningful insights into
the physics of the drying process and are therefore to be avoided. The thin layer drying
functions suggested by Buzrul [51] to model and describe the existing drying data of fruits
and vegetables can be narrowed down to two classes of models that yield similar results
as follows:

1. Logarithmic class: this class includes the Lewis (Newtonian) model [52] and the
so-called modified two-term model [53,54];
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2. Sigmoidal class: this class includes the Page model [55], the modified Page model [56],
and the Weibull model [57,58].

In the logarithmic and sigmoidal classes the scale parameter (t0) indicates the time
needed to accomplish a given amount of moisture. t0 is a characteristic time specific to
each model. For example, t0 of the Weibull model represents the time needed to achieve
approximately 63% of the process. The exponent, (n), is known as the shape parameter and
indicates the growth rate and steepness of the curve. In cases where mass is used instead
of moisture ratio (MR), as is the case in this work, content in the modeling, initial mass
(maximum), and dynamic equilibrium mass (minimum) are introduced in the forms and
may be constrained or not during regression, depending on predetermined conditions. The
correlation of fit parameters is an estimation of the independence of these parameters. It is
an important statistical tool used to assess a model’s validity to describe experimental data.
It is generally indicated by the following qualifiers: strong, mild, or low [59].

The natural drying process is subjected to fluctuation in environmental conditions
which results in complex drying kinetics and drying curves that do not lend themselves
easily to modeling as those obtained in the more controlled processes such as in oven
dryers [60]. Understanding and quantifying factors affecting ambient drying in relation
to characteristics of the dried material, equipment design, and environmental conditions
would help in the design, development, optimization, and control of local fruits and seeds’
drying processes [36].

This work evaluates the oil extracted by a mechanical cold press from the pulp and/or
kernel of eight commercially important oleaginous fruit directly obtained from the rain-
forests and swamps of Guyana: Astrocaryum vulgare (AV, Awara), Astrocaryum aculeatum
(AA, Kuru), Oenocarpus bacaba (OB, Turu), Mauritia flexuosa (MF, Ite), Attalea maripa (AM,
Kukrit) Euterpe oleracea (EO, Acai) Caryocar nuciferum (CN, Souari), and Carapa guianensis
(CG, Crabwood). The work also describes ambient drying of AV, AA, OB, EO, and MF pulp
and AV, AA, CG, and CN seeds. The drying kinetics of these fruit pulps and seeds were
described using three selected models: the Lewis model, the modified Page model, and
a generalized logistic function known as the standard logistic model. To the best of our
knowledge, there are no published modeling studies of natural/solar drying kinetics of
tropical fruits.

2. Materials and Methods
2.1. Materials

For conciseness and easy reading, acronyms using the initial letters of the scientific
name of the species followed by the initial letter of the nature of the fruit material (pulp (P),
seed (S), and kernel (K)) were used to name the different materials of this study.

Fruit Species, Collection, and Processing

The eight different fruits and seeds of the oleaginous tree species studied in this
work were sourced from Indigenous communities across three regions of Guyana, South
America. The fruits do not grow in the same regions due to important geographical and
environmental differences. Figure 1 presents the administrative and natural regions of
Guyana from which the fresh fruits and seeds were sourced. Fresh fruits of AA, OB, MF,
CG, and AM were supplied by the indigenous residents of Region #1 (Hinterland Forest,
yellow star in Figure 1). AV fruits were supplied by residents of Region #2 (coastal plains,
red star in Figure 1). EO and CN were supplied by residents of Region #9 (Rupununi
Savannahs, blue star in Figure 1).
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Figure 1. Regions of Guyana outlining where the fresh fruits and seeds were sourced. Inset is a map
of the natural regions. Astrocaryum aculeatum (AA), Oenocarpus bacaba (OB), Mauritia flexuosa (MF),
Carapa guianensis (CG), and Attalea maripa (AM) from Region #1 (yellow star); Astrocaryum vulgare
(AV) from Region# 2 (red star); and Euterpe oleracea (EO) and Caryocar nuciferum (CN) from region
9 (blue star). Image source: https://www.dreamstime.com/map-administrative-division-guyana/
(accessed on 1 October 2023).

To maintain the integrity of the samples and prevent spoilage, each fruit was individ-
ually inspected. Fruits that were unripe or demonstrated bruises, blemishes, or signs of
microbial deterioration were excluded from the experiments. All stems, twigs, and leaves
attached to the fruits were manually removed using stainless steel knives and then washed
with distilled water.

AV, AA, OB, EO, MF, and AM have a firm fibrous pulp surrounding the rigid seed.
The pulps were separated from the seed using stainless steel knives/vegetable peelers. The
seeds of AV, AA, CN, and CG were split using a knife and hammer to expose the kernels.

https://www.dreamstime.com/map-administrative-division-guyana/
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2.2. Methods
2.2.1. Drying Setup

Out of the 18 materials listed in Table 1, the following seven (7) materials: Astrocaryum
vulgare pulp (AVP), Astrocaryum aculeatum seed and kernel (AAP and AAS), Oenocarpus
bacaba pulp (OBP), Euterpe oleracea pulp (EOP), Mauritia flexuosa pulp (MFP), and Carapa
guianensis seed (CGS) were selected for drying kinetics studies as they are representative of
the pulps and seeds collected for this study.

Table 1. Acronyms for fruit, fruit pulp, fruit seed, and/or fruit kernel investigated in this study.

Scientific Name Fruit Acronym Fruit Material Material Acronym

Astrocaryum vulgare AV

Pulp AVP

Seed AVS

Kernel AVK

Astrocaryum aculeatum AA

Pulp AAP

Seed AAS

Kernel AAK

Oenocarpus bacaba OB
Pulp OBP

Seed OBS

Euterpe oleracea EO
Pulp EOP

Seed EOS

Mauritia flexuosa MF
Pulp MFP

Seed MFS

Attalea maripa AM
Seed AMS

Kernel AMK

Carapa guianensis CG
Seed CGS

Kernel CGK

Caryocar nuciferum CN
Seed CNS

Kernel CNK

Although drying kinetics were not performed on the other materials, kernels of AVK,
AAK, AMK, CGK, and CNK were dried and oil was extracted from these materials using
the cold press expeller.

The drying kinetics of fresh pulps and seeds were performed in triplicate using a
rectangular aluminum pan (Length × Width × depth of 26 cm × 20 cm × 6 cm). A
known mass of evenly chipped fruit pulp (3–4 cm long, 0.5–1 cm thickness) was evenly
spread in a thin layer (0.5–1 cm thick) into the aluminum pan in a similar manner to
conventional thin layer drying setups [61]. Split fruit seeds were similarly arranged in
a single layer into the pan but with all the kernels facing upwards for direct exposure
to the sun. For sun-dried kinetics studies, the drying pans were directly placed into
sunlight. For drying kinetics experiments conducted in the shade, samples were placed
outdoors under a shed to avoid exposing the fruit to direct sunlight. All sun-dried and
shade-dried experiments were performed in ambient environmental conditions. The shade
drying experiments were carried out to describe drying under intermittent sunlight which
frequently occurs in Guyana. The method was discontinued because it resulted in spoilage
during the experiment. The sample weight loss and temperature were measured every
30 min using a digital mass balance (Kalorik®, Miramar, FL, USA) and Fluke 568 infrared
thermometer (ITM Instruments, York, ON, Canada) until three constant weight loss values
were measured. The relative humidity was obtained from meteorological records using
weather.com (accessed on 15 July 2023) and was not measured on site [62].

weather.com
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2.2.2. Moisture Content and Pulverization

The moisture content of the materials was recorded before the start of the drying
experiment (fresh pulp/seed) and at the end of the drying experiment (when three constant
mass values are measured) using an MB45 moisture analyzer (OHAUS, Moris County,
NJ, USA) at 100 ◦C. The materials were then pulverized using a high speed multifunc-
tional comminutor (Seeutek®, CA, USA) and stored in sealed bags (Ziploc®, SC Johnson,
Brantford, ON, Canada) for oil extraction.

2.2.3. Oil Extraction and Mass Balance

Pulp and seed oils were extracted from the dried/pulverized samples using a
1500-Watt portable cold press oil expeller (CGOLDENWALL, Beijing, China). Pulp oil
of AV, AA, OB, EO, and MF were extracted between 30 ◦C and 40 ◦C. Seed oil of AV, AA,
CG, and CN are solid at room temperature and were extracted between 50 ◦C and 80 ◦C
to melt the oil so it can be expelled. Oil from the seeds of OB, EO, and MF could not be
extracted using this method because the kernels were attached to the hard fibrous shell in a
way that prevented proper separation and pulverization. The materials obtained from the
seeds of these fruits clogged the expeller at the feeding stage, preventing oil extraction.

The pulverized samples were fed through the expeller twice to increase the oil yield.
All expelled oil was vacuum filtered using Coarse Whatman #40 filter paper to remove the
insoluble particles from the oil. The oils were then stored in glass bottles.

A mass balance study was performed for each fruit batch studied. The mass balance
data accounts for the mass of fresh fruit, fresh pulp, dried pulp, pulp oil, fresh kernel, dried
kernel, deshelled kernel, kernel oil, pulp flour, kernel flour, and filter paper residue. The
mass balance results are reported in Section 3.3.

2.2.4. Mathematical Modeling of Drying Kinetics

Curve fitting of the mass versus time data collected during ambient drying of AAP,
AAS, AVP, EOP, OBP, MFP, and CGS was performed using a representative function of
each of the two model classes identified in Table 2, namely the Lewis ((i) in Table 2) and
the modified Page ((iv) in Table 2) models. The Lewis model proposes that change in
moisture content during the falling-rate stage is proportional to the moisture difference to
the equilibrium state under the drying conditions [63]. The modified Page model is derived
based on an approximated solution of Fick’s law of diffusion and has generally been shown
to provide good fits to experimental data where the falling-rate stage is the main drying
stage [64]. In addition to the above two models, a special case of the generalized logistic
function (Richards’s curve) known as the standard logistic function (SLF), was used to
model the experimental data. The generalized logistic function is suitable for this purpose
because it allows for more flexible S-shaped curves without increasing the number of
parameters or altering their significance [65]. It is an extension of the original logistic or
sigmoid functions which were developed to model population dynamics and more general
biological growth under probabilistic assumptions [65]. It is applied for the prediction of
a variety of growth phenomena such as tumors [66], the concentration of reactants and
products [67], and epidemic trends such as COVID 19 [68].

SLF generates an S-shaped curve which has four significant parameters:

y = min +
max−min

(1 + ( t
t0
)
−n

)
(1)

where min and max are two asymptotes parallel to the t-axis which indicate the minimum
and maximum of the curve, respectively. At t = 0, y(0) = max, which in our case is the
starting mass of the material, and at t = ∞, y(∞) = min, which in our case is the dynamic
equilibrium that mass reaches in ambient drying. t0 is the scale parameter of the function.
It is a characteristic time at which the curve has an inflection point and the curve slope is
maximum. n is the shape parameter of the function. It indicates the growth rate or steepness
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(hill slope) of the curve. The shape parameter is an expression of various mechanisms
involved in the drying process and is related to the speed of mass transfer at the start of the
falling rate stage [69].

Table 2. Classes of suggested thin-layer drying models.

Class Model Name Parameter
Correlation Comment Ref

Logarithmic
(i) Lewis (Newton) MR = e−

t
t0

Simplest but fails to
model many
drying data

[52]

(ii) Modified two-term MR = ae−
t

t0 + (1− a)e−b t
t0 Mild to strong [53,54]

Sigmoidal

(iii) Page MR = e−
t

t0
n

Strong Simple, describes
many drying data [55]

(iv) Modified Page MR = e−(
t

t0
)

n
Low

Same as Page model
with fewer errors on
the rate parameter

[56]

(v) Weibull
MR = e−(

t
t0
)

n
Low Simple, describes

many drying data [57]

MR = 10−(
t

t0
)

n
Mild Simple, describes

many drying data. [58]

(vi) Standard Logistic
Function MR = min + max−min

(1+( t
t0
)
−n

)
Mild Can describe many

experimental data This work

Similar to the arguments invoked for the Weibull probabilistic approach to mass
change during drying [70], the SLF considers that the mass change from an initial value
(max) to a final dynamic equilibrium value (min) is represented under the specified exper-
imental conditions by a continuous random variable with a sigmoid probability density
function. The SLF parameters are weakly correlated like those of the Weibull model. Unlike
in the other models, the characteristic time of the SLF, t0, and exponent, n, are interpretable
parameters easily identified by visual inspection of the data. The versatility and potential
of SLF to describe the processes of varied experimental drying data sets were examined
and compared with those of the widely used Lewis and modified Page thin layer model.

Drying rate (DR), defined as the loss of mass from the wet solid per unit of time (t),
was calculated from the curves generated by the fit to the drying data using the models
according to

DR =
dM(t)

dt
(2)

Built-in and user-defined equations in the nonlinear regression wizard of Sigmaplot
12.5 software were used to fit the data. Since modeling the average values with the error
bars for independent replicates is considered a lesser choice [71,72], all replicates were
individually modeled and the results were analyzed statistically as recommended [71].

2.2.5. Statistical Analysis

Statistical evaluation of the results was performed using a design including the three
models (Lewis, modified Page, and SLF); ambient drying experiments of the pulps and
seeds of AAP, AAS, AVP, EOP, OBP, MFP, and CGS were each performed in triplicate.
The coefficient of determination (R2), Chi-square (χ2), and residual sum of squares (RSS)
were used to evaluate the performance of the models. A Shapiro–Wilk test and coefficient
of concordance (W Statistic) were used to assess normality and agreement. The Durbin–
Watson (DW) statistic was used to test for autocorrelation in the residuals. Standard
error and standard deviation were used to assess the physical relevance of the models’
parameters. Residuals and analysis of variance (ANOVA) were conducted to compare the
experimental and predicted values between the fitted curves. The statistical analysis was
performed using the Sigmastat module of Sigmaplot 12.5 software.
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3. Results and Discussion
3.1. Drying Kinetics and Modeling of the Experimental Data

The experimental mass versus drying time data obtained in this work are provided in
the Supplementary Materials in Table S1. The mass changes of the samples, which indicate
moisture content changes [73], were used for the regressions because no other mass loss
occurred during the experiments. The relevant data were converted to moisture content
considering the measured initial moisture. The curves resulting from the application of
Lewis, modified Page, and standard logistic models, represented by Equations (i) and
(iv) of Table 2 and Equation (2), to the experimental data are provided in Figure S1. The
fit parameters and related statistical data for the three models are presented in Table 3.
The data for the minimum values obtained from the fits and presented in Table 3 were
normalized using the fixed maximum mass at 100. Figure 2 shows the predicted curves
obtained with the standard logistic model on observed mass loss data for fresh sun-dried
and sun-dried seeds.

Table 3. Drying kinetics data. (a) Sun-dried pulp, (b) sun-dried seeds. M. Page: Modified page model;
SLF: Standard logistic function; Lewis: Lewis model.

(a) Sun-Dried Pulp

AAP AVP EOP

SLF M. Page Lewis SLF M. Page Lewis SLF M. Page Lewis

χ2 0.373 0.445 0.385 0.211 1.3851 1.56 0.150 0.089 0.215

R2 0.996 0.991 0.987 0.988 0.994 0.986 0.996 0.998 0.994

RSS 56.7 ± 12.6 49.2 ± 12.0 88.2 ± 36.8 335.4 ± 320.3 60.6 ± 12.2 196.5 ± 47.6 21.4 ± 4.9 11.0 ± 0.6 33.1 ± 8.7

t0
(min) 283.3 ± 59.9 260.7 ± 30.8 347.1 ± 22.1 201.6 ± 15.1 222.5 ± 7.9 288.6 ± 26.6 76.5 ± 1.2 95.1 ± 1.2 98.5 ± 2.4

n 1.3 ± 0.2 1.2 ± 0.1 1.0 0.9 ± 0.1 1.2 ± 0.2 1.0 1.7 ± 0.1 0.95 ± 0.1 1.0

min
(%) 63.1± 9.7 47.8 ± 4.7 39.3 ± 1.4 56.5 ± 0.2 35.2 ± 9.4 45.7 ± 1.4 61.7 ± 0.3 61.8 ± 0.3 63.3 ± 0.6

OBP MFP

SLF M. Page Lewis SLF M. Page Lewis

χ2 0.362 0.514 0.5888 2.23 1.277 2.587

R2 0.992 0.9916 0.989 0.991 0.993 0.99

RSS 41.8 ± 19.7 65.1 ± 33.1 58.6 ± 34.2 513.3 ± 106.5 408.4 ± 100.5 573.4 ± 103.9

t0
(min) 66.1 ± 2.1 91.4 ± 3.2 91.4 ± 2.3 454.4 ± 25.1 470.5 ± 22.5 586.5 ± 74.7

n 1.3 ± 0.1 0.9 ± 0 1 1.5 ± 0.1 1.4 ± 0.1 1

min
(%) 44.6 ± 30.7 64.8 ± 0.5 65.9 ± 1.3 61.7 ± 0.3 25.7 ± 0.4 13.1 ± 2.41

(b) Sun-dried seeds

AAS CGS

SLF M. Page Lewis SLF M. Page Lewis

χ2 0.659 0.793 0.859 0.151 0.151 0.211

R2 0.995 0.994 0.99 0.991 0.991 0.989

RSS 93 ± 47.8 24,968.6 ±
42,209.4 672.5 ± 977.5 94.7 ± 27.4 94.7 ± 27.9 119.0 ± 43.9

t0
(min) 475.5 ± 191.1 359.3 ± 56.13 395.3 ± 56.6 2315.5 ± 1520.5 1361.6 ± 755.7 535.6 ± 20.9

n 1.3 ± 0 1.242 ± 0.249 1 0.8 ± 0.1 0.8 ± 0.1 1

min
(%) 67.3 ± 5.3 70.7 ± 3.7 69.1 ± 2.7 50.6 ± 15.3 66.1 ± 8.8 78.4 ± 0.7
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Figure 2. Observed mass loss data as a function of time predicted by the standard logistic model for
fresh sun-dried pulps of (a1) Astrocaryum aculeatum (AAP), (a2) Astrocaryum vulgare (AVP), (a3) Euterpe
oleracea (EOP), (a4) Oenocarpus bacaba (OBP) and (a5) Mauritia flexuosa (MFP) and sun-dried seeds of
(b1) Astrocaryum aleatum (AAS) and (b2) Carap guianensis (CGS).
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3.1.1. Goodness of Fit

The coefficient of determination (R2), Chi-squared (χ2) test, and residual sum of
squares (RSS) were used to determine the goodness of fit of the three models employed
and to assess their potential to describe experimental ambient drying data. The coefficient
of determination (R2) values obtained from the three models were higher than 0.9 for all
materials, suggesting that these models are suitable to describe the experimental drying
data. However, in scenarios characterized by a steep regression surface, the R2 value is
inflated irrespective of the actual goodness of fit achieved [74]. The χ2 test was used to
further assess the goodness of fit and compare the three models. The SLF displayed the
lowest χ2 values for all materials except for the sun-dried pulp of EO (acai) for which the
modified page model yielded the lowest value. Comparison of experimental values with
predicted mass values by the modified page and SLF models for EO sun-dried pulp is
shown in Figure 3 to visually illustrate the differences in the goodness of fit between the
two models. As seen in the figure, the correspondence is excellent (fit to a line provided a
R2 = 1 and a slope of 1).
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Figure 3. Comparison of experimental with predicted mass for Euterpe oleracea sun-dried pulp by (a) the
modified Page and (b) SLF models. Dashed lines are linear fits of the data (R2 = 1, slope = 1.0 ± 0.02).

Several factors can contribute to the ability of a specific model to describe a given data
set including the quality of the data, characteristics of the material, and environmental
conditions which can significantly influence the diffusion mechanisms at the different
stages of the drying process. A large enough deviation in these factors may skew the drying
process enough to no longer be described by a function that otherwise describes similar
materials. Although, generally, SLF predicted the experimental ambient drying data with
better goodness of fit, the modified Page model may, in specific instances, be more suitable.
Regardless, all the statistics indicate that the modified Page is also a model that can very
well describe the ambient drying of oleaginous fruits of Guyana. In addition, it lends itself
to directly estimating coefficients of diffusion by comparison to approximated solutions of
Fick’s second law of diffusion. The Lewis model consistently exhibited the highest χ2 and
RSS values for each material and is therefore deemed the least suitable model to represent
the drying kinetics of the pulps and seeds in this study.

The agreement of the predictions obtained with the models indicates that the ex-
perimental drying patterns in ambient conditions can be unambiguously described with
thin-layer approaches. This also indicates that the experimental data are not overfitted,
implying that these models, particularly the SLF, can be used to successfully describe the
drying kinetics under natural environmental conditions of other similar materials.

3.1.2. Drying Parameters

The dynamic equilibrium values predicted by the models are close to the practical
equilibrium determined experimentally. Relative mass loss (%) ML(%) = max−min

max × 100%
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calculated from the predicted max and min values for the three model compared to measured
mass loss is provided in Table 4.

Table 4. Predicted and measured mass loss (%). SLF: Standard logistic function, M. Page: Modified
page model, Lewis: Lewis model.

Materials
Mass Loss (%)

Experimental SLF M. Page Lewis

Sun dried pulps

AAP 46.5 ± 0.8 63.1 ± 9.7 49.6 ± 9.4 60.7 ± 1.4

AVP 47.0 ± 0.6 43.5 ± 0.2 68.0 ± 9.4 54.3 ± 1.4

EOP 35.0 ± 0.6 38.0 ± 0.3 35.1 ± 0.3 36.7 ± 0.6

MFP 69.6 ± 0.6 90.6 ± 0.7 74.5 ± 0.4 86.9 ± 4.9

OBP 34 ± 1.0 36.6 ± 1.7 34.4 ± 1.5 34.1 ± 1.3

Sun-dried seeds

AAS 24.1 ± 3.1 29.4 ± 2.3 26.2 ± 1.9 26.6 ± 2.7

CGS 17 ± 0.1 61.5 ± 6.2 38.1 ± 8.7 38.1 ± 8.1

The three models predicted ML(%) in good coincidence with most measured moisture
loss (Table 4). The three models predicted ML(%) for EOP, OBP, AAP, and AAS with
similar goodness of fit. SLF provided the best ML(%) predictions for sun-dried AVP, EOP,
and OBP. SLF provided the best ML(%) predictions for sun-dried AVP, EOP, and OBP. It
preditcted higher ML(%) than what was experimentally measured for sun-dried pulps of
AAP and MFP and seeds of AAS, suggesting that ambient drying of these materials did
not achieve dynamic equilibrium and that they can be further dried to lower moisture
content. The modified Page model predicted an ML(%) that is not statistically different
from the experimental measurements for sun-dried AVP, EOP, OBP, and sun-dried AAS. M.
Page performance is particularly notable for sun-dried AAP as substantiated by its lowest
Chi-squared statistics.

The standard logistic and modified Page models provided values of the shape (n)
and scale (t0) parameters which are not significantly different (p < 0.05) for the drying
kinetics of each material. The shape parameter (n) ranged from 0.6 to 1.71, similar to what
is reported for the drying kinetics of other fruits and herbs [75–80]. The shape parameter is
an expression of various mechanisms involved in the drying process including diffusion,
convection, and relaxation and is related to the pace of mass transfer at the start of the
falling rate stage. Lower n values are indicative of faster drying rates. When n = 1, the
distribution reduces to first order kinetics [57].

Values of the scale parameter t0 for the sun-dried pulps depended on the species. As
shown in Figure 4, t0 of sun-dried pulps increases from ~66 min for OBP and EOP to
~466 min for MFP, indicating very different diffusion processes in these fruits explained
by completely different textures and initial moisture content. This parameter characterizes
the different fruits depending on internal structure, moisture content, and effective trans-
port parameters. One direct observation is that higher n values are related to more intricate
textures. The n value of EOP, which is the most fibrous and has the most intricate texture,
is the highest (n = 1.7) followed by that of the less fibrous MFP (n = 1.5) compared to AAP
(n = 1.3) and AVP (n = 0.9), which have less and softer fibers, as indicated by easy mastication.
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Figure 4. Scale parameter t0 for sun-dried pulp of fruits obtained with the modified Page (M. Page)
and standard logistic models (SLF).

These results indicate that the proposed models are suitable for predicting the moisture
content of Guyana’s oleaginous fruits (pulp and seed) during drying at local ambient
temperatures and can be utilized to estimate important parameters of the drying process.
These parameters are suitable for the optimization of local operational conditions.

3.1.3. Drying Rate

The drying rates, defined as the loss of moisture per unit time (DR = dMR
dt ) of sun-

dried pulp and sun-dried seeds, are shown in Figure 5. The same surface area, 0.052 m2,
was used for all drying experiments.
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Figure 5. Drying rates of (a) sun-dried pulp and (b) sun-dried seeds of oleaginous fruits from Guyana.

The shape of the DR(t) curve and its different segments are related to the different
stages that the drying process undergoes. As shown in Figure 5, DR(t) curves present
maxima (DRm) at ts (time at the peak of the drying rate curve) and then generally decrease
with time. In the first stage of drying, water is removed from the saturated surface at an
increasing rate; then, after surface water is depleted, moisture diffuses slowly to the surface
and is lost at a significantly reduced rate. The time at which the surface moisture is depleted
is therefore indicated by ts. The drying stage following surface moisture depletion is known
as the falling rate stage. In this stage, the texture of the material may change and slow
diffusion as well. When there is no longer enough evaporation to keep the temperature
down, the material tends to heat up and evaporation may take place below the material’s
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surface through cracks and pores. Drying in this second and final falling-rate stage of the
drying process is slower [37]. The first and second falling-rate stages are represented in
the DR(t) curve by two straight segments joined by a bent decaying line indicating the
existence of a region where the two stages of drying coexist.

There is no correlation between DRm or ts with initial moisture of the sample. This
is expected because although it is related to the capacity of the microstructure to hold
moisture, the details of microstructure can be quite different from fruit to fruit, making any
inference practically impossible with the simple model used to describe the drying process.
The slope of the line representing the first falling stage (α1), although seeming to correlate
with the initial moisture content of AAP, EOP, OBP, and AVP, is probably serendipitous as
it is also the result of the details of the fruit microstructure. The difference in drying rates
can be related to the pressure difference between the sample center and surface wherein
higher-pressure differences lead to faster diffusion of moisture from the sample.

3.2. Extraction of Oil from Dried Fruit

Figure 6 shows the fruits at various stages of the drying process and the appearance of
the extracted oil as follows: (i) AV, (ii) AA, (iii) OB, (iv) EO, (v) MG, (vi) CG, (vii) CN, and
(viii) AM.

3.2.1. Fruit and Oil Description

Table 5 presents information on the characteristic color, shape, size, fruit mass, pulp
mass, and kernel mass (excluding shell) for the eight fruits studied.

Table 5. Description of the fresh fruits studied. Data are based on averages on a measurement of 10 fruits.

Fruit Fruit Colour Shape Length (cm) Width (cm) Fruit Mass (g) Pulp Mass (g) Kernel Mass (g)

(i) AV Orange Oval-spherical 4.4 ± 0.8 3.2 ± 0.6 31.8 ± 11.3 18.0 ± 7.6 17 ± 3.2

(ii) AA Yellow-green Oval-spherical 5.6 ± 2.3 5.2 ± 1.2 41.1 ± 13 25.9 ± 1.0 21.3 ± 4.6

(iii) OB Purple Elliptical-
globular 3.54 ± 0.1 3.04 ± 0.5 11.2 ± 2.4 4.2 ± 0.3 6.66 ± 1.7

(iv) EO Purple Globular 1.4 ± 0.1 1.3 ± 0.1 1.32 ± 0.1 0.42 ± 0.1 0.9 ± 0.1

(v) MF Chestnut Globular-
elongated 5.75 ± 0.4 4.70 ± 0.5 55.1 ± 9.8 18.7 ± 3.3 20.83 ± 7.4

(vi) CG Yellow-brown Irregular
quadrilateral 7.1 ± 0.4 5.8 ± 0.1 19.6 ± 4.4 - 14.8 ± 1.5

(vii) CN Yellow-brown Kidney-shaped 7.46 ± 0.2 6.56 ± 0.2 123.6 ± 10.5 - 23 ± 3.8

(viii) AM Cream-yellow Oblong ovoid 4.9 ± 0.2 2.3 ± 0.1 20.3 ± 1.5 4.7 ± 1.4 9.8 ± 0.6
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Figure 6. Pictograph of the drying process and extraction of oil from the pulp and kernels (i) Astro-
caryum vulgare (AV) (i-a) pulp (i-b) kernel, (ii) Astrocaryum aculeatum (AA) (ii-a) pulp (ii-b) kernel,
(iii) Oenocarpus bacaba (OB), (iv) Euterpe oleracea (EO), (v) Mauritia flexuosa (MF), (vi) Carapa guianensis,
(CG) (vii) Caryocar nuciferum (CN), and (viii) Attalea maripa (AM).

3.2.2. Color Implication of Fresh Fruit and Oil

The orange, yellow–green, and chestnut color of AV, AA, and MF fruits, respectively,
are associated with the presence of different levels of carotenoids. Reported values for
carotenoids in AV and AA pulps are 8.39 mg/100 g and 6.27 mg/100 g, respectively [81], and
491.05 mg/100 g for MF [82]. The purple color of the OB and EO are associated with high
levels of flavonoids including anthocyanins, flavanones, flavanols, and flavones [81–85]. The
reported gallic acid equivalence (GAE) for OB is 1759.27 mg 100 g [83,85] and 1880–5890 mg
GAE/100 g for EO [83,84]. The color of the fruit is observed in the extracted oil which indicates
that these phytochemicals are also present in the oil.

Kernel oil extracted via the cold press method is typically light-yellow or clear while
high temperature (>100 ◦C) methods produce the dark brown colored oil [86]. In this study,
the extracted seed oils from the cold-press expeller displayed a transparent light-yellow
coloration. This is most likely due to the relatively low extraction temperature used for
AAK (50–80 ◦C), AMK (50–80 ◦C), AVK (50–80 ◦C), CGK (37–40 ◦C), and CNK (31–33 ◦C)
that mitigated oxidative polymerization. It should be noted that many commercial sources
of the kernel oils of AV and AA claim that they were cold pressed below 35 ◦C; however,
there is some doubt that this can be accomplished due to the high melting point of these oils
and the difficulties associated with controlling temperature at the high pressures required
to expel them from the dried kernel [87]. Our group is further researching this concern
and will provide further assessments of the volatile components retained in such oils
as a function of temperature, including an assessment of the so-called cold pressed and
commercially available samples of these oils.

It is also worth noting that cold mechanical press extraction is considered safe and en-
vironmentally friendly. Cold pressed oils are generally processed under low temperatures,
which minimizes loss beneficial thermolabile volatiles compounds and protects unique
flavors and odors [88]. Cold mechanical press extraction yields oils with unique physico-
chemical characteristics, organoleptic attributes, nutritional quality, oxidative stability, and
functional and health-promoting traits [89].

The fresh pulps of AV, AA, OB, and EO are fibrous, oily, and flexible. However, when
dried to 5 w/w% moisture content they are brittle and easily breakable. The dried pulps
are therefore easier to pulverize than the fresh pulp.

As shown in Figure 7, the kernels of Oenocarpus bacaba and Euterpe oleracea are different
from those of A, AA, AM, and CG in that they have a fibrous network running through the
kernel that prevents it from falling out of its shell after drying.

The fresh kernel of AV, AA, EO, AM, CG, and OB cohere strongly to the shell. However,
when AV, AA, AM, and CG reach 10–15 w/w% moisture content, the kernel shrinks,
detaches, and falls out of the shell. The kernel of fresh CN weakly coheres and can be easily
removed from the shell after splitting it. The large kernel seed of MF is easily removed by
prying it out; however, they are quite hard and difficult to split and pulverize.
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Figure 7. Comparison of split fruit seed kernel. (a) Fresh Astrocaryum aculeatum (AAK); (b) Dried
Astrocaryum aculeatum (AAK); (c) Fresh Caryocar nuciferum (CNK); (d) Fresh Mauritia flexuosa (MFS);
(e) Fresh Oenocarpus bacaba (OBS); (f) Fresh Euterpe oleracea (EOS); (g) Dried Attalea maripa (AMS); and
(h) Fresh Carapa guianensis (CGS).

3.3. Mass Balance Data Table for the Eight Tropical Fruits Studied

For each fruit batch studied, a complete mass balance study was performed to account for
the distribution of mass throughout the processing stage of the fruits (Table 6). The oil yields for
the pulp and/or kernel oils obtained after cold-press extraction are presented in Table 6.

Table 6. Mass balance results of fruit at stages in the drying and oil extraction process. Weight
percentages are calculated relative to fresh fruit mass (FFM). Mean percentage and standard deviations
are calculated from the combined batches and relative to fresh fruit.

Parameters AV AA OB EO MF CG CN AM

Fresh Fruit Mass (FFM) (g) 29,800 12,112 24,000 9500 38,000 14,165 1485 22,700

Fresh Pulp Mass (g) 16,344 5975 6510 2542 20,519 -- -- --

Dried Pulp Mass (g) 11,510 3337 4770 1757 6675 -- -- --

Oil Pulp Mass (g) 2533 1471 682 137 -- -- -- --

Fresh Kernel Mass (g) 12,678 6137 16,843 5848 9130 -- 313 22,400

Dried Kernel Mass (g) 6238 4481 -- -- -- 8989 173 1632

Deshelled Kernel Mass (g) 5178 1695 -- -- -- 5894 -- 3904

Kernel Oil Mass (g) 1526 239 -- -- -- 2576 45 1632

Pulp Flour Mass (g) 6900 900 3336 1417 -- -- -- --

Kernel Flour Mass (g) 2764 487 -- -- 1885 56 1318

Filter Paper Residue Mass (g) 290 - 435 89 -- 624 -- 747

Fresh pulp moisture (w/w%) 53.5 ± 2.0 29.8 ± 1.1 35.4 ± 1.5 41.2 ± 1.0 71.0 ± 1.1 -- -- --

Dried pulp moisture (w/w%) 5.5 ± 1.0 5.0 ± 1.0 5.0 ± 1.0 5.0 ± 1.1.0 5.9 ± 1.0 -- -- --

Fresh kernel moisture
(w/w%) 24.4 ± 2.0 37.2 ± 2.5 -- -- -- 50.8 ± 5.2 35.5 ± 1.0 --

Dried kernel moisture
(w/w%) -- -- -- -- -- 5.2 ± 1.0 5.0 ± 1.0 4.7 ± 1.0

From Table 6, pulp oil yield was highest for AA (10 w/w%) followed by AV (8 w/w%),
OB (3 w/w%), and then EO (1 w/w%). CG kernel oil has the highest oil yield (18 w/w%)
followed by AM (7 w/w%), AV (5 ± 1 w/w%), AA (3 w/w%), and then CN (3 w/w%). The
estimated standard deviation for pulp and kernel oil yield is ±1 w/w%.

Table 7 compares fruit pulp and/or seed oil yields obtained from cold pressing with the
highest optimal oil yields obtained from the literature with common extraction techniques,
namely CO2 supercritical fluid extraction (SFE), Soxhlet extraction, and pressurized fluid
extraction (PFE). The oil content is expressed in dry-basis (DB) w/w% (weight of oil/weight
of sample × 100%).
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From Table 7, AV and AA pulp and kernel oil content were similar using both SFC
and cold pressing with an expeller. However, OB and EO oil yield were four times lower
from the cold pressing technique compared to SFE. The fibrous nature of both OB and EO
pulps posed challenges during extraction which may have contributed to suboptimal yields.
Similarly, pulp and seed oil of MF could not be extracted using the cold-pressing expeller
as the material clogged in the expeller during the feeding process. CG seed oil content was
2.4 times higher with cold pressing compared to PFE. AM seed oil yield obtained by cold
pressing is 23% higher than with Soxhlet extraction with hexane. Typically, Soxhlet and
PFE extractions yield higher quantities of oil compared to mechanical cold-pressing [90].
Other factors including ecology, harvest, and processing conditions may play a significant
role [91]. In addition, the efficiency of Soxhlet extraction is dependent on the solvent of
choice [90]. Hexane is a polar solvent and lacks the ability to extract bound (non-polar)
lipids, potentially resulting in reduced yields [92].

Table 7. Comparison of experimental pulp and kernel oils obtained from mechanical cold-pressing
extraction with those reported in the literature for extraction using CO2 supercritical fluid (SFE),
Soxhlet extraction with hexane, and pressurized fluid extraction (PFE) with n-butane.

Fruit
Literature Oil Content

(DB) w/w%
Experiment Oil Content

(DB) w/w%

Technique Pulp Seed Pulp Seed

AV CO2 SFE 29.8 w/w% [93] 17–27 w/w% [94] 31.5 w/w% 26.8 w/w%

AA CO2 SFE 33.1 w/w% [93] 21.9 w/w% [95] 39.1 w/w% 18.6 w/w%

OB CO2 SFE 45.3 w/w% [96] -- 12.7 w/w% --

EO CO2 SFE 45.4 w/w% [97] -- 7.8 w/w% --

MF CO2 SFE 41.1 w/w% [98] 4.7 w/w% [99] -- --

CG
PFE -- 17.8 w/w% [100] -- 43.7 w/w%

Soxhlet -- 61 w/w% [101] -- --

AM Soxhlet 8.9 w/w% [102] 31.3 w/w% [102] -- 41.8 w/w%

CN -- -- -- -- 26 w/w%

4. Conclusions

The findings of the study will contribute to the design, development, and optimization
of ambient drying processes for the fruits studied, pivotal information for local communi-
ties, and for the sustainable use of such fruits globally. By leveraging traditional practices
like natural drying, one can not only extend the shelf-life of these fruits but also preserve
their functional qualities, making them suitable for various applications, including cosmet-
ics and nutraceuticals. This knowledge stands to benefit indigenous communities, support
traditional heritage conservation, and enhance the economic potential of tropical fruits and
those of palm trees on a global scale.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/pr11123292/s1. Figure S1: (a) Standardized logistic function
(SLF) curve fittings of sun-dried AAP, AVP, EOP, OBP and MFP, (b) Standardized logistic function
(SLF) curve fittings of shade-dried AAP and AVP, (c) Standardized logistic function (SLF) curve
fittings for the sun-dried seeds of AAs and CGS; Figure S2: (a) Modified Page curve fittings of
sun-dried AAP, AVP, EOP, OBP and MFP, (b) Modified Page (MP) curve fittings of shade dried AAP
and AVP, (c) Modified Page (MP) curve fittings of sun dried AAS and CGS; Figure S3: (a) Lewis
model curve fittings of sun-dried AAP, AVP, EOP, OBP and MFP, (b) Standardized logistic function
(SLF) curve fittings for the sun-dried seeds of AAs and CGS, (c) Lewis model curve fittings of sun
dried AAS and CGS; Table S1: AAP; Table S2: AVP; Table S3: EOP; Table S4: MFP; Table S5: OBP;
Table S6: AAP; Table S7: AVP; Table S8: AAS; Table S9: CGS.
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