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Preface

It is with great pleasure and enthusiasm that I present this comprehensive volume, 
Drying Science and Technology. As the field of drying continues to evolve with advance-
ments in research and technology, the need for a comprehensive resource that encap-
sulates the latest knowledge becomes increasingly essential. This book aims to fill 
that void by providing a thorough exploration of the principles, methodologies, and 
applications within the realm of drying.

Drying, a fundamental unit operation in various industries plays a pivotal role in the 
preservation, processing, and manufacturing of a wide array of materials. From food 
and pharmaceuticals to ceramics and textiles, understanding the intricacies of drying 
processes is indispensable for optimizing efficiency, quality, and sustainability.

This book is designed to cater to the needs of students, researchers, and professionals 
seeking a deeper understanding of drying phenomena. It encompasses a diverse range 
of topics, including the fundamentals of heat and mass transfer during drying, various 
drying methods and techniques, mathematical modeling, and the latest innovations 
in drying technology.

Each chapter is crafted to provide a blend of theoretical foundations and practical 
applications, offering readers a holistic perspective on the subject. The contributions 
from esteemed experts in the field aim to bridge the gap between theory and practice, 
making this book a valuable reference for both academia and industry.

As the editor, my goal is to foster a deeper appreciation for the science and technology 
of drying, stimulate further research endeavors, and contribute to the continuous 
improvement of drying processes across diverse sectors. I extend my heartfelt gratitude 
to all the contributors whose expertise has enriched this compilation.

I trust that this book will serve as a valuable resource for anyone interested in delving 
into the intricacies of drying science and technology. We hope that this book not only 
adds to the existing body of knowledge but also motivates additional research and 
innovation in the dynamic field of drying science.

Dr. Suvanjan Bhattacharyya
Department of Mechanical Engineering,

Birla Institute of Technology and Science Pilani,
Rajasthan, India
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Chapter 1

Assessment of Solar Dryer
Performance for Drying Different
Food Materials: A Comprehensive
Review
Guna Muthuvairavan, Saranya Manikandan,
Elavarasan Elangovan and Sendhil Kumar Natarajan

Abstract

Studying crucial drying parameters, such as activation energy and moisture
diffusivity, offers valuable insights for optimizing food safety. Accurate predictions
and simulations through mathematical thin-layer models aid in designing, controlling,
and optimizing drying operations for various food items. Solar drying presents a
viable and eco-friendly solution for food preservation. This chapter critically evaluates
solar drying performance for various vegetables, fruits, marine products, and other
commodities, providing comprehensive insights into its efficiency. According to the
literature, the moisture diffusivity (m2/s) for vegetables has been reported to be
within the range of 2.01 � 10�10–1.935 � 10�8. For fruits, the moisture diffusivity
varies between 1.33 � 10�10 and 6.98 � 10�9. In the case of marine food products, the
range is found to be 2.8 � 10�8–3.408 � 10�7, while for other commodities, it falls
between 1.79 � 10�9 and 1.061 � 10�7. The activation energy (kJ/mol) for vegetables
has been observed to fall within the range of 24.81–47.19. Similarly, for fruits, the
activation energy varies between 2.56 and 45.20. Notably, Ginger demonstrates an
activation energy of 35.675 kJ/mol. Experimental results showed that lower activation
energy and higher moisture diffusivity accelerate dehydration.

Keywords: solar drying, natural convection, forced convection, moisture diffusivity,
activation energy, mathematical modeling

1. Introduction

Meeting the food demands of a rapidly rising global population is a significant
concern for civilization. By 2050, the world’s population is expected to reach 9.1
billion, demanding an additional 70% of the food supply. Most of this population
expansion is likely attributed to emerging countries, with many currently suffering
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from hunger and food insecurity. Concerns about rising food consumption are exac-
erbated by increasing urbanization, climate change, and land use for non-food crop
production. Most governments have focused their policies over the last few decades
on improving agricultural production, land management, and population control to
address rising food demand. However, despite being a critical issue, post-harvest loss
does not receive the attention it needs, with fewer than 5% of research funds com-
mitted to it in previous years [1–3]. One-third of the world’s food supply, or around
1.3 billion tons per year, is lost or wasted, as reported by the Food and Agriculture
Organization of the United Nations (FAO). The post-harvest loss of various food
substances are presented in the Table 1. These losses happen at every stage of the food
system, from cultivation to processing to distribution to final consumption.

Principal causes of post-harvest losses include Insects, rodents, fungi, and bacteria
that can damage or ruin food due to pests and diseases. Physical damage can occur
when food is handled roughly, improperly stored, or transported. During storage and
processing, nutrients can be lost from food. Food can be squandered due to spoilage,
overproduction, or insufficient demand. Post-harvest losses have a substantial influ-
ence on food security. They decrease the quantity of available food, which can result
in hunger and malnutrition. They also increase food costs, making it unaffordable for
some people [1, 3, 4].

2. Drying-solution to post-harvest loss

Drying is a widely used solution to mitigate post-harvest losses in various agricul-
tural products. The drying process involves reducing the moisture content of
harvested crops, which helps prevent spoilage, inhibit microbial growth, and maintain
the quality of the product for extended periods [5, 6]. However, it is essential to note
that the effectiveness of drying as a solution for post-harvest losses can vary
depending on various factors, such as the type of crop, climatic conditions, available
drying methods, and storage facilities. Appropriate drying techniques must be
selected and implemented to ensure that the quality and nutritional value of the
crops are maintained during the drying process. The best drying method for a
particular application will depend on several factors, including the type of
food being dried, the desired quality of the dried product, and the available
resources [7, 8].

Food substance Post-harvest loss (%)

Cereals 20–40

Pulse and oil crops 10–20

Roots and tubers 10–20

Vegetables and fruit 40–50

Meat 20–30

Fish 20–30

Diary 10–20

Table 1.
Post-harvest loss of various food substances [1, 3, 4].
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3. Importance of solar drying

Solar energy is a renewable and clean source of power that harnesses sunlight to
generate electricity or heat. Using solar panels made of semiconductors, photons from
sunlight are absorbed, releasing electrons and creating an electric current. This energy
is environmentally friendly, as it does not produce harmful emissions or deplete finite
resources. Solar energy can be deployed at various scales, providing energy indepen-
dence and resilience, particularly in remote areas. Although initial costs can be high,
advancements in storage technologies are improving efficiency and overcoming limi-
tations associated with weather conditions. Overall, solar energy offers a sustainable
solution for our energy needs, contributing to a cleaner and more sustainable future
[9, 10]. Solar drying methods offer several advantages compared to conventional
drying techniques. Energy efficiency [8], cost-effectiveness [11], environmental sus-
tainability [12], preservation of nutritional quality [13], and enhanced product quality
[14] are the advantages of using solar dryers.

In this regard, Ekechukwu et al. conducted a comprehensive review of various
solar energy drying system designs, construction details, and operational principles.
Their findings indicated that properly designed forced convection (active) solar
dryers are generally more effective and controllable than natural-circulation (passive)
types. However, due to the need for electricity or fossil-fuel-driven fans and auxiliary
heating sources, active solar dryers are unsuitable for remote rural village farm use in
most developing countries, given their high capital, maintenance, and operational
costs. On the other hand, for large-scale applications in rural areas, the “ventilated
greenhouse dryer” offers the advantage of being cost-effective and simple to construct
and operate on-site [15].

Fudholi et al. gave the technical directions for developing solar-assisted drying
systems for agricultural produce [16]. Jairaj et al. reviewed solar dryers exclusively for
grape drying on a normal scale. They included various pre-treatment and drying
methods for good-quality grape drying [17]. For the Malaysia location, the air-based
solar collectors integrated solar drying system was reviewed by Fudholi et al. They
have included the energy, exergy, economic and environmental aspect of the
various solar dryers [18]. Mustayenp et al. presented a study on various solar dryers’
design, performance, and application. This review focused on solar dryer models
suitable for producing high-quality dried products [19]. Hicham El Hage et al.
extensively reviewed the economic and environmental aspects of the solar drying
system. The critical parameters, such as payback period and CO2 mitigation, were
compared [20].

Om Prakash et al. reviewed the various modeling technics, including computa-
tional fluid dynamics (CFD), adaptive-network-based fuzzy inference system
(ANFIS), artificial neural networking (ANN), FUZZY, thermal, mathematical, drying
kinetic, and energy modeling [21]. Azwin Kamarulzaman et al. reviewed the global
advancement of solar drying technologies and their prospects. They discussed various
performance parameters, including energy assessment, payback period, and CO2 mit-
igation [22]. Aprajeeta Jha et al. reviewed the recent advancements in design, appli-
cation, and simulation Studies of hybrid solar drying technology. The review
discussed the various software used for simulating the solar drying system, including
PHOENICS, FLUENT (general purpose software with Multiphysics capabilities),
FIDAP (modeling complex physics), ANSYS CFX, COMSOL Multiphysics, TRNSYS
[23]. Nukulwar et al. focused on various materials used to construct solar dryers and
their performance evaluation for agricultural products [24].
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The literature shows that various authors reviewed the performance evaluation of
some specific food commodities, the use of simulation software, various modeling,
and economic and environmental aspects of solar drying systems. However, the per-
formance evaluation of various ranges of fruits, vegetables, marine food products, and
other commodities was not reported exclusively. This chapter mainly focused on the
review of the performance of solar drying techniques for a range of food substances
which is widely used in India, including vegetables (bottle gourd, carrot, potato, ivy
gourd, and onion), fruits (banana, cucumber, Tomato, and grapes), marine food
products (Fish, shrimp, and prawn), and other commodities (Ginger, Chili, and
Jaggery). The drying parameters such as moisture diffusivity, activation energy, dry-
ing rate, operating temperature, size, and shape of the drying product were compared
for mentioned food substances. A suitable mathematical thin-layer model for food
substances was also presented.

4. Types of solar drying

Solar drying is an age-old technique that utilizes the sun’s power to remove mois-
ture from various substances, including food. This preservation method has been
practiced for centuries and continues to be widely used in many regions worldwide.
By harnessing solar energy, solar drying offers a natural and cost-effective way to
extend the shelf life of perishable items while preserving their nutritional value.
Different solar drying methods, each with its unique approach and design, are
presented in Figure 1. The description, suitability, advantage, and disadvantages of
each significant solar drying technique are presented in Table 2. These methods are
often tailored to suit specific needs, environmental conditions, and the type of dried
material.

Figure 1.
Types of solar energy-based drying methods [7].
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Type Description Suitability Advantages Disadvantages Reference

Open sun
drying

The product to be dried
is simply placed in the

sun, as shown in
Figure 2.

Various
drying
needs

Simple and
affordable.

Highly dependent on
weather conditions.

[7, 11]

Direct solar
dryers

The product to be dried
is exposed to the sun
directly, as illustrated

in Figure 3.

Low-scale
drying
needs

Low cost,
simple to build
and operate.

It can only be used
during the day when
the sun is shining
and exposure to
environmental

elements.

[5, 25]

Indirect solar
dryers

The product to be dried
is not exposed to the
sun directly. The air
that is used to dry the
product is heated by the
sun and then circulated
around the product as

represented in
Figure 4.

Delicate/
valuable
items

Controlled
drying

environment
and Can be

used at night or
on cloudy days.

Slightly higher cost
than direct solar

dryers and is more
complex to build and

operate.

[11, 14,
26]

Mixed-mode
solar dryers

A combination of direct
and indirect solar
drying Figure 5.

Improved
efficiency

Combines the
advantages of
both direct and
indirect solar

dryers.

More complex to
build and operate.

[14, 27]

Hybrid solar
dryers

A solar dryer that uses
an auxiliary energy

source, such as a fan or
a heater, to supplement

the solar energy
Figure 6.

Variable
drying
needs

It can be used
in areas with
low solar

irradiance or on
cloudy days.

More complex to
build and operate.

[12, 23,
28, 29]

Table 2.
Comparison of different solar dryers.

Figure 2.
Schematic of open sun drying [8].
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5. Drying kinetics

This section presents the mathematical formulation of important drying parame-
ters including moisture content, moisture ratio, moisture diffusivity, activation
energy, and various thin-layer mathematical model.

Figure 3.
Schematic of the direct solar dryer [7].

Figure 4.
Schematic of the indirect solar dryer [14].
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Figure 6.
Schematic of the hybrid-mode solar dryer [12].

Figure 5.
Schematic of the mixed-mode solar dryer [14].
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The moisture content (MC) of a drying product refers to the amount of moisture
or water present in the product, expressed as a percentage of its total weight, as
presented in Eq. (1), [30].

MC ¼ mw �md

mw
(1)

Where, mw is the mass of the drying product before drying and md is the mass of
the dried product.

Activation energy is a crucial concept in the realm of drying products, denoting the
energy required to initiate and propel the drying process [31]. This context refers
explicitly to the energy necessary to surmount the molecular forces that bind water
molecules to the product’s surface, thus enabling their evaporation. This activation
energy measures the minimum energy essential for the drying process to occur at a
noteworthy rate. It is important to note that the activation energy is unique to the
material undergoing drying and the specific drying conditions applied. Different
materials and various drying methods may exhibit distinct activation energies.
Empirical investigations are typically carried out to ascertain this value, involving the
study of drying kinetics for the material at different temperatures.

Another fundamental property relevant to drying processes is moisture diffusivity.
This parameter describes the rate at which moisture traverses a drying product during
the drying procedure [31]. Understanding moisture diffusivity is paramount in
modeling and comprehending the drying kinetics of diverse materials. The moisture
diffusivity factor represents the capability of water molecules to move through the
product’s microstructure, and its value is influenced by several factors, including
temperature, humidity, and the inherent nature of the material being dried. To deter-
mine the moisture diffusivity experimentally, the moisture content is measured at
various locations within the drying product over time. The acquired data is then fitted
into appropriate mathematical models, such as Fick’s second law of diffusion, enabling
the calculation of the diffusivity coefficient [13].

The diffusion mechanism governs the drying process of food substances at
the rate of falling period. Fick’s second law of diffusion governs effective moisture
diffusion [30].

lnMR ¼ ln
8
π2

� �
� π2Deff t

L2 (2)

MR is a moisture ratio, and it represents the ratio of the current moisture
content of the product to its initial moisture content. Deff is an effective moisture
diffusivity (m2/s), t is the corresponding drying time (hrs), and L is the thickness of
the drying sample (m). The slope of the lnMR with respect to time can be written as
Eq. (3),

slope ¼ π2Deff

L2 (3)

MR ¼ Mt �Me

M0 �Me
(4)

Where Mt,Me, and M0 are the instantaneous, equilibrium, and initial moisture
content, respectively.
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The diffusion of moisture during drying can be described as Eq. (5) by Fick’s
second law of diffusion as equation [13],

Deff ¼ D0e �Ea=RTð Þ (5)

Where D0 is the diffusion factor (m2/s), Ea is the activation energy (kJ/mol), R is
the universal gas constant (8.314 kJ/mol.K), and T is the temperature (K). The plot of
lnDeff against 1/T gives a straight line of slope k where the relation between Ea and
diffusivity coefficients can be defined through linear regression analysis and activa-
tion energy Ea is evaluated by Eq. (6),

k ¼ Ea

R
(6)

The thin-layer drying model is a mathematical representation that describes the
drying kinetics of a material during the drying process [30]. It assumes that the drying
occurs within a thin-layer on the material’s surface and considers the moisture transfer
from this layer to the surrounding drying medium (usually air) [32]. Several thin-
layer models have been proposed over the years. The important thin-layer model is
presented in Table 3.

6. Solar drying of various food substances

In this section, solar drying of various food substances such as vegetables, fruits,
marine products, and others, as shown in Figure 7, was elaborately discussed.

6.1 Vegetables

This section discusses the performance of different solar dryers for drying various
vegetables, including Bottle gourd, Carrot, Potato, Ivy gourd, and Onion. The sum-
mary of the same is presented in Table 4.

Name Model Reference

Newton MR ¼ e�kt [30]

Page MR ¼ e�ktn [32]

Modified page MR ¼ e � ktð Þn½ � [30]

Henderson and Pabis MR ¼ ae �ktð Þ [32]

Logarithmic MR ¼ ae �ktð Þ þ c [30]

Midilli-Kucuk MR ¼ ae �ktnð Þ þ bt [32]

Wang and Singh MR ¼ 1þ atþ bt2 [32]

Table 3.
Different thin-layer models for drying.
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6.1.1 Bottle gourd

K.A. Shinde et al. evaluated the drying characteristics of steam-blanched and non-
blanched bottle gourd samples. A tray dryer with forced convection and hot air was
used to carry out the drying process. The samples were pulverized for analysis, and
their initial moisture content was 0.04 kg water per kg dry matter. The study aimed to
determine the effect of blanching on the drying efficiency and qualitative parameters
of bottle gourd. The samples are pulverized for examination, and the research intends
to determine the effect of blanching on the drying efficiency and qualitative features
of bottle gourd [33].

Kukadiya Vishal et al. investigated using a fluidized bed dryer with forced
convection for drying samples of various forms; specifically slab shapes
10 � 10 � 3 mm, 10 � 10 � 5 mm, and 10 � 10 � 7 mm. The study compared the
effects of various temperatures on quality measures, including water activity and
color. According to the data, the sample with dimensions of 10 � 10 � 3 mm and a
temperature of 70°C has the optimum quality in terms of water activity.
Furthermore, the sample with dimensions of 10 � 10 � 5 mm at 60°C exhibits
outstanding color quality. The importance of shape and temperature selection in
optimizing the quality features of dried items using a fluidized bed dryer was
underlined in this study [34].

Figure 7.
List of various food substances.
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6.1.2 Carrot

The researchers investigated drying sliced carrots utilizing hybrid infrared power,
hot air drying techniques, and thermal energy storage. The carrots’ diffusivity ranged
from 2.01 � 10�10 to 12.10 � 10�10 m2/s, while the specific energy used during drying
ranged from 30.20 to 87.51 MJ/kg. Carrot shrinkage was measured to be between
23.49 and 51.25%. The Midilli-Kucuk model was discovered to be the best fit for the
drying kinetics. The study indicated that the thermal energy storage arrangement
produced promising results for future large-scale applications. These findings empha-
sized the possibility of adding thermal energy storage into the drying process of
carrots, which would increase efficiency and quality in industrial-scale drying pro-
cesses [35].

Whereas sliced carrots were dried using a passive indirect solar dryer, compared
setups without (configuration 1) and with thermal energy storage (configuration 2).
Configuration 1 had a drying rate of 0.5, while Configuration 2 had a greater drying
rate of 0.59. In configuration 2, the sample dried faster, with the moisture content
dropping from 9.13 to 0.478 on a dry basis. The average effective diffusivity for
Configuration 1 was determined to be 6.7 � 10�9 m2/s and 7.24 � 10�9 m2/s for
configuration 2. The two settings’ specific energy consumption and moisture extrac-
tion rates were 3.5 and 0.28 kg/kWh for configuration 1 and 0.29 and 3.62 kg/kWh for
configuration 2. Configuration 2 had a higher drying efficiency with an average of
10.25% compared to configuration 1. Based on the study’s findings, it is considered
that configuration 2, with the passive indirect sun dryer and thermal energy storage, is
an acceptable recommendation for future large-scale applications. These findings
showed the benefits of drying sliced carrots with a passive, indirect sun drier with
thermal energy storage. Configuration 2 indicated higher drying efficiency, energy
utilization, and a faster drying rate. This study gave valuable insights for optimizing
the drying process of carrots using renewable energy sources, and it can guide future
large-scale industrial applications [36].

6.1.3 Potato

A waste heat-based convection dryer was used to dry potato samples. The study
evaluated the drying kinetics of potato samples and found the best model to describe
the process. The drying process’s activation energy was 47.19 kJ/mol. This parameter
gives information about the drying process’s temperature sensitivity by indicating the
energy required to remove moisture from potato samples. According to the study
results, the Midilli et al. model offered the best fit to characterize the drying kinetics
of the potato samples. This model is often used to depict removing moisture during
drying. Furthermore, the effective moisture diffusivity of the potato samples was
determined to be 4.22 � 10�10–11.67 � 10�10 m2/s at temperatures ranging from 50 to
70°C. The effective moisture diffusivity measures moisture’s ability to travel within
potato samples during drying [37].

Siyabonga Gasa et al. used a solar-venturi dryer to model the drying process of
sweet potato slices in naturally ventilated warm air. The drying characteristics were
studied using a non-linear regression approach. The naturally ventilated solar-venturi
dryer and a lemon juice pre-drying treatment were suitable for small to medium-scale
drying of sweet potato slices in the study. The dryer arrangement allows for efficient
drying in warm air while utilizing solar energy. The naturally-ventilated solar-venturi
dryer’s effective diffusivity (Deff) values ranged from 3.32 � 10�9 to 6.31 � 10�9 m2/s.
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On the other hand, the Deff values for the hot air oven dryer ranged from
1.02 � 10�8 to 2.19 � 10�8 m2/s. According to these findings, the naturally ventilated
solar-venturi dryer had lower effective diffusivity values than the hot air oven drier.
This implied that the solar-venturi dryer setup provides a more regulated drying
environment, enhancing drying efficiency and preserving sweet potato slices [41].

6.1.4 Ivy gourd

While drying ivy gourd, the researchers compared natural and forced convection
indirect-type solar dryers. Various metrics were used to compare the performance of
the two types of dryers. The natural convection solar dryer had an average collector
efficiency of 62.56%, whereas the forced convection solar dryer had a higher average
collector efficiency of 77.2%. The researchers also calculated the average values of
activation energy, mass transfer coefficient, heat transfer coefficient, and diffusion
coefficient for ivy gourd drying. The activation energy values of 39.85 and 35.54 kJ/
mol were obtained, demonstrating the energy required for moisture elimination dur-
ing drying. According to the evaluation results, the forced convection configuration
produced the most significant results for drying ivy gourd. The increased drying
performance was aided by better collector efficiency and favorable activation
energy, mass transfer coefficient, heat transfer coefficient, and diffusion coefficient
values [38].

Another study examined how various pre-treatments affected the qualitative
characteristics, moisture diffusivity, and activation energy of solar-dried ivy gourd.
Ascorbic acid, lemon juice, sugar solution, honey dip, and a control group were used
as pre-treatments. The effective moisture diffusivity of dried ivy gourd samples var-
ied depending on the pre-treatment. According to the findings, pre-treatments sub-
stantially impact solar-dried ivy gourd’s moisture content and quality features. The
findings show that pre-treatments can efficiently decrease moisture content and con-
tribute to extended preservation periods. The lemon juice samples were found to be
the best regarding moisture diffusivity and activation energy among the pre-
treatments tested, demonstrating their effectiveness in the drying process [13].

Elavarasan Elangovan et al. investigated the drying kinetics of ivy gourd using a
solar dryer, explicitly contrasting passive and active mode solar dryers with traditional
sun drying. The results revealed that for the passive mode solar drier, the safe mois-
ture content, indicating the necessary moisture level for storage, was obtained in
9 hours, for the active mode solar dryer in 7 hours, and for sun drying in 11 hours. This
suggests that, compared to typical sun drying, both solar dryers were more efficient in
drying time. The rate of moisture evaporation from the ivy gourd is affected by air
temperature, whereas relative humidity influences the moisture content of the sur-
rounding air. Airspeed, or air movement, aids in the removal of moisture-laden air
from the drying environment, allowing for faster drying. The study suggested opti-
mizing and managing certain drying parameters might improve the drying process,
resulting in improved drying kinetics. Altering and regulating the solar drier’s air
temperature, relative humidity, global radiation, and airspeed might produce more
efficient and faster ivy gourd drying [42].

Elavarasan Elangovan et al. conducted an experimental investigation to determine
the investigated convective and evaporative heat transfer coefficients during the drying
process of ivy gourd using natural and forced convection solar dryers and open sun
drying. For ivy gourd, the average evaporative heat transfer coefficient, representing
the efficiency of moisture evaporation, ranged from 181.89 to 421.84 W/m2 °C.
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The rate at which heat is delivered to the product and utilized for evaporation is
indicated by this coefficient. Higher air velocity, as achieved by forced convection,
resulted in a faster drying rate for the ivy gourd samples. Increased air velocity acceler-
ates heat and mass transmission, resulting in faster drying. Furthermore, as drying air
velocity rose, the mass transfer coefficient, representing the moisture transfer rate from
the ivy gourd to the drying air, increased. This suggests that higher air velocity
improves more efficient moisture removal from ivy gourd samples [25].

6.1.5 Onion

G.P. Sharma et al. dried onion slices using a thin-layer infrared radiation drying
technique. The effective moisture diffusivity, which represents the rate of moisture
movement within onion slices, ranged from 0.21 � 10�10 to 1.57 � 10�10 m2/s. The
drying process used forced convection, which involves the utilization of air circulation
to improve heat and moisture transfer. This method allows for faster drying and
increases the drying system’s efficiency. Furthermore, the drying time was calculated
concerning the amount of infrared power used during drying. The drying time was
shortened by nearly 2.25 times when the infrared power was increased from 300 to
500 W. This suggests that the drying of the onion slices was expedited by increasing
infrared power. A third-order polynomial relationship was discovered to correlate
several elements influencing the specified drying process. This relationship aided in
predicting drying behavior based on variables, including infrared power, drying
duration, and moisture content [40].

Hidalgo et al. dried green onions using a direct sun drier aided by a photovoltaic
module, focusing on natural and forced air convection operation. The effective diffu-
sivity values for natural convection were 5.15 � 10�9 m2/s and 1.15 � 10�8 m2/s for
forced convection. These values indicate the rate of moisture diffusion within the
green onions during drying. The Page and Overhults models were selected as the best-
fit models during the slower drying periods [39].

6.2 Fruits

This section discusses the performance of different solar dryers for drying various
fruits, including Banana, Cucumber, Tomato, and Grapes. The summary of the same
is presented in Table 5.

6.2.1 Grapes

Traditional grape drying methods have several disadvantages, such as mass losses
and low quality. A joint German-Greek research program developed low-cost solar
grape dryers to address these challenges. Solar dryers use the sun’s energy to heat air,
which is then circulated through the dryer to dry the grapes. This drying method has
several advantages over traditional methods, including reduced drying time,
improved quality, and prevention of mass losses [47].

The drying kinetics of two varieties of grapes grown on both shores of the Medi-
terranean Sea was the subject of another study. The drying kinetics were evaluated as
a function of drying conditions, and the diffusion coefficient was determined. Two
diffusion models were employed to determine the effective diffusivity: a simplified
model based on Fick’s law and a more complex model that accounted for the grapes’
shrinkage. The study revealed that the drying kinetics of the two grape varieties were
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comparable, but the grapes cultivated on the southern side of the Mediterranean Sea
had a higher effective diffusivity. The study also demonstrated that the drying condi-
tions influenced the drying kinetics, with a faster drying rate at higher temperatures
and reduced relative humidities [48].

Fadhel et al. compared the three solar processes to dry Sultanine grapes: natural
convection solar drier, tunnel greenhouse, and open sun. The results showed that the
solar tunnel greenhouse drying was the most efficient, followed by the natural con-
vection solar drier and open sun. The solar tunnel greenhouse drying was also the
most consistent, with the drying rate being relatively unaffected by changes in
weather conditions [49].

6.2.2 Tomato

J. B. Hussein et al. dried tomato slices in thin-layers using hybrid, solar, and open
sun drying methods. The effective moisture diffusivity values, which represent the
moisture transfer rate within the tomato slices, were determined for each drying
process. The effective moisture diffusivity values in the hybrid drying method ranged
from 2.00 � 10�10 to 5.84 � 10�10 m2/s, according to the results. The values for solar
drying ranged from 1.37 � 10�10 to 4.40 � 10�10 m2/s, whereas open sun drying
ranged from 1.33 � 10�10 to 4.01 � 10�10 m2/s. On a wet basis, the moisture content
of the tomato slices was reduced by 94.22–10% following drying. The Page model was
used to simulate the drying kinetics. The declining rate stage of drying is described by
this model, in which the moisture removal rate lowers as the moisture content falls.
The Page model was used to forecast drying behavior and estimate drying time for
tomato slices [46].

H. Samimi, Akhijani et al. concentrated on hot air solar drying of tomato slices
using forced convection. The moisture diffusivity, representing the moisture transfer
rate within tomato slices, was examined at various air velocities and slice thicknesses.
At an air velocity of 2 m/s and a slice thickness of 7 mm, the most significant moisture
diffusivity value achieved was 6.98 � 10�9 m2/s. Higher air velocity and thicker slices
facilitate faster moisture transfer during drying. At an air velocity of 0.5 m/s and a
slice thickness of 3 mm, the minimum moisture diffusivity value achieved was
1.58 � 10�9 m2/s. This shows that slower moisture transfer is caused by decreased air
velocity and thinner slices. The Page model was used to analyze the drying kinetics,
and it provided the best fit for the experimental data [45]. P. Rajkumar et al. examined
vacuum-assisted solar drying of tomato slices using a vacuum-assisted solar drier.
Compared to open sun drying, the vacuum-assisted solar drying approach required
less drying time for the slices. The Page model, which best fits the experimental data,
was used to analyze the drying kinetics [50].

6.3 Marine products

This section discusses different solar dryers’ performance for drying marine food
products, including Fish, Shrimp, and Prawn. The summary of the same is presented
in Table 6.

6.3.1 Fish

Pranav Mehta et al. dried fish using a mixed-mode tent-type solar drier. The Fish’s
moisture content was reduced from an initial value of 89% to a final value of 10%.
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During the drying process, the effective moisture diffusivity was 1.53 � 10�7 m2/s.
The drying kinetics were described using the Lewis model of drying. The Lewis model
is widely used to study moisture transfer in porous materials during drying.

Furthermore, the study concluded that, under loaded conditions, recirculating the
outlet’s hot air after absorbing moisture is the most efficient energy utilization [52].
The researchers used the Page equation to predict the drying process of Fish. The
drying rate of the fish samples was found to be fastest in the beginning and gradually
decreased over time. The average effective diffusivity ranged from 7.158 � 108 to
3.408 � 107 m2/s, demonstrating that moisture could diffuse throughout the Fish at
different rates during the drying process. The moisture content of the fish samples
was reduced significantly in the study, from 2.76 to 0.01 on a dry basis, suggesting the
efficiency of microwave heating in drying the Fish. The Page equation was used to
simulate the drying process using non-linear regression analysis, which offered a good
fit for defining the drying characteristics of the fish samples [51].

6.3.2 Shrimp and prawn

D.S. Aniesrani Delefiya et al.’s studies provided valuable insights into the drying
process of shrimp in an electric dryer. The initial moisture level of the shrimp samples
ranged from 73 to 79% (wb) in the study on the drying characteristics of shrimp in an
electric dryer, and the drying process aimed to reduce it to a final moisture content of
8–10% (wb). Many mathematical models were explored to understand and model the
drying behavior of the shrimp. The Midilli model was chosen as the best-fit model for
understanding the drying kinetics of shrimp [53]. The effect of several drying pro-
cesses on the physical and qualitative parameters of dried shrimps was examined. The
prawns were dried in an oven at 60, 70, and 80°C for 330–210 minutes and in a
vacuum oven for 190–110 minutes. The usage of a vacuum pump decreased the drying
time. The drying kinetics of prawns were investigated, and both techniques’ appro-
priate moisture diffusion and activation energy were estimated.

The Alibas and Midilli and Kucuk models offered the best experimental data with a
high coefficient of determination (R2) for the oven and vacuum oven approaches. The
final dried goods’ color features, heavy metal levels, and protein analyzes were inves-
tigated. The rehydration ratio of dehydrated shrimps was also established. The study’s
findings revealed that the drying conditions influenced the color characteristics of the
shrimps. Shrimp dried in ovens and Hoover ovens had higher brightness and
yellowness scores but lower redness levels. The Pb, As, Cd, Hg, Cu, Zn, and Fe
concentrations in dried prawns were below permissible levels [54].

6.4 Other food substances

In addition to the above-mentioned vegetables, fruits, and marine food products,
the other food substances are also undergoing post-harvest loss predominantly. This
section discusses the performance of different solar dryers for drying various essential
food products, including Chili, Ginger, and Jaggery. The summary of the same is
presented in Table 7.

6.4.1 Chili

Zakaria Hossain et al. developed a solar dryer for drying chilies. The initial mois-
ture level of the chilies placed in the drier was 73%, which decreased to 14% during
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drying. One interesting observation was that the drying rate of the chiles on the upper
tray was faster than on the lower tray. This disparity in drying rates can be attribut-
able to various factors, including heat distribution, air circulation, and direct solar
exposure. The dryer uses forced convection technology, which uses a fan or blower to
increase movement and speed up drying. Forced convection improves heat transfer
and moisture elimination from the chilies, resulting in faster drying [62]. Francis
Kumi and Bram Parbi used an innovative approach to improve the heating system and
drying performance in their study on a solar chimney dryer for chili peppers. They
increased the efficiency of the solar drier by including sea pebbles in the collection
base.

Using a basic regression analysis model, the researchers tested the solar chimney
drier’s drying performance. The chili peppers had an initial moisture content of
73.12% (w.b.) that decreased to 7.15% (w.b.) after drying. The inclusion of sea pebbles
in the collection base was critical in improving the solar dryer’s heating mechanism.
The sea pebbles absorbed and held the sun’s heat, contributing to higher temperatures
within the drying chamber. As a result, the drying performance improved, and the
moisture removal from the chili peppers was hastened [61]. A.K. Kamble et al. used a
solar cabinet drier with a gravel bed and forced convection for drying chiles. The solar
cabinet drier used forced convection to improve heat and moisture transfer by
boosting airflow within the drying chamber. This forced convection technique helped
the chiles dry more quickly.

Furthermore, a heat storage system was added to the drying process. This tech-
nique made heat available even after sunset, allowing the drying process to continue
for an additional 4 hours. The heat storage system assisted in maintaining the required
temperature within the dryer, ensuring successful drying even when solar radiation
was limited [60].

6.4.2 Ginger

The performance of the solar greenhouse drier for drying Ginger was examined by
Nimnuan et al. The purpose of the drying method was to bring the moisture content of
the Ginger down from its initial value of 90% (wb) to a final value of 10% (wb). A
thin-layer drying model was used to characterize drying kinetics. The effectiveness of
the solar greenhouse drier in facilitating the drying process and attaining the target
moisture content was evaluated in this study. The results provide insight into the solar
greenhouse dryer’s capability and efficacy for drying ginger [58]. Another study on
the solar drying of Ginger reported an effective moisture diffusivity of 1.789� 109 m2/
s, which quantifies the rate at which moisture flows within the Ginger during drying.
Various mathematical models were tested to understand the drying kinetics and
model the drying process. The Page model was determined to be the best fit for
characterizing the drying kinetics of Ginger in the solar dryer using natural convec-
tion among the models tested. It estimates the material’s drying characteristics by
considering the moisture content, drying duration, and drying rate [57].

6.4.3 Jaggery

Om Prakash et al. investigated the use of fuzzy logic to predict the rate of Jaggery’s
moisture evaporation in a controlled environment. MATLAB software generated the
fuzzy logic model, which was then validated using experimental data. The results
demonstrated that the fuzzy logic model could predict the moisture evaporation rate
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with no more than 0.27% error. The model can be extended to various locations under
varying weather conditions: ambient temperature, solar radiation, and relative
humidity [63]. The objective of another study was to construct an adaptive-network-
based fuzzy inference system (ANFIS) model to predict the jaggery temperature,
greenhouse air temperature, and moisture evaporation during the natural convection
drying of jaggery within a greenhouse. For complete drying, distinct experiments
were conducted for 0.75 kg and 2.0 kg jaggery pieces measuring 0.03� 0.03� 0.01m3.
The jaggery was desiccated in a roofed, even-span greenhouse with a 1.20 � 0.78 m2

floor area. MATLAB software was used to construct the ANFIS model for calculating
jaggery temperature, greenhouse air temperature, and moisture evaporation. The
model was also utilized to predict the greenhouse’s thermal performance based on
solar intensity and ambient temperature. Analytical and experimental results for
jaggery drying were in excellent agreement following experimental validation of the
model [64].

Using an artificial neural network (ANN), Om Prakash et al. predicted the hourly
mass of jaggery during drying in a greenhouse dehydrator with natural convection.
Jaggery was dehydrated until its mass fluctuated constantly. The input parameters for
the ANN model were solar radiation, ambient temperature, and relative humidity.
The outcomes of the ANN model were validated using experimental data on the
dehydration of jaggery mass. The statistical parameters root mean square error
(RMSE) and correlation coefficient (R2) was utilized to determine the difference
between the values predicted by the ANN model and those observed in the experi-
mental investigation [65].

Kumar et al. developed a thermal model that could forecast the jaggery tempera-
ture, greenhouse air temperature, and moisture evaporated (jaggery mass during
drying) during natural convection drying of jaggery. The jaggery was dried in a
roof-type even-span greenhouse with a 1.20 � 0.78 m2 floor area. In MATLAB
software, a computer program was developed to calculate the jaggery temperature,
greenhouse air temperature, and moisture evaporated. The program was also
utilized to forecast the greenhouse’s thermal performance based on sun intensity
and ambient temperature. The program was experimentally evaluated, and the
findings revealed that the analytical and experimental results for jaggery drying
agreed well [66].

7. Conclusions and prospects

In conclusion, drying is a valuable approach to reducing post-harvest losses in
agriculture, offering numerous benefits such as lower moisture content, extended
shelf life, and inhibition of microbial growth. By choosing appropriate drying tech-
niques tailored to specific crops, quality objectives, and available resources, successful
post-harvest preservation can be achieved, supporting sustainable agricultural prac-
tices. Based on the literature review, the following conclusions can be drawn:

• Among the various drying methods, solar drying is a sustainable and cost-
effective solution for preserving agricultural products while maintaining their
nutritional quality and enhancing market value. Solar dryers, including open sun
drying, direct and indirect solar dryers, and mixed-mode and hybrid-mode solar
dryers, harness the sun’s energy efficiently, reducing reliance on non-renewable
energy sources and contributing to environmental sustainability.
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• Solar drying has been extensively studied for different food substances, including
vegetables, fruits, marine products, and other essential items like chili, Ginger,
and Jaggery. Researchers have evaluated various parameters, such as effective
moisture diffusivity, activation energy, collector efficiency, and drying kinetics,
to optimize the drying process and improve quality. Pre-treatments have been
explored to enhance moisture removal and preservation periods for some food
products.

• Studies on solar drying of vegetables revealed the benefits of forced convection,
fluidized bed, and passive indirect sun dryers with thermal energy storage,
highlighting improved drying efficiency and reduced drying time. For fruits,
solar tunnel greenhouse, hybrid, and vacuum-assisted solar drying demonstrated
advantages such as reduced drying time and improved quality. Solar drying also
proved effective for marine products, achieving improved drying performance
using solar chimney dryers and electric dryers.

• The moisture diffusivity values for the studied vegetables range from
0.21 � 10�10 to 1.15 � 10�8 (m2/s), and the activation energy varies from 24.81 to
47.19 (kJ/mol).

• The moisture diffusivity values for the studied fruits range from 1.6 � 10�10 to
6.98 � 10�9 (m2/s), and the activation energy varies from 22 to 58 (kJ/mol).

• The moisture diffusivity values for the studied marine food products range from
2.8 � 10�8 to 1.53 � 10�7 (m2/s).

• The moisture diffusivity values for the studied other food products range from
1.789 � 10�9 to 1.061 � 10�7 (m2/s).

• Higher moisture diffusivity and lower activation energy accelerates the
dehydration process.

Solar drying presents a diverse range of methods to efficiently remove moisture
from various substances while harnessing the sun’s energy. It offers a sustainable and
effective solution to preserve agricultural products, minimize post-harvest losses, and
reduce food waste. By incorporating solar drying into agricultural practices, we can
promote greener and more resilient food processing, supporting a cleaner and sus-
tainable future for food preservation worldwide.

Future research directions should focus on further optimizing solar drying tech-
niques, exploring innovative designs and materials, and integrating advanced control
systems to enhance the performance and versatility of solar dryers. Additionally,
investigations into solar drying technologies’ economic feasibility and scalability are
warranted to facilitate widespread adoption in both small-scale and large-scale food
processing operations. Future research on modeling drying kinetics of food substances
could focus on developing novel mathematical models, incorporating multi-scale
modeling approaches, applying artificial intelligence and machine learning tech-
niques, studying non-conventional drying methods, investigating coupled phenom-
ena, analyzing quality attributes, and integrating sustainability considerations. These
efforts aim to improve the accuracy and efficiency of drying models, account for
complex interactions during drying, predict drying behavior under different
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conditions, optimize energy consumption, and minimize environmental impact. Such
research will contribute to advancements in drying technologies and enhance the
understanding of drying processes in the food industry.
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Nomenclature

Symbol
MR moisture ratio
MC moisture content
mw mass of the drying product before drying (kg)
md mass of the dried product (kg)
Mt moisture content at any time ‘t’ (kg)
Me equilibrium moisture content (kg)
M0 initial moisture content (kg)
k drying constant (min�1)
t drying time (min)
n empirical exponent
a&b empirical parameter
Deff effective moisture diffusivity (m2/s)
L thickness of the drying sample (m)
D0 diffusion factor (m2/s)
Ea activation energy (kJ/mol)
R Universal gas constant (8.314 kJ/mol.K)
T temperature (K)
k slope of lnDeff against 1/T

26

Drying Science and Technology



Author details

Guna Muthuvairavan1, Saranya Manikandan1, Elavarasan Elangovan2

and Sendhil Kumar Natarajan1*

1 Department of Mechanical Engineering, National Institute of Technology
Puducherry, Karaikal, Union Territory of Puducherry, India

2 Department of Aerospace Engineering, SJC Institute of Technology, Chikkaballapur,
Karnataka, India

*Address all correspondence to: sendhil80@nitpy.ac.in

© 2023TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms of
theCreative CommonsAttribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in anymedium, provided
the originalwork is properly cited.

27

Assessment of Solar Dryer Performance for Drying Different Food Materials: A Comprehensive…
DOI: http://dx.doi.org/10.5772/intechopen.112945



References

[1] Kitinoja L, Saran S, Roy SK, Kader
AA. Post-harvest technology for
developing countries: Challenges and
opportunities in research, outreach and
advocacy. Journal of the Science of Food
and Agriculture. 2011;91:597-603. DOI:
10.1002/jsfa.4295

[2] Godfray HCJ, Beddington JR,
Crute IR, Haddad L, Lawrence D,
Muir JF, et al. Food security: The
challenge of feeding 9 billion people.
Science (80-). 2010;327:812-818.
DOI: 10.1126/science.1185383

[3] Kumar D, Kalita D. Reducing post-
harvest losses during storage of grain
crops to strengthen food security in
developing countries. In: Christopher JS,
editor. Foods. Vol. 6. 2017. pp. 1-22. DOI:
10.3390/foods6010008

[4] Hanneman LJ. Dried fruit. In:
Patisserie. London, UK: Taylor &
Francis; 2013. p. 6. DOI: 10.4324/
9780080940908-5

[5] Natarajan SK, Elangovan E,
Elavarasan RM, Balaraman A, Sundaram
S. Review on solar dryers for drying fish,
fruits, and vegetables. Environmental
Science and Pollution Research. 2022;29:
40478-40506. DOI: 10.1007/s11356-022-
19714-w

[6] Natarajan SK, Elavarasan E.
Experimental investigation of
drying potato for Karaikal climatic
condition. IOP Conference Series: Earth
and Environmental Science. 2019;312:
1-7. DOI: 10.1088/1755-1315/312/1/
012021

[7] Sharma A, Chen CR, Vu Lan N. Solar-
energy drying systems: A review.
Renewable and Sustainable Energy
Reviews. 2009;13:1185-1210.
DOI: 10.1016/j.rser.2008.08.015

[8] Tiwari S, Tiwari GN, Al-Helal IM.
Development and recent trends in
greenhouse dryer: A review. Renewable
and Sustainable Energy Reviews. 2016;
65:1048-1064. DOI: 10.1016/j.
rser.2016.07.070

[9] Arjun Singh K, Muthuvairavan G,
Natarajan SK. Numerical investigation of
modified conical cavity receiver with
different heat transfer fluids. Energy
Sources, Part A: Recovery, Utilization
and Environmental Effects. 2023;45:
6964-6980. DOI: 10.1080/
15567036.2023.2218833

[10] Muthuvairavan G, Natarajan SK.
Large-scale solar desalination system. In:
A. T.V, V. Selvaraj, M.M.M, editors. In:
Solar Thermal Conversion Technologies
for Industrial Process Heating. 1st ed. Boca
Raton: Taylor& Francis; 2023. pp. 169-
199. DOI: 10.1201/9781003263326-9

[11] Kumar M, Sansaniwal SK, Khatak P.
Progress in solar dryers for drying
various commodities. Renewable and
Sustainable Energy Reviews. 2016;55:
346-360. DOI: 10.1016/j.rser.2015.10.158

[12] Parhizi Z, Karami H, Golpour I,
KavehM, SzymanekM, Blanco-Marigorta
AM, et al. Modeling and optimization of
energy and exergy parameters of a hybrid-
solar dryer for basil leaf drying using RSM.
Sustainability. 2022;14:1-27. DOI: 10.3390/
su14148839

[13] Elangovan E, Natarajan SK. Effects
of pre-treatments on quality attributes,
moisture diffusivity, and activation
energy of solar dried ivy gourd. Journal
of Food Process Engineering. 2021;44:
1-14. DOI: 10.1111/jfpe.13653

[14] EL-Mesery HS, EL-Seesy AI, Hu Z,
Li Y. Recent developments in solar
drying technology of food and

28

Drying Science and Technology



agricultural products: A review.
Renewable and Sustainable Energy
Reviews. 2022;157:112070. DOI: 10.1016/
j.rser.2021.112070

[15] Ekechukwu OV, Norton B. Review
of solar-energy drying systems II: An
overview of solar drying technology.
Energy Conversion and Management.
1999;40:615-655. DOI: 10.1016/
S0196-8904(98)00093-4

[16] Fudholi A, Sopian K, Ruslan MH,
Alghoul MA, Sulaiman MY. Review of
solar dryers for agricultural and marine
products. Renewable and Sustainable
Energy Reviews. 2010;14:1-30.
DOI: 10.1016/j.rser.2009.07.032

[17] Jairaj KS, Singh SP, Srikant K. A
review of solar dryers developed for
grape drying. Solar Energy. 2009;83:
1698-1712. DOI: 10.1016/j.
solener.2009.06.008

[18] Fudholi A, Sopian K, Bakhtyar B,
Gabbasa M, Othman MY, Ruslan MH.
Review of solar drying systems with air
based solar collectors in Malaysia.
Renewable and Sustainable Energy
Reviews. 2015;51:1191-1204.
DOI: 10.1016/j.rser.2015.07.026

[19] Mustayen AGMB, Mekhilef S,
Saidur R. Performance study of different
solar dryers: A review. Renewable and
Sustainable Energy Reviews. 2014;34:
463-470. DOI: 10.1016/j.
rser.2014.03.020

[20] El Hage H, Herez A, Ramadan M,
Bazzi H, Khaled M. An investigation on
solar drying: A review with economic
and environmental assessment. Energy.
2018;157:815-829. DOI: 10.1016/j.
energy.2018.05.197

[21] Prakash O, Laguri V, Pandey A,
Kumar A, Kumar A. Review on various
modelling techniques for the solar

dryers. Renewable and Sustainable
Energy Reviews. 2016;62:396-417.
DOI: 10.1016/j.rser.2016.04.028

[22] Kamarulzaman A,
Hasanuzzaman M, Rahim NA. Global
advancement of solar drying
technologies and its future prospects: A
review. Solar Energy. 2021;221:559-582.
DOI: 10.1016/j.solener.2021.04.056

[23] Jha A, Tripathy PP. Recent
advancements in design, application,
and simulation studies of hybrid solar
drying technology. Food Engineering
Reviews. 2021;13:375-410. DOI: 10.1007/
s12393-020-09223-2

[24] Nukulwar MR, Tungikar VB. A
review on performance evaluation of
solar dryer and its material for drying
agricultural products. Materials Today
Proceedings. 2021;46:345-349.
DOI: 10.1016/j.matpr.2020.08.354

[25] Elangovan E, Natarajan SK.
Convective and evaporative heat
transfer coefficients during drying of ivy
gourd under natural and forced
convection solar dryer. Environmental
Science and Pollution Research. 2023;30:
10469-10483. DOI: 10.1007/s11356-022-
22865-5

[26] Lingayat AB, Chandramohan VP,
Raju VRK, Meda V. A review on indirect
type solar dryers for agricultural crops–
Dryer setup, its performance, energy
storage and important highlights.
Applied Energy. 2020;258:114005.
DOI: 10.1016/j.apenergy.2019.114005

[27] Elkhadraoui A, Kooli S, Hamdi I,
Farhat A. Experimental investigation
and economic evaluation of a new
mixed-mode solar greenhouse dryer for
drying of red pepper and grape.
Renewable Energy. 2015;77:1-8.
DOI: 10.1016/j.renene.2014.11.090

29

Assessment of Solar Dryer Performance for Drying Different Food Materials: A Comprehensive…
DOI: http://dx.doi.org/10.5772/intechopen.112945



[28] Karami H, Kaveh M, Golpour I,
Khalife E, Rusinek R, Dobrzański B, et al.
Thermodynamic evaluation of the forced
convective hybrid-solar dryer during
drying process of rosemary (Rosmarinus
officinalis l.) leaves. Energies. 2021;14:
5835. DOI: 10.3390/en14185835

[29] Ndukwu MC, Simo-Tagne M,
Abam FI, Onwuka OS, Prince S,
Bennamoun L. Exergetic sustainability
and economic analysis of hybrid solar-
biomass dryer integrated with copper
tubing as heat exchanger. Heliyon. 2020;
6:e03401. DOI: 10.1016/j.heliyon.2020.
e03401

[30] Elangovan E, Natarajan SK.
Experimental research of drying
characteristic of red banana in a single
slope direct solar dryer based on natural
and forced convection. Food Technology
and Biotechnology. 2021;59:137-146.
DOI: 10.17113/ftb.59.02.21.6876

[31] Elangovan E, Natarajan SK. Effects
of pre-treatments on quality attributes,
moisture diffusivity, and activation
energy of solar dried ivy gourd. Journal
of Food Process Engineering. 2021;44:
e13653. DOI: 10.1111/jfpe.13653

[32] Elangovan E, Natarajan SK.
Experimental study on drying kinetics of
ivy gourd using solar dryer. Journal of
Food Process Engineering. 2021;44:
e13714. DOI: 10.1111/jfpe.13714

[33] Shinde KA, Scholar MT, Process A,
Naik V. Study of drying characteristics
of bottle gourd in tray dryer.
International Journal of Research Studies
in Agricultural Sciences. 2016;2:1-7.
DOI: 10.20431/2455-6224.0202001

[34] Vishal K. Drying behavior and
mathematical modelling of bottle gourd.
International Journal of Agriculture
Environment and Biotechnology. 2019;

12:299-306. DOI: 10.30954/
0974-1712.12.2019.1

[35] Geng Z, Torki M, Kaveh M, Beigi M,
Yang X. Characteristics and multi-
objective optimization of carrot
dehydration in a hybrid infrared/hot air
dryer. Lebensmittel-Wissenschaft &
Technologie. 2022;172:114229.
DOI: 10.1016/j.lwt.2022.114229

[36] Gilago MC, Mugi VR,
Chandramohan VP. Performance
assessment of passive indirect solar dryer
comparing without and with heat
storage unit by investigating the drying
kinetics of carrot. Energy Nexus. 2023;9:
100178. DOI: 10.1016/j.
nexus.2023.100178

[37] Masud MH, Himel HH, Arefin AME,
Ananno AA, Rashid M, Dabnichki P.
Mathematical modelling and exergo-
environmental analysis of drying potato
samples in a waste heat-based convective
dryer. Environmental Challenges. 2021;
5:2-11. DOI: 10.1016/j.envc.2021.100372

[38] Gilago MC, Chandramohan VP.
Performance evaluation of natural and
forced convection indirect type solar
dryers during drying ivy gourd: An
experimental study. Renewable Energy.
2022;182:934-945. DOI: 10.1016/j.
renene.2021.11.038

[39] Hidalgo LF, Candido MN,
Nishioka K, Freire JT, Vieira GNA.
Natural and forced air convection
operation in a direct solar dryer assisted
by photovoltaic module for drying of
green onion. Solar Energy. 2021;220:
24-34. DOI: 10.1016/j.solener.2021.
02.061

[40] Sharma GP, Verma RC, Pathare PB.
Thin-layer infrared radiation drying of
onion slices. Journal of Food
Engineering. 2005;67:361-366.
DOI: 10.1016/j.jfoodeng.2004.05.002

30

Drying Science and Technology



[41] Gasa S, Sibanda S, Workneh TS,
Laing M, Kassim A. Thin-layer
modelling of sweet potato slices drying
under naturally-ventilated warm air by
solar-venturi dryer. Heliyon. 2022;8:
e08949. DOI: 10.1016/j.heliyon.2022.
e08949

[42] Elangovan E, Natarajan SK.
Experimental study on drying kinetics of
ivy gourd using solar dryer. Journal of
Food Process Engineering. 2021;44:1-39.
DOI: 10.1111/jfpe.13714

[43] Bhanu AS, Elavarasan E,
Natarajan SK, Anandu A, Senin HM.
Experimental investigation of drying
kinetics of poovan banana under forced
convection solar drying. In: Acharya SK,
Mishra DP, editors. Current Advances in
Mechanical Engineering. Singapore:
Springer Singapore; 2021. pp. 621-631

[44] Elavarasan E, Natarajan SK,
Bhanu AS, Anandu A, Senin MH.
Experimental investigation of drying
cucumber in a double slope solar dryer
under natural convection and open sun
drying. In: Palanisamy M, Natarajan SK,
Jayaraj S, Sivalingam M, editors.
Innovations in Energy, Power and
Thermal Engineering. Singapore:
Springer Singapore; 2022. pp. 41-52

[45] Akhijani HS, Arabhosseini A,
Kianmehr MH. Effective moisture
diffusivity during hot air solar drying of
tomato slices. Research in Agricultural
Engineering. 2016;62:15-23.
DOI: 10.17221/33/2014-RAE

[46] Hussein JB, Filli KB, Oke MO. Thin
layer modelling of hybrid, solar and open
sun drying of tomato slices. Research
Journal of Food Science and Nutrition.
2016;1:15-27. DOI: 10.31248/
rjfsn2016.010

[47] Mujumdar AS. Instructions for
preparation of ivianuscripts for direct

reproduction. Drying Technology. 1991;
9:1353-1354. DOI: 10.1080/
07373939108916764

[48] Azzouz S, Guizani A, Jomaa W,
Belghith A. Moisture diffusivity and
drying kinetic equation of convective
drying of grapes. Journal of Food
Engineering. 2002;55:323-330.
DOI: 10.1016/S0260-8774(02)00109-7

[49] Fadhel A, Kooli S, Farhat A,
Bellghith A. Study of the solar drying of
grapes by three different processes.
Desalination. 2005;185:535-541.
DOI: 10.1016/j.desal.2005.05.012

[50] Rajkumar P, Kulanthaisami S,
Raghavan GSV, Gariépy Y, Orsat V.
Drying kinetics of tomato slices in
vacuum assisted solar and open sun
drying methods. Drying Technology.
2007;25:1349-1357. DOI: 10.1080/
07373930701438931

[51] Darvishi H, Azadbakht M,
Rezaeiasl A, Farhang A. Drying
characteristics of sardine fish dried with
microwave heating. Journal of the
Saudi Society of Agricultural Sciences.
2013;12:121-127. DOI: 10.1016/j.
jssas.2012.09.002

[52] Mehta P, Samaddar S, Patel P,
Markam B, Maiti S. Design and
performance analysis of a mixed mode
tent-type solar dryer for fish-drying in
coastal areas. Solar Energy. 2018;170:
671-681. DOI: 10.1016/j.
solener.2018.05.095

[53] Delfiya DSA, Murali S, Alfiya PV,
Samuel MP. Drying characteristics of
shrimp (Metapenaeus dobsoni) in
electrical dryer. Pantnagar Journal of
Research. 2020;18:280-284. Available
from: https://www.researchgate.net/pub
lication/357735675_Drying_characteristic
s_of_shrimp_in_electrical_dryer

31

Assessment of Solar Dryer Performance for Drying Different Food Materials: A Comprehensive…
DOI: http://dx.doi.org/10.5772/intechopen.112945



[54] Ersan AC, Tugrul N. The drying
kinetics and characteristics of shrimp
dried by conventional methods:
Scientific paper. Chemical Industry &
Chemical Engineering Quarterly. 2022;
27:319-328. DOI: 10.2298/
CICEQ201114050E

[55] Jain D, Pathare PB. Study the drying
kinetics of open sun drying of fish.
Journal of Food Engineering. 2007;78:
1315-1319. DOI: 10.1016/j.
jfoodeng.2005.12.044

[56] Fudholi A, Bakhtyar B, Saleh H,
Ruslan MH, Othman MY, Sopian K.
Drying of salted silver jewfish in a
hybrid solar drying system and under
open sun: Modeling and performance
analyses. International Journal of Green
Energy. 2016;13:1135-1144.
DOI: 10.1080/15435075.2016.1175347

[57] Deshmukh AW, Varma MN,
Yoo CK, Wasewar KL. Investigation of
solar drying of ginger (Zingiber
officinale): Emprical modelling, drying
characteristics, and quality study.
Chinese Journal of Engineering. 2014;
2014:1-7. DOI: 10.1155/2014/305823

[58] Nimnuan P, Nabnean S.
Experimental and simulated
investigations of the performance of the
solar greenhouse dryer for drying
cassumunar ginger (Zingiber
cassumunar Roxb.). Case Studies in
Thermal Engineering. 2020;22:100745.
DOI: 10.1016/j.csite.2020.100745

[59] Thorat ID, Mohapatra D, Sutar RF,
Kapdi SS, Jagtap DD. Mathematical
modeling and experimental study on
thin-layer vacuum drying of ginger
(Zingiber Officinale R.) slices. Food and
Bioprocess Technology. 2012;5:1379-1383.
DOI: 10.1007/s11947-010-0429-y

[60] Kamble AK, Pardeshi IL, Singh PL,
Ade GS. Drying of chilli using solar

cabinet dryer coupled with gravel bed
heat storage system. Journal of Food
Science and Technology. 2017;1:87-94

[61] Kumi F, Parbi B, Amoah RS,
Ampah J. Computational fluid dynamics
and performance evaluation of a
chimney solar dryer for chilli pepper.
Agricultural Engineering International:
CIGR Journal. 2022;24:153-165

[62] Hossain M, Hossain MZ,
Hossain MA, Awal MA, Alam MM,
Rabbani AHMM. Design and
development of solar dryer for chilli
drying. International Journal of
Research. 2015;2:63-78. Available from: h
ttp://edupediapublications.org/journals/
index.php/ijr/article/view/1292

[63] Prakash O, Kumar A, Kaviti AK,
Kumar PV. Prediction of the rate of
moisture evaporation from jaggery in
greenhouse drying using the fuzzy logic.
Heat Transfer Research. 2015;46:
923-935. DOI: 10.1615/
HeatTransRes.2015007463

[64] Prakash O, Kumar A. ANFIS
modelling of a natural convection
greenhouse drying system for jaggery:
An experimental validation.
International Journal of Sustainable
Energy. 2014;33:316-335. DOI: 10.1080/
14786451.2012.724070

[65] Prakash O, Kumar A. Application of
artificial neural network for the
prediction of jaggery mass during drying
inside the natural convection greenhouse
dryer. International Journal of Ambient
Energy. 2014;35:186-192. DOI: 10.1080/
01430750.2013.793455

[66] Kumar A, Tiwari GN. Thermal
modeling of a natural convection
greenhouse drying system for jaggery:
An experimental validation. Solar
Energy. 2006;80:1135-1144.
DOI: 10.1016/j.solener.2005.09.011

32

Drying Science and Technology



Chapter 2

Experimental Investigation on
Drying of Forest Biomass
Particles in a Mechanically
Stirred Fluidized Bed
Rogelio Moreno-Muñoz, Gregorio Antolín-Giraldo
and Alejandro Reyes-Salinas

Abstract

This chapter reflects a review of the results obtained in several investigations on
the fluidization process of wet biomass particles in a mechanically stirred fluidized
bed equipment. For the experimental purposes, an experimental equipment with a
drying column of 300 mm in diameter is used. Using the Ergun equation, the
fluodynamic behavior of the bed is analyzed to obtain, from the measurements of
pressure drops in the bed and imposed velocities, the specific gas-particle contact
surface; such interfacial surface varies between 5758 and 7317 m2 m–3 for dry particles
and between 2774 and 4444 m2 m–3 for high humidity particles. Subsequently, the
phenomena of heat and mass transfer by convection between the fluidizing gas and
the biomass particles during the drying process are studied. The gas-particle heat and
mass transfer coefficients are determined, considering stirrer rotation speeds between
1 and 2 rev s–1. The convective coefficients vary between 13 and 25.7 W m–2 K–1 for
heat transfer and between 6 x 10–3 and 20 x 10–3 m s–1 for mass transfer; thus,
correlations have been obtained between the Nusselt and Reynolds numbers and
between the Sherwood and Reynolds numbers, respectively, valid in the Reynolds
number range between 102 and 257.

Keywords: fluidization, drying, heat and mass transfer, biomass, particle drying,
agitated fluidized bed

1. Introduction

Forests and the wood industry’s residues represent an extraordinary source of
energy for enterprises and communities located near areas where wood is harvested,
and wood byproducts are produced. Currently, there is a clear conviction about the
need to make rational use of this energy resource. Therefore, interest in the develop-
ment of renewable energy studies will continue in the coming years. In the case of
biofuels, it is a significant field for applied research.
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Among the alternatives for using these resources, there is the possibility of com-
bustion or gasification to generate thermal and/or electrical energy, or the option of
producing fertilizer products. The process of densifying wood from forest residues or
the wood industry can also be an important alternative due to its low density, low
calorific value, and in some cases, high moisture content, which results in high bio-
mass consumption. In industrial processes, the reuse of waste for transformation into
byproducts with higher added value, such as particleboard or wood fibers, also gen-
erates environmental benefits.

In thermochemical processes such as the combustion of forest biomass, the limita-
tion is the low calorific value of the fuel due to its high moisture content. For this
reason, burning them without prior drying requires the use of large volumes of
combustion chambers to process the fuel. In this sense, a drying process is important
as a preliminary stage to combustion to reduce the volume of the combustion cham-
ber, achieve an adequate combustion temperature, and improve the thermal effi-
ciency of the process.

On the other hand, biomass gasification and pyrolysis processes are normally
carried out with low humidity. Thus, for example, according to [1, 2] sawdust gasifi-
cation in a fluidized bed requires moisture contents of 8–12% and 8.5%, respectively.

In the field of particle board manufacturing, briquettes or pellets require very low
levels of humidity. Indeed, the transformation of green wood into particles is done
with moisture contents that can vary between 35 and 150% d.b., but the subsequent
processes of gluing and pressing the particles require that the moisture be between 5
and 10% to the outer layers and from 2 to 6% for the middle layer. In this context [3],
carried out a study on the drying of wood particles in rotary equipment with a
humidity of 65% to leave the biomass with a final moisture content of 9–11% d.b., thus
allowing hot pressing of the particles for the manufacture of MDF boards. Zabaniotou
[4] also studied the drying of forest biomass in rotary equipment but with low initial
moisture levels (13% d.b.).

It can then be seen that in all the industrial applications mentioned, the humidity
values required for the various transformation processes of the residual biomass are
well below the humidity with which it is normally available and that can be 150–170%
d.b. It is not always possible to have these residues in a dry state and among the
preparatory treatments that are required is the drying of the biomass, which has
motivated this research.

Fluidized bed technology has become one of the most successful worldwide. It
currently finds applications not only in thermal processes such as combustion, gasifi-
cation and drying, but also in others on roasters, calciners, classifiers and reactors
within the metallurgical, chemical, and pharmaceutical sectors.

In a previous work [5] the authors carried out a thermal study on the drying of
biomass particles in a mechanically stirred fluidized bed equipment; the objective of
the study was to determine the production rates of forest biomass particles, the
evaporation rates, the specific energy consumption, and the thermal efficiency of the
drying process. The most important results of this study reveal that the specific energy
consumption is 3040 kJ for each kg of water evaporated in the bed, which corresponds
to a thermal efficiency of 80%.

In this research the first objective is to experimentally analyze the aerodynamics of
the fluidized bed, in order to obtain minimum fluidization velocities, pressure drops
in the bed and the specific surface of the gas-particle contact. The second objective is
to study the phenomena of heat and mass transfer that occur simultaneously during
the drying of the biomass particles, in order to determine the convective coefficients
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of heat and mass transfer in the contact surface between the biomass particles and the
fluidizing gas.

2. Theoretical background

In solid drying processes, momentum, heat, and mass transport phenomena occur
simultaneously. The study of these phenomena is important to define aspects of the
mechanical and thermal design of a drying equipment. Particularly, in a fluidized bed
dryer, the study of the fluid dynamics of the bed and the determination of minimum
fluidization velocities and pressure drop in the bed have been the objective of many
studies.

In some cases, the problem has been considered as a particle isolated from the rest
of the particles; in others, the interaction with other particles is considered (a situation
that always occurs in a fluidized bed). It is well known that in fluidized beds with
irregular particles, turbulent flow occurs, in which case energy losses due to kinetic
effects are more important than losses of viscous origin.

On the other hand, in the thermal design of a fluidized bed dryer, it is important to
know the heat and mass transfer coefficients that occur at the particle-gas interface
because with them the boundary conditions can be formulated in modeling problems
of the drying process. Particularly, during the period of constant drying rate, in which
the predominant drying mechanism is convective at the gas-particle interface.

2.1 Transport of momentum in a fluidized bed

In fluidized systems, it is necessary to perform analysis using constitutive
equations, which are added to the momentum balance equations.

In the case of flows in porous matrices with low-velocity flows and low Reynolds
numbers, the Darcy equation relates the resistive force between the fluid and the
porous matrix with the superficial velocity of the fluid. On the other hand, for
fluidized beds of large particles, a situation that occurs in a particulate biomass dryer,
the resistant force depends on the viscous losses and the kinetic energy losses.

Therefore, in a fluidized bed, the equation that determines the pressure drops,
developed by Ergun [6] establishes that:

Δp
L

¼ 150
1� εð Þ2
ε3

μgU

Dp
2 þ 1:75

1� ε

ε3
GU
Dp

(1)

In the case of fluidized beds with irregular particles (non-spherical), the Ergun
equation must take into account the sphericity of the particle through the relationship
6/ϕDp, that represents the specific surface area of the particles Sp for arbitrary
particles of similar size and expressed as the contact surface of particles per unit
volume of solids.

Therefore, in the case of non-spherical particles, Ergun equation can be rewritten
in terms of Sp as follows:

Δp
L

¼ 150
1� εð Þ2
ε3

μgU
36
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6
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If the superficial velocity U is lower than the minimum fluidization velocity Umf,
the bed remains in its rest condition and Eq. (2) allows determining the specific
surface area Sp of the particles contained in the bed. For this, experimental data of the
pressure drop as a function of superficial velocity must be available under the condi-
tion that U < Umf.

2.2 Gas-particle convective heat and mass transfer in fluidized bed

For the analysis of heat transfer between a spherical particle and a gas with relative
velocity U (spherical liquid drop falling in a gas), in Ranz and Marshall [7] the
following dimensionless equation is proposed:

Nugp ¼
hgpDp

kg
¼ 2:0þ 0:60

ρgUDp

μg

 !1=2
Cgμg
kg

� �1=3

(3)

In the analysis of heat transfer in fluidized beds, particularly at high fluidization
velocities and Reynolds numbers, there are dimensionless correlations similar to
Eq. (3). For example [8] proposes the following correlation for coarse particles
(Rep > 100) and in a fixed bed condition:

Nugp ¼ 2þ 1:8Prg1=3 Re p1=2 (4)

For low values of Reynolds number, this equation presents important deviations in
relation to experimental results. However, in such cases, the experimental results
correlate well with those predicted by the Kunii and Levenspiel equation, whose
fundamental assumption is the existence of a plug flow regime:

Nugp ¼ 0:03Re p1:3 (5)

for 0.1 < Rep < 100, under the assumption of a plug flow.
On the other hand, and in a similar way to what happens with the phenomenon of

heat transfer, the analysis of the mass transfer in a forced convection regime between
an isolated spherical particle and a gas in relative motion can be carried out using the
experimental correlation of [9]:

Shgp ¼
kgpDp

Dv
¼ 2:0þ 0:60

ρgUDp

μg

 !1=2
μg

ρgDv

 !1=3

(6)

for 0.6 < Scg < 2.7 and 2 < Rep < 800.
For fixed beds [7], also reported an expression for the calculation of the Sherwood

number for large particles (Rep > 80) in liquid and gas systems. When applied to
gaseous systems, the equation can be written as:

Shgp ¼ 2:0þ 1:8Re 1=2p Sc1=3g (7)

In analogy with the phenomenon of heat transport, for flow regimes with low
Reynolds numbers, Eq. (7) does not adequately predict the value of the Sherwood
number and in these cases, it is recommended to use the following equations proposed
by Richardson and Szekely [10].
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Shgp ¼ 0:374Re 1:18p for 0:1< Re p < 15 (8)

Shgp ¼ 2:01Re 0:5p for 15< Re p < 250 (9)

3. Material and methods

3.1 Aerodynamics in an agitated fluidized bed of biomass particles

The experiments were carried out in a laboratory equipment whose main section,
the drying chamber, is shown in Figure 1; details of the equipment, which has also
been used to carry out the experiment on heat and mass transfer, can be found in
Moreno et al. [11]. Figure 2 shows an overview of the equipment.

To develop the aerodynamic analysis of the fluidized bed, experiments were car-
ried out to determine the pressure drop of the bed as a function of the superficial
velocity of the air. The basis weight of the biomass samples was 2.0 kg d.b. The
superficial velocity was gradually increased until reaching the Umf value in order to
analyze the bed in its rest condition; the suspended bed condition was also
guaranteed, for which the superficial velocities rose above the minimum fluidization
velocity.

Figure 1.
Schematic diagram of experimental equipment.
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The dp particle size varied in the range of 0.51–3.56 mm. The tests were carried out
first using particles with equilibrium moisture content (0.15 kg kg�1 d.b.); subse-
quently, the bed was loaded with wet particles (2.0 kg kg�1 of humidity d.b.), with
which the density of the particles varied between 423 and 1044 kg m�3.

The experimental velocity data were obtained with a Pitot tube. On the other hand,
the pressure drops of the bed were measured with a differential manometer for each
superficial velocity tested. In addition, the rotation speed of the mechanical agitator
was varied, seeking the best stability condition for the bed of wet particles, since wet
biomass particles have a great tendency toward agglomeration as a result of surface
forces generated by the water contained in them.

Figure 2.
Overview of the fluidized bed dryer of biomass particles.
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In a fixed bed of biomass particles, the bed porosity ε can be calculated with the
values of the density of the particles ρp and the density of the static bed ρb. Thus,

ε ¼ 1� ρb
ρp

(10)

In order to analyze the quality of the fluidization of biomass particles, prior to the
drying tests, the procedure used consists of determining the fraction of particles in the
bed that are suspended by the ascending air flow; the fluidization quality index QF is
used according to the Eq. (11). Thus, if the bed is completely fluidized, the pressure
drop of the bed should be equal to the weight of solids per unit of cross-sectional area
of the bed and otherwise the QF index is less than 1.

QF ¼ Δp
W=A

(11)

3.2 Fundamentals of gas-particle heat transfer

Regarding the determination of the convective heat transfer coefficient in fluid-
ized beds, in most of the works reported in the literature, the interfacial heat transfer
analysis is carried out in batch processes and steady state, where the hot gas enters the
bed and is then cooled by making contact with the cold particles. Thus, for a bed layer
of thickness dl, the convective coefficient can be represented as:

�CgUρg
dTg

dl
¼ hgpS Tg � Tp,s

� �
(12)

which, integrated for a height l in the bed, allows to obtain:

ln
Tg,i � Tp,s

Tg,l � Tp,s
¼ hgpS

ρgUCg
l (13)

where Tg,i and Tg,l are the gas temperature at the inlet and at a height l of the bed.
Representing the first member of Eq. (13) as a function of l, based on the experi-

mental data, then the value of hgp can be obtained through the slope plotted on a
semilogarithmic graph. The slope can be variable if the local coefficient presents
variations depending on the position inside the bed.

Eq. (13) has been obtained on the basis of the complete mixing of gas and particles,
that is, assuming that the temperature of the particles in the bed is the same at all
points, except for a region of the bed close to the distributor. The above is because
temperature gradients and equilibrium between gas and particles are reached in this
zone, as already reported by [8, 12, 13]. This means that the gas temperature varia-
tions must be measured in the area close to the distributor and that the temperature of
the particles can be considered equal to that of the gas at the outlet of the bed. Some
authors consider that a thermocouple inserted in the bed provides a measurement of
the temperature of the solids, which, strictly speaking, is not the case. This experi-
mental model assumes that heat losses to the environment are negligible.

For studies of heat transfer coefficients in drying systems in the period of constant
drying rate, it can be assumed that the temperature of the surface particles Tp,s is equal
to the wet bulb temperature Twb of the inlet air [14, 15], since in such a period the
product shows a wet surface.
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The analysis of the drying curves, obtained in Moreno [16] allows us to conclude
that a large part of the process is carried out under a constant temperature regime and
at a constant drying rate. In principle, the determination of the heat transfer coeffi-
cients should be carried out using Eq. (13). However, this procedure provides a local
value of the convective heat transfer coefficient.

For design purposes, it is more appropriate to work with mean values of hgp. Thus,
in an adiabatic regime, the heat balance equation can be written as:

�hfgρp,0
dw
dt

¼ hgpSpΔTml (14)

Thus, the hgp calculation can be carried out using the equation:

hgp ¼
hfgρp,0 � dw

dt

� �

SpΔTml
(15)

In Eq. (14) the concept of logarithmic-mean temperature difference is introduced,
which for its application in this drying process can be assumed that the surface
temperature of the particles is equal to the temperature of the wet bulb of the air
because the drying was carried out under the condition of constant rate. Thus:

ΔTml ¼
Tg,i � Tg,o

ln Tg,i�Twb

Tg,o�Twb

� � (16)

3.3 Fundamentals of gas-particle mass transfer

In analogy with the convective phenomenon of heat transfer between a solid
particle and a fluid, which is governed by Newton’s cooling equation, for a drying
process the mass transfer between the wet particle and the air that receives the vapor
released by solids is governed by a similar equation, that is:

_mv ¼ kgpAp cv,s � cv,∞ð Þ (17)

It can be assumed, in analogy with heat transfer, that the moisture concentration in
the humid air cv,∞ of Eq. (17), at a given bed height, is uniform across the cross section
of the drying chamber and the transfer of matter is completed in a very small distance
above the distributor.

By making a mass balance during the drying process in the constant drying rate
period, for a differential fluidized bed element of thickness dl, the mass flow of water
vapor at the particle surface, based on Eq. (17), can be determined. Thus:

d _mv ¼ kgp cv,s � cvð ÞSAdl (18)

The water vapor flow can be related to the moist content of the moist air through:

d _mv ¼ _mdadwa (19)

Then:

_mdadwa ¼ kgp cv,s � cvð ÞSAdl (20)
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If incompressible flow is considered, then:

_mdavadcv ¼ kgp cv,s � cvð ÞSAdl (21)

When Eq. (21) is integrated from a point on the distributor, for a bed height l, the
following is obtained:

ln
cv,s � cv,i
cv,s � cv,l

¼ kgpSA
_mdava

l (22)

On the other hand, using an average coefficient of kgp, the mass balance equation
for the entire bed can be written as:

kgp ¼ _mv

ApΔcml
(23)

where the logarithmic mean difference in moisture concentration is defined as:

Δcml ¼ cv,o � cv,i

ln cv,s�cv,i
cv,s�cv,o

� � (24)

Since the equation applies to the entire bed, then Ap = SpVp and

kgp ¼ _mv

SpVpΔcml
(25)

In terms of the drying rate (�dw/dt) Eq. (25) can be written as:

kgp ¼
ρp,0 � dw

dt

� �

SpΔcml
(26)

Similarly, to what was assumed in the heat transfer analysis, in determining the
surface mass transfer coefficient it was assumed that the concentration of water vapor
on the wetted surface of the particles is equal to that of saturated air and evaluated at
the wet bulb temperature of humid air [15].

3.4 Experiments on heat and mass transfer

The experimental dryer has a drying chamber with a diameter of 0.3 m. The
biomass load, as in the fluodynamic tests, was 2.0 kg d.b., occupying an approximate
height of 0.17 m. The mechanical stirrer was built with a vertical shaft and four blades
in total.

To analyze the homogeneity of the bed and its temperature, 8 temperature sensors
were installed, as shown in Figures 1 and 3, and connected to a Digi-Sense Cole-
Parmer Instrument Company multichannel thermometer; it has a resolution of 0.1 K
and � 0.5 K accuracy and an RS-232 output for connection to a PC. Data was collected
every 4 s and analyzed using a ScanLink 2.0 software. An additional temperature
sensor PT100 was placed at the entrance of the air flow to the dryer to control the
operating temperature of the equipment.
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At the bed outlet, a Digi-Sense digital psychrometric digital recorder was used
together with ScanLink 2.0 and PCDAC (Cole-Parmer Instrument Company) pro-
grams to collect data every 10 s.

The drying experiences were carried out with Pinus radiata sawdust particles.
The operating temperature measured at the inlet of the hot air flow to the drying
chamber was recorded, as well as the outlet temperature of the gas above the
particle bed.

In determining the mean logarithmic difference of Eq. (16) and to avoid the
error caused by the heat transferred from the air to the distributor plate, the temperature
of the gas at the bed inlet Tg,i was measured at a point just above the air distributor. Thus,
was verified that the air temperature, after passing through the distributor, drops sharply
when it comes into contact with the particles. Figure 4 shows a schematic diagram of the
thermocouples to obtain the axial distribution of temperature in the bed. The homogeni-
zation of the temperature is reached at a height lower than 20 mm above the distributor,
as shown in Figure 5, which agrees with the analysis of other authors [8, 12] and the
experimental results of [13, 17].

The physical properties of the gas were evaluated at the mean temperature of the
fluid film surrounding the particle, considering that the particle surface temperature
is equal to the air wet bulb temperature.

In the heat and mass transfer experiments, three control factors (U, dp and N)
were used. The experiments were carried out, considering each particle with an air
velocity within the range in which its fluidization occurs according to the moisture
content of the particles. In order to study possible variations of the hgc and kgc coeffi-
cients, at each level of (dp-U) the experiments were performed with two rotation
speeds of the mechanical bed stirrer. Table 1 shows the 10 trials with their respective
levels; the operating temperature was 150°C in all cases.

4. Results and discussion

4.1 Bed porosity, specific surface area, and minimum fluidization velocity

Using Eq. (10) and the procedure described in Section 3.1, the porosity of the bed
has been determined in the fixed bed condition. The specific surface has been
obtained based on the Ergun’s modified equation. The size dp corresponds to particles

Figure 3.
Arrangement of thermocouples to measure temperature inside the bed.
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Figure 5.
Axial temperature profile inside the bed, corresponding to seven profiles measured with an inlet temperature equal to
150°C.

Figure 4.
Schematic position of the thermocouples to determine the axial temperature distribution in the bed; N = 0 rev s�1.
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obtained by means of ASTM E-11 sieving. Table 2 shows the results on bed porosity
and specific surface area of particles.

In the preliminary tests in an agitated fluidized bed, the range between 0 and 2 rev
s�1 has been chosen, to analyze the behavior of the bed in terms of its mobility,
depending on the combination of the superficial velocity and agitation speeds param-
eters. Tests were carried out with a load of 2 kg of biomass particles of 1.44 mm in size
and with a moisture content of 2.0 kg kg�1 d.b.

Figure 6 shows the behavior of the pressure drop in the bed as a function of
superficial velocity, for a stirred bed with different stirring speeds. With 0.5 rev s�1

(Figure 6a) it could be seen that at a speed of 1.12 m s�1 (point A), the bed opens
abruptly giving way to a sudden increase in the air flow through the bed, reaching a
velocity of 1.35 m s�1 (point B). The fluidization stabilizes from a velocity of
1.46 m s�1 with a suspension of the particles equivalent to a QF = 0.78.

By increasing the turning speed to 1 rev s�1 (Figure 6b), the transition from the
fixed bed to the fluidized bed is more gradual with a transition speed of 1.18 m s�1 (A)
and a QF = 0.88, but then there tends to be a decrease in QF with increasing velocity.
This phenomenon is significantly attenuated at higher turning speed and at 2 rev s�1

(Figure 6d) at a superficial velocity of 0.91 m s�1 (A) the transition from a fixed bed
to a fluid bed occurs, reaching a QF = 0.95. A notable aspect of these tests was the
minimal amount of particle carryover out of the dryer.

dp (mm) U (m s�1) N (rev s�1) Umf (m s�1)

0.89 0.71 1 0.46

0.89 0.71 2 0.46

1.44 0.77 1 0.56

1.44 0.77 2 0.56

1.85 0.81 1 0.66

1.85 0.81 2 0.66

2.18 0.82 1 0.80

2.18 0.82 2 0.80

3.56 1.02 1 0.95

3.56 1.02 2 0.95

Table 1.
Experiments for determination of hgp and kgp coefficients.

dp (mm) ε (m3 m�3) Sp,0 (m
2 m�3) Sp (m

2 m�3)

0.51 0.604 7317 4444

0.89 0.616 6835 3887

1.44 0.618 6440 3457

1.85 0.631 6243 3253

2.18 0.646 6118 3126

3.56 0.697 5758 2774

Table 2.
Fixed bed porosity and specific surface area for dry and wet biomass particles.
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Once the objective of having a high-quality fluidized bed was achieved, the mini-
mum fluidization velocity was determined. Figure 7 shows a curve of pressure drop
versus superficial velocity obtained with particles with equilibrium moisture and
1.85 mm size for an agitation velocity of 2.0 rev s�1. When carrying out tests with the
other particle sizes, it was found that the qualitative behavior was similar, with
obvious differences in the velocity values obtained, depending on the particle size, as
shown in Table 3.

From the point of view of the quality of the fluidization of wet particles, it is found
that mechanical agitation has an important effect when the particles have high mois-
ture contents, taking into account that a bed of wet biomass is impossible to fluidize
without mechanical agitation; in the case of low moisture particles, the effect of
agitation is less.

The minimum fluidization velocities Umf were determined in a mechanically
shaken fluidized bed with agitation velocity N = 2 rev s�1, for dry and wet biomass
particles; it can be observed in Table 3 that with dry biomass, fluidization velocities
are smaller.

For the Umf velocity prediction, a new correlation is proposed based on a procedure
reported in [18]. The initial correlation studied fits well with experimental data in the
range of small particles. However, with large particle sizes, the prediction of experimen-
tal values of Umf was not successful and therefore the correlation had to be corrected to
consider the variation of the Umf velocity with the particle size. To carry out this correc-
tion, a geometric factor (dp/D0) was used, where dp is the particle size obtained by
sieving and D0 is a reference size equal to 1 mm. Thus, the proposed correlation is:

Figure 6.
Pressure drop across the bed as a function of superficial velocity with different stirring speeds for dp = 1.44 mm and
w = 2.0 kg kg�1 d.b.
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Re mf ¼ 24:82 þ 0:044GaMρ

� �0:5 � 24:8
h i dp

D0

� �1=3

(27)

The prediction of the velocity of minimum fluidization using Eq. (27) as observed
in Table 3, it is acceptable; only in two tests the deviations were �12% and +15%.

4.2 Heat and mass transfer

4.2.1 Thermal characterization of the bed of biomass particles

From the point of view of the fluodynamic behavior of the particles in the fluidized
bed, it is first important to guarantee the high quality of their suspension, reflected in
a high value of the QF index of Eq. (11), as already indicated. From the thermal point
of view itself, the high quality of fluidization has been evidenced in a high homoge-
neity of the bed temperature, according to the records of the eight thermocouples
inserted inside the fluidized bed, as shown in Figure 8, which have been obtained
during a drying experiment.

In addition, this excellent fluidization quality has been verified with the high value
of the correlation coefficient R2 for the drying curves, as will be seen in the drying

Dry biomass Wet biomass

dp (mm) Experimental Umf Eq. (27) dp (mm) Experimental Umf Eq. (27)

0.89 0.46 0.46 0.89 — 0.78

1.44 0.56 0.58 1.44 0.91 0.99

1.85 0.66 0.66 1.85 1.09 1.11

2.18 0.80 0.75 2.18 1.42 1.25

3.56 0.95 1.10 3.56 1.69 1.80

Table 3.
Variation of the minimum fluidization velocity Umf in m s�1, in relation to the particle size dp for dry and wet
biomass; N = 2.0 rev s�1.

Figure 7.
Pressure drop in an agitation-fluidized bed for dp = 1.85 mm and equilibrium moisture content; N = 2.0 rev s�1.
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experiments. Figure 9 shows one of the drying curves obtained and it can be seen that
the process is carried out with a constant drying rate, therefore the ideal adjustment
curve in this case would be a straight line with a high value for the explanatory
variance R2.

On the other hand, in order to know the behavior of the biomass during the drying
process, specifically in the range of temperatures normally used in dryers with atmo-
spheric air, a thermogravimetric analysis has been carried out.

The experimental tests were carried out in a Cahn 2000 thermogravimetric equip-
ment, 113� system, equipped with a programmable temperature control system.

Figure 10 shows the TG diagram in an inert atmosphere, for two tests carried out
with wet and dry biomass. This diagram shows the percentage of residual weight, with
respect to the initial weight loaded, as a function of the sample during the test.

Figure 8.
Temperature profile at different points in the bed during biomass drying experiment.

Figure 9.
Drying curve for biomass particles in an agitated fluidized bed; R2 = 0.996.
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It can be seen in Figure 10, how the absolute loss of volatiles in the wet biomass is
less than in the dry one, for having introduced less dry mass into the sample, since
part of it was water (moisture). If the relative value were calculated, it would give the
same proportion.

Figure 11 shows two curves obtained for the test carried out in an oxidizing
atmosphere, showing good reproducibility, which gives a good degree of reliability in
the results obtained. The weight variations between the original test and the replica
were 5.3%.

Table 4 contains a summary of the relevant parameters of the thermogravimetric
analysis. The maximum rate of devolatilization and combustion is evaluated according
to the following expression:

Umax ¼ � 1
misc

dm
dt

� �

max
(28)

where misc corresponds to the initial mass of loaded biomass, on an ash-free
basis and (dm/dt)máx represents the maximum slope of the TG curve (mass
versus time).

Figure 10.
Thermogravimetric (TG) of wet and dry biomass in an inert atmosphere depending on the temperature.

Figure 11.
Thermogravimetric (TG) of biomass in an oxidant atmosphere and its replica.

48

Drying Science and Technology



4.2.2 Convective heat transfer coefficient

The values obtained for the heat transfer coefficients are shown in Table 5, for
each of the tests defined in Table 1. When using Eq. (15) in the calculation of the
convective heat transport coefficient, the drying rate dw/dt shown in Table 5 was
introduced, which in turn is obtained from the experimental drying curve of each test
(Figure 9). The value of R2 indicated in the table corresponds to the correlation
coefficient obtained in the fit of the straight line to the experimental data of moisture
content of the solids versus time.

On the other hand, once the values of the heat transfer coefficient were known, in
each test the Nusselt number was calculated using the first equality of Eq. (3) and then
the correlation between the Nusselt number and the Reynolds number was obtained,
which is proposed in Eq. (29). It has been verified that the rotation speed (N) does not

Parameter Inert atmosphere test Air atmosphere test

Initial mass loaded (mg) 5.95 6.29

Ash content (%) 3.90 3.90

Initial mass without ash (mg) 5.72 6.04

Weight loss (%) and range 1 of T (°C) 4.03 (21–110°C) 12.24 (21–114°C)

Weight loss (%) and range 2 of T (°C) 64.04 (155–364°C) 55.96 (187–330°C)

Weight loss (%) and range 3 of T (°C) 12.77 (364–800°C) 27.90 (330–450°C)

Temperature of Umáx (1) (°C) 322 295

Maximum rate (1) (g/g h) 3.35 3.26

Temperature of Umax (2) (°C) 574 437

Maximum rate (2) (g/g h) 0.18 1.13

Table 4.
Thermogravimetric parameters derived from TG and DTG curves of forest biomass.

dp Dp Rep -dw/dt R2 hgp exp hgp anal kgp exp kgp anal

(mm) (mm) (kg kg�1 min�1) (W m�2 K�1) (W m�2 K�1) (m s�1) (m s�1)

0.89 2.44 102 0.067 0.99 15.4 13.0 0.010 0.009

0.89 2.44 103 0.0565 0.994 13.0 13.1 0.006 0.009

1.44 2.70 124 0.0553 0.986 13.2 15.0 0.008 0.011

1.44 2.70 124 0.0586 0.997 14.5 15.0 0.014 0.011

1.85 2.84 136 0.064 0.985 15.7 16.1 0.015 0.012

1.85 2.84 134 0.0631 0.996 14.9 15.8 0.015 0.012

2.18 3.13 148 0.0773 0.973 18.2 16.3 0.016 0.012

2.18 3.13 150 0.0645 0.996 14.4 16.5 0.012 0.013

3.56 4.30 256 0.0957 0.985 23.2 23.9 0.020 0.019

3.56 4.30 257 0.0992 0.99 25.7 24.0 0.015 0.019

Table 5.
Convective heat and mass transfer coefficients.

49

Experimental Investigation on Drying of Forest Biomass Particles in a Mechanically…
DOI: http://dx.doi.org/10.5772/intechopen.113973



influence the convective heat transfer coefficient, since the variations found in the hgp
coefficient as a function of N are random as shown in Table 5, which is consistent
with previously reported results [15].

Nugp ¼ 0:003Re p1:28; 100< Re p < 250;R2 ¼ 0:95 (29)

or by rearranging terms as,

hgp ¼ 0:003
kg
Dp

ρgUDp

μg

 !1:28

(30)

Table 5 shows the values found for the hgp coefficient, which fluctuate between 13
and 25.7 W m�2 K�1; these values are in a range similar to that of 6 and 23 W m�2 K�1

reported by Botterill [19]. In another investigation [20], results on the drying of forest
biomass particles are reported, with hgc values in the range between 10 and
60 W m�2 K�1, to a dryer with superheated steam and operating temperatures up to
513 K. In a subsequent study by Salve et al. [21], higher hgp coefficient values (80–
220 W m�2 K�1) were found, obtained with superficial velocities as well as elevated
(3–11 m s�1) and using sand in the bed.

On the other hand, Table 6 shows a comparison between the values of the Nusselt
number, obtained through the experimental procedure of this research, and those
predicted by Eq. (29) with R2 equal to 0.95. Furthermore, the experimental results
have been compared with values predicted by Eq. (31) reported by Reyes and Alvarez
[22] and obtained for Reynolds numbers in the range between 33 and 150.

Nugp ¼ 0:00116 Re 1:52p (31)

The comparison is also made with Eq. (32) from Zabrodsky and Eq. (33) by Lykov,
respectively, both reported in Ciesielczyk [15].

Re Nugp
(Experimental)

Eq. (29) Reyes and
Alvarez, Eq. (31)

Zabrodsky,
Eq. (32)

Lykov,
Eq. (33)

Rao and Sen
Gupta, Eq. (34)

102 1.33 1.12 1.31 1.67 0.42 0.13

103 1.1 1.13 1.33 1.69 0.43 0.13

124 1.26 1.43 1.76 2.22 0.50 0.17

124 1.39 1.43 1.76 2.22 0.50 0.17

136 1.57 1.61 2.03 2.54 0.54 0.20

134 1.5 1.58 1.98 2.49 0.53 0.20

148 2 1.80 2.31 2.87 0.58 0.23

150 1.6 1.83 2.36 2.93 0.59 0.24

256 3.52 3.63 5.31 6.40 0.92 0.56

257 3.9 3.65 5.34 6.43 0.92 0.56

Table 6.
Nusselt number: comparison of experimental values with the proposed equation and correlations from other
authors.
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Nugp ¼ 0:00195 Re 1:46p (32)

Nugp ¼ 0:0087 Re 0:84p (33)

Finally, the results are compared with Eq. (34) from Rao and Sen Gupta and
reported by Vyas and Nageshwar [23] with the Reynolds numbers in the range
between 7 and 20.

Nugp ¼ 0:000075 Re 1:61p (34)

Of these correlations, those that are closest to Eq. (29) and the experimental values
of this study are those of Reyes and Alvarez and that of Zabrodsky, Eqs. (31) and (32),
respectively. The Rao and Sen Gupta equation is the one with the most deviations and
is attributed to the fact that it is obtained for a very low range of the Reynolds
number.

4.2.3 Convective mass transfer coefficient

The experimental values of the convective coefficient of mass transfer under the
conditions already established are shown in Table 7. As in the phenomenon of heat
transfer, it is verified that the rotation speed of the mechanical stirrer does not affect
the mass transfer.

In Eq. (35) the correlation obtained by adjustment between the Sherwood number
and the Reynolds number is shown.

Shgp ¼ 1:6x10�3Rep1:38; 100<Rep < 250; R2 ¼ 0:75 (35)

or:

kgp ¼ 1:6x10�3 Dv

Dp

ρgUDp

μg

 !1:38

(36)

Rep Shgp
(experimental)

Eq. (31) Froessling,
Eq. (6)

Ranz and Marshall,
Eq. (7)

Richardson and Szekely,
Eq. (9)

102 0.98 0.95 7.1 17.4 20.3

103 0.62 0.96 7.1 17.4 20.4

124 0.83 1.24 7.6 18.9 22.4

124 1.56 1.24 7.6 18.9 22.4

136 1.69 1.41 7.9 19.7 23.4

134 1.66 1.38 7.9 19.6 23.3

148 1.99 1.58 8.2 20.5 24.5

150 1.53 1.61 8.2 20.6 24.6

256 3.52 3.37 10.1 26.3 32.2

257 2.54 3.39 10.1 26.4 32.2

Table 7.
Sherwood number: comparison of experimental values with the proposed equation and correlations from other
authors.
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Table 7 shows a comparison between the values of the Sherwood number, obtained
in this research, and those predicted by Eq. (35) with a correlation R2 equal to 0.75.
When comparing the experimental results with Eqs. (6), (7), and (9), unlike what
happens with the heat transfer mechanism, in mass transport more significant differ-
ences are seen between our results and the Sherwood number values predicted by
correlations obtained by other authors. Considering also that there are great differences
between correlations already reported in the literature, it can be concluded that it is a
more complex phenomenon to analyze and study experimentally. This is also verified in
our research on mass transfer by observing that the value of R2 from Eq. (35) is lower
relative to the best correlation coefficient R2 obtained in Eq. (29) for heat transfer.

The above implies that the information available in the specialized literature is not
necessarily sufficient to predict heat and mass transfer coefficients, formulate mathe-
matical modeling, and develop the thermal design of particulate forest biomass drying
processes.

In the analysis of the discrepancies between experimental results with the values
that predict equations reported in the literature, the characteristics of the solids of
each system analyzed must be taken in consideration. It is also important to keep in
mind the experimental procedures to determine the differences in temperatures and
vapor concentrations between the fluidizing gas and the particles and the type of flow
pattern in the fluidized bed (plug flow or complete mixing).

In this particular case, the system studied corresponds to a fluidized bed of coarse
type D particles of the Geldart classification [24], which forces them to be fluidized
with higher fluidization velocities and Reynolds numbers, which in this research
ranged between 102 and 257.

Furthermore, Geldart type D biomass particles are solids with a high tendency to
agglomerate as a result of cohesion forces between them, which are generated by
surface water bridges. This is confirmed in this research with the lower values
obtained for the specific surface area of wet particles Sp, compared to the values
obtained when they are in a condition of low humidity Sp,0 (Table 2).

Regarding the flow pattern of the fluidized bed, it can be said that a fluidized bed
of biomass particles, as a result of the combination of the air flow and the effect of the
mechanical agitator, it could be considered as a system with complete mixing. Thus,
according to the experimental results obtained on the QF fluidization quality index
and temperature profiles inside the bed.

5. Conclusions

In an experimental equipment for drying particles in a fluidized bed, this research
carries out experimental studies on the fluodynamic behavior of wet forest biomass
particles suspended with a flow of hot gas in a fluidized bed with a mechanical stirrer.
In addition, the biomass drying process and the heat and mass transfer mechanisms at
the gas-particle interface are analyzed.

It is shown that the agitation has an important effect on the biomass particle
aerodynamics if the particles have high moisture contents. The effect of the agitator is
not relevant when fluidizing low moisture particles.

A methodology for the calculation of the biomass particle surface area is proposed
based on Ergun equation. For the prediction of the Umf velocity, a new correlation is
also proposed, which allows fitting the experimental values with �15% deviations in
the predictions of Umf for dry as well as wet particles.
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On the other hand, the convective heat transfer coefficient between the gas and the
solids was experimentally determined, varying between 13 and 25.7 Wm�2 K�1. Based
on a mass balance and on the experimental determination of the drying rates, the mass
transfer coefficient was obtained, which varied between 6 � 10�3 and
20 � 10�3 m s�1.

Thus, a correlation between the Nusselt number and the Reynolds number is
proposed for the calculation of the heat transfer coefficient and a correlation between
the Sherwood number and the Reynolds number for calculations of the mass transfer
coefficient.
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Nomenclature

A cross section of the empty bed, m2

Ap superficial area of an arbitrary particle, m2

cv moisture concentration in the air, kg m�3

cv,i moisture concentration in the air at the entrance of the bed, kg m�3

cv,o moisture concentration in the air at the exit of the bed, kg m�3

cv,s moisture concentration in the air on the particle surface, kg m�3

cv,∞ moisture concentration in the air outside the boundary layer, kg m�3

Cg gas heat capacity, J kg�1 K�1

dp particle size according to the sieving method, m
Dp diameter of the equivalent-volume sphere, m
Dv diffusivity of the vapor in the air, m2 s�1

D0 reference particle diameter, m
g acceleration due to gravity, m s�2

G fluid mass velocity, kg s�1 m�2

hfg water heat of vaporization, J kg�1

hgp heat transfer coefficient at the gas-particle interface, W m�2 K�1

kg thermal conductivity of the gas, W m�1 K�1

kgp mass transfer coefficient at the gas-particle interface, m s�1

l height in the fluidized bed, from the distributor, m
L bed height, m
_mda dry air mass flow rate in the bed, kg s�1.
_mv water vapor flow rate between the solid and the gas, kg s�1.
N agitation speed, rev s�1

p pressure, Pa
S particle surface area per unit bed volume, m2 m�3

Sp,0 particle surface area per unit volume of dry solids, m2 m�3

Sp particle surface area per unit volume of solids, m2 m�3

t time, s
T temperature, °C
Tg gas temperature, °C
Tg,i inlet gas temperature in the bed, °C
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Tg,o outlet gas temperature in the bed, °C
Tg,l temperature of the gas in the bed at a height l, °C
Tp,s particle surface temperature, °C
Twb wet bulb temperature, °C
U superficial velocity, m s�1

Umf minimum fluidization velocity, m s�1

va specific volume of moist air, m3 kg�1

Vp particle volume, m3

w moisture content in the biomass d.b., kg kg�1

wah humidity ratio of moist air d.b., kg kg�1

W particles weight in the bed, N
Δcml logarithmic-mean difference of concentration of vapor in moist air, kg m�3

Δp bed pressure drop, Pa
ΔTml logarithmic-mean temperature difference, K
ε porosity of bed, m3 m�3

μg absolute viscosity of the gas, N s m�2

ρb bed density, kg m�3

ρg gas density, kg m�3

ρp biomass particle density, kg m�3

ρp,0 dry particles density, kg m�3

ϕ sphericity
Ga Galileo number, Dp

3ρg
2 g /μg

2

Mρ density ratio, ρp/ρg - 1
Nugp Nusselt number, hgp Dp/kg
Prg gas Prandtl number, Cg μg/kg
Rep Reynolds number, ρg U Dp/μg
Scg gas Schmidt number, μg/ρg Dv

Shgp Sherwood number, kgp Dp/Dv
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Chapter 3

Improving the Efficiency of Rice
Drying: Impact of Operational
Variables on the Drying Rate and
Quality of a South American
Variety
Laura Garcia-Llobodanin and Alejandra Billiris

Abstract

A key challenge for the rice industry during harvest is to improve the efficiency of
the drying process, which involves increasing the drying rate and the head rice yield
(HRY). In the present chapter, the main variables affecting the efficiency of rice drying
were discussed. Then, the impact of the drying air conditions on the drying efficiency of
a long-grain South American rice variety at different rice moisture contents (MC) was
studied using a thin-layer lab-scale dryer. Drying at each air condition was modeled
using Page’s equation. The drying rate increased as the air conditions became more
extreme (higher temperature or lower relative humidity). The effect on the HRY
depended on the rice MC. Therefore, a two-stage drying program was proposed using
different drying air temperatures depending on rice MC. These results were applied to
create a drying program for a long-grain South American variety dried in a cross-flow
commercial dryer. The two programs tested increased the drying rate and one of them
also increased the HRY, compared to drying at the industry operational conditions.
Implementing this program would improve the efficiency of the drying process,
increasing the reception capacity and the profitability of the rice obtained.

Keywords: rice drying, drying rate, drying efficiency, rice quality, drying
optimization

1. Introduction

Rice is a staple crop that feeds almost half of the world population [1]. It is usually
harvested at a moisture content (MC) of 16 to 22% and needs to be dried to a MC of
13% or lower for safe storage [2]. Considering that rice must be dried immediately
after harvest to prevent spoilage, drying becomes a critical process during the harvest
season.

Increasing the drying rate is relevant because it allows a larger amount of rice to be
dried in a given period of time, relieving the frequently occurring bottleneck
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generated when rows of producers’ trucks are waiting to deliver their wet rice at the
industrial plant.

During drying, moisture is removed from the surface of the rice grain. Initially,
there is enough water available at the surface, making the drying rate rapid. After a
short period of time, drying is limited by water diffusion from the interior to the
surface of the kernel. This generates an increasing moisture gradient inside the kernel,
with the center having a higher MC than the surface [1]. MC gradients are present
during the entire drying process, and they depend on the drying rate, which is
determined by the rice grain MC and the drying air conditions (temperature, relative
humidity, and flow rate) [3]. The surface of the kernel tends to the equilibrium
moisture content (EMC), which is given by the drying air temperature (T) and
relative humidity (RH) [4, 5]. A higher T or lower RH decreases the EMC, increasing
the drying rate and the MC gradient.

The MC gradient generates tension at the surface of the grain, where the cells tend
to shrink as moisture is lost, compressing the center [6]. This is associated to the
formation of fissures and cracking during drying. Fissured kernels are more prone to
breaking during milling. Therefore, the head rice yield (HRY), defined as the mass
percentage of rough rice that remains as head rice (kernels that are at least three-
fourth of its original length) after milling, tends to decrease with the presence of
fissured kernels. In addition, fissured kernels affect the functional properties of milled
rice, and thus the sensory quality [5].

Glass transition temperature (Tg) also plays an important role in fissures forma-
tion. Tg is the temperature range of transition of the amorphous regions of starch
from a glassy into a rubbery state. Starch is the main component of rice and is formed
by amylose and amylopectin chains. Glass transition occurs at the branching points of
amylopectin [7]. The glassy state has a low expansion coefficient, specific volume,
specific heat, and diffusivity but high viscosity and modulus of elasticity. Contrarily,
the rubbery state has higher expansion coefficient, specific heat, specific volume, and
diffusivity [5, 8]. The Tg increases as the grain MC decreases. During drying, the MC
at the surface of the grain is lower than that at the center. This could cause the center
of the grain to be in the rubbery state, while the surface is in the glassy state. The
differences in the properties of the two states increase the tensions generated by the
MC gradient and play an important role in terms of kernel fissuring potential [8].

To prevent this, at least in part, a process called tempering is used between drying
passes. During tempering, rice is held in bins for a certain period of time. The purpose
is to allow the MC gradients generated during drying to subside, reducing the tensions
inside the kernels and therefore preventing kernels’ fissuring [5, 9].

The drying rate is also affected by grain composition and geometry. Therefore,
different varieties may respond differently to the same drying air conditions [1, 10].

As a result of this, the need arises to find suitable drying programs for each variety,
reducing the drying time while minimizing fissures formation. A compromise should
be made between the drying rate and the MC gradient generated during drying, which
could lead to fissures formation, especially when two states (glassy and rubbery)
coexist within the same kernel.

Several authors studied the impact of the drying air conditions and Tg on the
drying rate and HRY [2, 5, 11]. Most of the studies were conducted using long-grain
rice laid out in a thin layer, to ensure that all the rice is subjected to the same
conditions.

As previously exposed, rice variety also plays an important role in relation to
drying. Long-grain and medium-grain rice showed different behavior during drying
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[10]. This was attributed to differences in the kernels’ dimensions. Medium-grain
kernels were thicker, so moisture had to travel a longer path in its migration to the
surface (compared to long-grain kernels).

Different drying methods, including experiments in commercial dryers, were also
studied by some researchers. In Ref. [12], continuous drying of rough rice was com-
pared with intermittent drying, while [13] investigated rough rice drying in fixed and
fluidized bed dryers. Natural drying (shade and sun drying) was compared with heated
air drying in [14] using different drying methods in a commercial and a lab scale.

The research published so far is mostly on varieties developed in the United States
or Asia. There is very little literature on South American varieties, which have their
own characteristics given by climatic conditions, cultivation practices, and genetics.

The present chapter introduces a review on the main variables affecting the drying
efficiency, understanding the drying efficiency as the combination of drying rate and
HRY. Then, the impact of the operating conditions on the efficiency of rice drying was
studied for a South American variety using a thin-layer lab-scale dryer. Finally, an
industrial application of the previous results is shown for a South American variety
dried in a commercial cross-flow dryer.

2. Variables affecting the efficiency of rice drying

This section presents a review of the main variables affecting the drying efficiency,
understanding the drying efficiency as the combination of drying rate and HRY.

2.1 Drying air conditions

The drying air conditions have an impact on the drying rate and the HRY. Severe
drying conditions (high drying air temperatures, flow rate, and/or low RH) increase
the MC gradient, increasing the drying rate but decreasing the HRY.

In Ref. [10], the authors study the HRY of rice dried at different drying conditions.
At the milder condition (higher EMC), the HRY was not affected during the entire
drying process. However, as the drying conditions became more severe (lower EMC),
the HRY decreased during drying. The more severe the drying condition, the sooner
the HRY begins to decrease once drying starts. This could probably be attributed to
the formation of more pronounced MC gradients.

An increase in the drying air temperature increases the drying rate, even for the
same EMC [2]. The HRY is also susceptible to air temperature, even with equal EMC
conditions. This is probably because higher drying rates cause more pronounced MC
gradients inside the kernel, increasing tensions and favoring fissures formation. The
HRY reduction is even more pronounced when drying above Tg, probably due to the
coexistence of glassy and rubbery zones (surface and core, respectively) in the same
rice kernel [15].

Regarding the drying air RH, when reduced (at a given temperature), the drying
duration is shortened [16]. This could be related to an increase in the drying potential
of the air.

2.2 Glass transition temperature

Tg is the temperature range corresponding to the transition of the amorphous
regions of starch from a glassy to a rubbery state. It is a useful material descriptor due
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to its good correlation with structural and thermodynamic properties [17]. Tg depends
on the composition of the rice grains, particularly starch. The amylose/amylopectin
ratio plays an important role in the Tg. The higher the amylose content, the higher the
Tg, which is associated to chain-chain interactions of linear chains of amylose that
induce partial crystallinity [18]. On the contrary, high amylopectin starches show
lower Tg. This was attributed to the formation of gel balls by the short-branched
chains in amylopectin molecules. The gel balls require less energy to move than long
linear chains, reducing the Tg. Water also reduces the Tg, acting as a plasticizer
[7, 18]. Therefore, the Tg of a rice kernel depends on its MC. This means that at a
certain temperature, a kernel could be in the glassy or in the rubbery state, depending
on its MC.

The abrupt change in several properties of the material in the glass transition range
can be used for its determination [17]. There are changes in two groups of properties:
rheological and thermodynamic properties. Differential scanning calorimetry (DSC)
is used to determine Tg based on changes in thermodynamical properties, such as heat
capacity. Dynamic mechanical thermal analysis (DMTA) is another methodology used
and is based on the change in rheological properties, such as the storage and loss
moduli. Both methodologies showed good results and proved to be suitable for Tg
determination [8, 19].

Figure 1 shows the state diagram for three Uruguayan rice varieties (Uy1, Uy2,
and Uy3), built using DSC [20]. A significative difference between the Tg of Uy1 and
Uy3 in the MC range of 12 to 16% was found, proving that different varieties could
have differences in the Tg. This was attributed to differences in the starch composi-
tion and in the kernels’ dimensions of both varieties.

Tg plays an important role in the rice drying process. Drying at temperatures
above the Tg increases the drying rate since thermal conductivity and mass diffusivity
are higher in the rubbery state. However, the possible presence of glassy and rubbery
regions within the same kernel (due to differences in the MC given by the MC

Figure 1.
State diagram for three Uruguayan varieties (reprinted, with permission, from [16]). Tg, glass transition
temperature; MC, moisture content.
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gradient formed) could increase the tensions inside the grain, favoring fissures for-
mation and reduction of the HRY [4]. Figure 2 represents this situation in a state
diagram [15]. A rice kernel with initial MC of 19% is heated during drying to a
temperature of 55°C, going from the glassy to the rubbery zone. As drying continues,
the center (more humid) remains in the rubbery zone, while the surface tends to the
EMC in the glassy zone. This increases the tensions that already exist inside the kernel
due to the MC gradient. Increasing the air relative humidity (RH) increases the EMC,
and consequently reduces the MC gradient. This enables a greater part of the kernel to
remain in the rubbery state (when drying above the Tg), and therefore increases the
HRY [4].

In Ref. [21], a glass transition mapping inside a rice kernel during drying was
performed by modeling. It was found that when the drying air temperature is higher
than the Tg, the outer layers of the kernel go from the glassy to the rubbery state due
to a rapid temperature rise at the beginning of drying. Then, as MC decreases, a
transition from the rubbery back to the glassy state could occur (as shown in
Figure 2). Simulation suggests that fissures initiate more easily from the tensile zones,
where the transitions from a rubbery to a glassy state occur, probably because of the
stress concentration in the interface between the regions of expansion and contraction
caused by the change of state.

2.3 Kernels dimensions and composition

The dimensions and composition of the grain kernels affect their behavior during
drying. As the kernel thickness increases, the fissured kernel percentage also increases
[22]. It was hypothesized that the thicker kernels experience a greater MC gradient
than thinner kernels when exposed to the same drying condition. This leaves thicker
kernels more susceptible to fissuring. Confirming these results, a study with Bengal
(medium-grain), Cypress, and Kaybonnet (both long-grain) varieties dried under the

Figure 2.
Representation of a rice kernel (whole grain, center, and surface) in a state diagram. MC, moisture content,
EMC = equilibrium MC,Tg = glass transition temperature (reprinted, with permission, from reference [11]).
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same drying conditions shows that medium-grain Bengal has a faster and more
pronounced HRY reduction compared to the other two varieties [10].

The chemical composition (amylose and protein content) and physicochemical
properties of rice also impact the HRY [3]. Drying of both low and high amylose rice,
at the same level of grain temperature, shows quality differences [14].

The drying rate is also affected by the rice grain variety, influenced by the kernel
dimensions and/or composition [2].

3. Impact of operating conditions on the efficiency of rice drying

As seen in the previous section, there are numerous variables that affect the drying
rate and the HRY, among which are the operating (drying air) conditions. The oper-
ating conditions needed to increase the drying rate are usually opposite to those
needed to improve the HRY.

The aim of the present section is to study the impact of the operating conditions on
the milling quality and drying duration of a South American long-grain rice variety
(Uy2) at different stages of the drying process. To this purpose, a thin-layer lab-scale
dryer was used to dry rice under different controlled drying air conditions. The drying
process at each condition was modeled using Page’s equation.

3.1 Materials and methods

3.1.1 Rice sample

Rice of the Uruguayan variety Uy2 was collected from a single producer in the
south-east region of Uruguay. The MC was determined by gravimetry [23]. The
harvest MC of the paddy lot was 20.5 � 1.0%. The sample was homogenized and
stored in a refrigerating chamber at 4.3 � 1.8°C until use. Before each experiment, the
amount needed was removed from the chamber and left in sealed bags at room
temperature for at least two hours.

3.1.2 Experimental procedure

Drying runs of long-grain rice Uy2 at different MC levels and using different
drying air conditions (temperature and relative humidity) were performed. The
drying air velocity was set at 0.4 m/s for all runs and the air T and RH were constant
during each run.

Table 1 shows the experimental design. Runs were carried out at different tem-
peratures, below and above the Tg, and two RH were tested at each T. The RH was
chosen to have the same EMC values (7% and 10%) at all the air T levels, meaning that
the grain surface MC was also the same (since the grain surface MC equals the EMC
soon after the drying begins). The RHs for each combination of EMC and air T were
calculated using the modified Chung-Pfost equation for long grains [24]. For some
runs, the air conditions set could not be reached (due to limitations of the drying
system). In those cases, the runs were set at the closest condition possible (see
Table 1). At the air T of 47°C, a greater variation of the milling quality was observed
between the two EMC conditions (compared to other air temperatures). Therefore,
two extra runs at two different RHs (corresponding to EMC of 8% and 12%) were
added.
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For each drying condition, rice was dried to a final MC of 17� 0.7%, 15� 0.7% and
13 � 0.7%. This allowed the study of the impact of the drying conditions on the
milling quality at each MC range.

The rice samples reached the drying air temperature within the first 2–3 minutes of
run in all cases. Therefore, the grain temperature was considered equivalent to the
drying air temperature.

3.1.3 Drying system

Rice was dried in a laboratory drying equipment, especially designed and built for
this purpose (Urumáquinas, Uruguay). It allowed controlling the drying air conditions
including T, RH, and velocity with a precision of �0.6°C, �2.6%, and �0.02 m/s,
respectively. The equipment also monitored the weight loss and grain temperature of
the sample during drying. Figure 3 shows a schematic of the drying system used.

The ambient air entered the system with the aid of a blower, which controlled the
air velocity. A condenser and a vapor injector regulated the air humidity and resistors
regulated the air temperature. A sensor of T and RH together with a sensor of velocity

T (°C) RH (%) EMC (%)

35 25 7.4

35 50 10.0

47 27 7.0

47 42 8.5

47 57 10.0

47 70 12.0

55 30 7.0

55 60 10.0

65 31 6.5

65 45 8.6

T, Air temperature (°C); RH, Relative humidity (%); EMC, Equilibrium moisture content.

Table 1.
Experimental design.

Figure 3.
Schematic of the drying equipment. 1-air entrance, 2-blower; 3-condenser, 4-resistors, 5-vapor injector, 6-velocity
sensor, 7-air temperature and relative humidity sensor, 8-drying chamber, 9-load cell, and 10-PLC.
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was installed just before the drying chamber. Air conditions were set and controlled
with the aid of a PLC (Secoin, Uruguay).

The rice sample was disposed in a tray with a perforated bottom to allow the air
circulation. A temperature sensor was introduced in the rice sample to monitor the
grain temperature. The sample weight was measured with the aid of a load cell, and
the grain MC was calculated at different times using the initial MC and the weight loss:

MCt ¼ 100� 1� IW
Wt

� 1� IMC
100

� �� �
(1)

where MCt is the MC at a time t, IW is the initial weight of the sample, Wt is the
weight of the sample at a time t, and IMC is the initial MC of the sample expressed on
a wet basis.

All parameters (drying air T, RH, velocity, sample temperature, and weight) were
registered every five minutes along each drying run.

3.1.4 Rice drying

Once the drying air reached the set condition, five hundred grams of paddy rice
were put on the tray, arranged in a thin layer of one centimeter high, and introduced
into the drying chamber.

A drying curve was built for each condition, leaving the rice to dry until no MC
change was detected (at least ten consecutive measurements with grain MC differ-
ences among measurements lower than 0.5%). The drying curves were fitted to Page’s
Eq. (2):

MC� EMC
IMC� EMC

¼ exp �k x tnð Þ (2)

where MC is the moisture content at the drying duration t (h), EMC is the equi-
librium moisture content, IMC is the initial moisture content, k is the drying rate
constant (h�1), and n is a dimensionless constant. MC, EMC, and IMC are expressed
in a decimal dry basis.

Then, for each drying condition, rice was dried to a final MC of 17 � 0.7%,
15 � 0.7% and 13 � 0.7%. The time needed to reach each final MC at each drying air
condition was calculated using the fitted Page’s equation.

After drying, samples were submitted to one-hour tempering at the correspondent
drying air temperature. Based on preliminary experiments, this was the minimum
tempering time needed to minimize kernels’ breakage after drying [15]. After tem-
pering, samples with a final MC of 17% and 15% were dried in a chamber (Alfa-Laval
Gruppe, Germany) at 20.5°C and 60% RH until a final MC of 13 � 0.5%. This gentle
drying has a minimum impact on the grain quality, allowing to study the drying
process at the MC range of interest. All experiments were performed in triplicate.

3.1.5 Milling quality

After drying and tempering, the samples were kept at room temperature for at
least 72 hours. Then, the head rice yield (HRY) was determined.

Before milling, each sample was cleaned with a grain cleaner (Grainman, USA).
Then, 100 g of clean paddy rice was hulled using a paddy husker (THU35B, Satake,
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Japan). The dehulled rice samples were milled with a laboratory rice polisher (TM05C,
Satake, Japan) to a degree of milling (DOM) of 100 � 3, measured with a milling
meter (MM1D, Satake, Japan). After milling, the broken kernels were separated using
a trieur (Satake, Japan) and quantified using an image analyzer (Image 5, Selgron,
Brazil). The results were expressed as grams of head rice obtained from 100 g of rough
rice.

The head rice yield reduction (HRYR) during drying was defined as:

HRYR ¼ HRYfinal �HRYinitial (3)

where HRYfinal was the HRY after the drying/tempering process at each drying
condition evaluated, and HRYinitial represents the “maximum milling potential” of the
rice lot. The HRYR is expressed in percentage points (pp), corresponding to the grams
of milled head rice every 100 g of rough rice.

To determine the “maximum milling potential”, four samples were gently dried in
a chamber (Alfa-Laval Gruppe, Germany) at 20.5°C and 60% RH until a final MC of
13 � 0.5%. This air condition produces minimum fissuring and thus, minimal quality
loss [10, 11]. Therefore, the HRYR obtained represents the maximum milling quality
that can be achieved for the rice lot used.

3.1.6 Statistical analysis

The drying curves were fitted to Page’s equation using the software JMP 12.0.
The standard deviation was calculated for the Page’s equation parameters and the

HRYR. Analysis of variance (ANOVA) was used to compare the n constant of Page’s
equation at different drying conditions. In the case of significative difference (p
< 0.05), the Tukey test was applied to determine which are the values that differ.

The mean squared error (MSE) was calculated for Page’s equation at each drying
condition.

3.2 Results and discussion

Table 2 shows the EMC calculated using the modified Chung-Pfost equation, the
parameters k, n, and EMC from the fitted Page’s equations, the corresponding mean
squared error (MSE), and the drying durations to reach a final MC of 13%, 15%, and
17% (calculated using the fitted Page’s equations) for each drying air condition.

The modified Chung-Pfost equation has been extensively used to calculate the
EMC of grains. In Ref. [24], five different equations were compared and their suit-
ability for describing the EMC of rough rice of different varieties (long and medium
grain) was evaluated in a wide range of T and RH. The Chung-Pfost equation was the
best model for describing equilibrium data.

Mathematical modeling of rough rice drying has also been studied by several
researchers. A diffusion model assuming that liquid diffusion is the only moisture
transfer inside the rice kernels has been used by some authors [25, 26]. However,
solving this type of modeling is quite complex. Therefore, researchers usually use
empirical or semiempirical models to simulate rice drying [27]. In Ref. [28], ten
different models for continuous and intermittent drying of thin-layer rough rice were
compared. The authors found that the Midilli model showed the best results but
another four of them, including Page’s model, were also adequate in describing the
experimental data.
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In Ref. [27], the suitability of twelve empirical and semiempirical models in defin-
ing thin-layer drying behavior of long-grain rough rice was studied. They also found
that Midilli’s model showed the best results, in part due to its high number of coeffi-
cients (four). The fact that it is a simplified version of the diffusion equation could
also contribute, proving that liquid diffusion is the dominant transport mechanism in
rough rice. Nevertheless, they found that Page’s model was also suitable and was the
most accurate among the two-parameter models. In agreement with these results,
Pereira et al. [26] found that Page’s model was the best model, among the six models
studied, for describing continuous and intermittent drying of rough rice. Based on
these previous reports, Page’s model could be considered a simple (only two parame-
ters), suitable model for describing thin-layer rough rice drying.

In the present study, except for the air condition at T = 35°C and RH = 50%, the
EMC calculated using the modified Chung-Pfost equation was in quite good agree-
ment with those obtained from Page’s equation. In addition, Page’s equations
presented low MSE values (see Table 2), confirming its suitability for representing
thin-layer drying of the long-grain rice variety Uy2.

Table 2 also shows that n values are significantly different among some of the runs
(p < 0.05). The k values can only be compared among those runs with n not signifi-
cantly different. In those cases, k increased as the drying air temperature increased.
Consequently, at constant EMC, the time needed to reach a certain grain MC
decreased as temperature increased, as shown in Table 2. In agreement with our
results, Chen et al. [2] found that higher temperatures may cause higher k values,
even when the EMC was the same. This behavior could be expected since higher
drying temperatures are associated with higher drying rates [16]. This is probably due
to higher moisture effective diffusivities at higher drying temperatures [27, 29].

In Ref. [9], the authors found that drying above the Tg significantly increased the
drying rate compared to drying below the Tg. This was attributed to the higher
diffusivity observed in the rubbery state (compared to the glassy state). As previously
exposed, in our experiments the drying constant (k), when comparable, also increased
as the drying air T increased. In fact, when the drying air T increased from 35°C
(below Tg) to 47°C (above Tg) at a constant EMC of 7%, the value of k increased
almost 50%. However, when the drying air T increased from 47 to 55°C (both above
Tg), the value of k only increased 10%. Therefore, the sharper increase of k in the
former situation could be attributed, at least in part, to the glass transition
phenomenon.

Table 3 presents the HRYR of the rice dried at different drying air conditions and
to different final MC. For rice taken to 17% and 15% MC, drying was finished in the
drying chamber under mild conditions (T = 20.5°C and 62% RH). It can be observed
that rice could be dried to a MC of 15% using drying air at temperatures as high as
47°C and RH as low as 27% maintaining a low HRYR (under 5 pp). Drying air
temperatures of 55°C or higher increased drastically the HRYR.

During the last stage of the drying process (15–13% MC), milder drying air condi-
tions should be applied to maintain a low HRYR. At 35°C, the HRYR was low at both
RH tested. However, at 47°C the RH should be 57% or higher to keep the HRYR low.

This research brings important information on how the drying air conditions affect
the drying rate and HRYR of a South American long-grain rice variety. The results
could be used to implement a drying program that improves both aspects, using a
more severe drying air condition until a MC of 15% to increase the drying rate, and
then softening the drying air conditions at MC below 15%, to avoid an increase in the
HRYR.
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4. Industrial application: a case study

In the first two sections, a review of the main concepts and research works
regarding the variables affecting rice drying were presented. In the third section, the
impact of the operation variables on thin-layer drying of a South American rice
variety was studied. Based on these results, in the present section two drying pro-
grams are proposed and tested to dry a South American variety in a commercial cross-
flow dryer, with the aim of increasing the HRY and the drying rate. The objective of
this section is to provide a practical application to the results obtained on a laboratory
scale.

4.1 Materials and methods

4.1.1 Commercial dryer

Runs were performed in a cross-flow commercial dryer. The dryer has two sec-
tions: a drying chamber and a tempering zone. Rice enters the dryer and recirculates,
passing the drying chamber and tempering zone in each cycle, until it reaches the final
MC (approximately 13%). Contrarily to what occurs in the lab-scale dryer (see Section
3), in the commercial dryer, rice temperature never reaches the drying air tempera-
ture (due to the absence of a thin layer of rice and the passage through the tempering
zone between the drying cycles). Therefore, the drying programs were based on
controlling the rice grain temperature (not the drying air temperature).

The drying air was taken from the environment and brought to the desired drying
temperature in an industrial oven. Therefore, its RH depends on the environmental
conditions. Since the drying air temperature was much higher than the ambient, the
RH of the drying air was low.

T (°C) RH (%) MC = 17% MC = 15% MC = 13%

35 25 3.1 � 1.4 2.0 � 0.5 3.7 � 0.9

35 50 2.7 � 1.3 2.1 � 1.3 1.5 � 1.2

47 27 2.2 � 0.7 2.5 � 0.7 34.4 � 3.3

47 42 4.1 � 0.3 4.2 � 0.8 8.6 � 4.6

47 57 6.9 � 0.3 3.8 � 1.4 2.6 � 0.6

47 70 3.5 � 1.6 4.9 � 1.8 4.4 � 0.4

55 30 7.6 � 1.9 10.9 � 0.3 40.4 � 1.7

55 60 7.4 � 1.2 8.9 � 1.2 26.5 � 0.5

65 31 5.3 � 0.9 9.4 � 3.9 47.4 � 1.6

65 45 5.1 � 1.0 18.4 � 3.4 56.0 � 1.5

HRYR is expressed in percentage points. Errors of HRYR correspond to two standard deviations (�2σ).

Table 3.
Head rice yield reduction (HRYR) of rice dried to different moisture contents (MC: 17%, 15%, 13%) at different
drying air conditions (T, RH). Rice with MC 17% and 15% was taken to a final MC of 13% under mild drying
conditions (T = 20.5 °C/62% RH).
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4.1.2 Experimental design

From the experiments in the lab-scale dryer (see Section 3), it could be concluded
that at low RH (which is the case in the commercial dryer) and a grain MC of 15% or
higher, the air temperature (which equals the grain temperature) should be below 55°
C and above 47°C. This allows a high drying rate with low HRYR (below 5 pp). Higher
drying air temperatures not only increase the drying rate but also increase the HRYR.

At grain MC below 15% and low RH, the air temperature should be below 47°C,
being the HRYR very low at an air temperature of 35°C (no data is available between
35 and 47°C).

During the experiments, it was also observed that the Tg plays an important role,
being critical when a pronounced MC gradient is present within the kernel. Therefore,
drying at temperatures above Tg should be avoided at low grain MC.

Based on these considerations, two programs were proposed and tested by
triplicate:

Program A:

• Grain MC > 18%: grain temperature = 48 � 2°C

• Grain MC < 18%: grain temperature = 42 � 2°C

Program B:

• Grain MC > 18%: grain temperature = 48 � 2°C

• 15% < Grain MC < 18%: grain temperature = 42 � 2°C

• Grain MC < 15%: T grain temperature = 40 � 2°C

4.1.3 Experimental procedure

The rice used was a long-grain Uruguayan variety, with similar dimensions and
composition than Uy2 (see Section 3). All runs (at the ordinary operating conditions
and the programs) were performed with the same rice variety.

A representative sample of the rice entering the dryer in each run was collected
using an automatic sampler. It collected a sample of approximately half kilogram
every 2 minutes during the loading of the equipment. Once the loading was com-
pleted, the samples were mixed and homogenized properly. The same procedure was
followed during the unloading, to obtain a representative sample at the exit of the
dryer (once the drying run was finished). The rice MC was determined by gravimetry
[23], and the HRYR was determined as described in Section 3.1.5, being HRYfinal the
HRY of the sample collected at the exit of the dryer and HRYinitial the HRY of the
sample collected at the entrance of the dryer and gently dried in the chamber until a
final MC of 13 � 0.5%.

The average drying rate of each run was defined as the average MC (on a dry basis)
removed per hour and was calculated as:

Drying rate ¼ MCfinal, d:b:�MCinicial, d:b:
time

(4)
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where MCfinal,d.b. is the MC of rice at the end of the run on a dry basis (%MC),
MCinitial,d.b. is the MC of rice at the beginning of the run on a dry basis (%MC), and
time is the drying duration of the run (hours).

Thermal properties of all the rice samples were measured with a differential scan-
ning calorimeter (TA instruments, DSC Q2000) as described in [30]. The data
obtained comprise the onset temperature, peak temperature, conclusion temperature,
and crystal melting enthalpy (ΔH).

Pasting properties were measured with a rapid visco analyzer (Perten Instruments,
RVA 4500) following AACCI Approved Method 61–02.01. The peak, trough, final,
breakdown, and setback viscosities were measured.

The drying rate, HRYR, and thermal and pasting properties of programs A and B
were compared with those from the ordinary drying runs (runs under the ordinary
operating conditions of the industry), which maintained a constant grain temperature.

4.1.4 Statistical analysis

The standard deviation was calculated for the HRYR and the drying rates.
Analysis of variance (ANOVA) was used to compare variables. In case of signifi-

cative difference among variables (p < 0.05), Tukey test was applied to determine
which were the variables that differ.

4.2 Results and discussion

Table 4 shows the average HRYR and drying rate of the runs dried with program
A, program B, and ordinary operating conditions of the industry. Program A and B
had significantly higher drying rates than the ordinary runs. In addition, program B
had a significantly lower HRYR than the ordinary runs. Although the difference
between program A and program B was not significant, it was observed that program
B runs tend to have lower HRYR than program A.

Based on these results, program B seems to be the most promising to improve the
drying efficiency, increasing the drying rate and reducing the HRYR compared to the
ordinary operating conditions. Implementing this program would reduce the drying
duration of each run, increasing the reception capacity of the drying plant and,
consequently, improving its productivity. At the same time, reducing the HRYR
would increase the profitability of the rice obtained.

Drying conditions can affect the quality of rice, especially when high grain tem-
peratures are reached during the drying process [31–33]. For this reason, thermal and
pasting properties of the samples from program B and those from the runs under

HRYR (pp) Drying rate (%MC/h)

Program A 2.0 � 1.0A,B 1.38 � 0.2A

Program B 0.8 � 0.9B 1.28 � 0.2A

OOC 2.8 � 0.4A 1.06 � 0.2B

Different characters in the same column indicate significative difference among samples (p < 0.05). Errors correspond to
two standard deviations (�2σ). HRYR Head rice yield reduction and OOC = Ordinary operating conditions.

Table 4.
HRYR and drying rate of drying programs and ordinary commercial drying runs.

70

Drying Science and Technology



ordinary operating conditions were measured and compared. Table 5 and Figure 4
show these results.

Comparing the values and profiles of the samples collected during the loading
(before drying) with those collected during the unloading (after drying), no signifi-
cant differences were observed either for samples from Program B or for those from
the ordinary operating conditions. The same behavior was observed with samples
from program A (data not shown). Therefore, it could be concluded that the drying
process had no effect on the cooking properties in any of the conditions tested,
confirming that Program B is a suitable drying program to implement in the industry
to improve the drying efficiency.

In Ref. (14), the authors found that hardness and stickiness of an aromatic long-
grain rice dried using different drying methods were not significantly different to the
control sample (sample dried under very mild conditions) when the drying tempera-
ture was kept below 60°C. In agreement with this, Dillahunty et al. [32] found that
only drying above 55°C with exposure durations higher than 12 hours lowered the
peak viscosity of a long-grain (Cypress) and a medium-grain (Bengal) rice. At tem-
peratures below that, there were no significant differences with the control samples.
In our experiments, temperature never exceeded 50°C, being below the temperature
reported as critical by these researchers. Therefore, our results for a South American
variety were in agreement with these findings reported for other long-grain varieties.

5. Conclusions

• This chapter reviews the main variables affecting the drying efficiency,
understanding the drying efficiency as the combination of drying rate and HRY.

• Drying of a long-grain South American rice variety under controlled drying air
conditions was studied using a thin-layer lab-scale dryer. It was found that the
HRYR and drying rate were affected by the drying air temperature and RH. Tg
also played an important role in the drying process.

• During these experiments, it was concluded that drying at grain temperatures
above 47°C without affecting the HRY was possible up to a grain MC of 15%. This
allowed an increase in the drying rate (compared to drying at lower

T. Peak (°C) T. Onset (°C) T. Conclude (°C) ΔH (J/g)

PROG B-IN 65.19 59.28 78.03 11.01

PROG B-OUT 65.52 59.74 76.19 11.56

OOC-IN 66.06 59.95 77.89 11.65

OOC-OUT 66.38 60.72 80.98 11.13

Results are the average of two runs in each condition (program B or ordinary operating conditions).
PROG, Program; OOC, Ordinary operating conditions; IN, Representative sample of the loading; OUT, Representative
sample of the unloading; T,Temperature; ΔH, Enthalpy.

Table 5.
Thermal properties of rice samples collected during drying.
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temperatures). For MC below 15%, the grain should be dried at milder conditions
(lower grain temperatures) to avoid an increase of the HRYR.

• Based on these results, a two-stage drying program was proposed to improve the
drying efficiency (drying rate and HRYR). This program was tested in a

Figure 4.
Viscosity profiles of rice samples collected during drying. OOC, ordinary operating conditions; PROG, program;
IN, representative sample of the loading; OUT, representative sample of the unloading.
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commercial cross-flow dryer using a South American rice variety with promising
results. The HRYR was reduced and the drying rate increased, compared to the
runs performed at the ordinary operating conditions of the industry.
Additionally, the cooking properties were not affected.

• Implementing this drying program would allow to increase the reception capacity
of the rice industries and reduce the percentage of rice kernels with lower added
value (broken kernels), improving the productivity of the industrial sector.
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Chapter 4

Polyphenol Extraction for the 
Enhancement of Food Lipid 
Quality, with an Emphasis on the 
Roles of Extraction Technologies, 
Moisture and Drying Temperature
Peter Obasa, Bolanle Adenike Adejumo, James Agajo,  
Samuel Tunde Olorunsogo and Labake Fadipe

Abstract

Polyphenols increase food lipid quality, the taste, stability, and health advantages 
of lipids in different dietary applications. Polyphenol content depends on the extrac-
tion process, moisture, and drying temperature. Polyphenol due to antioxidant and 
antibacterial capabilities, natural compounds, are used to improve dietary lipid qual-
ity. However, polyphenol extraction has been a very challenging task that has caused 
drawback in the fortification of food lipid. Extraction process of polyphenol and 
solvent, solid-phase, and supercritical fluid extraction techniques has been analysed. 
Moisture and drying temperature affect extraction efficiency quality. Optimised 
polyphenol extraction in the connections between polyphenols, extraction technique, 
moisture, and drying temperature needs to be more examined. Polyphenols role in 
dietary lipid quality is discussed, and food source polyphenol content needs to be well 
researched. Drying temperature impacts extraction efficiency as it was carried out 
in previous research, and moisture content affects polyphenol solubility. Polyphenol 
extraction improves lipid quality in olive oil enrichment, meat, poultry, dairy, 
nutritional supplements, and bread and confectionery goods. Stability, extraction 
efficiency, selectivity, standardisation, sustainability, and industrial adoption are still 
issues. Stability, preservation, green extraction, and industrial scalability are research 
priorities. Complicated interactions need to be understood for future research direc-
tions in polyphenol extraction for lipid quality enhancement.

Keywords: extraction, lipid, quality, storability, ultrasonic

1. Introduction

Food lipid quality plays an essential role in determining the sensory attri-
butes, nutritional content, and shelf life of various food products. Lipids are a 
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concentrated source of energy and vital fatty acids and enhance the flavour, tex-
ture, and fragrance of food. However, lipids can deteriorate due to oxidation, which 
can cause rancidity, bad flavours, and nutritional loss. Therefore, it is essential to 
maintain and improve the quality of food lipids in order to satisfy consumers and 
advance general health.

Recently, there has been a rise in interest in using natural substances to enhance 
the quality of dietary lipids. Among these substances, polyphenols have emerged 
as important bioactive elements known for strong antioxidant and antibacterial 
capabilities. Because of capacity to scavenge free radicals and suppress oxidative 
processes, polyphenols which are widely prevalent in fruits, vegetables, nuts, and 
other plant-based sources have been recognised for positive impacts on human 
health [1, 2].

To carefully examine the extraction methods used to extract polyphenols, such 
as solvent extraction, solid-phase extraction, and supercritical fluid extraction, in 
order to provide a thorough understanding [3, 4]. Examine at how moisture and 
drying temperature affect polyphenol extraction effectiveness and how that affects 
the quality of food lipids [5, 6]. Will also look at how these variables interact  
and how it affects lipid quality improvement and the efficiency of polyphenol 
extraction [7, 8].

For the extraction process to be optimised and the full potential of polyphenols 
to improve the quality of food lipids to be realised, it is essential to comprehend the 
complex interactions between polyphenols, extraction technology, moisture, and 
drying temperature. This chapter intends to shed vital light on these linkages for 
researchers, food scientists, and industry experts interested in using polyphenols as 
natural additives to enhance lipid quality.

1.1 Definition of polyphenols and importance in food lipid quality improvement

Polyphenols are a broad class of bioactive compounds found abundantly through-
out different plant-based sources of nutrition, including fruits, vegetables, whole 
grains, legumes, and herbs. These substances have drawn a lot of interest because 
of possible health advantages and contribution to improving food lipid quality. The 
definition of polyphenols, significance in enhancing the quality of dietary lipids, and 
the interaction between moisture, drying temperature, and extraction method in 
polyphenol extraction from food sources will all be covered in this book chapter.

2.  Overview of the role of moisture, drying temperature, and extraction 
technology in polyphenol extraction from food sources

The presence of numerous phenolic groups distinguishes polyphenols, a general 
family of secondary metabolites found in plants. Flavonoids (flavones, flavonols, flava-
nones, etc.), phenolic acids (hydroxybenzoic acids, hydroxycinnamic acids), stilbenes, 
lignans, and tannins are some of the subclasses into which these chemicals are divided 
(Figure 1). According to Perino-Issartier et al. [10], each subclass has distinct biological 
and chemical characteristics. The Importance of Polyphenols in the Improvement of 
Food Lipid Quality Polyphenols have been thoroughly investigated for ability to improve 
food lipid quality. They have exceptional antioxidant qualities that can prevent lipid oxi-
dation, which is the main factor in the rancidity and degeneration of lipid-based foods. 
Lipid oxidation causes sensory alterations, such as off flavours and colour deterioration, 
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as well as the loss of vitamins and important fatty acids, which lowers the food’s nutri-
tional value [11]. In order to successfully prevent oxidative damage and increase the shelf 
life of foods containing lipids, polyphenols work as free radical scavengers, chelators of 
pro-oxidant metal ions, and regulators of lipid peroxidation [12].

2.1 Moisture and polyphenol extraction

The amount of moisture in raw materials has a big influence on how well 
polyphenols are extracted. Water can make polyphenols more soluble, facilitat-
ing release from the food matrix during extraction. However, too much moisture 
can also cause enzymatic and non-enzymatic processes that cause polyphenols 
to degrade and disappear. In order to maximise the yield of polyphenol extrac-
tion and maintain the quality of the end product, moisture content must be well 
controlled [13].

Drying Temperature and Polyphenol Extraction: Another important factor that 
affects polyphenol extraction is drying temperature. By making polyphenols more 
solubilised and diffusible, higher temperatures can quicken the extraction process. 
However, too much heat can also result in bioactivity loss and thermal deterioration. 
In order to maximise polyphenol extraction efficiency while maintaining veracity, it is 
crucial to determine the ideal drying temperature [6, 7].

2.2 Polyphenol extraction and extraction technology

To effectively recover polyphenols from dietary sources, a variety of extraction 
processes are used. Common techniques include solvent extraction, solid-phase 
extraction, and supercritical fluid extraction (Figure 2). Solid-phase extraction 

Figure 1. 
Plant polyphenol classification (source: Golmakani et al. [9]).
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makes use of solid adsorbents to selectively capture target chemicals, whereas solvent 
extraction uses organic solvents to extract polyphenols.

Polyphenols are extracted using supercritical fluids, such as carbon dioxide, 
under carefully regulated circumstances. The extraction yield, selectivity, and cost-
effectiveness are all impacted by the benefits and limits of each approach [5, 15, 16]. 
The antioxidant abilities, how they affect sensory qualities, and how they can make 
lipid-based foods last longer on store shelves. How moisture content and drying 
temperature affect the effectiveness of polyphenol extraction and the preservation of 
bioactivity. For the [17] extraction process to be optimised and the full potential of 
polyphenols to enhance food lipid quality to be realised, it is essential to comprehend 
how moisture, drying temperature, and extraction technique interact. This chapter 
tries to clarify these interactions in order to offer helpful information to researchers, 
food scientists, and business experts who are considering using polyphenols as all-
natural substances to improve lipid quality.

2.3 Factors affecting polyphenol content in food sources

Several factors, including genetic variation, agricultural practises, environmental 
conditions, and post-harvest processing, influence the polyphenol content of food 
sources. For optimising polyphenol extraction and ensuring the quality of polyphe-
nol-rich products, it is essential to comprehend these factors.

2.3.1 Genetic variation

The polyphenol content of various plant varieties or cultivars varies. Genetic 
factors play an important role in determining the types and amounts of polyphenols 
present in different plant species [18].

Figure 2. 
Polyphenol extraction techniques and methods (source Sridhar et al. [14]).
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2.3.2 Agricultural practises

Agricultural practises, such as fertilisation, irrigation, and pesticide application, 
can affect the polyphenol content of food sources. Montesano et al. [19] report that 
organic farming methods and sustainable agricultural practises increase polyphenol 
levels compared to conventional methods. The environment, including climate, expo-
sure to sunlight, and soil composition, can have an effect on polyphenol synthesis in 
plants. As a defence mechanism against oxidative stress, increased ultraviolet (UV) 
radiation exposure can stimulate the synthesis of certain polyphenols [20].

3.  Influence of moisture content on the extraction of polyphenols from 
food sources

Moisture content serves a crucial function in the extraction of polyphenols from 
food sources. It influences the extraction process’s solubility, stability, and release of 
polyphenols. Understanding the effect of moisture content is crucial for optimising 
extraction efficacy and maintaining polyphenol integrity.

3.1 Solubility and diffusion

According to Kahraman et al. [21], moisture can increase the solubility and dif-
fusion of polyphenols from the food matrix into the extraction solvent, resulting in a 
higher extraction efficiency.

3.2 Enzymatic reactions

Excessive moisture content can cause enzymatic reactions, such as polyphenol 
oxidase activity, which result in the degradation and loss of polyphenols during 
extraction [21].

4.  Mechanisms of polyphenol degradation and oxidation under various 
conditions of humidity

Polyphenols are susceptible to degradation and oxidation under certain conditions 
of moisture. The presence of water can initiate chemical reactions that compromise 
polyphenols’ stability and bioactivity. Moisture can catalyse hydrolysis reactions, 
resulting in the dissolution of glycosidic bonds and the release of aglycones. This 
procedure can alter polyphenols’ composition and bioactivity.

Moisture can stimulate oxidative reactions, leading to the oxidation of polyphenols 
and the production of reactive oxygen species. These reactions can reduce polyphe-
nols’ antioxidant capacity [12, 21].

4.1 Moisture control strategies for polyphenol extraction

Drying and Pre-treatment Methods: Controlling the moisture content is crucial 
for optimising the extraction of polyphenols. Various techniques, such as dehydrating 
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and pretreatment procedures, can be used to control moisture levels and improve 
extraction efficacy.

Drying is frequently employed to minimise the moisture content of dietary sources 
prior to extraction. Freeze-drying, air drying, and microwave drying are all effective 
techniques for removing moisture while maintaining polyphenol integrity [22].

Pre-treatment Methods: Pre-treatment methods, such as blanching, steaming, 
and marinating, can be used to modify the moisture content and structure of food 
sources, thereby facilitating the release of polyphenols during extraction [13].

5.  Examples of food applications utilising polyphenol extraction for lipid 
quality enhancement

Various food applications have effectively utilised polyphenol extraction to 
improve lipid quality. These applications demonstrate the ability of polyphenols to 
enhance the sensory qualities, stability, and health-promoting properties of lipids. 
The following instances illustrate the efficacy of polyphenol extraction in various 
food contexts:

Olive Oil Enrichment Olive oil has been enriched with polyphenol-rich com-
pounds derived from olive pomace or leaves. The incorporation of these extracts 
increases the lipid content of the oil by enhancing its oxidative stability and antioxi-
dant capacity [19, 23].

Incorporating polyphenol extracts into meat and poultry formulations can 
improve lipid stability and prevent lipid oxidation [24, 25]. These extracts function as 
natural antioxidants, preventing the formation of rancid flavours and preserving the 
overall quality of the products.

To enhance the lipid quality of dairy products, polyphenol extracts from sources 
such as grape seeds and berry pomace have been added [26, 27]. These extracts can 
improve the oxidative stability and inhibit the development of off-flavours in dairy 
products such as yoghurt, cheese, and butter.

Polyphenol-rich extracts have been incorporated into the formulation of nutri-
tional supplements, particularly those that target lipid metabolism and cardio-
vascular health. These extracts, derived from green tea, cocoa, or citrus fruits, 
contribute to the positive effects of supplements on lipid profiles and oxidative 
stress markers [28, 29].

Bakery and Confectionery Products: Polyphenol compounds have been added 
to bakery and confectionery products to improve lipid quality and extend storage 
life [30, 31]. These extracts can inhibit lipid oxidation and enhance overall oxidative 
stability, thereby preserving the sensory attributes and freshness of the products.

The impact of dietary polyphenols on gut microbiota compositions and how gut 
microbiota affect polyphenol metabolism are the main possible mechanisms of the 
gut microbiome. In combination, dietary polyphenols could be a helpful nutritional 
strategy for modifying lipid metabolism or treating obesity [32]. According to 
studies by [33], dietary TP appears to have had a major role in activating lipolysis 
and enhancing lipid metabolism in grouper given high-fat diets. For enhancing lipid 
metabolism in juvenile grouper high-lipid diets, 0.045–0.067% was advised based 
on the broken-line regressions analysis of the serous LDL and hepatic VLDL contents 
[34]. The effects of TP concentration (0, 100, and 400 mg/L), solution pH (3 and 7), 
and the addition of ethylenediaminetetraacetic acid (0 or 20 mol/L EDTA) were 
investigated on the antioxidant/prooxidant activities of TP in walnut oil-in-water 
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(O/W) emulsions under accelerated storage conditions (50°C for 0, 48, and 96 h). At 
pH 3, TP concentrations of 100 mg/L and 400 mg/L both showed better antioxidant 
activity for lipids and proteins, respectively.

6. Challenges and future perspectives polyphenol extraction

Despite the significant advancements in polyphenol extraction for augmenting 
food lipid quality, a number of obstacles and opportunities exist for future research 
and application. This section discusses a few of these obstacles and offers prospective 
future perspectives.

6.1 Stability and preservation

The stability of polyphenols during processing, storage, and in the presence of 
other food components is one of the greatest obstacles to utilising polyphenols to 
enhance lipid quality. Polyphenols are susceptible to degradation and oxidation, 
which result in diminished efficacy and bioactivity. Strategies to improve polyphenol 
stability, such as encapsulation techniques and the development of protective delivery 
systems, require investigation [35, 36].

Although numerous extraction techniques have been devised, achieving high 
extraction yield and efficiency remains a challenge. Optimal polyphenol extraction 
necessitates the optimization of extraction parameters, the selection of suitable 
solvents, and the investigation of innovative extraction techniques [37].

The selective extraction of particular polyphenols from complex food matrices is 
a challenge that must be addressed. Different polyphenols exhibit distinct bioactivi-
ties, and the extraction selectivity of these polyphenols can affect the final product’s 
desired functional properties. It is of interest to develop extraction methods that 
target specific polyphenols while preserving integrity [27, 37].

6.2 Standardisation and quality control

Standardisation of polyphenol extraction protocols and the establishment of qual-
ity control measures are required to ensure consistent and reliable extraction results. 
The development of analytical methods and the establishment of quality standards 
will contribute to the reproducibility and comparability of research findings [38].

6.3 Sustainability and green technologies

As the demand for sustainable and environmentally benign practices increases, it 
is necessary to develop green extraction technologies that minimise energy consump-
tion, solvent usage, and refuse production. The investigation of alternative solvents, 
such as supercritical fluids and natural deep eutectic solvents, can provide environ-
mentally preferable alternatives for polyphenol extraction [39].

6.4 Industrial implementation and scalability

Although polyphenol extraction techniques have demonstrated promise in labora-
tory studies, implementation on an industrial scale poses challenge [40]. Scaling up 
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the extraction process while maintaining its efficacy, cost-effectiveness, and product 
quality requires additional research and development.

Future research need to concentrate on addressing these obstacles and investigat-
ing new opportunities in polyphenol extraction for the enhancement of lipid quality. 
The development of advanced extraction technologies, the investigation of syner-
gistic effects of polyphenols with other bioactive compounds, and the application of 
computational modelling and artificial intelligence to optimise extraction processes 
are potential future research directions [30].

Despite the progress made in the extraction of polyphenols to improve the lipid 
quality of foods, several challenges and future perspectives remain. Key areas requir-
ing attention include stability and preservation, extraction efficiency, selectivity and 
specificity, standardisation and quality control, sustainability and green technologies, 
industrial implementation, and scalability. Addressing these obstacles and investigat-
ing new research avenues will pave the way for advances in polyphenol extraction 
techniques and contribute to the development of lipid-based food products with 
enhanced health benefits.

6.5 Challenges

While the extraction of polyphenols for improving food lipid quality holds great 
promise, there are several challenges that need to be addressed. One major challenge 
is the variability of polyphenol content in different food sources. The composition 
and concentration of polyphenols can vary significantly, making it challenging to 
establish standardised extraction protocols. Additionally, the stability of polyphenols 
during extraction and processing can be compromised due to sensitivity to environ-
mental factors, such as light, heat, and pH.

Another challenge is the selection of appropriate extraction technologies. 
Various extraction methods, including conventional techniques (solvent extrac-
tion) and emerging green technologies (supercritical fluid extraction, ultrasound-
assisted extraction), are available. However, the choice of the most suitable 
extraction method depends on factors such as the target polyphenol, the food 
matrix, the desired yield, and the cost-effectiveness of the process. Optimization of 
extraction conditions is crucial to achieve high extraction efficiency and preserve 
the integrity of polyphenols.

Furthermore, the scale-up of polyphenol extraction processes from lab-scale to 
industrial scale presents challenges. Industrial production requires higher through 
put and cost-effective operations, while maintaining the quality and bioactivity of 
extracted polyphenols. Ensuring scalability and reproducibility while meeting regula-
tory requirements can be demanding.

6.6 Future perspectives

Despite the challenges, there are several exciting future research directions that 
can advance the field of polyphenol extraction and its application in enhancing food 
lipid quality.

One area of interest is the development of novel extraction techniques that offer 
improved efficiency, selectivity, and sustainability. Techniques such as microwave-
assisted extraction, enzyme-assisted extraction, and pulsed electric field extraction 
show promise in enhancing polyphenol extraction yields and reducing processing 
time and solvent consumption.
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The utilisation of by-products and waste materials as potential sources of poly-
phenols is gaining attention. Researchers are exploring the valorisation of agricultural 
residues, food processing by-products, and plant waste materials for the extraction 
of polyphenols. This approach not only reduces waste but also offers economic and 
environmental benefits.

The application of advanced analytical techniques for the characterisation of 
polyphenols is another avenue for future research. High-performance liquid chroma-
tography (HPLC), gas chromatography–mass spectrometry (GC–MS), and nuclear 
magnetic resonance (NMR) spectroscopy enable the identification and quantification 
of specific polyphenols and metabolites, providing insights into bioavailability and 
potential health benefits.

Furthermore, the development of encapsulation technologies for polyphenols can 
improve stability and controlled release in food products. Encapsulation techniques, 
such as spray drying, coacervation, and Nano emulsion, protect polyphenols from 
degradation and enhance functionality in food matrices.

In the challenges related to polyphenol extraction, such as variability in polyphe-
nol content, selection of suitable extraction technologies, and scalability, is essential 
for the successful implementation of polyphenols in improving food lipid quality. 
Future research efforts should focus on the development of novel extraction tech-
niques, utilisation of by-products, advanced analytical characterisation, and encapsu-
lation technologies. By overcoming these challenges and exploring new opportunities, 
the field of polyphenol extraction can advance, leading to innovative and sustainable 
approaches for enhancing food lipid quality.

7.  Future research directions in polyphenol extraction for lipid quality 
enhancement

The goal of ongoing research into polyphenol extraction is to further enhance the 
process’s efficacy, sustainability, and scalability. The following are possible directions 
for future research in this field:

Enzyme-assisted extraction, intermittent electric fields, and pressurised liquid 
extraction are a few of the novel extraction techniques being investigated by scien-
tists. These techniques offer benefits such as reduced extraction time, increased yield, 
and improved bioavailability of polyphenols [41, 42].

Further optimisation of extraction parameters, such as solvent selection, extrac-
tion time, temperature, and pressure, can assist in maximising polyphenol yield and 
quality. Design of experiments (DoE) and response surface methodology (RSM) are 
important optimisation tools for these extraction procedures [28, 38].

7.1 Advances in encapsulation techniques

Encapsulation of polyphenols can enhance stability and bioavailability, allowing 
them to be incorporated into a wider array of lipid-based products. For the develop-
ment of effective delivery systems, nanoparticles, microencapsulation, and emulsion 
based systems are of interest [27, 39].

7.2 Exploration of underutilised sources

Research into underutilised plant sources abundant in polyphenols can increase 
the availability of renewable resources for extraction. By utilising these sources, 
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researchers can discover novel polyphenols with distinct properties and optimise 
extraction techniques [30, 40].

7.3  Considerations regarding the sustainability and scalability of polyphenol 
extraction

As the demand for polyphenols rises, it is crucial that extraction processes con-
sider sustainability and scalability, particularly for industrial applications. Important 
factors include:

The development of environmentally favourable extraction techniques that mini-
mise solvent usage, energy consumption, and refuse production is crucial. Bashari 
et al. [41] and Chiorcea-Paquim et al. [42] report that subcritical water extraction, 
solid phase extraction, and green solvents contribute to the sustainability of polyphe-
nol extraction.

Utilising by-products generated during the extraction process, such as fruit husks, 
pomace, and seed residues, reduces waste and improves the economic viability of 
extraction. The overall sustainability of the process can be improved by extracting 
polyphenols from these by-products [43, 44].

Life Cycle Assessment: Conducting life cycle assessments (LCAs) of polyphenol 
extraction processes allows for the evaluation of environmental impacts throughout 
the entire lifecycle, from the production of primary materials to extraction and refuse 
management. LCAs provide insightful information for optimising processes and mak-
ing informed decisions [45, 46].

8. Conclusion

This chapter examines the definition of polyphenols and significance in enhancing 
the lipid quality of food. It has investigated the role of moisture, dehydrating temper-
ature, and extraction technology in the extraction of polyphenols from food sources. 
In addition, the factors influencing polyphenol content, the effect of moisture on 
extraction, the mechanisms of polyphenol degradation, strategies for moisture 
control, and the intricate interactions between polyphenols, extraction technology, 
moisture, and drying temperature. In addition, examples of effective food applica-
tions in which polyphenol extraction was used to improve lipid quality.

The primary findings of this chapter emphasise the significant impact of polyphenol 
extraction techniques on the need for improvement as limited research finding are 
available. Polyphenols have been shown to enhance the sensory qualities, stability, and 
health-promoting properties of lipids in a variety of food applications. By incorporating 
polyphenol extracts into olive oil, meat and poultry products, dairy products, dietary 
supplements, and bakery and confectionary products, lipid stability and oxidative 
stability can be improved, resulting in enhanced overall quality and a longer shelf life.

In addition, this chapter has illuminated the significance of moisture, dehydrat-
ing temperature, and extraction technology in polyphenol extraction processes. 
Controlling the moisture content is essential for preventing polyphenol degrada-
tion and oxidation, as it plays a vital role in extraction efficiency. Moisture can be 
effectively controlled and polyphenol extraction optimised using techniques such as 
dehydration and pre-treatment.

Future research directions in polyphenol extraction for the enhancement of 
lipid quality include the development of novel extraction techniques, optimisation 
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strategies, advances in encapsulation techniques, and the exploration of underutilised 
sources. These developments seek to improve the efficacy, sustainability, and scal-
ability of polyphenol extraction processes, resulting in higher extraction yields and 
higher-quality polyphenols for a variety of applications.

The extraction of polyphenols has significant implications for the food industry. 
The incorporation of polyphenol-rich extracts into food products is a natural and 
sustainable method for improving lipid quality, oxidative stability, and lipid oxidation 
inhibition. This not only contributes to the sensory qualities and expiration life of 
food products but also provides consumers with potential health benefits.

By utilising the power of polyphenols, the food industry can enhance the quality 
and stability of lipid-based products, thereby providing consumers with healthier and 
more appetising options.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
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Abstract

This chapter presents an overview of the perspective chapter on pharmaceutical 
drying within the context of drug manufacturing. It explores the significance of 
pharmaceutical drying in ensuring the stability and efficacy of drug products. The 
chapter begins by defining pharmaceutical drying and emphasizing its importance in 
the manufacturing process. Various methods of pharmaceutical drying, including air 
drying, vacuum drying, freeze-drying, and spray drying, are discussed, and a com-
parison between these methods is provided. Factors that influence pharmaceutical 
drying, such as physical and chemical properties of the product, drying temperature, 
drying time, pressure, humidity, and solvent properties, are examined. The chapter 
also highlights the challenges associated with pharmaceutical drying, including 
product stability and degradation, loss of potency, residual solvents, and the forma-
tion of amorphous or crystalline solids. Strategies to overcome these challenges, such 
as process optimization, the use of drying aids, control of drying parameters, and 
formulation considerations, are explored. Quality control measures in pharmaceutical 
drying, including the monitoring of residual moisture and solvent levels, character-
ization of dried products, and adherence to regulatory guidelines, are discussed.

Keywords: pharmaceutical drying, drying methods, factors affecting drying,  
drying challenges, quality control in drying

1. Introduction

Drying is defined as the process of vaporising moisture from a material and wip-
ing it away from the surface, sometimes under vacuum, but probably through carrier 
gas which passes through or over the material. Drying is popularly conceived as water 
removal into a hot airstream, but drying could include removing any volatile liquid 
into any heated gas. Through convection, radiation or conduction, or via internal 
generation such as dielectric or inductive heating, for drying, as defined, to take 
place, the moist material must obtain heat from its surroundings; the moisture in the 
body evaporates and the vapour is received by the carrier gas. In Figure 1, this drying 
process is sketched [1].
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Drying has a number of synonyms that are very close. Dehydration is the process 
where a material is excluded of its water or water is lost as a component. In food-
drying operations, the term is often used to describe processes which strive to expel 
moisture but retain other volatile components in the original material, and that 
are responsible for valuable aromatic and flavouring properties. A more thorough 
removal of water is indicated by desiccation. It’s being used to indicate almost 
complete dehydration of these materials for preservation when drying foodstuffs. 
To describe the thorough removal of moisture from gases, the term is also popularly 
used. While heat can be used to drive moisture away from a wet substance, by the 
action of pressure gradients, moisture can be severed with its host material. This 
process is known as dewatering, and when the moisture-solid bond is not strong, it is 
generally used as a precursor to the drying of very wet materials. Mechanical means, 
such as pressing or centrifuging, will be used for dewatering.

Although air is usually considered to be the drying medium, the use of other 
media does have advantages. If a combustible powder is developed by the solid being 
dried or the moisture itself is a flammable solvent, then it is advisable to use an 
inertized or inevitably inert gas. Steam drying has the added advantages of lower use 
of energy and higher rates of heat transfer. Drying in steam is faster than drying at the 
same temperature in perfectly dry air above the so-called inversion-point tempera-
ture. Moisture is uniformly released during the superheated-steam drying of wood 
under vacuum. This process is commonly used to produce high-quality seasoned 
panel timber with minimal degradation caused by drying stresses [2].

For steam drying, a confined vacuum or high-pressure vessel is not necessary. The 
steam will remain in the dryer by allowing air in the drying chamber to be displaced 
by water vapour as the vessel warms up and moisture evolution begins, and no 
complex sealing arrangements are needed for solids to be consumed and released. At 
100°C, steam has only 55% of the air density at the same temperature and therefore 
will remain trapped inside the chamber.

Airless drying is known as the patented method, and the arrangements for batch 
operation are shown in Figure 2. If the vented steam can be used for other purposes, 
such as hot water production, the airless drying system is capable of showing consid-
erable thermal savings over conventional air drying.

Drying occurs when the wet material contains more moisture than the equilib-
rium position for its environment. Liquid moisture diffuses to the surface of a wet 
body where it evaporates, diffusing the vapour into the surrounding air through the 

Figure 1. 
Drying process.
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boundary layer. This was the initial concept of convective drying. This perspective is 
inadequate, except when drying uniform substances with dissolved moisture [3].

Moisture movement mechanisms are generally more complex. Most materials, 
such as particles and fibers, are composed of sub-entities that may be loose or held in 
some kind of matrix. The quantity of moisture retained and the extent of bonding to 
the solids govern the number and nature of the voids between these entities and the 
pores within them. The material is said to be capillary-porous if the openings make up 
a capillary network. A capillary-porous material may be non-hygroscopic: that is, its 
full vapour pressure is exerted by the moisture held within the body. In some coarse, 
nonporous mineral aggregates, this is a restrictive case. Between the particles, mois-
ture is simply trapped [4].

1.1 Objectives of pharmaceutical drying

The objectives of the drying are;

1. To avoid or eliminate moisture which may lead to corrosion and decrease the 
product or drug stability.

2. To improve or keep the good properties of a material, e.g. flowability,  
compressibility.

3. To reduce the cost of transportation of large volume materials (liquids).

4. To make the material easy or more suitable for handling.

5. The final step in evaporation, filtration, crystallization.

6. Preservation of chemical integrity and stability of the dried product.

7. Accelerated drying rates to reduce processing time and energy consumption.

8. Formation of a free-flowing and uniform powder or granular form.

9. Decreasing food decomposition by removing moisture.

Figure 2. 
Airless drying system with heat recovery.



Drying Science and Technology

98

10. Preventing decomposition by inhibiting microbial growth.

11. Extending the product’s shelf life for a longer duration [5].

1.2 Importance of pharmaceutical drying in drug manufacturing

Pharmaceutical drying holds significant importance in drug manufacturing for 
several reasons [6]:

• Enhanced stability: Moisture can lead to degradation of active pharmaceutical 
ingredients (APIs) and excipients, resulting in reduced efficacy and shelf life. 
Drying mitigates these concerns and improves the stability of drugs, ensuring 
their effectiveness throughout the intended shelf life [7].

• Facilitated processing: Drying transforms liquid formulations into dry powders or 
granules, making them easier to handle, package, and transport. It also stream-
lines downstream processing steps like blending, encapsulation, and tableting [8].

• Improved solubility: Certain drugs exhibit better solubility in their dry form. 
Drying enhances drug solubility, leading to improved bioavailability and thera-
peutic effectiveness [9].

• Ensured uniformity: Drying plays a crucial role in achieving uniformity in drug 
formulations by eliminating variations in moisture content, which can impact 
product quality and performance.

• Increased efficiency: By reducing the moisture content, drying reduces the weight 
and volume of drugs, thus enhancing efficiency in transportation, storage, and 
handling [10].

In this chapter, we will delve deeper into the various methods of pharmaceutical 
drying, explore the factors influencing the process, address the challenges faced, and 
discuss strategies for overcoming these challenges. Additionally, quality control mea-
sures in pharmaceutical drying, including monitoring residual moisture and solvent 
levels, characterizing dried products, and adhering to regulatory considerations, 
will be examined.

1.3 Factors affecting pharmaceutical drying

1. Size uniformity: Size uniformity refers to the consistency in the size of particles or 
granules within a sample. It is an important characteristic in various industries 
such as pharmaceuticals and food processing, as it ensures uniformity in dosage 
and processing. Size uniformity is typically achieved through proper granulation 
techniques or sieving processes [11].

2. Particulate diameter: Particulate diameter refers to the size of individual particles 
or granules. It is an essential parameter in various applications such as powder 
handling, filtration, and particle characterization. Particulate diameter can 
 affect flowability, packing density, dissolution rate, and other physical properties 
of the material.
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3. Mechanism involved in drying: Drying mechanisms involve the transfer of mois-
ture from a material to the surrounding environment. Common drying mecha-
nisms include evaporation, diffusion, and convection. Evaporation involves the 
direct conversion of liquid moisture into vapor, diffusion involves the movement 
of moisture through the material, and convection utilizes the movement of air or 
other gases to carry away the evaporated moisture.

4. Product mass flow rate: The product mass flow rate refers to the amount of mate-
rial passing through a specific point in a given time period. It is a measure of the 
quantity of material being processed or transported in a system. The product 
mass flow rate is influenced by factors such as the size and design of the equip-
ment, processing parameters, and material properties.

5. Hot air mass flow rate: The hot air mass flow rate refers to the amount of heated 
air or gas used in a drying process. It plays a crucial role in the efficiency and 
effectiveness of the drying operation. Proper control of the hot air mass flow 
rate ensures sufficient heat transfer to facilitate moisture evaporation and drying 
while optimizing energy consumption.

6. Diameter of the dryer section: The diameter of the dryer section refers to the size 
or cross-sectional area of the drying chamber or equipment. It influences the 
residence time of the material being dried and the drying efficiency. The diam-
eter should be designed to allow for proper airflow and residence time to ensure 
thorough and efficient drying.

7. Critical moisture content of the material: The critical moisture content of a mate-
rial is the moisture level below which the material becomes stable and resistant 
to microbial growth, chemical reactions, and degradation. It is an important 
parameter to determine the endpoint of the drying process and ensure the prod-
uct’s stability and quality during storage.

8. Physical properties of wet and dry flow particle: The physical properties of wet 
and dry flow particles refer to their characteristics in terms of flowability, 
cohesion, compressibility, and other properties. Wet particles tend to be more 
cohesive and less flowable due to the presence of moisture, while dry particles 
exhibit better flowability and reduced cohesion. Understanding these proper-
ties is crucial in designing efficient drying processes and handling the dried 
material effectively.

2. Methods of pharmaceutical drying

2.1 Air drying

Air drying is a common method used in many industries, including the phar-
maceutical industry, to remove moisture from a product or material. It involves the 
use of ambient air to remove moisture from the surface of the product, typically by 
evaporation.

The air-drying process involves exposing the material to be dried to a stream 
of dry, warm air. This air is typically circulated around the material to maximize 
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exposure and evaporation. The process is generally slow and can take several hours 
or even days depending on the size and thickness of the material being dried as 
shown in Figure 3 [12].

2.1.1 Advantages of air-drying method in pharmaceutical industry

1. Simple and low-cost method: Air drying is a simple and cost-effective method of dry-
ing in pharmaceutical industry. It requires no specialized equipment, and the only 
energy required is for circulating the air and maintaining the temperature [13].

2. Non-destructive: Air drying is a non-destructive method that can be used for deli-
cate or heat-sensitive materials that cannot be exposed to high temperatures.

3. Preservation of product quality: Air drying can help preserve the quality and sta-
bility of the product by avoiding exposure to high temperatures that can lead to 
degradation of active ingredients or changes in physical properties.

4. Environmentally friendly: Air drying does not produce any harmful byproducts, 
making it an environmentally friendly method of drying.

5. Versatile: Air drying can be used for a wide range of materials, including heat-
sensitive and temperature-stable substances.

2.1.2 Disadvantages of air-drying method

1. Slow process: Air drying is a slow process and may take longer than other drying 
methods [14].

2. Inconsistent results: The drying rate may vary depending on the humidity and 
temperature of the environment, which can lead to inconsistent results.

3. Limited capacity: Air drying may not be suitable for large-scale production due to 
its limited capacity.

Figure 3. 
Industrial air dryer.
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4. Risk of contamination: The exposure of materials to air may increase the risk of 
contamination by microorganisms or other environmental factors.

2.1.3 Applications to pharmaceutical industries

1. Drying of APIs (active pharmaceutical ingredients): Air drying is commonly used 
for drying APIs, especially those that are sensitive to high temperatures [15].

2. Drying of excipients: Excipients are the inactive ingredients used in pharmaceu-
tical formulations. Air drying is used to remove moisture from excipients to 
prevent degradation or clumping.

3. Drying of finished dosage forms: Air drying is used for drying finished dosage 
forms, such as tablets or capsules, after they are coated with a protective layer.

4. Drying of raw materials: Air drying is used to dry raw materials, such as herbs or 
plant extracts, before they are used in the manufacturing process.

2.2 Vacuum drying

Vacuum drying is a method of drying materials by removing moisture under 
reduced pressure. This method is commonly used in the pharmaceutical industry to 
remove moisture from heat-sensitive materials, such as APIs and excipients as shown 
in Figure 4 [16, 17].

2.2.1 Advantages of vacuum drying method

1. Faster drying: Vacuum drying is faster than air drying as it uses reduced pressure 
to remove moisture from materials.

2. Uniform drying: Vacuum drying provides a uniform drying rate throughout the 
material, resulting in consistent and reproducible results.

Figure 4. 
Vacuum dryer.
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3. Low temperature: Vacuum drying operates at low temperatures, which prevents 
degradation or denaturation of heat-sensitive materials.

4. Reduced risk of contamination: Vacuum drying is carried out in a closed system, 
which reduces the risk of contamination from environmental factors.

5. Energy-efficient: Vacuum drying uses less energy than other drying methods as it 
requires lower temperatures.

2.2.2 Disadvantages of vacuum drying method

1. Cost: Vacuum drying equipment is expensive and may not be feasible for small-
scale production.

2. Maintenance: Vacuum drying equipment requires regular maintenance to ensure 
proper operation and prevent contamination.

3. Complex process: Vacuum drying is a complex process that requires expertise 
and specialized equipment.

4. Limited capacity: Vacuum drying may not be suitable for large-scale production 
due to its limited capacity.

2.2.3 Applications to pharmaceutical industries

1. Drying of APIs (active pharmaceutical ingredients): Vacuum drying is commonly used 
for drying APIs, especially those that are sensitive to high temperatures [18, 19].

2. Drying of excipients: Excipients are the inactive ingredients used in pharmaceuti-
cal formulations. Vacuum drying is used to remove moisture from excipients to 
prevent degradation or clumping.

3. Drying of finished dosage forms: Vacuum drying is used for drying finished dosage 
forms, such as tablets or capsules, after they are coated with a protective layer.

4. Drying of raw materials: Vacuum drying is used to dry raw materials, such as 
herbs or plant extracts, before they are used in the manufacturing process.

2.3 Freeze-drying (lyophilization)

Freeze-drying, also known as lyophilization, is a method of drying materials that 
involves freezing the material and then removing moisture under reduced pressure 
as shown in Figure 5. This method is commonly used in the pharmaceutical industry 
to preserve the integrity of heat-sensitive materials, such as biologics, vaccines, and 
other drugs [20].

2.3.1 Advantages of freeze-drying method

1. Preserves material integrity: Freeze-drying preserves the physical and chemical 
integrity of materials by removing moisture without causing thermal damage.
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2. Long shelf-life: Freeze-dried materials have a longer shelf-life compared to other 
drying methods, as they are less prone to degradation over time.

3. Uniform drying: Freeze-drying provides a uniform drying rate throughout 
the material, resulting in consistent and reproducible results.

4. Minimal loss of volatile compounds: Freeze-drying reduces the loss of volatile 
compounds, which may be important for certain drug formulations.

5. Reduced risk of contamination: Freeze-drying is carried out in a closed system, 
which reduces the risk of contamination from environmental factors.

2.3.2 Disadvantages of freeze-drying method

1. Cost: Freeze-drying equipment is expensive and may not be feasible for 
 small-scale production [21].

2. Long processing time: Freeze-drying is a time-consuming process that may take 
several days or even weeks to complete.

3. Complex process: Freeze-drying is a complex process that requires expertise 
and specialized equipment.

4. Limited capacity: Freeze-drying may not be suitable for large-scale production 
due to its limited capacity.

5. Requires stability testing: Freeze-dried materials may require stability testing to 
ensure that the product retains its physical and chemical properties over time.

Figure 5. 
Freeze-drying process.
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2.3.3 Applications to pharmaceutical industries

1. Drying of biologics and vaccines: Freeze-drying is commonly used to preserve the 
integrity of biologics and vaccines, which are often heat-sensitive [22].

2. Drying of complex drug formulations: Freeze-drying is used to dry complex drug 
formulations, such as liposomes and nanoparticles, which may be difficult to dry 
using other methods.

3. Preservation of labile drugs: Freeze-drying is used to preserve the activity of labile 
drugs, such as enzymes and peptides.

4. Drying of tissue samples: Freeze-drying is used to dry tissue samples for long-term 
storage or analysis.

2.4 Spray drying

Spray drying is a widely used method in the pharmaceutical industry for convert-
ing a liquid or a solution into a dry powder as shown in Figure 6. The process involves 
atomizing a liquid feed into a spray of small droplets, which are then dried by hot gas 
streams in a spray dryer. As the droplets travel through the dryer, the solvent evapo-
rates, leaving behind a dry powder [23].

2.4.1 Advantages of spray drying method

1. High efficiency: The process of spray drying is a continuous process and can be 
performed at a high speed with good efficiency.

2. High yield: The yield of the product obtained from the spray drying process is 
high due to the high surface area and efficient drying mechanism.

Figure 6. 
Spray drying process.
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3. Better solubility: Spray drying improves the solubility of the product by reducing 
the particle size and increasing the surface area, thereby allowing for faster dis-
solution and absorption of the product.

4. Preservation of the product: Spray drying is a gentle method of drying and can be 
used to preserve the product’s physical and chemical properties.

5. Versatility: Spray drying can be used to produce a wide range of products, includ-
ing powders, granules, and agglomerates.

2.4.2 Disadvantages of spray drying method

1. High cost: The equipment and maintenance cost of a spray dryer can be quite high.

2. Heat damage: Some heat-sensitive products may get damaged or degraded during 
the spray drying process.

3. Moisture content: The spray drying process can leave behind residual moisture in 
the powder, which can cause stability issues.

4. Particle size: The particle size distribution of the powder obtained from the spray 
drying process can be broad, which can cause issues in downstream processes.

2.4.3 Applications of spray drying method in pharmaceutical industries

1. Inhalable powders: The spray drying method is widely used to produce inhalable 
powders for pulmonary drug delivery [24].

2. Oral solid dosage forms: Spray drying can be used to produce solid dosage forms 
such as tablets and capsules by using spray-dried granules or directly compress-
ing the spray-dried powder.

3. Parenteral formulations: The spray drying method can be used to produce paren-
teral formulations such as injectables and lyophilized products.

4. Taste-masking: Spray drying can be used to improve the taste of bitter or unpleas-
ant-tasting drugs by incorporating them into a taste-masking matrix.

2.5 Comparison of different drying methods

There are several different methods for drying materials, including air drying, 
freeze-drying, spray drying, and vacuum drying. Each method has its advantages and 
disadvantages, and the choice of drying method depends on the nature of the mate-
rial being dried and the desired characteristics of the final product [25–29].

1. Air drying: Air drying is a simple and low-cost method of drying that involves 
exposing the material to air and allowing it to dry naturally. This method is 
suitable for drying materials that are not sensitive to heat and that do not require 
rapid drying. However, air drying can be slow and may not be suitable for 
materials that require precise control of temperature and humidity.
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2. Freeze drying: Freeze-drying, also known as lyophilization, is a method of drying 
that involves freezing the material and then removing the ice by sublimation 
under vacuum. This method is suitable for drying materials that are sensitive to 
heat and that require preservation of their biological activity. Freeze-drying can 
produce a high-quality product with good shelf stability, but it can be a slow and 
expensive process.

3. Spray drying: Spray drying is a method of drying that involves atomizing a liquid 
or solution into a spray of small droplets, which are then dried by hot gas streams 
in a spray dryer. This method is suitable for producing dry powders with good 
solubility and dispersibility. Spray drying is a fast and efficient method of dry-
ing, but it can be expensive and may not be suitable for heat-sensitive materials.

4. Vacuum drying: Vacuum drying is a method of drying that involves applying heat 
and reduced pressure to the material. This method is suitable for drying materi-
als that are sensitive to oxidation and that require precise control of temperature 
and humidity. Vacuum drying can produce a high-quality product, but it can be a 
slow and expensive process.

In summary, each drying method has its advantages and disadvantages, and the 
choice of method depends on the nature of the material being dried and the desired 
characteristics of the final product. Air drying is a simple and low-cost method, freeze-
drying is suitable for preserving biological activity, spray drying is suitable for producing 
dry powders with good solubility and dispersibility, and vacuum drying is suitable for 
heat-sensitive materials that require precise control of temperature and humidity.

3. Challenges in pharmaceutical drying

Pharmaceutical drying is a critical process in the manufacturing of drugs and 
other pharmaceutical products. It involves the removal of moisture from the products 
to ensure stability, potency, and efficacy. However, there are several challenges associ-
ated with pharmaceutical drying that can affect the quality of the final product. Here 
are the challenges in detail [30–33].

3.1 Product stability and degradation

Pharmaceutical products are sensitive to heat and moisture, and the drying 
process can cause degradation, which can lead to changes in the chemical and physical 
properties of the product. The stability and shelf-life of a drug depend on its formula-
tion and the conditions under which it is stored. Heat and moisture can cause changes 
in the drug’s molecular structure, leading to loss of potency and reduced efficacy. 
Therefore, it is crucial to optimize the drying conditions to avoid excessive exposure 
to heat and moisture.

3.2 Loss of potency

Some drugs are sensitive to heat, and the drying process can cause a loss of 
potency. The drying conditions must be carefully optimized to ensure that the drugs 
are dried efficiently without compromising their potency. The drying temperature, 
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time, and humidity must be carefully monitored to prevent excessive exposure of the 
drug to heat and moisture.

3.3 Residual solvents

Some pharmaceutical products require solvents to dissolve the active ingredients. 
Residual solvents can be left behind after the drying process, and these can be harm-
ful to the patient. Therefore, it is essential to use proper solvent removal techniques to 
ensure that no residual solvent is left behind in the final product.

3.4 Formation of amorphous or crystalline solids

The drying process can cause the formation of amorphous or crystalline solids, 
which can affect the drug’s solubility, stability, and bioavailability. Amorphous solids 
are less stable than crystalline solids, and they tend to have a shorter shelf-life. On 
the other hand, crystalline solids can be challenging to dissolve, leading to reduced 
bioavailability. Therefore, it is essential to optimize the drying conditions to control 
the physical form of the final product.

The challenges associated with pharmaceutical drying can affect the quality, 
stability, and efficacy of the final product. Therefore, it is crucial to optimize the 
drying conditions to ensure that the products are dried efficiently without compro-
mising their stability and potency. The drying process must be carefully monitored to 
prevent the formation of amorphous or crystalline solids, and proper solvent removal 
techniques must be employed to prevent the presence of residual solvents.

4. Strategies for overcoming drying challenges

Drying is an essential step in the manufacturing of pharmaceuticals, and it is often 
associated with several challenges that can affect the quality, stability, and efficacy 
of the final product. However, there are several strategies that can be employed to 
overcome these drying challenges. Here are some of the strategies in detail [34–38].

4.1 Process optimization

Process optimization involves optimizing the drying conditions to achieve the 
desired drying rate and ensure the stability, potency, and efficacy of the final product. 
Process optimization includes selecting the appropriate drying method, adjusting the 
drying parameters such as temperature, humidity, airflow rate, and time, and choosing 
the appropriate equipment for the drying process. The goal is to ensure that the drying 
process is efficient and effective, while minimizing any adverse effects on the product.

4.2 Use of drying aids

Drying aids are substances that are added to the product during the drying process 
to improve the drying efficiency and prevent degradation. Examples of drying aids 
include desiccants, which absorb moisture from the product, and inert gases such as 
nitrogen, which can help to prevent oxidation during the drying process. Drying aids 
can also be used to control the physical form of the final product, such as the use of 
surfactants to control the particle size distribution.
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4.3 Control of drying parameters

The control of drying parameters is crucial to ensure the stability and efficacy 
of the final product. The drying parameters that need to be controlled include 
temperature, humidity, airflow rate, and time. It is essential to monitor and control 
these parameters to prevent over-drying or under-drying, which can lead to product 
degradation or loss of potency. Advanced process control techniques such as feedback 
control systems can be used to control the drying parameters automatically.

4.4 Formulation considerations

Formulation considerations involve selecting the appropriate formulation for the 
product to optimize the drying process. The formulation can affect the drying rate, 
the physical form of the final product, and the stability and efficacy of the drug. 
Formulation considerations include the selection of the appropriate excipients to stabi-
lize the drug, the optimization of the particle size distribution to ensure efficient drying, 
and the use of amorphous or crystalline forms to optimize solubility and stability.

Overcoming drying challenges in pharmaceutical manufacturing requires a 
multifaceted approach that involves process optimization, the use of drying aids, 
the control of drying parameters, and formulation considerations. It is essential 
to optimize the drying process to ensure the stability, potency, and efficacy of the 
final product, while minimizing any adverse effects on the product. By employing 
these strategies, it is possible to overcome the challenges associated with drying and 
produce high-quality pharmaceutical products.

5. Quality control in pharmaceutical drying

Quality control in pharmaceutical drying is an essential aspect of the manufactur-
ing process, and it involves various measures to ensure the final product’s quality, 
safety, and efficacy. Here are some of the quality control measures in detail [39, 40].

5.1 Monitoring of residual moisture and solvent levels

Monitoring of residual moisture and solvent levels is a critical aspect of quality 
control in pharmaceutical drying. The residual moisture and solvent levels in the final 
product can affect its stability, safety, and efficacy. To ensure the product quality, 
manufacturers need to monitor and control these parameters throughout the drying 
process.

The residual moisture content is the amount of moisture remaining in the dried 
product after the drying process is complete. The residual moisture content can affect 
the stability and shelf-life of the final product. If the residual moisture content is too 
high, it can promote microbial growth, chemical reactions, and degradation. If the 
residual moisture content is too low, the product may become brittle or hard.

The solvent levels in the final product need to be monitored to prevent toxicity 
and adverse effects. The solvents used in the drying process may be toxic, and their 
residual levels need to be within the acceptable limits. The regulatory authorities 
specify the maximum residual levels of solvents in the final product.

Various analytical methods are available to monitor the residual moisture and 
solvent levels. Karl Fischer titration is a widely used method to determine the residual 
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moisture content. The method involves titrating the sample with a Karl Fischer 
reagent, which reacts with the water present in the sample. The amount of reagent 
consumed is proportional to the amount of water in the sample, which is used to 
calculate the residual moisture content.

Gas chromatography and high-performance liquid chromatography (HPLC) are 
commonly used methods to determine residual solvent levels. These methods involve 
separating the solvent from the sample and analyzing its concentration.

5.2 Characterization of dried products

Characterization of dried products is an important aspect of quality control in 
pharmaceutical drying. It involves evaluating the physical, chemical, and structural 
properties of the dried product to ensure its quality, safety, and efficacy. The char-
acterization process is done using various analytical techniques, and the results are 
compared with the specifications to ensure compliance.

Physical characterization of the dried product includes measuring the size, shape, 
density, and porosity of the particles. These properties affect the performance and 
processing characteristics of the product. For example, the particle size distribution 
can affect the flowability, solubility, and bioavailability of the product. The density 
and porosity can affect the compressibility and dissolution rate of the product. 
Physical properties can be characterized using techniques such as particle size analy-
sis, microscopy, surface area analysis, and compressibility testing.

Chemical characterization of the dried product includes evaluating the purity, 
identity, and stability of the product. These properties affect the safety and efficacy 
of the product. For example, the purity of the product ensures that it does not contain 
impurities that can cause adverse effects. The identity of the product ensures that it is 
the desired compound and not a different compound or an isomer. The stability of the 
product ensures that it remains effective and safe throughout its shelf life. Chemical 
properties can be characterized using techniques such as chromatography, spectros-
copy, and thermal analysis.

Structural characterization of the dried product includes determining the crystal-
line or amorphous nature of the product. This property affects the dissolution and 
bioavailability of the product. For example, the amorphous form of the product has 
a higher dissolution rate and bioavailability than the crystalline form. Structural 
properties can be characterized using techniques such as X-ray diffraction, differen-
tial scanning calorimetry, and solid-state nuclear magnetic resonance.

Regulatory authorities such as the United States Food and Drug Administration 
(FDA) require pharmaceutical manufacturers to demonstrate that their products 
meet the specifications outlined in the drug application. Therefore, characterization 
of dried products is an essential part of the quality control process in pharmaceutical 
manufacturing. It ensures that the product is safe, effective, and consistent through-
out its shelf life.

5.3 Regulatory considerations

Regulatory considerations are an essential aspect of quality control in pharma-
ceutical drying. The manufacturing process needs to comply with various regulations 
and guidelines such as Good Manufacturing Practices (GMP) and the International 
Conference on Harmonization (ICH) guidelines. The regulatory authorities require 
the manufacturers to demonstrate the safety, efficacy, and quality of the final product 
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through various tests and analyses. The manufacturers need to provide documenta-
tion of the manufacturing process and the quality control measures employed.

6. Conclusions

Pharmaceutical drying is a critical step in drug manufacturing, aiming to remove 
moisture and maintain product stability and efficacy.

Different drying methods like air drying, vacuum drying, freeze-drying, and 
spray drying are used based on specific product requirements.

The efficiency of pharmaceutical drying is influenced by factors such as physical and 
chemical properties, temperature, time, pressure, humidity, and solvent properties.

Challenges in pharmaceutical drying include product stability, potency loss, 
residual solvents, and formation of amorphous or crystalline solids.

Strategies for overcoming these challenges involve process optimization, the use of 
drying aids, control of drying parameters, and formulation considerations.

Quality control measures including monitoring residual moisture and solvent 
levels, characterizing dried products, and adhering to regulatory standards are crucial 
for ensuring the final product’s quality and safety.
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Abstract

Spray drying is an economical drying method for converting aqueous solutions
into stable dry powders. This one-step continuous process generates a sustainable
solution for long-term storage of various protein formulations. This study focuses on
recombinant growth factors produced in a barley seed host. The retained bioactivity
of the growth factor in the final solid form suggests that co-purified host components
may have preserving effects throughout the optimized spray drying process. To iden-
tify the critical spray drying parameters, a customized response surface design of
experiment was applied. The defined input spray drying parameters: feed flow rate,
spray gas flow rate, and outlet temperature, as well as their interactions, were discov-
ered to be the most critical in terms of product quality and yield. The best operating
parameters were chosen after considering potential reduction in energy consumption
of the process. Cell proliferation assay results, which show the bioactivity of the
growth factors, reveal that the native host components seem to act as proper stabiliz-
ing agents that protect the fragile growth factors against various stresses during the
drying procedure. This unique matrix composition therefore surpasses the time-
consuming process optimization with excipients, allowing for a fully continuous
process from purification to the final formulated powder.

Keywords: spray drying, design of experiment, optimization, preservation matrix,
bioactive growth factors, barley proteins, economical drying, continuous system

1. Introduction

Plant molecular farming has grown and advanced immensely into a viable plat-
form to produce commercial proteins [1]. Plant systems have many advantages over
their counterparts, mostly in terms of ease in process scale-up, but they are also cost-
effective, versatile, and robust. After harvest, plant hosts like the barley seed can be
stockpiled under ambient conditions for many years, which largely benefit protein
production and enable separation of downstream from upstream processing. Crude
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materials can therefore be collected and stored long term, and purification can occur
at convenience, reinforcing the flexibility of the system [2].

Expression hosts for the production of recombinant proteins, like animal growth
factors, mostly range from prokaryotic to eukaryotic systems, such as bacteria, yeast,
insects, and mammalian cell cultures. The reason being, these already established
expression host systems have been well-defined with current good manufacturing
practice (cGMP) and generally offer high production capacity at low cost [3]. Trans-
genic plants, however, are more unconventional but have in the past two decades
emerged in biopharma as an alternative production system [4]. One of those innova-
tive plant systems is the barley plant, which displays a biologically contained expres-
sion host that is convenient in various ways. Barley has a generally regarded as safe
(GRAS) status and constitutes an endotoxin-free host expression system, as it avoids
bacterial host cell-derived endotoxins [5]. Also, barley does not contain secondary
metabolites or mammalian-derived pathogens, such as virus infections [6].

The downstream processing involves extracting and purifying the recombinant
growth factors from the barley seed, resulting in an aqueous protein solution. The
recombinant growth factor is co-purified along with beneficial barley components
thought to enhance the final product, as well as ease the purification procedure. The
inherent instability of proteins in aqueous solutions is caused by the molecular mobil-
ity in solutions. This has been overcome by, for example, storing and transporting the
proteins under frozen conditions [7], but dry powder formulations of protein simplify
all handling, storage, and distribution, offering an intriguing alternative [7]. The final
formulation of purified growth factors is therefore more conveniently given as dried
powder with preserved bioactivity for effective storage, easier handling, and more
economic shipping options. Dried formulations can circumvent the need for cold
chain transport, thereby offering an economically feasible solution for storing and
transporting more growth factor per weight at ambient conditions [8].

Spray drying transforms liquid feed into dry particles. However, unlike freeze
drying, spray drying is a continuous process that dries the product material in a single
manufacturing step. During the spray drying of proteins, the feed solution is atomized
into heated air, and the solvent evaporates quickly, leaving behind dry particles that
need to be separated from the airstream and collected [9]. This rapid solidification
prevents the molecules from arranging into crystal lattices, allowing mainly just
amorphous particles to form. Homogenous powders are produced by the spray drying
process as a result [10]. This process is illustrated by Büchi (Büchi Labortechnik AG,
Switzerland) in Figure 1.

Some of the process parameters that can be optimized in spray drying include the
inlet/outlet temperature, spray gas flow rate (atomizing gas), drying gas flow rate
(aspirator rate), liquid feed flow rate (FFR), and concentration and composition of
the solution [12]. The outlet temperature is usually considered as a dependent vari-
able, resulting from the combination of the other parameters, although the droplet/
particle temperature will never exceed the value of the outlet temperature [13],
making it a critical parameter on its own for thermosensitive molecules, such as
growth factors. The process is optimized by testing different parameter combinations.
The resulting product quality is evaluated based on particle characteristics, including
size, shape, flowability, density, and moisture content. All these output effects depend
on the selected combination of the process parameters, the solvent, and whether any
excipients have been added.

Although freeze drying has been recognized as the gold standard of drying
methods [14], traditionally being considered the process of choice for improving the
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long-term storage of manufactured protein, there are some essential challenges to
consider. Among others, those are the process scalability, batch-to-batch variance,
occurrence of crystallization, and high associated costs [15]. Freeze drying is also
restricted by an economic drawback that relates to long and energy-consuming
processing time [16]. Consequently, spray drying has started gaining more prevalence
as a reliable drying formulation method. That includes protein formulations in
established and highly regulated industries such as biopharma [17]. Even though spray
drying is considered to be a gentle drying process [17], it is intrinsically more aggres-
sive than freeze drying, since the product is introduced to hot gas during evaporation
of the droplets that are sprayed during the process. Therefore, the spray drying
process still needs to be carefully examined, especially for the more sensitive proteins,
like growth factors.

Drying and dehydration, in general, whether it is spray or freeze drying, puts
additional stress on proteins. During drying, hydrogen bonds supplied by water are
broken, which may cause conformational changes and thereby inactivity of the pro-
tein. The process can expose the product to various interface and shear stresses, which
could result in reduced product stability during storage [8, 18, 19]. To counteract this,
excipients may be introduced into the formulations. These excipients must replace the
hydrogen bonds formerly supplied by water (water replacement theory) and form a
viscous matrix around the protein molecules to hinder any molecular motion (vitrifi-
cation theory), preferably with a high glass transition temperature to increase the
storage stability [15, 17]. Traditionally, these excipients have been i) non-reducing
sugars, such as trehalose and sucrose [15]; ii) sugar alcohols such as mannitol and
sorbitol [15]; iii) oligo- and polysaccharides, such as dextrins and dextrans [15]; and
iv) single amino acid, such as arginine, leucine, and glycine [15]. For example,

Figure 1.
Spray drying functional principle. With permission from Büchi Labortechnik AG, Switzerland [11].
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disaccharides are excipients thought to have a stabilizing effect on proteins by
forming direct hydrogen bonding with them in solid state, thus stabilizing the struc-
ture, in addition to forming a highly viscous matrix around the proteins, slowing
down molecular movements and thereby degradation [20, 21]. They assist in
maintaining the homogeneous and native protein structure, resulting in a stable
formulation [20, 22, 23]. Additionally, surfactants may be required to eliminate
protein surface adsorption to the abundant air liquid interface created in the
atomization step [15, 17].

Pinto et al. [15] recently published a comprehensive discussion on the latest devel-
opment of modern-day trends and the contemporary progress in protein pharmaceu-
tical formulation. Matrix forming excipients are commonly used for protecting
protein molecules during the spray drying process and storage [15]. Knowledge about
formulation and selection of excipients for freeze-drying proteins can often be applied
for spray drying as well [24]. Although excipients are widely recognized for effec-
tively stabilizing many protein solids for freeze-drying formulation [25], Chen et al.
[26] recently pointed out that a systematic examination of excipient effects on protein
stability in spray-dried solids, specifically, is still limited. Critical understanding of the
respective interrelation of protein-matrix is still lacking, in addition to a deficient
understanding of the storage stability of spray-dried material [26].

For spray drying of proteins, other proteins, such as various albumins, have been
studied as excipients in spray-dried formulations [15]. They have even been shown to
competitively occupy the particle surface, thereby protecting the protein of interest
against surface accumulation and concomitant deactivation [27]. Barley proteins are
interesting excipients for the food industry and are considered valued external excip-
ients for the encapsulation of some bioactive ingredients both in spray drying [28] and
in freeze drying [29]. It was shown by Wang et al. that encapsulation of fish oil with
barley proteins had a protective effect against oxidation [28] and by Meira et al. that
barley residue proteins from beer waste could be used as coating material in microen-
capsulation of β-carotene [29]. This makes the use of background barley proteins for
growth factor dry powder stabilization interesting to investigate further.

Limited published work exists for the spray drying of growth factors explicitly.
Growth factors are bioactive proteins that stimulate cell proliferation and differentia-
tion. They have a collective function to expand, maintain, and differentiate cells.
There is precedent for spray drying basic fibroblast growth factor (FGF-b) and
insulin-like growth factor 1 (IGF-1). In these studies [30, 31], the growth factors are
expressed in different host systems than barley. Industry-wide, FGF-b is notorious for
being problematic to work with and is constrained by its lack of stability, especially in
aqueous solutions. Due to its rapid degradation rate, formulating FGF-b into a reliable
product has remained a great challenge [32]. Ibrahim et al. [30] developed a spray-
dried FGF-b using lactose and leucine as excipients, among others, lactose being a
well-known matrix former [15] and leucine producing a hydrophobic surface due to
its surfactant properties. IGF-1 promotes cell growth by resulting in a higher cell
density and reducing cell death [33]. Schultz et al. [31] showed for IGF-1, encapsulated
in trehalose, that the bioactivity remained unaffected after spray drying. In terms of
recombinant proteins, a recent study by Vilatte et al. [34] illustrates spray drying as a
viable preservation technology for recombinant proteins produced in microalgae.

Current study aims to investigate the suitability of spray drying recombinant
growth factors generated in the barley seed host, co-purified with other host barley
components. Generally, recombinant growth factors are fully purified to exclude
other components derived from the expression system, but here, other barley
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components are still present during the preparation of the final product. The goal of
this research is to provide usable findings to other scientists working with plant
expression systems to produce recombinant proteins. This is the only existing case
study that covers the spray drying of recombinant protein expressed in barley. To the
best of our knowledge, co-purifying barley has no precedence.

2. Case study: spray drying optimization

The following case study investigated whether an economical spray drying proce-
dure could be developed with a wide range of operating conditions, where the bioac-
tivity of the growth factor would be preserved when the target protein is embedded in
native barley background and the powder quality could be optimized.

2.1 Recombinant growth factors at ORF Genetics

Barley plant (Hordeum vulgare) is used at ORF Genetics for the production of
recombinant growth factors. The barley grain has a natural inert storage environment
to preserve proteins and nutrients for the growing embryo [5]. At large, the nutri-
tional profile of barley consists of starch (65%–68%), total protein (10%–17%), free
lipids (2%–3%), β-glucans (4%–9%), and minerals (1.5%–2.5%) [35].

The recombinant growth factor is expressed in the endosperm tissue of the barley
seed. The production expression system has been further developed and optimized at
ORF Genetics, Iceland. After harvesting, dehulling, and milling of the seeds, the target
protein is extracted along with the native barley proteins in an aqueous buffer solu-
tion. The suspension is then centrifuged, further purified, and concentrated. The
semi-purified growth factor solution then undergoes buffer exchange in preparation
for the final formulation.

The continuously expanding MESOkine® portfolio at ORF Genetics represents
high-quality, plant-made, endotoxin-free animal recombinant growth factors avail-
able for the cell-cultured meat (CCM) industry (https://www.orfgenetics.com/).
However, for this case study, human epidermal growth factor (hEGF) was selected
since it is the most studied growth factor internally at ORF Genetics. Although hEGF
is not a part of the MESOkine® portfolio, since it is from the human species, the
growth factor displays a good model growth factor representative for the purpose of
this study. Barley expresses EGF in high yield, and the protein remains stable after
processing. The input liquid feed solution containing the extracted hEGF, with a
native barley matrix that still holds some remaining barley proteins and polysaccha-
rides, was spray dried into a powder form as described below.

2.2 Spray drying process

Spray drying trials were executed using next-generation, laboratory-scale Büchi S-
300 Advanced Pro Mini Spray Dryer (Büchi Labortechnik AG, Switzerland). The spray
dryer was coupled with a Büchi S-396 dehumidifier to ensure consistent humidity of
the drying air and equipped with a high-performance cyclone to improve collection of
the smallest particles. A two-fluid nozzle was used in the trials using air as the drying
medium. The spray drying operation was first tested with some feasibility pilot runs.
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2.2.1 Design of Experiment (DoE)

DoE is a systematic approach to simultaneously evaluate the effects and
interaction of multiple factors that influence the responses of a process. DoE is a
component of Quality by Design (QbD), which is a recommended statistical
practice in the formulation of drug products by the International Council for Harmo-
nization of Technical Requirements for Pharmaceuticals for Human use (ICH)
[17, 36].

Quality characteristics for each product must be pre-determined and must be able
to be accurately measured. The measured quality characteristic is called a response.
The quality of spray-dried products is influenced by several factors. Arthur et al. [37]
used DoE to optimize the spray drying process of beer powder and found that mois-
ture content, water activity, solubility, pH, and product yield were the most influen-
tial factors. Ziaee et al. [38] successfully spray-dried solid dispersions of ibuprofen and
used DoE to identify that residual moisture content and particle size were the critical
factors for the final yield, but the API/excipient ratio was critical to formulating
samples. For our case study, we chose the following factors to investigate and opti-
mize: Feed flow rate (FFR), spray gas, and outlet temperature. Preliminary operation
tests assisted in designing the study. The following factors were kept constant
between trials: Starting feed solution was identical (constant temperature and product
dry weight % w/v), and the drying gas flow rate (aspiration) was kept at maximum
capacity.

JMP Pro Version 17.0 (SAS Institute Inc., Cary, NC) was used for statistical analysis
and model building. We used Response Surface Methodology (RSM) with an I-Opti-
mal, custom, DoE design, consisting of 16 runs. RSM is an effective tool to optimize
process parameters quickly and efficiently. It can explore the effects of multiple
factors simultaneously, investigate factor interactions, and predict the resulting
response.

2.2.1.1 Factors and responses

The FFR, spray gas flow rate, and outlet temperature were defined, in this study,
as the potentially critical process parameters, also known as factors in this study. The
factors and investigated level ranges are listed in Table 1. The levels selected represent
the experimental space of the DoE. The selection was based on previous in-house trials
and technical restrictions.

The influence of the factors and their interactions resulted in varying powder
qualities and characteristics. These effects were measured via the selected output
responses: powder output, reconstitution performance, hEGF/powder, and total pro-
tein/powder to evaluate in this study; see Table 2.

Factor Level

FFR (mL/min) 4–7

Spray gas (L/h) 600–1800

Outlet temperature (°C) 60–100

Table 1.
Input factors selected in the DoE custom design used for this case study.
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2.2.1.2 Powder output

The powder output (% w/v) was defined based on the spray-dried powder (g)
collected per input liquid solution (mL). The amount of input liquid solution was
50 mL for each run; the exact volume was recorded and considered for the powder
output calculations. The vessel collecting the dry powder from each run was weighted
before and after the run, to determine the amount of collected powder from the run.
For example, if 4.9 g of powder was generated from 50 mL of input liquid, the powder
output was determined as 9.7%.

2.2.1.3 Reconstitution of powder

For the reconstitution score assessment, the solid powder sample was dissolved in
the solvent (Milli-Q® water) to a dry weight percentage of 8% w/v. This value
resembled the approximate dry weight (% w/v) of the input liquid, when comparing
the product output across the samples. This was kept consistent between sample runs
by dissolving 200 mg powder in 2.5 mL. Upon reconstitution, the solution was left
undisturbed for 15 minutes and then vortexed briefly to obtain a homogenous state.
The solution was then visually inspected and ranked based on the solubility perfor-
mance, the intensity of cloudiness, and color formation. The solubility capability of
the dissolved powder was ranked from 1 to 4, from bad (1) to good (4) solubility. Low
scores (1) were given to cloudy solutions with visible particles, and high scores (4)
were given to solutions that were clear and fully homogenous with no visible particles.
Solutions from the reconstitution assessment were used further for the quantifications
of the growth factor (see Section 2.2.1.4) and the total protein (see Section 2.2.1.5).

2.2.1.4 Growth factor quantification

For hEGF/powder (μg/mg) assessment, the amount of hEGF target protein was
quantified by capillary-based nano immunoassay, JESS Simple Western™
(ProteinSimple®, Bio-Techne, Minneapolis, MN, USA). The hEGF amount was quanti-
fied within each reconstituted sample based on a generated standard curve of hEGF
with a known hEGF concentration and the concentration of hEGF within the powder,
which could then be calculated compared to the standard. The hEGF/powder (μg/mg)
value indicates the product yield and stability of the growth factor after the spray
drying step. Receiving a low concentration can, for example, indicate aggregation or
irreversible protein denaturation as an indirect estimate, such as the hEGF not being
able to dissolve after spray drying. Refer to Appendix A for a more detailed method
description for the growth factor quantification.

Response Unit of measurement

Powder output % w/v

Reconstitution score Scored from 1-4

hEGF/powder μg/mg

Total protein/powder μg/mg

Table 2.
Output responses selected in the DoE custom design used for this case study.
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2.2.1.5 Total protein quantification

Total protein/powder (μg/mg) was measured with Bradford assay. Since the
growth factor is semi-purified, other barley proteins are also present in the final
product, and these need to be considered. Therefore, native barley proteins were
quantified, along with the recombinant growth factor. Reduction of the total protein
within the powder can, for example, indicate that the protein is forming an insoluble
material due to the spray drying process. Refer to Appendix A for a more detailed
method description for the total protein quantification.

2.2.2 Optimization: Analysis of DoE data

The data were fit with an RSM model with linear regression (Eq. (1)), and model
reduction was performed by enforcing a 95% confidence interval, including only factors
and interactions with a p-value <0.05 and factors containing statistically significant
effects; refer to Table 3. As with the factors, a 95% confidence level was chosen for the
responses in the model. The responses in the RSM model that had p-value <0.05 were
considered statistically significant; others were disregarded. This RSM model can only
predict outcomes for the responses “powder output” and “reconstitution score.”

Y ¼ aþ
X3
i¼1

biXi þ
X3
i¼1

ciX2
i þ

X2
i¼1

X3
j¼iþ1

dijXiXj (1)

Y is the yield; a is the intercept; bi, ci, and dij are model coefficients; and Xi and Xj

represent the model regressors.
A single sample, sample #3, was eliminated from the DoE analysis due to a loss of

powder to the cyclone, for technical reasons. However, since this error did not influence
the bioactivity of the sample, sample #3 was included in the following bioactivity
measurements and the SEM analysis. All other samples and data were included, and no
outliers were detected. Factors and response values are summarized below in Table 4.

The variation in the amount of hEGF and total protein per powder, respectively,
could not be explained by the factors included in the model. This confirms that the
spray dryer settings, even at extremities, do not affect either the growth factor quan-
tity or the overall total protein quantity. This data shows the robustness of the spray
drying process within the tested ranges.

Factors and interactions P value Responses P value

Outlet temperature (60, 100) 0.00057 Powder output 0.0010

FFR * Outlet temperature 0.00169 Reconstitution score 0.0029

FFR * Spray gas 0.00556 hEGF/powder 0.7066

Spray gas * Spray gas 0.00654 Total protein/powder 0.4137

Spray gas (600, 1800) 0.00730 ˆ — —

Outlet temperature * Outlet temperature 0.01846 — —

FFR (4, 7) 0.05531 ˆ — —

Outlet temperature (°C), Spray gas (L/h), and FFR (mL/min). ˆ denotes factors with containing effects above them.

Table 3.
Effect summary. Factors and interactions that influence the responses in the RSM model and their corresponding
P values.
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Powder output and reconstitution score were found to be statistically significant,
and the model can therefore explain the variation in their responses. The outlet
temperature affected reconstitution the most, followed by the interactions of FFR x
outlet temperature and FFR x spray gas flow rate. For the powder output, the interac-
tions of FFR x outlet temperature and FFR x spray gas flow rate were the most
impactful. Figure 2a illustrates factor interactions.

A quadratic effect was observed in the model for both the spray gas flow rate and
the outlet temperature. A quadratic effect in a statistical model means that an opti-
mum has been observed in the defined experimental space. This can be visualized by a
curvature in their responses, as illustrated in Figure 2b. Optimum settings, within the
tested range, were found for outlet temperature and spray gas flow rate, as curvature
was observed in their responses. The quadratic effect for outlet temperature was only
significant for powder output, and the quadratic effect for spray gas was only
significant for reconstitution.

The optimized settings of the input factors to maximize the responses in this case
study were found to be the following:

Feed Flow Rate ðFFRÞ: 4mL=min

Spray Gas Flow Rate: 1400L=h
Outlet Temperature: 60°C

Factors Responses

Sample
run

FFR
(mL/min)

Spray
gas

(L/h)

Outlet
temperature

EGF/powder
(μg/mg)

Total
Protein/powder

(μg/mg)

Powder
output
(% w/v)

Reconstitution
(score)

1 4 1800 60 8.31 408.1 9.80 4

2 7 1800 100 7.99 411.8 9.68 2

3 5 1200 80 8.41 386.5 7.34 2

4 7 600 60 7.57 377.6 8.29 2

5 4 600 100 8.15 347.6 8.41 1

6 4 600 60 6.33 379.9 8.73 3

7 5 1200 60 6.46 390.6 9.88 3

8 5 1800 80 6.93 370.6 9.96 3

9 4 1800 100 7.58 370.5 9.86 2

10 7 1200 80 7.59 410.2 9.77 3

11 5 600 80 7.19 326.4 9.19 3

12 4 1236 80 6.66 355.4 9.92 3

13 7 600 100 7.39 331.4 9.47 2

14 7 1800 60 6.70 363.6 7.9 3

15 5 1200 100 7.06 361.0 9.79 2

16 5 1200 80 6.74 375.9 9.8 3

Table 4.
Experimental design matrix, containing input factors and output responses from all sample runs.

123

Excipient-Free Spray Drying of Bioactive Recombinant Proteins Produced in Plants
DOI: http://dx.doi.org/10.5772/intechopen.112944



The software calculated the maximized spray gas flow rate settings at 1800 L/h,
but we took economic considerations into account when selecting the optimized
settings and lowered the selected spray gas flow rate settings to 1400 L/h.

The RSM approach of the DoE in this case study was successful and provided
optimum parameter settings for spray drying growth factors in a stabilizing barley
matrix with high quality powder and had no impact on the quantity of the target
protein or the barley proteins.

2.2.3 Particle morphology with scanning electron microscope (SEM)

Particle morphology analysis was carried out to investigate whether there was a
correlation between microscopical particle shapes and the applied spray drying con-
ditions. The surface morphology of the spray-dried particles was examined using a
field emission scanning electron microscope (FE-SEM), Supra 25 by Zeiss
(Oberkochen, Germany). Powder samples were mounted to a sample stub and gold
coated. Samples were scanned at a voltage of 3.0 kV, and their images were captured
at two magnification levels, 1000� and 5000�.

Selection criteria for the sample runs ultimately taken for SEM characterization
were based on analyzing the morphology of the samples expected to have experienced
the upper and lower limits for the outlet temperature, reconstitution rating, and
particle size.

The analysis of the SEM images served as a qualitative assessment for the given
range of parameters in the study. Morphology classification for spray-dried particles
as suggested by Prinn et al. [39] can be divided into four categories: (I) smooth

Figure 2.
Effects of the factors on the responses. (a) Interaction profilers for powder and reconstitution show how the different
factors interact to affect the responses. (b) Prediction profiler for maximized responses and optimal setting.
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spheres, (II) collapsed or dimpled particles, (III) wrinkled or raisin-like particles, and
(IV) highly crumpled or folded structures.

The study design range demonstrated a distribution of most of the above-
mentioned different shapes but mostly showed smooth spheres and raisin-like struc-
tures. Shown in Figure 3 are the samples expected to exhibit the smallest particles
(sample #9; 4 ml/min, 100°C and 1800 l/h) and the largest particles (sample #4;
7 ml/min, 60°C and 600 l/h). By comparing these two different particle formations,
these reveal only raisin-like particles for the smallest ones (Figure 3a), whereas the
largest ones show a combination of the two morphologies, smooth spheres and
raisin-like particles (Figure 3b). The smaller particles seem to tend to clump
together. The other tested formulations showed varying amounts of large
smooth spheres with smaller particles always forming raisin-like structures with
some indications that the higher outlet temperature results in more crumbled
structures compared with lower outlet temperatures where smooth surface is more
prevalent (data not shown). In other ways, the SEM analysis reveals that particle
morphology is not susceptible to changes within the selected range of process
parameters.

2.2.4 Bioactivity of growth factor

A cell proliferation assay for hEGF using 3 T3 fibroblast cells was performed by
SBH sciences (Natick, MA) to measure the biological activity of the growth factor for
selected samples. The cells were seeded on multi-well plates and incubated with a
dilution series of a commercial growth factor standard. After a pre-defined incubation
period, cell proliferation or cell death had been measured using a colorimetric assay.
The biological activity of hEGF was expressed as ED50 (effective dose), which is the
concentration of the growth factor that induces 50% of the maximum assay response.
Thus, the lower the ED50 value, the higher the activity.

The sample selection for the bioactivity analysis is summarized in Table 5. This
assay was performed to determine whether there was a correlation between biological
activity and the other output responses investigated in the case study.

The bioactivity curves of all samples were tested for parallelism to determine
whether the samples were statistically different from each other. Parallelism was

Figure 3.
SEM images of the spray-dried particles at magnification 1000�. Shown are captures from the following samples:
(a) Sample #9, expected to have the smallest particles, here shown as several raisin-like particles crumpled
together. (b) Sample #4, expected to have the largest particles, here shown as a mixture of larger, smooth spheres;
collapsed particles; and wrinkled particles.
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determined by an F-test using JMP Version 17.0 (SAS Institute Inc., Cary, NC)
software; see Appendix B.

All samples were found to retain their bioactivity after spray drying. Sample #2
was found to have the highest ED50 value, and it was found to be different from the
other samples, except for sample #3. Sample #2 had the most extreme settings for all
the factors. This indicates that the combination of the extreme process parameters
might decrease the bioactivity of spray-dried growth factors. This, however, needs
further investigation.

In summary, the biological activity of the growth factor was not disrupted for any
of the applied process parameters. Spray drying is a robust process to dry recombinant
growth factor solutions while preserving biological activity.

3. Continuous, sustainable, and cost-effective process

Spray drying presents clear advantages over freeze drying, especially regarding
great scalability capabilities and automation options. It has the potential of making the
preservation process more economical.

3.1 Continuous system

A continuous process system with a sample bag connection design at a laboratory
scale that was set up in-house is shown below in Figure 4. The protein liquid in a sterile
bag, retrieved straight from the final downstream process filtration, can be fed directly
into the spray dryer, surpassing the need for further formulation with the addition of
excipients. After the process, the output powder assembles into the collection vessel,
which can then be aliquoted into smaller dosages of powder samples for storage.

3.2 Economical drying

Reducing the carbon footprint is unquestionably a big industrial focus. Making the
shift from freeze drying to spray drying may, in fact, represent a significant step
toward reduced energy consumption, thereby lowering the overall climate footprint.
Baeghbali et al. [40] compared the energy consumption of spray drying and freeze
drying, showing that the spray dryer required less than 10% of the energy consumed

Sample
run

Details FFR
(mL/min)

Spray gas
(L/h)

Output
temperature (°C)

ED50 value
(ng/mL)

1 Reconstitution score significantly
better than the others

4 1800 60 0.05–0.08

2 Upper extreme conditions for all
factors

7 1800 100 0.08–0.11

3 Mid-point of factor levels 5 1200 80 0.06–0.09

5 Reconstitution score significantly
worse than the others

4 600 100 0.05–0.07

Table 5.
Sample runs selected for the bioactivity measurement and the resulting ED50 values.
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in the freeze drying process, even though noting that the spray drying process was
suboptimal and improvements could be made [40].

The DoE approach, in this study, allowed evaluation of the process based on the
estimated energy expenditure. Since drying air flow was kept constant throughout the
experiments, the aim would be to minimize the inlet air temperature (energy usage
per unit time) while maximizing the feed flow rate (reduced processing time) without
affecting the quality attributes negatively. Other researchers have shown a strong
correlation between the inlet temperature and the outlet temperature [39, 41, 42],
whereas they show lesser [39] or even non-significant influence [42] of the feed flow
rate on the temperature relationship despite testing much wider feed flow rate ranges
than in the current study (3–20 ml/min and 7.3–17.5 ml/min, respectively). This
indicates that to reduce the energy consumption in the process, a design space should
be created with low outlet temperature and high feed flow rate. In the current study,
the best results were achieved at low outlet temperature, which supports reduced
energy consumption, whereas the optimized low feed flow rate increases the energy
expenditure. The strongest drive in the model to keep feed flow rate at low levels
comes, however, from the sharp drop in powder output at higher feed flow rates,
meaning a loss in yield at higher feed flow rates. Therefore, considering that the spray
drying operation is the last step in the manufacturing process, a drop in yield results in
wasted energy and resources in all manufacturing steps upstream from the spray
dryer, hence justifying the use of lower feed flow rate for overall reduction in energy
consumption.

Figure 4.
Continuous spray drying system with sample bag connection design.
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To evaluate the energy usage of the process, a compact energy meter, Energy-230
Micro LCD (Vemer, Italy), was connected to the spray dryer and the dehumidifier. This
equipment is designed to display the consumption of active energy in a single-phase
system. The electricity usage was roughly 10 kWh when drying one liter of hEGF
solution. This is consistent with the results of Baeghbali et al. [40], showing that a lab-
scale spray dryer coupled with a dehumidifier can manufacture high-quality, dry hEGF
powder with only a fraction of the energy required for freeze drying [40].

3.3 Future considerations

Moisture content in spray-dried powder can influence the overall product
stability. Higher feed flow rates potentially result in undesirably high water
content. Furthermore, the glass transition temperature has been linked with feed
flow rate in similar manners as the residual moisture acts as a plasticizer,
increasing molecular mobility at lower storage temperatures [43]. Therefore,
lower moisture content in dry powders exhibits better long-term stability for pro-
tein [44]. Further investigation is needed toward evaluating the powder quality, includ-
ing comparison of the moisture content, which shall be considered as an added critical
output response in future studies. Also, in later strategies and assessments, a long-term
stability study of the storage capabilities of the powder should be investigated.

Spray drying is ideal for food-grade material production, like animal-derived recom-
binant growth factors that are a crucial component of the serum-free media for CCM
production. Since cost reduction of growth factors is important for the ultimate success
of cell-cultured meat [45], the production should be tailored to this given industry. Food-
grade media with lowered associated costs that could still maintain cell proliferation and
differentiation at a larger scale would be considered as a success. Later, translation of this
application to pilot scale and then eventually to industrial scale will be needed to ensure
feasibility to hand the process over to a larger spray drying production.

4. Conclusions

• The novelty of this study was to illustrate that the stabilizing effects, generally
obtained from excipients, are suggested to be already present from the native
barley background matrix, which is a part of the final product.

• The growth factor tolerates high outlet temperatures while retaining its stability
in the powder and bioactivity and showing limited effects on the morphology
scale.

• The amount of powder collected from the process, along with the ease of powder
reconstitution after processing, had the largest effects on the resulting
optimization model.

• The spray drying process in this study appears robust enough to surpass the need
to add external excipients to the semi-purified growth factor formulation.

• This study demonstrates the feasibility of spray drying bioactive recombinant
growth factors embedded in native barley matrix at a laboratory scale.
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Appendix A – Materials and Methods in Case Study

Jess Simple Western

JESS Simple Western™ instrument (ProteinSimple®, Bio-Techne, Minneapolis,
MN, USA) is a fully automated and capillary-based system that performs all down-
stream steps of sample preparation [46]. For preparation of the separation module a 2–
40 kDa separation module from ProteinSimple was used which includes a capillary
cartridge, pre-filled microplates, wash buffer, 10� sample buffer, lyophilized fluores-
cent 5x master mix, lyophilized DTT and a lyophilized biotinylated ladder. Standard
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pack reagents were prepared per manufacturer recommendations, for the 400mMDTT
solution preparation, the fluorescent 5X master mix and the ladder. The samples and
hEGF standard were prepared. The samples and the standard hEGF, with a known
concentration, were serially diluted down to 3–104 ng/mL using 0.1� sample buffer.
Then, fluorescent 5X master mix was added to all measured samples, so the final
mixture is 1 part master mix and 4 parts sample. The samples and standards were heated
at 95°C for 5 minutes. The samples were then mixed again by vortex and then spun
down and stored on ice. For detection, an anti-rabbit detection module from
ProteinSimple was used which includes anti-rabbit secondary antibody, Luminol S,
Peroxide, Streptavidin-HRP and antibody diluent. For preparation of the primary anti-
body, polyclonal rabbit anti-hEGF antibody (ab9695, Abcam) was diluted in 1:50 ratio
with antibody diluent. For the preparation of the chemiluminescence substrate, 200 μL
of luminol-S and 200 μL of peroxide was mixed in a microcentrifuge tube. Then the
prepared samples, the biotinylated ladder, antibody diluent for washing and blocking,
the diluted primary antibody, the secondary antibody, Streptavidin-HRP for
biotinylated ladder capillary only, and luminol-peroxide mix were pipetted into the
microplate. The plate was spun down at 1000 �g for 5 minutes followed by addition of
wash buffer and all air bubbles removed with ethanol vapor and the plate placed into
Jess and the right program selected in Compass Simple Western™ software.

Bradford assay

A Bradford assay was performed to determine total protein concentrations. For
each sample, standard or blank (Milli-Q water), 10 μL was pipetted into a microplate
well in triplicate. Into each microplate well, 300 μL of Bradford reagent from Thermo
Fisher was added and mixed for 30 seconds on a shaker and then incubated for
10 minutes at room temperature. Absorption was measured at 595 nm with a
microplate reader (Thermo Fisher Multi-scan FC). The average from the triplicate
Blank was then subtracted from all other measurements and a 4PL standard curve
generated from a pre-diluted Pierce™ Bovine Gamma Globulin (BGG) from Thermo
Fisher with a concentration range of 125 μg/mL – 2000 μg/mL. The standard curve is
then used to determine the total protein concentration of each unknown sample.

Appendix B – Design of Experiment (DoE) Results

Parallelism test in bioassay curves

To test for Parallelism in the Bioassay results, curves were plotted from the Net OD
at 490 nm against the log of the concentration (ng/mL). The curves were fitted with a
Logistic 4PL fit and a Parallelism test was run between all the possible combinations of
curves. A Parallelism F-test where the Prob > F was ≤0.05 means there is no parallel-
ism and therefore the samples are statistically different from each other.

Bioactivity

See below analysis for bioactivity curves of all samples (Figure B.1), raw data of
the bioactivity results (Table B.1) and results of statistical analysis on bioactivity
curves (Table B.2).
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Figure B.1.
Bioactivity curves of all samples.

Net O.D. (ng/ml)

Sample 1 2 3 4 5

1.000 0.618 0.614 0.587 0.568

0.333 0.611 0.526 0.542 0.568

0.111 0.419 0.329 0.376 0.385

0.037 0.204 0.150 0.181 0.202

0.012 0.120 0.062 0.106 0.109

0.004 0.038 0.011 0.033 0.069

0.001 0.014 �0.005 �0.003 0.024

0.000 0.008 �0.017 �0.004 0.024

0.000 0.003 �0.009 �0.005 0.029

0.000 0.000 0.020 0.012 0.000

Table B.1.
Raw data of the bioactivity results.

Sample Prob > F Difference

3 + 5 0.9917 No

3 + 1 0.0571 No

3 + 2 0.1564 No

5 + 1 0.0664 No

5 + 2 0.0205 Yes

1 + 2 0.0017 Yes

3 + 5 + 1 0.1 No

3 + 5 + 2 0.1953 No

3 + 1 + 2 0.0062 Yes

1 + 5 + 2 0.0042 Yes

3 + 5 + 1 + 2 0.0103 Yes

Table B.2.
Results of statistical analysis on bioactivity curves.
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