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Résumeé de la these

Le monde a connu une augmentation exponentielle de 1’énergie; ces demandes sont principalement
couvertes par les combustibles fossiles. Cependant, compte tenu des conditions non durables d'une
telle source telles que la rareté et les effets environnementaux nocifs, les chercheurs ont dirigée
leurs attention vers la rechercher de nouvelles sources d'énergie alternatives. L'énergie solaire est
une énergie renouvelable propre, abondante et facilement disponible. L'utilisation de I'énergie
solaire pour des applications thermiques offre la possibilité de plusieurs études sur I'énergie, les
avantages et I'analyse des bio-composés. Dans le présent travail, le séchage solaire et I'extraction
solaire ont été envisagés pour une application expérimentale utilisant deux matrices; feuilles de
romarin comme plantes aromatiques et médicinales et écorces d'orange comme sous-produit. Pour
I'extraction solaire, une unité de distillation couplée a un réflecteur solaire a été utilisée afin de
désodoriser les feuilles de romarin par distillation par entrainement a la vapeur et de valoriser les
écorces d'orange ciblant une bio-raffinerie zéro déchet par hydro-distillation. Les avantages de
I'extraction d'énergie solaire thermique sont remarquables, permettant une diminution d'environ
37% du temps dextraction pour les deux matrices étudiées par rapport aux procédés
conventionnels. En termes de qualité, plusieurs analyses ont été réalisées afin de comparer les
systémes solaires thermiques et conventionnels. Le rendement et la qualité de I'huile essentielle de
romarin et d'écorce d'orange obtenus par GC/MS étaient relativement similaires pour les deux
processus. Cependant, les antioxydants dosés par HPLC-DAD présents dans les feuilles de romarin
étaient mieux conservés apres extraction solaire. Dans I'ensemble, les résultats indiquent que la
distillation solaire-vapeur (SSD) est une alternative écologique, efficace et économique pour
I'extraction des huiles essentielles et la désodorisation des feuilles. La pectine et les flavonoides
des pelures d'orange (principalement la narirutine et I'hespéridine) ont également été mieux
conservés apres le processus d'hydro-distillation solaire. Pour le séchage, un processus
conventionnel en couche mince a été envisage, I'étude expérimentale de cette section s'est
concentrée sur l'influence des températures de séchage sur la perte en eau des matrices fraiches
séchées a différentes températures, 40 °C, 50 °C, 60 °C, 70 °C pour les feuilles du romarin et 60 °
C,65°C,70°C, 75 °C ° 80°C pour les écorces d'orange. Ce travail présente les résultats de
I'étude expérimentale de la cinétique de séchage. Les résultats sont utilisés pour déterminer la
courbe caractéristique de séchage et simuler par des modeles mathématiques le comportement de
séchage des feuilles de romarin ou des écorces d'orange afin de trouver le modéle le mieux adapté.
Dans I'ensemble, I'extraction solaire et le séchage par convection se sont révélés étre des procédures
fiables qui préservent la qualité du produit et peuvent étre utilisées efficacement comme alternative
aux procédés conventionnels.

Mots clés: distillation par entrainement a la vapeur solaire; hydro-distillation solaire; séchage
solaire par convection, bioraffinerie; feuilles de romarin, écorces d'orange.



Abstract

The world has witnessed an exponential increase of energy; those demands are mainly covered by
fossil fuels. However, giving the unsustainable conditions of such source such as scarcity and
harmful environmental effects, researchers were required to investigate newer alternative power
sources. Solar energy is a clean, abundant and easily available renewable energy. It is also one of
the most economical alternatives with outstanding processes and applications diversity
machineries. Usage of solar energy for thermal applications provides a scope for several studies on
energy, benefits, and bio-compounds analysis. The main objectives of this thesis are to promote the
use of solar energy for extraction and drying applications, to confront them with the conventional
technique usually used, and to better understand the process, outcomes and benefits of such green
and sustainable source. Two matrices were considered: rosemary leaves as aromatic and medicinal
plants and, orange peels as by-product. For solar extraction a distillation unit coupled with a solar
reflector was used to deodorize rosemary leaves via steam distillation and to valorise orange peels
targeting a zero-waste bio-refinery via hydro-distillation. The advantages of thermal solar energy
extraction are noteworthy, allowing approximately 37 % decrease of extraction time for both the
studied matrices in comparison to conventional processes. Quality wise, several analyses were
carried in order to compare thermal solar and conventional systems. The rosemary and orange peels
essential oil yield and quality obtained by GC/MS was relatively similar for both processes.
However, antioxidants assayed by HPLC-DAD present in rosemary leaves were better preserved
after solar extraction. Overall, the results indicate that Solar-Steam-Distillation (SSD) is a green
alternative, efficient and economical process for essential oil extraction and leaves deodorization.
Orange peels pectin and flavonoids (mainly narirutin and hesperidin) were also better preserved
after solar hydro-distillation process. For drying, the study was performed on rosemary leaves and
orange peels by thin convective solar drying to valorize these matrices, to increase their shelf-life,
and to investigate the impact of solar drying on their antioxidant properties. The experimental study
focused on the influence of drying temperatures on water loss and quality of fresh matrices dried
at different temperatures: rosemary leaves (40°C, 50°C, 60°C, 70°C) and orange peels (60°C, 65°C,
70°C, 75°C°, 80C). Obtained results showed that Midilli- Kucuk and two terms were the most
fitted and appropriate models to describe the convective solar drying kinetics of rosemary leaves
and orange peels respectively. For rosemary leaves, it was found that with solar drying (40, 50,
60°C, and sun-dried) an increase of carnosol was observed, coupled with a decrease of carnosic
acid values; while at high temperature (70°C) both carnosic acid and carnosol contents decrease.
This could imply that high temperature may lead to quality deterioration of rosemary leaves.
Moreover, at 70°C Total polyphenols (TPC) values decrease and the ICs, value increased
illustrating the negative effect of high drying temperatures on rosemary leaves. Contrary to
rosemary leaves, the results showed that TPC and DPPH degradation was elevated in both 60°C,
65°C and the natural shade dried orange peels in comparison to high temperatures 75°C, and
80°C.This may state that the product gives better TPC and DPPH concentration if being dried at
high temperature. As for the DPPH analysis, it was found that starting from 75°C, the antioxidant
activity improves. This may be due to the new substances formation or precursor that occurs
between several molecules via non-enzymatic inter-conversion at 70 °C for citrus fruits. Thus,
stating that drying at high temperature may be a way to improve the phenolic extraction of orange
peels.

Overall, solar extraction and convection drying were proven to be reliable procedures that preserve
product quality and can be efficiently used as an alternative to conventional processes.

Key words: solar-steam distillation; solar hydro-distillation; convective solar drying, biorefinery;
rosemary leaves, orange peels.
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Abbreviations and Nomenclature

e A¢ Solar reflector surface

e 3, kK, ko,k1, n, b: Model equation coefficients

e (CSD: Conventional steam distillation

e CHD: Conventional Hydro-distillation

e Ca: Remaining compound cost (fraction of the collector cost)
e Do: Pre-exponential factor of the Arrhenius equation (m2 /s)
o Desr: Effective diffusion coefficient

e d: Discount rate

e DPPH: organic chemical compound (2,2-diphenyl-1-picrylhydrazyl)
o Ea: Useful energy

e Epp: Energy provided to the reflector

o Fy: Rays deviation

e f: Dimensionless drying rate

e ICso: Half concentration of inhibition (of antioxidant that inhibits free radical).
e |g: Daily solar radiation

e MREi: Experimental moisture ration

e M;: Initial moisture content

e Mg Final moisture content

e MRpi: Predicted moisture ration

e M(t): Moisture content at time (t)

e M;: Initial moisture content at time

e Me: Equilibrium moisture content

e M;: Reference mass

e pr: Reflector price

e r1: Correlation coefficient

e rc: Annual repair cost (as fraction of the capital)
e RMSE: Standard error

e RSS: Residual sum of squares

e SSD: Solar steam distillation

e SHD: Solar hydro-distillation



T : Temperature (°C)

ti: Life time

tq: Drying time

TPC: Total polyphenol content

e: Sensible heating ratio

he: Latent heat of vaporization of water

I)q: Drying efficiency

0: Temperature (K)

ppr. Reflection factor of mirrors

psr . Reflection factor of the aluminum sheet

: Energy provided to the reflectory2: Chi-square
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Introduction



1.Context

The word energy has and still relies heavily on fossil fuels; according to researchers each
year the energy consumption increases by 1% in the developed countries and 5% in developing
countries!. With those expectations, fossil fuel resources won’t be able to meet the
incrementing energy demand; the cost will subsequently increase sharply. Fossil fuel price
fluctuation, in addition to unsustainable and non-renewable nature as well as environmental
issues related to those sources’ issues such as pollution, greenhouse effect, and global warming
led to shift the focus toward alternative source investigation. Nowadays, renewable energies
have gained remarkable interest word widely. Renewable sources of energy are
environmentally friendly and they are currently supplying about 14% of the world energy
demand; this value is expected to increase in the future?. Solar energy is one of the most
promising sources in this category; in fact, it is considered to occupy the throne of renewable
energies. The solar that falls on the earth in one day is equivalent to energy demand required
in 20 years. The greatest advantage of solar energy in comparison to other forms of energy is
that it is freely usable, clean and can be supplied without environmental pollution. The
international Energy Agency expects solar energy to cover by 2050 approximately 45% of the
world energy demand?. Solar energy is used in numerous applications some of them relies on
the conversion of energy into thermal energy such as solar drying and extraction that will be
the subject of this study. The thesis tackles, two systems, solar extraction while referring to the

six principles of green extraction and thermal drying.

The main objectives of this work are to promote the use of solar energy for extraction
and drying applications, to confront them with the conventional technique usually used, and to
better understand the process, outcomes and benefits of such green and sustainable source. To
tackle and shed light on the aforementioned chanllenges this manuscript is structured into two
parts in addressing concerning issues: solar valorisation of rosemary leaves as medicinal and
aromatic plants followed by the solar valorisation of orange peels as by-product; each part is

sub-devised into two chapters (for each product) as shown in figure 1.

'Herez, A.; Ramadan, M.; Khaled, M. Review on solar cooker systems. Economic and environmental study for
differentLebanese scenarios.Renewable and Sustainable Energy Reviews. 2018, 81, 421-432.
doi.10.1016/j.rser.2017.08.021

2 panwar N.L.; Kaushik, S.C.; Kothari, S. Role of renewable energy sources in environmental protection. a review.
Renew Sustain Energy Rev.2011,15 (3), 1513-1524.

3Mekhilef, S.; Saidur,R. Safari A. A review on solar energy use in industries. Renew Sustain Energy Rev.
2011;15(4), 1777-1790.
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2.Research axes

In this work, the research focused on the feasibility and investigation of solar drying
extraction performance using two different matrices. The goal is to adequately exploit the

sustainable systems toward a zero waste and green valorisation of vegetal matrices:

> Solar Extraction

Extraction of natural products may be as ancient as the fire discovery. Greeks and
Romans, Egyptians and Phoenicians, Jews and Arabs, Indians and Chinese, and even Mayas
and Aztecs, all possessed ground-breaking extraction processes knowledge and processes such
as maceration, alembic distillation, etc*. used for multiple applications such as perfume,
medicine and/or food. In the present days, most production processes in the perfume, cosmetic,
pharmaceutical, food, biofuel, or fine chemical industries use extraction processes, with
multiple application such as maceration, steam or hydro-distillation, pressing, decoction,
infusion, percolation and Soxhlet extraction. In the food industry, besides the well-established
huge extraction processes of sugar beet and sugar cane, and the preparation of decaffeinated
tea and coffee, many formulations have been developed by adding plant extracts and

nutraceutical concentrates.

With the “green” revolution resulting from multiple established benefits of bio-
compounds such as antioxidants that have shown their efficiency in the prevention of cancer,
cardiovascular diseases, osteoporosis, obesity, diabetes and against skin aging as well as the
consumer concern toward alarming synthesized product effects, many industrial manufacturers
of bio-based products use plant extraction. Bioactive compounds or their precursors
(antibiotics, chemo-preventive agents, alkaloids, etc.) are extracted by the pharmaceutical
industry, either by conventional methods or modern technologies. The term “clean” is usually
used to describe natural product extraction, especially when it is compared to heavy chemical
industries. However, researchers have pointed out the environmental impact of the industrial
extraction cycle that is not easily estimated and is far greater than it appears. This is due to the
required energy been at least 50% of the entire industrial process. And in some cases, even
with the high energy consumption and important solvent amount, the yield is indicated in

decimals.

* Chemat, F.; Rombaut, N. ; Sicaire, A.-G. ; Meullemiestre, A.; Fabiano-Tixier, A-S. ; Abert-Vian, M.
Ultrasound assisted extraction of food and natural products. Mechanisms, techniques, combinations, protocols
and applications. A review. Ultrasonics Sonochemistry. 2017, 34, 540-560.



This was coupled with a shift towards “Eco-extraction”, to develop and offer
industrialists more “sustainable” chemistry using fewer solvents, less energy, and minimizing
waste, while at the same time ensuring the final product quality. It is in this context that eco-
extraction and its 6 principles were defined in 2011 (Figure 2). According to the definition
adopted by the academic and industrial players in the field of natural product extraction, eco-
extraction is based on the discovery and design of extraction processes that reduce energy
consumption, use alternative solvents and renewable plant resources, while ensuring a safe and

high-quality product /extract.

Principle 1: Innovation through selection and
the use of renewable plant resources.
Principle 2: Favouring green and alternative
solvents mainly those from agro-resources
Principle 3: Reduce energy consumption by
) using innovative technologies and promote

( Principles: o energy recovery
Principle 2: Principle 4: Encourage the creation of co-
Solvent ~nnaple =. &

products instead of waste to integrate the path
of the bio-or agro-refinery.
Principle 5: Reduce unit operations through
technological mmnovation and promote
safe, robust and controlled processes.
Principle 6: Favour an
undenatured, biodegradable product, free of
contaminants and above all carrying “eco-
extract” values

Figure 2. Six principles of eco-extraction

The challenges launched by the competitiveness of the globalized market and
environment protection strongly require technological innovations that break away from the
past rather than simple continuing into the same pace and path. The solar process may present
a green innovative technique with the potential to replace conventional processes while being

fully in line with the six principles of eco-extraction.



» Convective Solar Drying

Drying of fruits, vegetables, and plants are without a doubt one of the oldest processes
for food preservation known to man. The process involves the removal of biologically active
water to a safe level to reduce deteriorative chemical reactions, provides microbiological
stability thus increasing the product shelf life. This will consequently and significantly reduce

weight and volume thus minimizes packaging, storage and transportation costs.

Among all the drying methods, sun drying is a well-known method for drying agricultural
products directly after harvest, mainly in developing countries and abundant solar energy.
Although, sun drying is the more established technique; it is plagued with problems, since the
product during drying is unprotected from rain, storm, windburn dirt, dust and infestation by
insects, rodents, and other animals. As a result, the quality of dried products may be negatively
affected, and won’t be able to meet the required local and international standards which may

impact adversely the economic value of the product.

Processes such as conventional drying (using conventional fuels) or freeze, drum and
cylone drying can be used to solve such problems; however, these techniques are costly and
hazardous to the environment. Therefore, nowadays, the focus was directed towards the use of
convective solar energy as an alternative for agricultural produces drying. Solar drying
technology has the potential to be one of the most promising alternatives to reduce the post-
harvest losses. The attractiveness of convective solar dryers lies in its ability to rapidly dry the
product, uniformly and hygienically to meet national and international standards with zero
energy costs. However, it has been noted that, drying at higher temperatures may cause damage

to the quality of the dehydrated products.

This study, therefore, assessed the convective thin solar dryer’s performance for two
matrices (orange peels and rosemary leaves) while taking the dried product quality into

consideration in order to establish the potential and feasibility of solar in drying application.



3. Thesis outline

Since solar energy is one of the cleanest energy resources that does not compromise or
add to the global warming, it is often considered as an alternative to fossil fuel energy sources
such as oil and coal. The sun radiates more energy in one second then people have used since
the beginning of time. Availability of cheap and abundant energy with minimum environmental
and ecological hazards associated with its production and use is one of the important factors
for desiring to harvest this energy and use it for diverse applications. Taking that into account
two solar processes were considered in this thesis (solar extraction and solar drying) and the
work was developed according to the outline described in below:

Part 1:

This part, titled thermal solar energy as a sustainable energy for processing, extraction
and preservation, encapsulates a literature review of thermal solar definition, processes and

applications in order to better explain the importance of solar energy.
Part 2:

It describes the different extraction and drying protocols, the experimental
methodologies, and the microscopy techniques used in this thesis. Qualitative, quantitative and

modelling analysis methods will also be illustrated in this part.
Part 3:

This part is titled results and discussion; it encapsulates two chapters (Solar drying and

extraction) each divided into subchapter (rosemary leaves and orange peels).

» Chapter I:

- Subchapter I- I: the extraction of essential oil by solar steam distillation (SSD)
for rosemary leaves as a deodorization process to reduce and remove aroma from the leaves
while conserving the antioxidant compounds the results were compared with the one obtained
by conventional steam distillation. Scanning electron and fluorescence microscopy was
performed to understand and demonstrate the effect of both extraction processes on the leaf
glandular trichomes. The protocol followed in this study is described in figure 3. After each
steam-distillation, the oil was collected and analyzed by GC-MS while the remaining
rosemary leaves were submitted to solvent extraction. Resulting extract was analyzed

afterward by HPLC to quantify the compounds of interest.



Solar Steam-
Distillation Steam-Distillation

Recovery of the
deodorized

rosemary leaves

Recovery of the

— L deodorized

sm )

rosemary leaves

Essential oil _ Essential oil — _( GC-MS//GC-FID )
4
-
Solvent extraction Solvent extraction

Antioxidants _ __ _  Antioxidants HPLC-DAD

Figure 3. Treatment protocol for the deodorisation of rosemary leaves.

- Subchapter I- I1: For orange peels valorisation via extraction, the extraction
method was hydro-distillation; the aim was to consider a bio-refinery concept for essential oils,
polyphenols (hesperidin, naruritin), and pectin extraction from grinded orange peels before and
after the distillation process by integrating a green and zero-energy consuming process based
on solar energy. Like rosemary leaves, the results from this study on orange peels were

compared to a conventional process (hydro-distillation).

This study followed the protocol described in figure 4. Oranges were manually pressed
to extract orange juice. Five hundred grams of the recovered orange peels considered as by-
product in the study were coarsely grinded (particle size between 4 to 5 mn, density about 0.45
g/cm®) before they were submitted to both a conventional and solar hydro-distillation
extraction. Composition of essential oils has been analysed qualitatively by GC-MS and
quantitatively by GC-FID.



To compare the impact of solar extraction on different bioactive compounds, orange
peels before and after extraction were frozen, lyophilized, and extracted with methanol: water
(80:20), and then used for quantification using HPLC-DAD for naruritin and hesperidin, glass

reactor extraction for pectin, and Folin Ciocalteu method for total polyphenol contents.
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Figure 4. Treatment protocol

» Chapter II:

The chapter tackles solar drying as energy and time saving technique used primarily

to preserve and enhance the shelf life of post-harvest products.

- Subchapter II-I: In the first case, rosemary leaves. The objectives of this work
were to develop a mathematical model for predicting solar convection drying of rosemary
leaves at different air-drying temperature to better understand the drying process and the
behaviour of rosemary leaves as well as the impact of such process on the plant quality. For
that purpose, total polyphenol content and antioxidant properties were quantified, while also

investigating the degradation of carnosol into carnosic acid.



An economic and environmental analysis was also considered in order to study the financial

feasibility and CO2 mitigation related to this innovative green process.

- Subchapter I1-11: Orange peels are often considered as waste; however, if treated
as such, they could generate numerous environmental problems, mainly water pollution
resulting from biomaterial’s present in the peels especially essential oil, sugar, and pectin. But
if valorized as by-product, this same composition has the potential to increase the economic
value while preserving at the same time the environment. In order to further valorise a highly
hydrated product (orange peels) a drying is elementary, for that reason solar drying was
considered. To better understand this process, the characteristic drying curve and modelling
analysis were required as well as quality analysis to illustrate the effect of drying on orange
peels.
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Part I: Thermal Solar
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Abstract

Driven by the rising energy demand, the need to preserve the environment, and the
scarcity of fossil fuels, researchers were required to investigate newer alternative power
sources. Solar technologies, as one of the most economical alternatives, have reached in the
recent years an outstanding edge duly noted by the diversity of applications and machineries.
In just an hour, the earth receives more solar energy than its inhabitants could consume in 1
year and in one day more than the population could consume in 27 years. The use of this green
sustainable energy presents a promising alternative and an important source compared to all
know conventional ones with a huge exploitation potential in many fields and sectors. One of
those sectors is the food industry with several fields of applications. Indeed, solar energy could
be used for food processing in several daily practices such as cooking, milk pasteurization as
well as food drying and even solar extraction. Several studies have focused on developing
efficient systems that relay on solar power either thermal or photovoltaic energy. This chapter
provides a wide view on those systems by applications; it is a culmination of all existing
literature data on the utilization of solar in a plethora of day-to-day application of solar thermal
energy in the agro-alimentary industry. It explains the processes related to each field and the
environmental impact and benefits related to it. A HACCP and HAZOP analysis was also
provided to identify and prevent the hazards or process—operating problems that are likely to

occur during those processes.

1. Introduction

1.1 Why thermal solar energy?

Located in approximately 150 million km from the sun, the earth receives 1.8.10%* kW.
An amount of 60% within those emissions reaches the earth surface while the rest is absorbed
by the atmosphere and reflected toward the space (Hosseini and Hosseini, 2012). It was
assessed that only 30 min of radiation that falls on earth can generate the world energy demand
for a year. About 3,400,000 EJ present the annual solar radiation that reaches the surface of the
earth, this magnitude order is estimated to be way greater than all the identified non-renewable
energies sources. Only 0.1% of this energy (with 10% efficiency) has the possibility to generate

till four times the total earth capacity (Kalogirou, 2010).
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Solar energy radiation is the main causes of all-natural activities and cycles including
photosynthesis, wind, rain, and numerous life crucial phenomena. In fact, even fossil fuels
notably coal, gas, and oil are considered as a converted form of solar energy (Tiwari, 2016;
Fudholi et al., 2008; Bahloul et al, 2009; Ekechukwu, 1999).

Nevertheless, at the present time, fossil fuels still encapsulate 80% of worldwide
generated energy since there are way cheaper and mostly more convenient compared to other
alternative energy sources, and up to recent times environmental and ecological pollution were
not considered yet alarming.

It should be known that pollution is deeply related to energy consumption. Despite the
documented environmental effect of combustibles, the world daily consumption records are up
to 76 million barrels daily this value is expected to reach 123 million barrels a day by 2025
(Dincer, 1998). While the population is expected to double by the middle of the century, the
energy demand and economic growth will certainly follow in the same incrementing track. The
outcome with sureness given the concrete evidence both for the future generation and the
planet, if kept in those same conditions, is going to be negatively impacted. Three main
environmental problems are gaining a global attention lately;

» Acid rain. A pollution form caused by SO2 and NOx that results from the fossil fuels
combustion; these substances react and mixed with other chemicals such as oxygen and
water after being transported higher into the atmosphere. The ending product deposit
on the earth via precipitation (acid rain) causing damages and negative ecological
effects on numerous aquatic environments and ecosystems that is vulnerable to acid
rain. There is a big correlation between acid rain and energy consumption, in fact the
more energy is consumed, the more human contribute to acid rain; meaning that the
only possible way the latter can be controlled is by decreasing the energy consumption
(Dincer and Rosen, 1998).

» Climate change. Greenhouse in natural levels is crucial for the proper functioning and
sustaining of the atmosphere and life in the planet; they keep the earth warm thus saving
all form of life from freezing in a dry and waterless environment. However, this term
was largely related in recent years to CO contribution estimated to 50% to what is
commonly called man-made or anthropogenic greenhouse effects and disrupt the
natural balance of GHGs. Other gases produced in either industrial or domestics
activities such as ozone, CHa, N2O, and halons contribute also to this dangerous effect.
Increasing GHGs concentration in the atmosphere will ultimately raise the earth

temperature.
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As a matter of fact, over the last century a temperature increase of 0.6 °C was recorded
for the earth surface (Colonbo, 1992). The sea level was thus estimated to be succumbed
to a 20 cm increase. Those man-made emissions that essentially result through fossil
fuel combusting maintain the same incremental rate; the temperature of the earth can
increase in the following century by 2 till 4 °C (Kalogirou, 2004). If this condition is
met, a rising sea level of 30 till 60 cm is expected before the end of the century. This
will have enormous harmful effect that could threaten human survival such as flooding,
water and fertile agricultures zone scarcity, and air quality degradation.

» Ozone depletion. Ozone is a layer that protects the earth natural equilibrium and living
organisms by absorption of UV and infrared radiation. The latter is present in the lower
part of a stratosphere. Ozone depletion essentially caused by Chlorofluorocarbons
(CFCs), NOx, and halons can cause s many harms to a range of living been as well as
an increase of skin cancer, immune system damage and eye cataracts for human. The
full recovery of such a layer that is predicted to happen in 2050 is deeply affected by
climate change (Dincer, 1999).

Naturally, to outcome such harmful and dangerous effects an ongoing research for
alternative sources precisely renewable sources is taking place world widely. Efficient
utilisation of such energy resources, mainly solar energy has witnessed an increasing
endorsement as a promising sustainable key to environmental concerns and alarming global
warming effects. The utmost solar advantage over other energy is meanly the fact that solar is
the cleanest source with the ability to supply demands without any impact or environmental
pollution. There several applications in which the solar energy can be exploited such as food
growing, drying, water desalination, building cooling and heating in both active and passive
ways, electricity generation, and engine and pump operating. Many alternatives to polluting
fossil fuel sources exist such as wind, tidal, hydraulic, and biomass; the decision for which
energy shall be used in every case depend on environmental, economic, and safety basis
(Kalogirou, 2004). However, even when the cost is slightly higher, it is widely common to be
more bias toward solar energy as an alternative due to both environmental, economic and safety

aspect of this source.
Solar thermal energy is the conversion of radiation into heat. It is associated to the most
cost-effective alternative source among renewable technologies with a potentially huge global

market. This energy covers a range of application that includes water heating, building heating
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and cooling, and industrial process heating, representing up to 90% of the solar installed world

capacity.

1.2 Collectors: History and classification

At 212 BC, Archimedes the Greek scientist discovered a method to set the roman fleets
on fire, the attack was carried by the help of a concave metallic mirror composed of a hundred
of polished shields that concentrate and reflect solar radiation towards the same ship. This
attack made the Roman believe that they were fighting against the gods according to Plutarch
(AD 46-120). The question is whether Archimedes possess enough optic science and physique
knowledge to harvest and use solar radiation to the point of setting fire from a far point since
no copy of Archimedes book “On burning ships” survived. Yet what is intriguing is that the
very first application of solar energy consisted of concentrating collectors which are by their
nature (accurate shape and requirement to follow the sun) somewhat harder to apply (Anderson,
1977). In the 18th century, solar furnaces were used all over Europe and the Middle East. They
were composed of polished iron, mirrors and glass lenses were able to melt different metals
such as iron and copper. It was reported that the furnace developed by French scientist Antoine
Lavoisier was composed of 1.32 ml and a secondary 0.2 lens could reach up to 1750°C. The
developments of solar reflectors technologies have led to the continually increasing ability of
these technologies to concentrate and harness solar energy for multiple applications that
includes electricity production (Kalogirou, 2004).

The development of concentrating solar power field that relies on solar reflectors gained
special attention after the oil crisis between 1973 and 1979 where CSP (concentrated solar
power) was viewed as possible solution to face energy dependency. Early research focused on
developing parabolic through and dishes for solar energy generation, mainly electricity. Solar
collectors and storage components are the mandatory component of solar thermal application.
For highly efficient functioning, solar reflectors are required to have an excellent optical
performance with the ability to absorb an important amount of radiation while storage systems
are required to have a high thermal storage density and an outstanding heat transfer rate (Meinel
and Meinel 1976).

Solar collectors are classified under two categories (Fig.5); collectors with no sun

tracking systems where the interception area correspond to the absorbing area and the reflectors

with sun tracking system that are usually concave to better intercept and fully focus the
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radiation towards a receiving end thus increasing heat flux allowing the thermodynamic cycle

to achieve better Carnot efficiency while working with high temperatures.

Solarthermal energy collectors ]

Stationary reflectors ] Collectors with sun tracking system ]

& ™

Linear Reflector —

*[ Compound parabolic collector ] f

Heliostat field collector —

Parabolic through collector |

_[

Flat-plate collectors ] Parabolic dish reflector -

Scheffler reflector —

Figure 5. Classification of solar reflectors

However, it should be noted that most of those systems are used mainly to heat the water

or other substance considered as the medium of heat transfer. Solar collectors are not only used

for electricity generation but also to generate thermal energy for industrial processes. This

application aim to both reduces dependency on fossil fuel resources and minimizes greenhouse

emissions such as CO2, SOz, NOx (Kalogirou, 2004). Some solar thermal applications in the

industrial sectors are listed below.

Water heating/ steam generation
Dehydration and drying processes
Cooking/Preheating
Pasteurization/ sterilization
Washing/ cleaning

Chemical reactions

Extraction

This review is mainly focused on thermal solar energy reflectors and their application

in the agro-alimentary industry which include cooking, drying and extraction.
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2. Solar energy in Food process Engineering

In pre-historic ages, the competition of food urged the processing of food to preserve it
for longer times. Nowadays, the processed foods that are flourishing in supermarkets are
modern processed foods and traditional foods, but their manufacturing, processing and
packaging technologies have been advanced and rationalized to an incomparable extent. The
principle aims of these technologies are to reduce the processing time, save energy and improve
the shelf life and quality of food products. Thermal technologies (radio frequency and
microwave heating), vacuum cooling technology, high pressure processing, pulsed electric
field, and solar energy are those novel technologies who have potential for producing high-
quality and safe food products but current limitations related with high investment costs, full
control of variables associated with the process operation, lack of regulatory approval and
importantly consumer acceptance have been delaying a wider implementation of these
technologies at the industrial scale. In recent years, solar food processing represents an
environmentally developed technique that provides a high food quality at an almost negligible
or minimum cost; it has a very wide scope in food disinfection, shelf life allowance, drying,
cooking, and substance quality improvement (Aravindh and Sreekumar, 2015). Solar food
processing is not a new technique; in fact, this practice goes back to early ages with known
process such as solar cooking and solar drying, in times where preservation was by adding salt
(Claflin and Schollers, 2012). There are many potential applications of solar energy in food

processing of which a number are discussed in table 1.
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Table 1. Examples of solar energy applications in food processing

Application Solar principle Advantages Disadvantages Products References
Cooking Uniform Less time Needs direct sunlightto Meat and Sharaf(2002)
heat transfer Efficient operate legumes
Can’t function during Rice, Buddhi (1997)
cloudy days vegetables,
Suitable for cooking meat, bake
for only a fraction of cakes
each day.
Needs adjustement to Meat and Nahar (1990)
keep it aligned with the  vegetables
sun
Scheffler dish direct ~ Short time Needs direct sunlightto  Meals Indora&Kandpal,
convenience of operate 2018)
Scheffler dish cooking in kitchen  Can’t function during
indirect direct (via under shade, cloudy days
solar steam automatic sun Suitable for cooking
generation) tracking for only a fraction of
fast rate each day.
Husking Photovoltaic Decrease energy  Only functional for 6 Rice Uddin et al.
electricity consumption hours daily (2017)
attenuate health The husked rice
hazards and quantity per month is
environmental less than the grid
impact powered rice husking
system
Drying Uniform heat transfer  Less time Waste heat Dehydrated Yaldyz and

Open sun

Improving quality
Improving heat
transfer
Characteristic
drying curve

Cheapest method

Not a suitable option
for large scale drying
Usually requires an
adittional energy
source

Long drying time
Possible infection of

the end product

products (fruits,

vegetables, etc.)

Medicinal plants

Turmeric

Ertekyn (2001)
and Akpinar and
Bicer (2008)
Idlimam et al.
(2016)

Lakshmi et al.
(2018)

Pasteurization

Thermal energy

Efficient

Needs direct sunlight to

operate

Milk, water and

juices.

Atia et al.(2011)
and Caso et
al.(2008)
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2.1 Extraction

Extraction has been used probably since the discovery of fire. Egyptians and Phoenicians,
Jews and Arabs, Indians and Chinese, Greeks and Romans, and even Mayas and Aztecs, all
possessed innovative extraction and distillation processes used even for perfumes or food.

The development of extraction technologies is an essential element to improve the overall
performance and quality of the essential oil. Traditional technologies for treating essential oils
are of great importance and are still used in many parts of the world. Hydro-distillation, steam-
distillation, maceration are the most used traditional methods. Maceration is adapted when the
yield of distillation oil is low. Distillation methods are suitable for powdered almonds, rose
petals and rose flowers, while solvent extraction is suitable for expensive, delicate and
thermally unstable materials such as jasmine, tuberose and hyacinth. Hydro-distillation is the
most preferred method of producing lemongrass oil from plant material.

Several studies have found that the effect of distillation time modifies both the essential
oil content and the composition for several aromatic plants (Kumar et al., 2016; Bousbia et al.,
2009). Researchers have also shown that the extraction method influences the composition and

yields of essential oils as well as the antioxidant and antimicrobial properties.

2.1.1 Conventional extraction techniques

Essential oils are defined as products extracted from natural plants by physical means
such as distillation, cold pressing and dry distillation. However, the loss and degradation of
some unsaturated components by thermal effects or by hydrolysis can be generated by these
conventional extraction techniques.

» Hydro-distillation

The material is completely immersed in water, which is boiled by applying direct fire
heat (or other energy source). The main feature of this process is that there is direct contact
between boiling water and plant material. The distillation stills (alembic) are the simplest type
and are widely used by small producers for essential oils extraction. The disadvantages of this
technique are related to uncontrolled heat meaning that distillation rate is variable. Also, there
is a possibility of local overheating and "burning” of the raw material which can lead to low
quality oil. Another disadvantage of this system is that it requires the heating of a large amount
of water in addition to the cost and time required for each distillation (Sovova and Aleksovski
2006).
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» Steam-distillation

There are two types of steam-distillation. water/steam distillation and direct steam
distillation (figure 6). Water/steam distillation is an improved method of distillation; the still
contains a grid that keeps the plant material above the water level. The water is boiled under
the plant material, the steam passes through it. During distillation, only very small molecules
can evaporate, so they are the only ones to leave the plant. These extremely small molecules
constitute the essential oil. This process involves the use of steam to filter and evaporate the
essential oils of the plant material, resulting in the condensation of steam and essential oil
before separation. The most advanced type of distillation is direct steam supplied by a separate
boiler. The alembic contains an open steam pipe from which the steam is supplied. The

advantage of this type of “dry” steam distillation is that the process is relatively fast; therefore,

the loading and emptying of the still is much faster and the energy consumption is lower (Khan

and Dwivedi, 2018; Yadav et al 2017).
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Figure 6. Diagram of distillation processes by steam distillation: 1 - direct steam distillation 2

- water / steam distillation.
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» The hydro-diffusion

Unlike steam distillation, the injected steam travels from the top to bottom of the alembic.
The steam and essential oil are directly condensed under the plant support through a perforated
tray. The way of separating HE is the same as that of other distillation methods. This method
makes it possible to reduce the steam consumption and the distillation time with a better yield

compared with the steam distillation.

» Cold-pressed

The term cold pressed is used to obtain citrus essential oils, such as bergamot, grapefruit,
lemon, lime, orange and mandarin oils. In this process, the outer layer of the skin of the fruit
containing the oil is removed by washing. Then the whole fruit is squeezed to extract the juice
from the pulp and release the essential oil. The essential oil rises to the juice surface and is
separated from the juice by centrifugation (Khan and Dwivedi 2018).

> Solvent extraction

Solvent extraction, also known as liquid-liquid extraction, is a separating method of a
compound based on the solubility of its parts. This is done using two liquids that do not mix,
for example, water and an organic solvent. This method is used in the treatment of perfumes,
vegetable oil or biodiesel. It is used on delicate plants to produce larger quantities of essential

oil at a lower price (Khan and Dwivedi 2018).

2.1.2 Innovative extraction techniques

Traditional essential oils and bio-compound extraction methods are relatively simple but
have several drawbacks: long operating time, high energy consumption, and the risk of thermal
degradation and hydrolysis of aromatic molecules that can give the essential oil a different
smell from that of the raw material. Conventional solvent extraction processes require a very
long treatment time and can result in the loss of volatile compounds upon removal of the solvent
coupled with the presence of the residual solventin the extracts. Because of the disadvantages
of these conventional techniques, food manufacturers have nowadays directed their focus
towards researching new treatment technologies (Sahraoui et al., 2016). Among those
extraction techniques developed in recent years, there are:

» Extraction by supercritical fluid
Supercritical fluid extraction by carbon dioxide is a new extraction method using carbon

dioxide gas, which is kept under high pressure and at a constant temperature.
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The plants are placed in a stainless-steel tank. The carbon dioxide is injected into the
tank, thus increasing the pressure inside the tank. Under this high pressure, carbon dioxide
turns into a liquid and acts as a solvent to extract essential oils from plants. When the pressure
decreases, the carbon dioxide returns to the gaseous state, leaving no residue. The equipment
used for this process is very expensive, as are the resulting oils. Carbon dioxide extractions
have aromas that are cooler, cleaner and crisper than steam-distilled essential oils and smell
more like raw plants because no intense heat is used. This extraction method produces a higher
yield. Many essential oils that cannot be extracted by steam distillation can be obtained with
the extraction of carbon dioxide. Nevertheless, this technique is very expensive and difficult to
manage (Khan and Dwivedi 2018).

» Microwave assisted extraction

Microwaves are electromagnetic radiation with a frequency between 0.3 to 300 GHz. In
order to avoid interference with radio communications, household and industrial microwaves
that typically operate at 2.45 GHz (Kaufmann and Cristen, 2002). They are a non-contact heat
source that allows more efficient and selective heating. With the help of microwaves, the
distillation can now be completed in minutes instead of hours, with various benefits that are
consistent with the principles of green extraction chemistry. This technique provides a greener
implementation strategy through minimizing of solvent usage, energy, waste, CO2 emission
and toxicity. In this method, the plant materials are extracted in a microwave reactor either with
or without organic solvents or in water under different conditions depending on the
experimental protocol. According to the literature, the technique has been applied for the
extraction of different organic compounds such as flavonoids, polyphenols and caffeine (Azmir
et al, 2013). For the extracted essential oils, it was found that it has organoleptic properties very
close to the original natural materials. In addition, the occurrence of thermal degradation
decreases due to the low extraction temperature. Moreover, there are several modern
microwave-assisted techniques, such as hydro-distillation, hydro-diffusion, and microwave
turbo-distillation, as well as simultaneous microwave distillation with a micro-wave that

shorten treatment time and lower the solvent consumption (Li et al 2013).

» Ultrasonic extraction

Ultrasound have a significant potential process in the chemical and food industry. Using
ultrasound, for extractions purposes can nowadays be completed in minutes with high

reproducibility and purity of the final product, less solvent, simple manipulationand work-up,
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and no post-treatment of waste water. Compared to conventional extraction method such as
Soxhlet extraction, maceration or Clevenger distillation, ultrasound consume less energy.
Several classes of food components such as aromas, pigments, antioxidants, and other organic
and mineral compounds have been extracted, analyzed and formulated efficiently from
numerous matrices mainly animal tissues, microalgae, yeasts, food and plant materials (Chemat
et al. 2017). In general, ultrasonic assisted extraction has been developed to increase extraction
yields and reduce energy consumption, while simultaneously improving efficiency and

reducing the extraction time.
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Figure 7. A-scheme of microwave apparatus, B-Scheme of ultrasound apparatus

The cavitation bubbles generated during ultrasonication creates micro-jets intended to
destroy the glands that contain the essential oils in order to facilitate mass transfer and the
release of essential oils from plants. This cavitation effect dependent strongly on the operating
parameters (ultrasound frequency and intensity, temperature, treatment time, etc.) those
parameters are essential for effective design and operation of sono-reactors. According to
literature, the essential oils obtained by ultrasound-assisted extraction showed less thermal

degradation, high quality and good flavour with high yield (Shirsath et al., 2012).
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> Solar extraction

Solar energy is a clean source, and since the sun provides more energy than necessary, it
is therefore constructive to develop adaptable systems for various uses that consume this

abundant energy such as extraction (fig. 8).

Many solar systems have been developed to ensure an efficient solar extraction process.
Yen and Lin (2017) propose a solar extraction system composed of a solar energy tube, solar
cell as well as a sunlight shade coupled with a temperature controller to regulate the intensity
of solar rays for an approximate extraction temperature of 100 °C, and an essential oil
collection unit with the following component, a collecting bottle and a cooling tank with a
thermo-electrical cooler. The energy for both regulating the temperature via the shading and

cooling is delivered by a battery.

Munir et al. (2014) proposed a different solar system using Scheffler reflector, this fixed
focus concentrators are successfully used for medium temperature applications in different
parts of the world. Thesy are taken as lateral sections of paraboloids and provide fixed focus
away from the path of incident beam radiations throughout the year. Their automatic tracking
system with a stationary focus point has made it even more attractive for decentralized
industrial applications in underdeveloped areas, where there is no electricity or fossils fuels
availability. On of those application is the processing of aromatic and medicinal plants
composed of a parabolic reflector (Scheflor reflector) with an area of 8 m? composed of mirrors
with an electronic and mechanical system for the daily and seasonal monitoring of the sun
which reflect the sun's rays towards an aluminium secondary reflector, This frame is curved in
such a way that it reflects the total radiation from the main reflector on the bottom of the

distillation still; therefore, the secondary reflector is used as a conventional oven under the still.

Kulturel and Tarhan (2016) proposed a similar solar apparatus also used for the essential
oil distillation; which was composed of multiple compound parabolic solar collectors as well
as a distillation unit. The solar collectors were used to transfer the heat from the heat transfer

oil that was circulated by a pump from the solar collectors to the distillation water (Table 2).
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Table 2. Solar extraction of aromatic and medicinal plants

Application Matrix Treatment Benefits (B) and References
conditions Disadvantages (D)
Essential oil extraction ~ Cymbopogon Hydro-distillation  B. Similar extraction Yen and Lin
citrus T.100+5°C yields with hydro- (2017)
Cooling T.4 £ distillation.
0.5°C Citral extracted by solar
energy is higher
D. Needs additional
energy
Essential oil extraction ~ Melissa Steam distillation  B. The payback period is Munir et al.
Peppermint ~ Temperature 2336 sunny hours. (2014)
Rosemary range (300 to Reducing fossil fuel
leaves 450°C) consumption D. needs
Cumin S=8m? solar tracking
(Seed) Direct solar radiation
Cloves
(buds)
Deodorization priorto ~ Rosemary Steam-distillation ~ A. Deodorization of Hilali et al.
solvent extraction and leaves S=10 m? rosemary leaves D. needs (2018)
essential oil extraction solar tracking Direct solar
radiation
Essential oil yield of solar
and conventional process
is relatively similar
Bio-refinery and Orange peels  Hydro distillation ~ A. Valorization of orange  Hilali et al.
essential oil and pectin S=10 m? peels (2019)

extraction

D. needs solar tracking
Direct solar radiation.
Essential oil yield of solar
and conventional process
is relatively similar

Essential oil extraction

Eucalyptus
Peppermint
leaves or
Pinus

Steam distillation
S=10m?

B. Reducing fossil fuel
consumption

D. needs solar tracking
and additional source of
energy

Afzal et al. (2017)

Essential oil extraction

Mentha
piperita
Mentha
spicata

Steam distillation

B. No solar tracking
D. electricity is needed to

operate the heat transfer oil
pump. Essential oil yield is

lower than the one
extracted by Neo
Clevenger device.

Kulurel and
Tarhan (2016)
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Existing extraction technologies have considerable technological and scientific
bottlenecks to overcome often requiring petroleum solvents and more than 70% of total process
energy.

These shortcomings have led to the consideration of the use of enhanced extraction
techniques, which typically require less solvent and energy, such as solar extraction and/or
distillation (Chemat and Strube, 2015).

Figure 8. Solar distillation and extraction of aromatic and medicinal plants (French, 1651)

2.2 Solar Cooking

Cooking is a necessity for human all over the world; this imperative practice presents an
important energy consumption share, thus the critical need to find affordable and appropriate
alternatives to use especially in developing countries. Considering the current global discussion
on environment and energy, renewable alternatives have gained much attention as a solution
for both issues. Solar energy has proven it worth as it was able to meet a large share of
population energy demands such as cooking. Most courtiers, particularly developing countries
are usually blessed with an abundant amount of solar energy, having more than 275 sunny days
a year (Wentezel and Pouris, 2007). Consequently, solar cookers offer an adequate alternative

in the domestic sector mainly in such environment.
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In fact, solar cookers are among the most promising application of solar energy especially
in the domestic sector giving that the cooking demand represents 36% of the total primary
energy consumption (Herez and al., 2018). They represent smoke-free solutions for cooking
used in order to reduce the consumption of firewood or conventional fuel and are well
recognized by various national and international organizations (Table 3).

The technology has multiple advantages such as labour reducing, no frequent cost and
high food durability and quality. However, Despite of numerous efforts, the widespread use
of solar cookers has yet to become possible due to diverse reasons that including the
impossibility of using the system during period that lacks sufficient radiation for cooking, high
prices, the necessity of specific cooking tools (Nkhonjera et al. 2017), as well as the high initial
cost compared with traditional cooking devices.

Taking all those concerns into consideration, researchers have developed multiple types
of commercials cookers designs that can attract economically and, in a way, help the uneasiness
towards this technology. Promoting such technology will not only lessen the dependency on
conventional fuels but will also reduce CO2 emission. Even though solar cooking goes back to
1650, it was only given attention after World War 2, where the disastrous outcome included
fuel shortages took place (Laird, 2005). In fact, the first known person that created a solar
cooking box was a Swiss naturalist called Horace de Saussure also known as the grandfather
of solar cooking and he published his work in 1767 (Wentzel and Pouris, 2007). Researchers
have concluded through the years that well-built and designed solar cookers do not only
provide nutritiously cooked food but are also user friendly. Solar cookers offer undoubtedly an
efficient cooking technique, however, there is still an uneasiness to accept such technology

especially since the market provide low-cost alternative.
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Table 3.Comparison between modern and traditional cooking techniques

Traditional Modern
Three- Mud Firedclay  Electric Gas fuel Liquid fuel ~ Solar cooker
stones
Source of Wood  Wood Wood Electricity  Liquefied  Kerosene/ Solar rays
and/or petroleum ethanol...
energy charcoal gas
Efficiency Very Low Low Very High  Very High  Very High time-
low variations of
the
efficiency
Environmental Very Very High Very High  Low High high Very low
High
impact
References Mac Anozie et Manibog  Anozieet Mac Carty Mac Carty Oztiirk
Carty al. (2007) (1984) al. (2007) etal. etal. (2010) (2004)
etal. (2010)
(2010)

The characterization of solar cooker as well as their performance is a complex and
difficult tasking due to the variety range of available cookers and their operation. They can be

classified based on the used solar collector (Farjana et al., 2018) as shown in table 4.
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Table 4. Classification based on solar collectors

Solar collector Description Indicative References
Temperature

Non convecting Stationary 300 < T < 360 Farjana et al. (2018)

Solar Pond

Cylindrical Motion-Single 340 < T <540 Farjana et al. (2018)

Reflector Axis/Solar tracking

Compound Stationary/Motion- 340 <T<510,340 Oommen and

Parabolic Collector  Single Axis/Solar <T <560 Jayaraman (2002)
tracking

Fresnel Reflector Motion-Single 340 < T <540 Sonune and Philip
Axis/Solar tracking (2003)

Parabolic Reflector ~ Motion-Single 340 < T <560 Farjana et al. (2018)
Axis/Solar tracking

Flat-plate Absorber  Stationary 300 < T <350 Farjana et al. (2018)

Spherical Bowl Motion-Single 340 < T <1000 Farjana et al. (2018)

Reflector

Axis/Solar tracking

Parabolic Dish
Reflector

Motion-Single
Axis/Solar tracking

340 < T <1000

Farjana et al. (2018)

They could be also classified based on the type of cooking methodologies (Klemens
and Da Silva, 2008) as presented in table 5.
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Table 5. Classification of solar cookers based on the cooking methods

Solar cookers

Collector type Methods

Concentrating (Disk type) Transmitting concentrator The concentrated solar rays are

. reflected to the pot
Reflecting concentrator.
e Parabolic
e Cylindric
e Spherical
e Frensel

Non-concentrating (Box type) Withreflector The pot is placed in the

. collector.
Without reflector.
e Single
e Double
e Multiple

Indirect use

Steam based the energy is transferred by a
Chemical based heat transfer medium
CPC

Organic fluid

They can also be classified based on whether they possess a storage unit. In this case they

are divided into two groups Figure 8.

e Solar cooker without storage system.

» Solar cooker-Direct type.

Box type solar cooker (either with or without reflector). Composed of both
an insulated box and a single or double transparent glass or plastic window
made up of glass or plastic. Solar rays cross the window and get absorbed
by the cooking kit (cookers walls and the bottom). For the heating effect to
take place effectively the interior part of the box as well as the pots designed
for cocking shall be painted in. The window offers greenhouse effect thus
trapping the solar radiation inside the cooking apparatus and with that
heating the air (Mahavar et al., 2013; Harmin et al 2013; Kumaresan et al.,
2015). A reflector can be placed additionally as to reflect solar rays.
(Arabacigil et al., 2015).
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- Concentrating type (either from above or below). Composed of parabolic
reflector and a cooking pot placed on the cooker focus point, this type cooks
food by directly by absorbing the solar radiation heat from without any
relying on any objects between the sun rays and the cooking pot (Panwara
et al, 2012). It is based on solar optics principals that allow the
concentrating of direct solar radiation onto the bottom or the top of the
cooking pot to attain exceedingly high temperatures (Kumaresan et al.,
2015).

» Solar cooker-Indirect type. It is composed of a collector that collects the heat from
the solar radiation and a cooking unit that uses this heat. The cooking parts is
protected and separated from radiation; the heat in this system is transferred from
the collector via a heat transfer fluid (a small pump may be utilized for the
circulation of the fluid) they are categorized based on the type of collector either
flat plate, evacuated tube or compound parabolic (Kassem and Youssef, 2011).

e Thermal storage system for solar cookers.
In order to cook food in periods that lacks sunlight, solar thermal energy storages systems were
designed for solar cookers to enhance their efficiency and usefulness. It is feasible to cook in a
separate place or to store energy during sunshine as are they are two options to store thermal
energy aimed for solar cooking purposes as either sensible or latent energy. The thermal storage
can increase solar cookers performance by optimizing the irregularity of solar radiation and
thus improve the process competitiveness.

» Solar cookers with latent heat storage. The system makes use of the energy stored
when a substance changes from one phase to another. Phase Change Material
(PCM) which allows a significant amount of energy storing over narrow
temperature range. They are now for their high thermal energy storage capacity,
they could absorb energy during heating process and release it to the environment
during cooling process (Muthusivagami et al., 2010)

» Solar cookers with sensible heat storage. is considered as the simplest storage
methods for thermal energy that occurs by raising solid or liquid temperature. The
heat transfer fluid heated by solar radiation in the collector crosses towards to the
cooking unit. Part of its sensible energy transfers towards to the double-walled
cooking pot. The key sensible heat compounds that increase the heat capacity with
temperature for energy storage are water, oil, iron and rocks that have increasing

heat capacity with temperature.
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Storing thermal energy may allow cooking at night maintaining food warm and
decreasing the time needed to reach high temperature in short time. However, there
are limitations related to this system mainly the fact that most materials have small

capability to store sensible heat (Mawire et al., 2014).
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Figure 9.Classification based on the storage system
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2.3 Solar drying systems
e Drying definition.

Drying is one of the oldest methods of preserving food and can be specified as a
simultaneous heat and mass transfer operation in which water activity of a foodstuff is lowered
by the removal of water by evaporation into an unsaturated gas stream. The conventional
method of air drying is represented by a typical drying curve of a food product. This drying
phenomenon is subdivided into three stages. During the first stage, the drying rate is constant
because the surface of the product contains free moisture. In the second stage, moisture is
transported from the inner of the product to the surface, and the critical moisture content is
reached, this is called the first falling rate period. In the second falling rate period, there is a
slow diffusion of water to the inner surface leading to desorption and diffusion through pores
to the surface.

Drying is used for the preservation of food; it involves heating a product to evaporate the
water it contains (or another solvent). There is a distinction between boiling and entrainment
drying. Boiling is when the product reaches the boiling point of water. During the drying by
entrainment the product to be dried is brought into contact with a current of hot air. The warm
air transmits some of its heat to the product that develops a partial water pressure at its surface
greater than the partial pressure of the water in the air used for drying. This pressure difference
causes a transfer of material from the surface of the solid to the "drying agent". In order to dry
a product, liquid or solid, it is necessary to provide heat, energy. Overall, it is considered that
drying operations consume about 12% of the industrial energy used in the manufacturing
process (Brunetti et al. 2015). This part is important and it is vital to find ways to optimize
those processes, in both economic and ecological approach.

The open solar drying is a traditional solar drying method established for food
preservation techniques was defined by Brenndorfer et al. (1987) as the direct spreading to the
sun of a product on a flat surface since the later is heated by direct sun radiation and the
moisture is reduced by natural circulation not requiring any additional source of energy making

it the cheapest method.
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This method is however time, space and labour demanding and has many limitations.
The product only absorbs a portion of the radiation and reflects the rest additionally the
technique does not preserve the quality of the food since it is an unprotected environment and
can be infected by insect, dust, dirt, and animals which may lead to negative effect on the
economic value of the product. Therefore, it is best to use solar-energy systems. (Lahsasni et
al. 2004;Visavale 2014)

e Solar-energy drying systems: History and classification

Human have discerned since prehistoric ages the sun as the engine responsible for all-
natural phenomenon; thus, explaining why certain tribes viewed the sun as a god. It was even
emphasized in some ancient scripts that the great pyramid in Egypt was rather build as a
stairway to reach the sun. This is mainly due to the variety of useful utilization of this renewable
source. Drying under open sky is one of the oldest solar utilization methods used for food and
crops preserving practiced since ancient times. It is process based on product heating till water
contained evaporation not to confuse with boiling that refers water reaching it boiling point.
Solar drying is described as a synchronized operation of heat and mass transfer marked by a
lowering of the water activity of a foodstuff due to water removal by evaporation into an
unsaturated gas stream. The air-drying process is represented by a food product typical drying
curve divided into three stages (Purohit et al, 2006; Tiwari, 2016). Within the first stage, since
the product surface contains free moisture the drying rate is constant. During the second stage,
also called the first falling rate periods, is marked by moisture transportation from the inner to
the surface of the product thus reaching the critical moisture content. The third and final stage
named also the second falling rate period where a slow diffusion of water took place to the
inner surface that leads to both desorption and diffusion through pores to the surface.

Nevertheless, the process presents many disadvantages mainly deterioration of the
product due to several effects such as rain, moisture, dust, insect, animals, fungi, etc. This
means that the final product quality will not be protected thus leading to even economical
negative effects. Not to forget that the drying process call for an intensive labour, is time
consuming, and require an immense spreading area. Even if artificial mechanical drying is

used, it is still expensive and energy consuming.
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Considering the previously discussed issues it is better to use solar-drying systems. While
the system may have many advantages it also has numerous limitations since it can be only be
used during day time when enough solar energy is present meaning that it is less efficient
compared to modern type dryers and need a backup heating system.

Thus, even where there is a demand for technical changes toward green alternatives,
consumers, industrials and farmers may find it difficult to adopt the solar recommended
technologies, because of economic problems, labour constraints, or lack of materials. To
promote solar drying, due to its known potential, some governments are providing financial
and technical assistance to the emerging entrepreneurs in this field (Tiwari, 2016).

The process of drying involves using heat to extract product moisture and air to carry the
resulting vapour. For ambient conditions, the procedure carries on till the product held moisture
vapour pressure equals the atmosphere pressure.

Solar-energy drying systems are normally classified by both the heating and heat
utilization modes. In general, there are two major groups as shown in figure 10 (Ekechukwu
and Norton 1999) :

« Active solar-energy dryer (hybrid);

« Passive-energy Dryer (natural-circulation).

Each of them is sub-categorized in three classes.

* Integral-type solar dryers;

« Distributed-type solar dryers;

» Mixed-mode solar dryers.
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Figure 10. Solar drying techniques

2.4 Solar pasteurization

Pasteurization is defined as heating food process with as purpose to kill and eliminate
harmful organisms while reducing the banal flora (Caso et al., 2008). Researchers were
interested in developing and designing pasteurization systems that obtain their thermal energy
from a green source that is why they turned to solar. First studies focused on water
pasteurization knowing that diseases caused by water are the reason behind five million deaths
per year (Burch and Thomas, 1998). Solar pasteurisation has been established as a very low-
cost disinfection method to produce drinking water out of non-turbid fresh water. Nonetheless,
solar pasteurisation is not that easy to implement and monitor, thus explaining why the method
is not yet a wide spread method for point-of-use water treatment.

Further studies also focused on milk pasteurization as an energy consuming process.
Milk is obtained from Cows, buffalos and goat and is a fundamental product for human

nutrition and growth.
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However, raw milk should not be consumed directly by a person since it can carry
harmful bacteria notably Salmonella, E. coli, Listeria, Campylobacter and can causes
foodborne illness, frequently refered to as food poisoning. Hence, milk heating is required at
precise temperature to kill bacteria and harmful microorganisms (Panchal et al. 2018).

Harvesting the sun's energy for such application may represent a rational solution to
resolve the energy problems caused by fuels scarcity and unsustainable nature. Table 6 depicts
certain applications of solar pasteurization.

Table 6. Applications of solar pasteurization

Used system Aims and finding Reference
Pasteurizer unit e Experiments on solar pasteurisation Stabile (2001)
(Solar Milk Minder) system by supplying hot water
used for heat eEvaluating the effectiveness of a
treatment of waste batch pasteurizer unit housed on a
milk. local dairy farm to kill M.
paratuberculosis in waste milk fed
to calves.

e generating a clean product to feed to
young calves

Low-cost Fresnel e Pasteurising goat milk. Franco et al. (2008)
lens concentrator o1 h is required for pasteurising of

101 | of milk.
Flat plate collector e Pasteurization of animal milk. Zahira et al. (2009)

e 65-70° is the best temperature for
pasteurization
Flat plate collector  elow-cost solar milk pasteurizer Obuoro et al. (2011)
could be efficiently used for arid
and remote areas where electricity
or gas is not available

3. Environmental impacts using solar energy

Two main environmental impacts can be easily identified, the first one is the mitigation
of deforestation giving; indeed the annual consumption of forests is at a rate of 1.3% of the
total forest area which stand for (10-15 million hectares per year) and fuel wood gathering
represents a major compounds in this equation (Manibog, 1984). Another example is the Sub-
Saharan countries with 70% of their energy derived from wood fuel and it is mostly used for
cooking purposes (Mwampamba, 2007). The second one is reducing global pollution as well
as its effects on human health. In fact, the exposure to cooking fuels was found to be a major

cause of respiratory symptoms which includes also chronic bronchitis (Behera et al., 2001)

37



Solar technologies are known as green, clean, and renewable energy source that provide
significant environmental benefits compared to the conventional energy sources; however,
these systems are not perfect and they often exhibit some negative yet minor environment
impacts during their operational process.

» Land Use and Thermal Pollution. The large covered land ecosystem and productivity
as well as the thermal balance can be affected (Tsoutsos et al., 2005). There is also the
possibility of accidentally burning or polluting the surrounding area.

+ Visual Impacts. Visual impacts are related to the reflectivity of the used solar system
coupled with visual pollution.

« Impacts on Natural Resources. Solar energy systems have negative environment
impacts during their production since they still use conventional energies for
manufacturing.

 Air Pollution. Emissions are produced during both manufacturing and transportation.

4 HACCP and HAZOP considerations using solar energy

HACCP (Hazard Analysis and Critical Control Points) concept is a systematic approach
to food safety management based on 7 recognized principles designed to identify and prevent
the hazards likely to occur at any stage in the food supply chain (Sicaire et al. 2017). A critical
control point (CCP) is a step in the flow diagram of the food process at which control measures
can be applied. These CCPs are essential to prevent or eliminate a food safety hazard or reduce
it to an acceptable level. Solar energy is nowadays used in many unit operations during food
processing considering their physical effects for extraction and drying, but also considering
their biological effects for pasteurization for example. However, the use of solar energy in food
engineering requires the setting-up of an HACCP program in which the CCPs are identified,
so that potential hazards in producing a safe quality product can be controlled. In the solar
energy treatment, the critical processing factors are assumed to be the time of exposure/contact,
the volume of food to be processed, the composition of the food, and the temperature of the
treatment.

Hazard and operability (HAZOP) study is a formal, systematic, logical, structured
investigative study for examining potential deviations of operations from design conditions

that could create process—operating problems and hazards (Sicaire et al. 2017).
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The main hazard the users may face is from accidental contact exposure to the solar
irradiation and high temperature. Direct contact exposure can cause tissue injury for the
operator. High temperature induced by solar energy can cause burns, and be a potential fire

hazard. Irradiation with UV could imply damages to the eyes.

Conclusion
Due to the global warming, energy scarcity, and environmental impact of fossil fuels;

solar energy become very a very attractive alternative. Solar energy is a renewable source of
energy available freely. It can be harnessed either by solar thermal and solar photovoltaic

technologies.

This part presented a simple comprehensive review of various applications of solar
thermal technologies. Starting from the most established technologies such as cooking and
drying to new applications mainly solar pasteurization and extraction. From what we could
find in the literature, solar extraction had a significant potential, however it was only used for
essential oil extraction. Starting from this point the aim of our study was to develop a process
in which essential oil and bio-active compound extraction could be feasible for a set of

matrices.
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Part II: Material and
Methods



This part describes raw materials, chemicals solvents, standards, experimental methods
and protocols (used for the analysis), as well as microscopic techniques (used to understand
the impact of solar extraction on rosemary leaves). The solar and conventional processes used

for extraction and drying are also depicted in this part.

1. Plant materials

The studies have been performed, in this study, mainly on two matrices: Rosemary
(Rosmarinus officinalis L.) and orange peels. These plant species were selected for two main

reasons.

e They present two different categories. Rosemary is an aromatic and medicinal plant
while orange peels are considered as citrus fruits processing by-product.

e Both are rich in bio-compounds and have a significant valorisation potential.

The leaves of spontaneous plants of rosemary (Rosmarinus officinalis L.) were collected
in 2017 Taourirt city (altitude 394m) located in the northern part of Morocco (Oriental region).
Leaves moisture after air drying was 4.72%.

As for oranges (Citrus sinensisL.), they were purchased from a local supermarket in
Marrakech province (Morocco). The fruits were manually pressed to extract orange juice; the
left out orange peels had 63% moisture content and were submitted to a hydro-distillation
extraction by both a conventional and a solar distillation process. The experiments were carried
in triplicate with a ration of 1.5 (peels. water) and an orange peels weight of 5009 per

experiment.

2. Chemical and reagents

Solvents and chemicals used for the experimentation and analysis are presented in this
section. For extraction in both the solar and conventional processes only distilled water was
used, however, for analysis, Soxhlet extraction, pectin quantification, and extraction prior to
antioxidant and total polyphenol and flavonoids content estimation numerous solvents were
used, such as acetone, ethanol, methanol acetone and ethanol (Table 7). It should be noted that

all solvents used for analysis (HPLC, and GC) were of analytical grade.
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Table 7. Solvents, reagents, and standards used for analysis and extraction

Type Provider and N° CAS
Solvents

Methanol (analysis) Sigma-Aldrich 67-56-1
Methanol (Analysis) VWR-67-56-1

Acetone (Analysis) Sigma-Aldrich 67-64-1
Acetone (Extraction) VWR 67-64-1

Ethyl Acetate (analysis) Sigma-Aldrich 141-78-6
Water (Analysis) Sigma-Aldrich 7732-18-5
Ethanol VWR 64-17-5

Reagent

DPPH Sigma-Aldrich 1898-66-4
Folin-Ciocalteu’sphenol Emsure Merck Millipore
Sodium carbonate (Na2C0O2) Sigma-Aldrich 497-19-8
quercetine Sigma-Aldrich 854061-97-8
Aluminium chloride (AICly  Fluka 7446-70-0
potassium acetate Sigma-Aldrich 127-08-3
Standards

Rosmarinic acid Sigma-Aldrich 20283-92-5
Carnosicacid Sigma-Aldrich 3650-09-7
Ursolicacid Sigma-Aldrich 77-52-1
Carnosol Sigma-Aldrich 5957-80-2
Hesperidin Extra-Synthese 520-26-3
Naruritin Extra-Synthese 10236-47-2

3. Extraction processes

This section aims to describe the extraction processes used for the experimental part with
special focus on solar treatments (Solar steam distillation used for rosemary leaves as a
deodorization process and solar hydro-distillation used for orange peels as a bio-refinery
process) compared to conventional processes (Steam and hydro-distillation). Experimental

conditions were selected based on the weather conditions for solar process.
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For each matrix a different process was considered (fig. 11).

e Rosemary leaves recovered after steamed distillation (solar and conventional) were
submitted to Soxhlet extraction to determine the content in rosmarinic acid, carnosic
acid, ursolic acid, and carnosol. This process was performed also on initial rosemary
(before deodorization) Acetone (100%) was used to determine the content in carnosic
acid, carnosol, and ursolic acid, while 35% ethanol was used to determine rosmarinic
acid content. The extraction process was carried out for 8 h, and each experiment was
performed in triplicate. To investigation of process-related structural impacts on
rosemary, studied leaves were submitted to fluorescent ad scanning microscopic
technique

e Oranges were manually pressed to extract the juice. The recovered orange peels were
coarsely ground (particle size between 4 and 5 nm, density about 0.45 g/cm3) and
submitted to both conventional and solar hydro-distillation extractions. To compare
the impact of solar extraction on different bioactive compounds, orange peels before
and after extraction were frozen, lyophilized, and extracted with methanol-water
(80:20).

To assess extraction efficiency of these processes, chemical analyses
(Spectrophotometric determination of antioxidants, total polyphenols and/or flavonid content,
HPLC, GC) as well as pectin extraction on orange peels were performed on solar and

conventional obtained extracts.

Finally, comparison between experimental results and investigations were made to draw
final conclusions on solar processes compared to the conventional extraction techniques (steam

and hydro-distillation). All experimental methods are detailed in this section.
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Figure 11. Extraction process schemes. 1-conventional steam distillation process, 2-solar

steam distillation process, 3-conventional hydro-distillation process, 4 solar hydro-distillation

process.
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3.1 Conventional extraction

For an accurate comparison, conventional extractions were carried with the same

operating conditions that have been used for conventional steam distillation (fig 11 scheme 1

and 3).

Clevenger Hydro-distillation for rosemary leaves in which five hundred grams of
rosemary leaves were submitted to hydro-distillation with 5L of water for 6 hours with
a Clevenger-type apparatus according to the European Pharmacopoeia (Conseil de
I’Europe, 1996). The collected essential oil was dried with anhydrous sulphate and
stored at a temperature of 4°C.

Conventional steam distillation used for rosemary leaves, this system consisted of water
boiling under the plant material, the steam passes through it. During distillation, only
very small molecules can evaporate, so they are the only ones to leave the plant. These
extremely small molecules constitute the essential oil. This process was considered for
deodorization since it involves the use of steam to filter and evaporate the essential oils
of the plant material, resulting in the condensation of steam and essential oil before

separation.

Hydro-distillation used for orange peels, this method meant that the material is
completely immersed in water, which is boiled by applying direct heat (electricity in
this case using a resistance). The main feature of this process is that there is direct
contact between boiling water and plant material. The distillation stills (alembic) are
the simplest type and are widely used by small producers for essential oils extraction.
The disadvantages of this technique are related to uncontrolled heat meaning that
distillation rate is variable. Also, there is a possibility of local overheating and
"burning” of the raw material which can lead to low quality oil. Another disadvantage
of this system is that it requires the heating of a large amount of water in addition to the

cost and time required for each distillation.

The aromatic steams resulting from both processes is condensed and recovered in a

Florentine flask. The extraction continued until no more essential oil was obtained. The

collected essential oil was dried with anhydrous sodium sulphate and stored at 4 °C until used.
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3.2 Solar extraction

Experimental solar steam and hydro-distillation setup is depicted in figure 12. The solar
energy extraction apparatus for the processing of aromatic and medicinal plants was placed at
the National Center for Studies and Research on Water and Energy, University of Cadi Ayyad
(Marrakech, Morocco). The solar system is mainly composed of a Scheffler fixed focus solar
reflector and a distillation unit, each of which has specific characteristics. The 10 m? parabolic
reflector is equipped with solar tracking system. The primary reflector rotates along an axis
parallel to the earth axis of rotation and keeps the reflected beam aligned with the fixed
secondary reflector as the sun moves. Its total area is covered with mirrors (reflectivity of 87%)
with as its purpose the reflection of most solar rays to the secondary reflector placed below the
alembic. This secondary reflector serves basically as a conventional oven. It is a steel frame
covered with seven sheets of aluminium with a 700 mm length and 100 mm width; this frame
is curved in such a way that it reflects the total radiation from the main reflector to the bottom
of the distillation still. The solar system is composed of the following; an alembic with a 400
mm diameter, 1020 mm height, and 2 mm thickness with a capacity of 15 kg of plant and 15 L
of water; a coil condenser, with a steel coil of 10 mm diameter surrounded by a stainless
cylindrical steel envelope with the characteristics of 250 mm diameter, 3 mm thickness, and
350 mm height; and a Florentine flask.

e For rosemary leaves. (SSD) the steam produced by solar heating of the alembic gets
charged with essential oil while crossing the plant, and then it is condensed before being
received by the Florentine flask. The extraction was performed during summer days
and was carried out until no more essential oil was obtained. The collected essential oil
was dried with anhydrous sodium sulphate and stored at 4 °C until used.

e Orange peels. The steam generated from the boiling of orange peels by the hydro-
distillation process is charged with essential oils that eventually get recovered after ¢

condensation.
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Figure 12. Solar distillation apparatus. (A and C) solar reflector; (B) solar apparatus; (D)

distillation unit.

3.3 Essential oil yield
The essential oil yield is estimated by the ratio of the masses of the essential oil over

the dried plant material weight. It is expressed in percent (%).
M
Yess = E'O/MDM X100 1)

Where Y, is the essential oil yield (%) Mg , Mass of the essential oil (g) and Mp,, is

the dry matter mass (g).

3.4 Solvent extraction
Soxhlet extraction or solvent extraction was performed in the case of rosemary leaves to
determine the content in rosmarinic acid, carnosic acid, ursolic acid, and carnosol in raw
materials via HPLC-DAD (fig.13). This process was done on initial rosemary before any
deodorization and on remaining rosemary after essential oil extraction which was previously
dried in the sun. Acetone (100%) was used to determine the content in carnosic acid, carnosol,
and ursolic acid, while 35% ethanol was used to determine rosmarinic acid content. The

extraction process was carried out for 8 h, and each experiment was performed in triplicate.
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Figure 13. Solvant extraction

3.5 Pectin Extraction

The dried orange peels were crushed into powder, weighed (5g), and placed into a 100
mL glass reactor flask for a distilled water extraction; whereas, the powder obtained from the
freeze drying of the water inside of the alembic was 2g into a 40 mL. The distilled water pH
was adjusted with hydrochloric acid1N) till a pH of 2.5(Maran, 2015; Boukroufa et al., 2015).
The extraction was performed under a temperature of 75°C and an extraction time of 5 hours.

In general, the pectin extraction was carried according to the procedure showed in fig.13. The
glass reactor flasks were covered with an aluminum wrap all through the extraction
experimentation in order to minimize solvent evaporation. Following the extraction, the
obtained mixtures were filtered by the help of cheese cloth and cooled to room temperature.
Ethanol (95%) was then added to the filtrate extract with a 2:1 ratio and the final mixture was
stored for 24 h at 4°C. The removal of the polysaccharides containing pectin was performed by
2 times centrifugation (9,000 rpm/ 10 min) and ethanol washing to remove the mono and
disaccharide. The precipitate and filtrated pectin were dried in a 55°C air hot until a constant

weight was attained.
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Glass reactors

control systems

Figure 11-4. Design of the pectine extraction process.
The pectin yield was expressed in percentage and calculated by following equation.
Yp = 22 x 100(2)
Mt

Where Y/, is the pectin yield, M, is the mass of the extracted pectin, and M+ is the total powder

mass.

4. Drying processes

Drying of a product is a process that consists of water extraction via vaporization. This
method is used in a wide field of application. In addition to food product drying, there are
studies that focus on other products, such as cotton drying (Akyol et al., 2010), roller dryers
that treat paper and biomass drying (Stahl et al., 2004). The energy source used for most of
those drying application is often wood combustion, hydrocarbon or electrical energy. Taking
into consideration the environmental impact of such sources as well as the monetary fluctuation
often due to the unsustainable nature of fossil fuels, solar dryers were introduced to promote

the use of green energy while solving conventional drying issues.

56



In solar drying, the energy is either the sole or the complementary source to provide the
necessary drying heat. The drying air can be generated by either natural or forced-convection.
The heating process involves either the passage of preheated air throughout the product or by
exposing directly the product to solar rays or the combination of both applications (Hachimi et
al., 1998). It should be noted that there are several techniques to dehydrate an agricultural
product. However, convection drying remains the most widespread and most used technique.
The drying is based on the heat transfer from the air mass and surrounding surfaces (with a
temperature higher than the temperature of the product) to the product by convection,

conduction and/or radiation.

4.1 Drying apparatus
The experimental apparatus proposed in this study is indirect forced convective solar
dryer that allows the production of got air flow rate with aero-thermal characteristic
(temperature and air flow) (Lahnine et al., 2016; Bahammou et al., 2019) It consists of (fig.14).

e Solar air collector with a dimension of 2.5 m? (2.5m over 1m) with a 31° inclination
from the horizontal level and oriented southward. The transparent outer of the solar
collector is made of ordinary glass, the opaque absorber of 0.5 thickness is composed
iron galvanized sheet blackened by non-selective surface, and t back thermal isolator
of thick polyurethane foam of 0.05 m sandwiched between two steel sheets. The
absorber isolator distance is 0.025 m and the absorber-cover distance is 0.02 m.

e Anaspirating aeraulic channel constituted of tunnel of parallelepiped section. A double
T of recycling (composed of two nested T) allows complete or partial recirculation of
the air leaving the drying chamber after passing through all the shelves. The double T
has a valve butterfly to adjust the airflow rate;

e A drying chamber composed of ten floors in trays, dimensions1.40 m high, 0.90 m
deep and 0.50 m wide.

e A centrifugal fan (0.083 m3s1; 80 mm EC; 220 V, 0.1 kW) that allows a theoretical
velocity of 1.7 m/s, with a regulator which allows air flow rate variation from 0.028 to
0.083 m3/s.

e A thermo-regulator with a precision ranges from 0-100°C and 0.1°C connected to a
PT100 platinum probe acting on the electric auxiliary heater used to set the desired
temperature at the inlet of the drying chamber.

e Electrical resistances with 4 kW of power acting as auxiliary source.
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Figure 14. Convection solar dryer. (B) Scheme of the apparatus; (1) Solar collector; (2)
direction of fan; (3) fan; (4) direction of aspiration; (5) control-box; (6) Auxiliary heating
system; (7) shelves; (8) drying cabinet; (9) recycling air; (10) control foot; (11) exit of air;(12)
humidity probes; (13) thermocouples.

The fresh air collected from the outside is preheated in the solar collector and gathered
afterword at the solar collector outlet by means of a 15 cm diameter pipe. The centrifugal fan
draws hot air from the insulator towards the aspirating aeraulic channel, the air heated at this
level by electrical resistors that provides if needed an auxiliary heater thus ensure a constant
and adjustable temperature in the inlet of the drying chamber. At outlet of the drying chamber
either the drying air is either evacuated to the outside or recycled through the aspirating aeraulic

channel totally or partially.

4.2 Drying conditions
For each experiment a set of drying conditions were taking into consideration. The mass
loss during the drying process was measured using a digital weighing apparatus (+0.001 g);
each 10 min the product was removed from the trays for about 20 seconds and the mass was
calculated till the weight stabilizes. The moisture is obtained by the calculation of the mass
before and after 105°C oven drying for 24 hours. The measurements of the relative humidity
were giving by capacitance sensors. As for temperatures, the measurement was taken by a (0.2

mm diameter) thermocouple linked to a data-logger. The drying airflow was set at 300m3/h.
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- Rosemary leaves: the experiment was carried under the condition shown in the table 8

Table 8. Experimental drying conditions of rosemary leaves

Drying temperature Average Ambient temperature | Average Relative Humidity Drying time
Conventional drying 27°C 51% 2 days

40 °C 27°C 57% 230 min
50°C 25°C 48% 160 min
60°C 30°C 52% 100 min
70°C 26°C 46% 70 min

The experiments were carried out to study the influence of drying temperature on both the

drying process and the product quality; it also helped to establish the characteristic drying

curve.

The results were modelled by nine mathematical equations to better present the drying process.

- Orange peels: The experimental conditions are as depicted in table 9.

Table 9. Experimental drying conditions

Drying temperature Average Ambient temperature | Average Relative Humidity Drying time
Shade-drying 23°C 59% 4 days

60 °C 27°C 51% 690 min
65°C 25°C 56% 570 min
70°C 32°C 47% 420 min
75°C 26°C 43% 330 min
80°C 30°C 54% 270 min

The set experiments were conducted in order to understand and study the influence of

drying temperature on the drying process and behavior as well as the effect of different

temperature on the product quality. The drying rate was thus obtained empirically via the

characteristic curve, while the drying curves were fitted by nine established drying

mathematical models.
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4.3 Theory/calculation

4.3.1 Drying curves and moisture ration determination
Drying can be studied graphically and mathematically by moisture content or drying rate
trailing in time. The mass loss was measured in a defined interval to track it variation for
moisture content in time (10 min) till mass stabilization. The equation below was used to
calculate MR(t) (moisture ratio) variation (Bahammou et al., 2019; Lahnine et al., 2016):

M(t)-Myx

MR(t) = YRS

3)

The characteristic drying curve (CDC) for orange peels identification depends on the
initial and equilibrium moisture content based on the theoretical approach of Van Meel.
The method was used to normalize the moisture ratio as well as the dimensionless drying (-
dM/dt) and the characteristic drying curve form it is given by f = f (MR). It was used by several
authors to identify the drying rates of multiples vegetable matrices (Ait Mohamed et al., 2004;
Babalis and Belessiotis, 2004; Lahsasni, et al., 2004.; Idlimam et al., 2016) based on the

equation below:

-2
f = ddl\fl d (4)

(=20

The characteristic drying curve of orange peels best polynomial equation was identified

by non-linear regression method using a computer program.

4.3.2 Drying curve fitting

In the literature, mathematical models in shape of empirical and semi-empirical models
were intensely used to describe and model the drying kinetic curves (Bahammou et al., 2019;
Tagnamas et al., 2019). Those equations are well recognized as drying models that describes
water loss variation in time. They contain constants that can be adjusted to establish an
agreement between theoretical predictions and experimental drying curves results. Marquardt-
Levenberg nonlinear optimization method was thus applied using “Curve Expert” computer
software) to fit the drying curves of orange peels and rosemary leaves at different temperature

with nine models in order to obtain the best fitting model for our product.
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The nine different moisture ratio equation used are depicted in Table 10 and selecting
criteria were correlation coefficient r, standard error (RMSE) and reduced chi-square (y2)

square calculated as followed.

N . .
X2 — 21_1 MREIMRPI (5)

Were MRg; is the experimental moisture and MRp; is the model predicted moisture while
N is the number of observation and n is the number of constant.
Table 10. Mathematical models for the drying curves (Mghazli et al., 2017; Lahnine et al.,
2016; Idlimam et al., 2007; Togrul and Pehlivan 2002)

Names Model Equations

MidiliKucuk MR = a.exp(—k.t") + b.t (6)
Logarithmic MR = a.exp(—kt) + ¢ (7)
Verma and al. MR = a.exp(—k.t) + (1 —a)exp(—kq.t) (8)
Henderson and Pabis MR = a.exp(—kt) 9
Diffusion Approximation MR = a.exp(—kt) + (1 — a).exp(—k.b.t) (10)
Newton MR = exp(—k.t) (11)
Page MR = exp(—k.t™) (12)
Two-term exponential MR = a.exp(—k.t) + (1 —a)exp(—k.a.t) (13)
Two-term MR = a.exp(—ky.t) + b.exp(—k;.t) (14)

4.3.3 Effective diffusivity and activation energy calculation
The drying process of food stuff consist a process of water emigration from interior to
surface of a giving product. In this case, the water liquid diffusion is a factor of the water
pressure gradient between the inside and the surface. According to the experimental drying
curves of orange peels, only a falling drying rate period and liquid diffusion controls process
were observed. To describe the drying behaviour, Fick’s second law is used according to the
following equation. (Mghazli et al., 2017; Lahnine et al., 2016; Lahsasni et al., 2004)

8 1 (2n+1)°72°D,,t
X L [ aC (15
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The Eq. 15 can be expressed for a long drying period in a logarithmic form as shown below.

Ln(X") = Ln( 8 j—(”ZDe“t] (16)

72) | 4N?
Where x*is the moisture ratio, while N is defined as the half thickness of either rosemary

leaves or orange peels and Deﬁ is the effective diffusion coefficient of each of those 2 matrices.

A plot of In(X")as a function of time for each drying air temperature allows the identification

of the effective diffusivity from slope defined as fallow.

Slope = ”;De” a7

LZ

The activation energy E,, is equivalent to the potential value that opposes the drying reaction

act

progress that shall be overcome in order for the drying process to occur (Mghazli et al., 2017;
Lahnine et al., 2016). There is a correlation between the determined values of the effective
diffusivity and the drying conditions expressed by an Arrhenius equation used in order to

calculate the value of activation energy.
D, =D, exp(-hJ (18)
eff 0 RT

Where E_, is the activation energy, D, is the Arrhenius equation defined as the pre-exponential

act

factor (m? /s ), R is the universal gas constant (J / mol.k), and T is the absolute air temperature.
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5. Chemical analyses

5.1 Antioxidants Analysis

High-Performance Liquid Chromatography equipped with a diode array detector (HPLC-
DAD from Agilent 1100, France) was used in this study to analyze rosmarinic, ursolic, and
carnosic acids. The analytic protocol for each analysis is described below; the antioxidants
analyses were performed in triplicate and validated in our internal laboratory.
For rosmarinic acid analysis, the used column was a C18 (5um, 4.6 mm x 250 mm, Zorbax SB,
Agilent Technologies, France). The mobile phase in this analysis was composed of 32%
acetonitrile and 68% water with 0.1% TFA (v/v); while the flow rate was set at 1 mL/min. The
column oven temperature was set t020°C, while the run time was 10 min. 5 pL of the extract
were injected. The wavelength value of the Rosmarinic Acid was of 328 nm.
For carnosic acid and carnosol analysis, the column used here was also a C18 (1.8um, 4.6 mm
x 50 mm, Zorbax Eclipse XBD-C18, Agilent Technologies, France). The mobile phase in this
analysis was isocratic and composed of 0.5% H3POa (in water)/acetonitrile (35/65, v/v); while
the flow rate was set at 1.5 mL/min. The column oven temperature was set t025°C; 5 uL of the
extract were injected, the wavelength of the carnosic acid and carnosol was of 230 nm.

For ursolic acid analysis, the used column was a C18 column (3pum, 4 mm x150 mm, All
C18, Agilent Technologies, France). The mobile phase in this analysis was isocratic and
composed of acetonitrile. 0.1% H3POain water (90/10, v/v); while the flow rate was set at 0.6
mL/min.

The column oven temperature was set to 30°C while the run time was 15 min. 5 pL of
the extract were injected. The detectable wavelength value of ursolic acid was of 210 nm
(Jacotet-navarro et al., 2015).

- Quantitative analysis

The identification and quantification of active compounds by HPLC-DAD method were
provided by the help of a calibration curves. The values were given by percentages taking into
consideration the dilution of rosemary in the solvent. The final results are expressed by g/kg.
The carbon emission estimation from the electrical consumption is determined by considering
that 1kwWh=800 g CO2 (Li et al., 2013).
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5.2 Gas Chromatography-Mass Spectrometry (GC-MS/GC-FID

analyses of essential oil)

- Rosemary essential oil analysis

Rosemary essential oils analysis was carried out using a GC Hewlett—Packard 6890N gas
chromatograph equipped with a flame ionisation detector (FID), under the following operation
conditions. vector gas, helium; injector and detector temperatures, 250°C; injected volume, 0.2
ul; split 1.100; VF-WAX (30 m x 0.25 mm, film thickness 0.25 um; constant flow 1.1
mL/min); the oven temperature program was 60°C for 1 min increased at 3°C/min to 240°C
and held at 250°C for 5 min. Retention indices were determined with C5-C28 alkane standards
as reference. Essential oils were analyzed and qualified by gas chromatography coupled to
mass spectrometry (GC-MS) (Hewlett-Packard computerized system, comprising a 6890 gas
chromatograph coupled to a 5973A mass spectrometer). Analyses were carried out using two
fused-silica-capillary columns with different stationary phases. non-polar column (HP5MS)
polar column (Stabilwax).  The following conditions have been applied. gas vector, helium;
injection and detecting temperature at 250°C; flow rate of 1 ml/min; the injection volume was
1 ul with split mode 1/20; oven temperature program was 60°C for 8 min, increased with
2°C/min till 250°C and held at 250°C for 15 min; the ionization mode used was electronic
impact at 70 eV.

Components identification of the components was based on computer matching to
commercial libraries (McLafferty and Stauffe,1989), laboratory mass spectra libraries, and MS
literature data (Adams, 1995; Joulain et al., 2001; .B.A.C.1.S, 2001) this was combined with
comparison of GC retention indices (RI) on both apolar and polar column. The RIs were then
calculated with the help of a series of linear alkanes C6-C26 on apolar and polar columns
(HP5MSTM and CarbowaxTM).

- Orange essential oil analysis

The identification of orange peels essential oils volatile components was determined by
gas chromatography equipped with mass spectrometry (GC-MS) analysis on an Agilent 7890A
gas chromatograph coupled to a 5975C mass spectrometer, using wisely 6, Nist 02, and
ADAMS databases. The used column in this analysis was a HP5 non-polar column (30m x
0.25mm x 0.25 um). The MS spectra were obtained by the use of the following conditions.
helium carried gas with a flow rate of 1.25 mL/min; a temperature programmed at 50°C for 3

min then 4°C/min till 100°C held for 2 minutes, then 6 ° C / min till 265 ° C, then 15 ° C / min
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up to 300 ° C, maintained 5 minutes; a split of 1.100; an injection volume of 0.1 pland an

injection temperature of 256°C. The used rinsing solvent was Ethyl acetate / acetone.

The obtained chromatographic peaks were characterized by both their retention times
(RTs) and retention indices for the 5SHP5M5 column (RIs). The retention time is calculated
basing on ones of C7 to Cao n-alkanes. The volatile compositions of orange peels essential oil
were cautiously identified by comparing their mass spectra with those reported in Wiley 6, Nist
02, ERINI database using AMDIS (automatical mass spectral deconvolution and identification

system) software.

5.3 HPLC for naruritin and hesperidin

High pressure liquid chromatography (Waters e2695, Milford-USA) apparatus equipped
with a photodiode detector (2998PDA) was used to assay the narirutin and hesperidin in present
in orange peels and extract. HPLC pump, column temperature, autosampler, as well as the
diode array system were both controlled and monitored by Waters Empowered 2
chromatography Data software. The LiChroCart 205-4 purospher RP-18 (5 ym) (Merck,
Darmstadt, Germany) column inside the oven was set at 25°C for chromatographic separation.
The mobile phase was initially composed of 90% eluent A (water with 0.5% acetic acid) and
10% B (acetonitrile), followed by a gradient from 10 to 30% of eluent B in 20 min, and later
on, to 35% eluent B until 30 min. The mobile was set at initial conditions to until the end of
run (45 min). Each new run column was equilibrated for 2 min. The injection volume was
20uL. Hesperidin and narirutin standards were injected for identification. The wavelength used
for the determination was 280 nm. Analyses were performed in triplicate and the final

concentrations were calculated in mg/g dm.

5.4 Free radical scavenging activity (DPPH)

Free radical scavenging activity was determined by DPPH free radical. The method is
based on the reduction of DPPH free radicals by the extract antioxidants. In general, 25 mg of
DPPH were solubilised into100 mL of methanol and diluted 1.10 with methanol. This was
based on Brand-Williams et al. Procedure (Jacotet-Navarro et al., 2018). One hundred puL of
the extract were mixed with 3.9 mL DPPH solution, and incubated at a temperature of 22 °C
for 30 minutes while been sheltered from light.

The absorbances were measured at 517 nm by using an UV-vis spectrophotometer (UV-
1800, Shimadzu, Japan). The absorbances were then converted to percentage that stands for

the antioxidant activity (%AA) by using the following equation.
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%AA = 100 — (Sample absorbance—blank absobance x 100) (19)

Reference absorbance

The determined of the 1Csothat corresponded to the 50% was based on the curve’s linear

equation of the extract concentrations.

5.5 Total polyphenols analysis

The Total Phenolic Content (TPC) was determined by the Folin-Ciocalteu method
(Singleton et al., 1998) with some minor modifications. Briefly, 50 pL of extract filtered on
0.45 pm were mixed with 1250 pL of a 5-fold diluted Folin-Ciocalteu’s reagent into water.
The solutions were mixed thoroughly and incubated at room temperature (22 °C) for 1 min. 1
mL of 10 % sodium carbonate (Na.COz3) was then added to the solution and mixed thoroughly.
Solutions were incubated at room temperature (22°C) for 30 min sheltered from light.
Absorbances were measured at 760 nm by using an UV-vis spectrophotometer (UV-1800,
Shimadzu, Japan). Standardization curves were carried out with solutions at different
concentrations. The TPC was expressed as mg of gallic acid equivalent/ gram. The data were

presented in triplicate analysis.

5.6 Total flavonoid content (TFC)

The estimation of total flavonoid content was carried by the chloride colorimetric method
reported by Chang and al, 2002. The calibration curve was established by the use of
quercetinewith solutions at different concentrations (Ravi et al., 2018). The 500 pL extract was
thoroughly mixed with a 1.5 mL of 95% ethanol, 100 puL of 10% AICls, 100 pL of 1 M
potassium acetate, and finally 2.8 mL of distilled water. Solutions were incubated at room
temperature (22 °C) for 45 min sheltered from light. Absorbances were measured at 415 nm
by using a UV—vis spectrophotometer (UV-1800, Shimadzu, Japan). Results were expressed

in milligrams of quercetin equivalents (QE) per gram of dry matter.
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6. Microscopy analysis

6.1 Scanning electron microscopy (SEM)

All the specimens (rosemary leaves) were sliced in a cross section, fixed with an
aluminum tape on the specimen holder, and then finally sputtered with gold. All the specimens
were examined at INRA Avignon, Plant Pathology Unit (France) under vacuum condition by
a Philips XL30 with an accelerating voltage of 10kV, a spot size 5, and a working distance of

15 mm.

6.2 Fluorescence microscopy
The scanning electron microscope (SEM) uses a focused beam of high-energy electrons
to generate a variety of signals at the surface of targeted specimen. The signals that derive from
electron-sample interactions reveal information about the sample including external
morphology (texture), chemical composition, and crystalline structure and orientation of
materials making up the sample
For a better understanding of the physical impacts of the steam-distillation processes,
leaves before and after distillation were analyzed using a fluorescence microscope (Leica DM
2000, 196 Leica Microsystems, Germany) (fig. 15).
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Figure 15. Scanning electron microscopy operation principle

The Leaves were cut out in small fragments (width of 5-7 mm) and immersed directly in
a fixative mixture of. 4 % paraformaldehyde, 4% glutaraldehyde and 1 % caffeic acid in a
phosphate buffer (0.2M, pH=7) for exactly 48 hours. For a better fixation, the fragments were
then subjected to moderate vacuum for 20 min. Samples were rinsed, after the fixation, with
distilled water (3 x 1 h) and dehydrated in a graded alcohol series starting from 70 to 100 %.
Afterward, the samples were infiltered and embedded in historesine (Technovit 7100, Kultzer).
After historesinepolymerization, leaves fragments were cut using a rotating microtome
(Supercut 2065, 204 Reichert-Jung, Leica Microsystems, Germany) and mounted on glass slide

for fluorescence microscopy analysis (Khadhraoui et al., 2018).
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I-1. Rosemary leaves

1. Rosemary leaves as aromatic and medicinal plant

Aromatic and medicinal plants (AMP) are closely related to human civilization. They
have been used from ancient cultures until the Middle Palaeolithic (60,000 years ago) to the
present day in the fields of medicine, cosmetics, pharmacy and food (Fabricant and Farnsworth
2001, Lubbe and Verpoorte 2011). According to the literature, many AMPs have antioxidant
compounds used for preserving foods instead of synthetic antioxidants that have been the
subject of numerous epidemiological studies conducted to address the health threats of such
antioxidants (Lubbe and Verpoorte 2011; Barlow 1990) Natural antioxidants could provide a
preservation effect, protect against the oxidation of lipids and proteins, while preserving the
colour, texture and aroma (Lara et al., 2011; Gramza-Michalowska et al, 2011; Ding et al.,

2015). These plants can also be used to extract essential oils; up to 3000 species were valorized.

Rosemary (Rosmarinus officinalis L.) is an aromatic plant with evergreen leaves. It
belongs to the Lamiaceace family with green leaves and bright blue flowers; most plant extracts
are derived from its leaves and are of great interest in the food industry because of their
phenolic compound (Mena et al., 2016; Santos-sanchez et al., 2017). Rosemary extracts have
been widely used as preservatives in the food industry because of their innate high antioxidant
activity. In this sense, many major biological properties have been attributed to this plant.
mainly hepatoprotective, antimicrobial, antithrombotic, diuretic, antidiabetic, anti-
inflammatory, antioxidant and anticancer. In addition, it has been previously reported that
rosemary extracts and their isolated components exhibit inhibitory effects on the growth of
breast, liver, prostate, lung and leukemia cancer cells (Tai et al., 2012). The main families
present in rosemary are the phenolic diterpenes, notably carnosic acid, carnosol or rosmanol;
flavonoids such as genkwanin, cirsimaritine or homoplantaginin; and triterpenes such as ursolic
acid. Phenolic diterpenes possess various health-promoting properties, such as antimicrobial,
anti-inflammatory, neuroprotective, anti-oxidant and anti-cancer properties. In particular,
carnosic acid and carnosol are two of the main antioxidant compounds present in this plant. Its
anticancer properties have been reported to be extensive in several cell line models, including
prostate, breast, leukemia, and others (Jacotet-Navarro et al., 2018, Borra 2014; Ltinier et al.,
2007).
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The name rosemary comes from the Latin rosmarinus or sea dew to make an allusion to
its particular scent and its habitat on the sea slopes. Its botanical taxonomy is depicted in
fig.15Bousbia, 2013).

Rosemary (Rosmarinus officinalis, L.) is also known by its volatile composition which
represents between 0.7 and 3% of the fresh weight mainly containing monoterpenes and
derivatives of monoterpenes with as main compounds the a-pinene, the camphor, the
verbenone and eucalyptol (Serban et al 2011; Szumny et al., 2010). The rich source of phenolic
compounds and its properties are derived from the plant’s extracts and essential oils (Mastro

and Ruta, 2004). Both products are used for disease treatment and in food preservation.

The chemical composition of rosemary oil has been the subject of several in-depth
studies. There are two main types of rosemary oil with regard to their main constituent. oils
containing more than 40% of 1,8-cineole (Morocco, Tunisia, Turkey, Greece, Yugoslavia, Italy
and France) and oils having approximately equal ratios (20-30%) of 1,8-cineole, a-pinene and
camphor (France, Spain, Italy, Greece and Bulgaria) (Mastro and Ruta, 2004). The literature
has also revealed unusual chemical compositions for rosemary oils. The more recent interest
for this species concerns the biological action (antioxidant, antimicrobial and insecticide) of
specific components of the rosemary essential oil. Fig. 16 below represents some major

components of essential oils (Khadhraoui et al., 2018, Bousbia, 2013).
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Figure 16. Botanical taxonomy and chemical structure of some major components of

rosemary essential oil.

It should be noted that additionally to the antioxidant and antimicrobial action, rosemary

essential oil also has pediculicidal, aromatherapeutic and anticarcinogenic activities (Husnu

and Gerhard, 2016).
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2. Context

The oxidation is one of the most relevant processes in food degradation. Antioxidants are
compounds capable of scavenging free radicals delaying, retarding or even preventing auto-
oxidation. Human have shifted their interest towards more natural foods due to the concern
related to some human health ramification about potential toxicological long-term effects of
the synthetic antioxidants, such as butylated hydroxyanisole (BHA) and butylated
hydroxytoluene (BHT), thus paving the way for more efficient and cleaner extraction processes
development to isolate natural antioxidants. Natural antioxidants are mainly polyphenolic
compounds, aromatic secondary plant metabolites. In rosemary, the most important ones are
rosmarinic acid, carnosic, and ursolic acid. They are found mainly in rosemary leaves. The
study aims to develop an original concept of a bio-refinery using Solar Steam-Distillation
(SSD) as a deodorization process to extract essential oil as prior step before solvent extraction
of antioxidants (Figl17).

Essentialils Solar
VolatileEompounds Steam-Distillation

Antioxidants
NonRolatile@ompounds

Figure 17. Deodorization by solar steam distillation context
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3.Deodorization by solar steam-distillation of rosemary
leaves prior to solvent extraction of rosmarinic, carnosic,
and ursolic acids

Abstract

This study aims total valorization of rosemary for food applications, moving towards
developing an original bio-refinery concept using Solar Steam-Distillation (SSD) to both
extract essential oil and while preserving active compounds in the raw material, mainly
antioxidants for a further extraction. The deodorization process is important to avoid the
extraction of antioxidants with strong aromas which limit their utilization for food preservation.
SSD process was compared with the Conventional Steam-Distillation (CSD) for essential oil
extraction as well as deodorization of dried rosemary leaves. The treated leaves were recovered
afterward for the extraction of antioxidants by solvent extraction to recover rosmarinic,
carnosic, and ursolic acids. With standard protocol extraction and analysis, antioxidants seem
to be mostly preserved by SSD than by CSD. Folin-Ciocalteu was used to determinate the
polyphenol content; whereas, the DPPH was used to analyse the antiradical properties. It was
found the both polyphenol content and antioxidants activity was preserved after SSD. Scanning
electron microscopy (SEM) and fluorescence microscopy showed completely destructuration
of glandular trichomes for both processes which indicate that the extraction of essential oil was
complete. Overall, the results specify clearly that Solar Steam-Distillation (SSD) is a green

alternative, efficient and economic process for essential oil extraction and leaves deodorization.

3.1 Introduction

Herbs especially Aromatic and Medicinal Plants (AMP) are strongly related to the human
civilization. They were used since ancient cultures as far as the Middle Palaeolithic (60 000
years ago) until modern days in cosmetic, pharmaceutics, food sectors, and medicinal purposes
such as anti-allergic, anti-inflammatory, antioxidant, or even anti-bacterial; those attributes are
due to their Biological Active Compounds (BACs) such as polyphenols, alkaloids, and
terpenoids. Many studies were carried to find an adequate approach for a high-value BACs
recovery starting by defining the right solvent for each particular plant and extraction process
(Fabricant and Farnsworth, 2001; Barata et al., 2016; Lubbe and Verpoorte, 2011; Barlow,
1990; Lorenzo et al., 2018).
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Antioxidants are also considered as high-value BACs and according to literature, many
AMP possess antioxidant compounds used for food preservation instead of synthetic
antioxidants which were subject to many epidemiological studies carried to point their health
threats (Barlow, 1990; Lubbe and Verpoorte, 2011). Natural antioxidants were able to provide
a preservation effect, a protection against lipid and protein oxidation while also preserving the
colour, texture, and aroma of the food products. (Lara et al., 2011; Ding et al., 2015; Gramza-
michalowska et al., 2011) AMPs are also used to extract essential oils, with approximately
3000 valorised species. Essential oils are extremely concentrated, volatile, and hydrophobic
combination of chemicals with fragrance properties. They are valorised in many sectors
essentially in flavour and fragrance industry (Ramya et al., 2013; Lubbe and Verpoorte, 2011).
Many of the procedures used to extract essential oil are both time and energy consuming such
as steam-distillation using conventional energy.(Bousbia et al.,2009) Therefore, many green
extractions methods were developed such us ultrasonic extraction(Khadhraoui et al., 2009)
microwave (Bousbia et al.,2009) as well as solar extraction that will be the subject of our study.
In fact, the earth receives each day an enormous solar energy supply; it is more than its
inhabitants could consume in a twenty-seven years. Using this sustainable energy emitted from
the sun could be a promising and important source compared to any known present
conventional ones (Zhanga et al., 2013; Afzal et al., 2017; Gunerhan et al., 2009).

It should be known that there is large number of potential applications of solar energy in
food sector such as processing with mainly drying and cooking processes (Sharaf, 2002;
Akpinar and Bicer, 2008 as well as extraction. Numerous systems were developed principally
for essential oil extraction; one of those solar processes is the one described in (Yen and Lin,
2017) where the solar energy tubes were used as a renewable energy to extract Cymbopogon
citrus essential oil and compared it to hydro-distillation; in this case relatively similar essential
oils yield value were found. Therefore, the noteworthy difference is the fact that the solar
energy is free of any electricity utility charge, results also emphasized on the weather effect on
the extraction yield; indeed, the system yield varied in function of the solar radiation. Similar

results were also found in other studies. (Kulurel and Tarhan, 2016; Munir et al; 2014)
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Rosemary (Rosmarinus officinalis L.) is an AMP and an evergreen aromatic plant that
belongs to the Lamiaceae family with green leaves and purplish blue flowers; most of the plant
extract is derived from rosemary leaves and are engendering interest in the food industry due
to their phenolic compound(Mena et al., 2016; Santos-sdnchez et al., 2017) and great
antioxidant activity with as main extract rosmarinic, carnosic, and ursolic acids.(Jacotet-
navarro et al., 2015) Essential oil represents between 0.7 to 3% of the fresh weight material; it
contains monoterpenes and its derivatives with as main compounds o-pinene, camphor,
verbenone and eucalyptol (Szumny et al., 2010 ; Serban et al., 2011 ; Flamini et al., 2002).

Green extraction of rosemary leaves was carried in previous studies with ultrasonic and
microwave where it was proven that those processes present an innovative and excellent
alternative to conventional one for the extraction of antioxidants (Khadhraoui et al., 2018;
Jacotet-navarro et al., 2015). As for solar extraction it was the first time that this process was
used prior to solvent extraction of antioxidants.

The aim of this study is the extraction of essential oil by solar steam-distillation (SSD)
as deodorization process to reduce and remove aroma from the leaves while conserving the
antioxidant compounds. Steam-distillation was used in a previous study by (Miraballes et al,
2012) for Uruguayan native plants where it was found that this procedure allowed the decrease
of both odours and flavours while not affecting in a large extent neither the phenolic content
nor the antioxidant activity. The SSD process was compared with the Conventional Steam-
Distillation (CSD). Scanning electron microscopy was performed to understand and

demonstrate the effect of both extraction processes on the leaf’s glandular trichomes.
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3.2 Results and discussion

3.2.1 Thermal balance of the solar system

The system requires direct radiant energy emitted from the sun. The amount of the
radiation varies due to many factors; mainly the season and the specific day since those two
are linked to the angle in which the sun strikes the surface. There are other factors such as local
weather or location as well as clouds which make it impossible to replicate the same solar
energy conditions. Thus, dealing with solar energy is not an easy task since although it affords
a green solution to many issues it still not a stable or a controlled energy. With that in mind,
the experiences were carried during different weathers conditions as well as season to optimize
the extraction period. It was found that the system gives better results during summer period
which is characterized by high solar radiations in the middle atlas region in where the system

is located.

The validation of the proposed method has been performed for multiple plants such as
melissa, cloves, and rosemary in different dates during summer season (Munir et al., 2014) as
well as in our internal laboratory for plants such as lavender, thyme, and rosemary. It was found
that the main parameter that affects extraction efficiency is the daily solar radiation. Solar
powers as well as cloud cover density have an impact on the efficiency of the system since the
reflector only uses direct radiation, thus making the performance higher in bright and clear day,
while it could be reduced to zero in the gray and drab days.

As it was explained, solar energy received varies each day since the solar rays hit the primary
reflector surface at an angle of 43.23 + 6/2; then the energy provided to the reflector can be
written as followed in equation (2) with A;corresponding to the reflector surface (10 m?),

Srepresenting the solar declination (equation (3)), and respresenting the annual calendar.

Epr = E; X A, X cos(43.23 + 8/2) (2)
. 360

§ = 23.45sin(;_ X (n +248)) (3)

The pyrano-meter attached to the reflector allows the measurement of the global illumination
for each day. This energy is then reflected by the primary reflector to the secondary reflector
following equation (4) with pprepresenting the reflection factor of mirrors (pgp = 0.87) and

F; the deviation of rays due to dust or wrong orientation. ( Fy = 0.85).

Esp = Epr-ppr-Fr (4)

81



This energy reaches its final destination by being reflected to the bottom of the alembic. Thus,
the useful energy will be expressed in equation (5) as followed with psgrepresenting the

reflection factor of the aluminum sheet (pgp = 0.80).

Ey = Esgp X psg (5)

Additional losses related to convection, conduction, and radiation should also be taking
into consideration in a more precise understanding of the system. The energy was calculated in
the summer time in different days and months from June till august to identify the approximate
value of the useful energy (Ea); it was found that the useful energy in bright and clear days is
about 4429.9+40 W. This means that the energy varies around 4.4 kW thus we can say that the
system delivers energy close to 4kW in good weather condition days if we take the other losses
in consideration. The figure below represents the variation of beam radiation in relation to the

floral water in a specific day.
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Figure 18. Floral water (Jj) and beam radiation (=) variation.

Figure 18 represents how the beam radiation impacted the volume of floral water

recovered in each 30 minutes in a specific day (09/08/2017) as it could be seen after each high
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beam value a high floral volume is retrieved; this impact directly the extraction process, as it

was observed during multiple trails, since with high beam radiation extraction time decreases.

3.2.2 Kinetics of solar and conventional steam-distillation

As shown in figure 19, essential oil extraction yields are respectively 0.82+0.06% and
0.85+0.03for Solar Steam-Distillation (SSD) % and Conventional Steam-Distillation (CSD).
Figure18 shows the variation of extraction yields according to the extraction time. Four phases
were observed in this process starting with “Step 0” that represents the heating process from
ambient temperature to 100°C. The following phase is “Step 1” which basically characterizes
the first quantity of EO’s extracted which is located at the surface of the leaves. it represents in
this case 79% of total yield obtained in 130 min by CSD and 87% of total yield obtained in 80
min by SSD respectively. The following phase is “Step 2 which states the intern diffusion of
essential oil that occurs from the internal part of the particles to external medium due to the
intern warming of the plant’s cells. the oil extracted represent 21% released into 190 min for
CSD and 13% released into120 min for SSD respectively. The last phase is “Step 3”

corresponds to a horizontal line which marks the end of the extraction process (fig. 19)
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Figure 19.Essential oil yield profiles as a function of time for Conventional Steam
Distillation-CSD (m) and Solar Steam Distillation-SSD (@)

83



3.2.3 Microscopy analysis
The analysis was carried with both Scanning Electron Microscopy (SEM) and
fluorescence microscopy. SEM analysis of rosemary leaves before and after each extraction is
displayed in the figure I11-5. Morphology difference can be largely seen between the before
and after the extractions. Cross-sections were carried out to identify the inner structures of each
rosemary leaf in order to assess the effect of each distillation procedure.

The observed initial leaf exhibits a well-organized cell structure with an adaxialcuticular
layer (CU) that covered a thin layer of adaxial epidermal cells (E). Collenchyma cells (CL)
were located right below the epidermal layer. In this case, the structures can be described as
intact with ramified non-glandular trichomes (NGT) and continuous glandular trichomes (GT)
(structures that contain volatile essential oils) with intact envelops. However, in the case of
recovered CSD leaf, a total erosion of branches was observed; they seemed to be emptied of
their content. This was coupled with a total explosion of GT. Their structures seemed to be
completely deformed especially the thick cuticular layer which preserves the GT and their
content. Indeed, after the CSD process, the GT cuticular layer was exploded allowing the access
to GT volatile compounds. In addition to the structures mentioned above, this process impacted
the entire leaf. As it is shown in the figures 20.C and 20.D, total detexturation and dehydration
were noticed in all the internal tissues of the collenchyma’s. As for the recovered SSD leaf, the
induced erosion was less phenomenal; some branches remain intact while GT were completely
exploded and emptied of their content. As for the internal tissues, they were significantly
damaged as shown in figures 20.E and 20.F. Those different observations proved that both
processes impacted significantly rosemary leaves especially GT, thus ensuring an efficient

extraction of essential oils.
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Figure 20. Scanning electron micrograph of raw rosemary leaves (A-B); rosemary leaves
after CSD (C-D); rosemary leaves after SSD (E-F); (glandular trichomes (=); CU. Cuticle,

E. Epidermal cells; A. Adaxial surface; B. Abaxial surface).

Figure 21 presents the fluorescence microscopic investigation of untreated and treated
leaves. Natural fluorescence level illustrates the presence of natural active compounds.
As shown in figure 21.A, fluorescent active compounds are highly present at different levels
of untreated Rosemary leaves. It is worth mentioning that green fluorescence is related to

polyphenol content while the yellow own reveals the chlorophyll.
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As for the process impact, it could be seen that treated leaves either by SSD or CSD

present a relatively similar fluorescence level (figure 21.D. 21.G). For both process a

detexturation of the internal tissues was observed. As for the glandular trichomes (figure 21.F.

21.1), they shrunk and seemed emptied of their content. In conclusion CSD and SSD process

physically impact plant structures resulting in a modification of fluorescence level compared

to that of the initial leaf.

Initial leaf

After CSD

After SSD

Figure 21.Fluorescence microscopic investigation of rosemary leaf: raw rosemary leaves (A-

B-C); rosemary leaves after CSD (D-E-F); rosemary leaves after SSD (G-H-1) (glandular

trichomes (=); scale bar 100ym (C)
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As for the polyphenols preservation, leaves before and after SSD or CSD process present
a relatively similar fluorescence level (figure 21A. 21D. 21.G) this could mean that the
polyphenols were preserved after the process. To verify this observation the total polyphenol
content of before and after each steam-distillation was quantified by Folin—Ciocalteu reagent.
The TPC obtained from the leaves has a value of 5.89+4.56 mg EQ gallic acid/ g dry matter;
53.07+4.19 mg EQ gallic acid/ g dry matter, 57.73+2.15 mg EQ gallic acid/ g dry matter for
initial, CSD, SSD, respectively. The value expressed in this analysis shows that the polyphenols
were highly preserved after SSD process. Those results were complementary to what was
observed by fluorescence microscopy and confirms that the polyphenols were highly preserved
after the extraction of essential oils after SSD process in comparison to both initial content and
CSD process.

3.2.4 Essential oil Composition
A total of 18 compounds were identified in rosemary essential oils using the two
techniques SSD and CSD. As shown in table 11, components of essential oil such as
monoterpenes and sesquiterpenes were classified according to their chemical category,
particularly between oxygenated and non-oxygenated compounds. Generally, oxygenated
compounds are more valuable due to their high odoriferous characteristic, thus contributing to

essential oil fragrance.
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Table 11. Chemical composition of rosemary essential oils extracted by SSD and CSD

n° Compounds ? HD (%0) CSD (%) SSD (%) R.I° R.I°
Monoterpenes
1 o-Pinene 9.33+0.067  15.91+0.21  15.9+0.09 926 1023
2 Camphene 2.93+0.041  4.13+0.049  4.13+0.037 942 1103
3 P-Pinene 2.44+0.014  1.05+£0.062  1.05+0.052 974 1109
4 B-Myrcene 1.05+0.032  1.18+0.012  1.18+0.014 988 1165
5 o-Terpinene 0.03+0.001  0.3+0.002 0.3+0.001 1020 1083
6 Limonene 2.21+0.026  2.83+0.032  2.83+0.012 1030 1206
7 y-Terpinene 0.40+0.002 0.1+0.001 0.1+0.001 1103 1285
8 Para-Cymene 1.83+0.069  2.34+0.033  2.34+0.014 1025 1250
9 Terpinolene 0.17+0.012  0.08+0.007  0.08+0.003 1120 1304
Oxygenated Monoterpenes
10 Linalool 1.1740.085  0.93+0.043  0.93 +0.057 1125 1538
11 Camphor 15.49+0.76  15.01+0.321 15.03+0.473 1158 1514
12 Borneol 5.06+£0.421  2.38+0.532  2.39+0.329 1176 1679
13  Eucalyptol 33.06+0.072 44.46+0.054 44.45+0.127 1029 1210
14 o-Terpineol 5.0+0.023  3.09+0.064  3.1+0.383 1203 1677
Other oxygenated compounds
15 Bornyl acetate 1.74+0.092  0.38+0.042  0.38+0.063 1263 1579
16 Methyl eugenol 0.02+0.001  0.01+0.004  0.02+0.001 1397 2020
Sesquiterpenes
17 Caryophyllene+terpinen 5.74+0.639  2.76+£0.482  2.76+0.648
Extraction time (min) 300 120 190
Yield (%) 0.84+0.02 0.85+0.06 0.83+0.03
total Oxygenated compounds 61.54+0.9 66.27+615 66.29+0.312
Total non-oxygenated
compound 26.12+1.45 28.43x1.06 30.66+1.43
Total 87.66+2.357 94.7+1.278  96.95%1.74

8ssential oil compounds categorized by both chemical families and percentages via GC-FD on VF-WAX
capillary column. ® Retention Indices (RI) related to the calculated Cs- Cs n-alkenes on a non-polar HP5MS

capillary column.°RI related to the calculated Cs- Cyg n-alkenes on a polar Stabilwax capillary column.
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Essential oils obtained with both processes are very similar qualitatively. Indeed, the
oxygenated compound content is 66.29 % for SSD and 66.27 % for CSD. Beyond oxygenated
compounds, eucalyptol (1,8-cineol) was mainly predominantly detected in both essential oils
44.46% for CSD and 44.45% for the SSD, this content varies from 1 to 45 % (Bousbia, 2013).
For monoterpene hydrocarbons category, the main component in both essential oil was a-

pinene also in similar amounts 15.91% for CSD and 15.90% for SSD.

3.2.5 Material Balance

Material balance was established to assess the amounts of volatiles and non-volatile active
compounds before and after deodorization in rosemary leaves. The rosemary leaves before and
after steam-distillations were submitted to a Soxhlet extraction as described in material and
methods. The extract was then analysed by GC-MS to quantify antioxidants. The results are
presented in figure 22. Calculations were done for 1 kg of initial raw material for an easier
understanding.

Characterization of rosemary leaves in active compounds was performed before and after
deodorization. More particularly, content in rosmarinic, carnosic, ursolic acids, and carnosol
was assessed in rosemary leaves before and after essential oil extraction by steam distillation
to underline a potential loss in these compounds. Results showed that compounds were
generally more preserved after SSD. Indeed, loss of carnosic acid was higher in the case of
CSD with a loss value of 50.8% while the value was 20.89% for SSD, as for the rosmarinic
acid there was no noticeable degradation after SSD while the degradation was about 16.25%
after CSD. However, for ursolic acid the degradation was higher after SSD (26.6 after SSD
against 21.01% after CSD). Figure 22 showed a decrease in carnosic acid value after both
steam-distillation CSD and SSD processes coupled with an increase in the value of the
carnosol. This is generally indicating degradation of carnosic acid into carnosol. To assess the
possible degradation of carnosic acid into carnosol a ratio between those two was calculated.
It was found that for the initial leaves the ratio value was 10.29+0.87 while it was found to be
4.80+0.33 and 3.37+0.35 for SSD and CSD, respectively. As it is shown the ratio is higher for
SSD than CSD which means that the preservation of carnosic acid was higher for SSD.
Essential oil extraction was used to deodorize the extract. The compounds of interests obtained
afterward were mostly preserved after SSD. Thus, this process has a potential to be integrate

in the conventional process for obtaining antioxidant by solvent extraction.
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Figure 22. Material balance of essential oils and antioxidants extracted from rosemary leaves

DPPH scavenging activity was carried to verify either the antioxidant activity was
preserved after each steam-distillation. The extracts were prepared at several concentrations
with methanol: 2.5,2, 1.5, 1, 0.5 mg/mL. It should be noted that the higher the antioxidant
activity, the lower 1Cso. The results presented the following 1Cso value; 1.31, 1.52, 1.37 mg/mL
for the initial, CSD, and SSD, respectively. Therefore, according to the results, the antioxidant
activity difference between the initial and SSD is not very significant which can be explained

by the fact that the antioxidant activity was preserved after the treatment.
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As for the comparison between the SSD and CSD, it was observed that the antioxidant
activity is higher for the CSD leaves than SSD. This was also observed in material balance and
total polyphenol compound analysis; in those both part we found that polyphenol content as

well as the preservation of antioxidants was higher after SSD process.

3.2.5 Degradation Investigation of Carnosic acid to Carnosol

Both figure 22 and table 11 summarize the phenolic compounds found and extracted
from the rosemary leaves. As shown apart from the compounds found in the essential oil there
are numerous antioxidants that can be extracted from the rosemary leaves; however, there are
many factors like temperature or light that can engender degradation of these active
compounds. In this case degradation of CA into carnosolis already known, but it should be
noted that carnosol also possess antioxidant properties. It should be noted that there are other
minor degradation derivatives of carnosic acid such as epirosmanol, 7-methyl-epirosmanol, as
well as rosmanol 9-ethyl ether but in rosemary leaves carnosol naturally occurs (Jacotet-

navarro et al., 2015).

3.2.6 Process Assessment

Both SSD and CSD processes were evaluated according to the six principles of green
extraction that were developed by Chemat et al. (2012) and Jacotet-navarro et al. (2013). Those
principles allow the design of extraction methods that aims to grant a natural and safe extract
from well-reasoned sourcing with instead of waste a high add value while reducing the organic
solvents, the energy consumption, as well as the process time. This approach was followed to
assess the sustainability of the processes (Figure 23).
e Raw material (Principle 1). The valorized raw material of rosemary leaves (in %)
e Solvent (Principle 2). The total solvent mass used in the process in (%)
e Energy (Principle 3). energy consumption for the distillation of 1 kg of raw material (kWh)
e Waste (Principle 4). (mass of waste)/(total mass of solvent + mass raw material) (in %)
e Process (Principle 5). extraction duration (in minutes)
e Product recovery (Principle 6). (mass of final product recovered)/(mass of available

product in the plant material).

It should be noted that in figure 21 a value close to the center is considered as a positive

result which means that a value far from the center is a negative result. Thus, for “yield”, the

center corresponds to a 100% extraction.
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For both “Energy” and “Process”, the maximal reported values on the axis are the one
obtained by CSD. Compared to conventional one SSD enabled us to reduce the extraction time
from 190 minutes to 120 minutes. Furthermore, with SSD, energy consumption was reduced
to zero since it is a sustainable and charge free source. Solvent value was considered as zero
since both processes do not use any organic solvents. The waste was higher in the case of CSD,
it could be considered as a fixed loss related to the process and more important in the case of
the conventional process. However, SSD was not as sufficient as CSD in terms of extraction
yields, but the difference can be ignored since it was not significant. The surface calculation
for both CSD and SSD process from the radar in figure 23 showed that CSD covered double
than SSD surface, which basically means that SSD present more positive features and since the
solar is a free source while the conventional consume approximately 3.2 kWh which stands for
2560 g CO- during the extraction period, it is possible to say that the SSD is an efficient,
sustainable, and economical process for essential oil extraction.

7

i : Raw Material
ﬁ{aw material (principal 1): % of the valorized raw material (N (%)
rosemary leaves

Solvent( principal 2): % of the solvent mass used in the process

Energy (kWh) Process ( min)
Energy (principal 3): Energy consumed in the process

Principle 587
\Yield (principal 6): Masse of the final product ¥ Process T

Waste

assn
0esp

Waste (principal 4):

— O
Raw material + Solvent

Process (principal §): Extraction duration (min)

Solvent (%) Waste (%)

) . 0
Dryweight of the raw material

Yield (%)

Figure 23. Process assessment of SSD and CSD according to Green Extraction
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Conclusion

This study describes solar steam-distillation as deodorisation process of dry rosemary
leaves to extract essential oil in order to remove the aroma prior to solvent extraction of non-
volatile compounds mainly antioxidants. This environmentally friendly process was used for
the first time as a deodorization process prior to solvent extraction. It offers important
advantages over the conventional alternatives. Namely; a decrease in the extraction time given
that the SSD can reach approximately the same yield in 2 hours instead of 3h (37% decrease in
extraction time), a decrease in energy consumption since this energy is a sustainable charge
free source, and a better antioxidant preservation giving that both carnosic and rosmarinic acid
had higher value after SSD compared to CSD. The Total polyphenols analysis and DPPH free
radical scavenging activity showed that polyphenols and antioxidants activity were highly
preserved after SSD process. Overall, the results indicated that SSD is an innovative,
sustainable, and charge free deodorizing process allowing an efficient extraction of both
volatiles and non-volatiles from rosemary. Further improvements are required to optimize the

yield and recovery of actives.
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I-11. Orange peels

1. Orange peels, as by-products

Citrus fruitshave been cultivated for over 4000 years and are the most produced fruit
crops in the world. They belong to the family Rutaceae, in which the leaves normally contain
transparent oil glands while the flowers possess an annular disk. The fruits belonging to this
family are produced widely in large amounts for their juices and essential oils as by-products.
Citrus oils are obtained primarily from the peel and cuticles of the fruits by cold-pressing
method. The oils are mainly used for food flavouring industries, perfumery and aromatherapy
(Dharmawan, 2008).

Exocarp

Flavedo
Albedo

Jus sacs
Oil glands

Placenta
Seed

Carpel
Carpellary membrane

1. Flavedo due to flavonoids compounds existence in this section. It consists of cells
containing carotenoids which give the fruits the characteristic colour according to the
species and the oil glands, which contain citrus essential oils.

2. Albedo is located under the flavedo. It is usually a layer of spongy and white
parenchyma tissue rich in sugars. pectic substances. cellulose. hemicellulose and
pentosans.

3 3.The endocarp is located beneath the citrus albedo is the edible part. It is composed
of many segments or carpels. The inside consists of 2 main components, the juice sacs

and the seeds.

Figure 24. Cross section of orange fruit showing the inner composition and descption of
major sections.
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Ample studies have been carried out to investigate the volatile compounds in the
various citrus oils. The production of citrus fruits world widely knows an incrementing growth.
Its total global production reached 110 million metric tonnes in 2004 and has increased about
26% over the past 10 years. Citrus peels are generally composed of 3 major sections (Simmons,
2016 ;Dharmawan, 2008) : Flavedo, Albedo and Endocarp (fig.24).

There are different varieties of Citrus fruits consumed and used industrially all over
the world such as. Oranges, Bigarades, Mandarins, Lemons, Limes, Pomelo, grapefruits,
Bergamot, and Kumquats. They are used for juice and essential oil as shown in figure 25
(Husnu and Gerhard, 2016 ; Fidalgo et al., 2016 ; Boukroufa et al., 2015, Dharmawan, 2008).
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Figure 25.Summary of Citrus fruits utilisations
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The main by-products of citrus processing are the peel, pulp and seeds, which present
between 40-60% of raw material weight (Licandro and Odio, 2002). These by-products can be
further processed in 3 main categories: animal feed, food product, and raw material utilized for
further extraction. This thesis focuses on the valorisation of orange peels as by-product via
solar extraction as an original concept employing Solar Hydro-Distillation as a zero-waste bio-

refinery process to extract essential oil and pectin.

2. Context

The main by-products of citrus processing are the peel, pulp and seeds, which present
between 40-60% of raw material weight (Licandro and Odio, 2002). These by-products can be
further processed in 3 main categories: animal feed, raw material utilized for further extraction
of marketable products and food products. Even though citrus by-products are mainly for
animal feed, there are various useful applications for by-products made from different parts of
the citrus fruits, such as pectin, dried pulp, molasses, citric acid, bland syrup, marmalades,
candied peel, seed oil, peel seasoning, purees, beverage bases, citrus alcohol, flavonoids and
other products While for numerous citrus industries by-products became an important source
of additional revenue for many citruses with low juice values, using citrus by-products to
produce more valuable products are getting increasingly important as future world citrus
production increases and then surpasses the demand for citrus juices and beverage products.
Furthermore, the fact that the consumers are nowadays more nutrition-conscious and citrus
fruits are a rich source of essential minerals, vitamins and dietary fibers with its distinctive
natural flavour have also contributed to the increased demand for citrus fruits and their by-

products.

Orange is the most important commercial species of Citrus in the world. It contains on
average 12% of carbohydrates (40% of sucrose), vitamin C (80mg / 100g), vitamins P, B1, B9,
E, provitamin A. Rich in calcium (40 mg / 100 g), rich in pectin, it acts as a regulator of
intestinal transit. It contains a mesophilic flora (yeasts and lactobacilli) essential for good
digestion. It contains up to 16.9% soluble sugar, 9.21% cellulose, 10.5% hemicelluloses and
42.5% pectin (Rivas et al., 2008).
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Orange peel can be used for multiple application mainly essential oil extraction; in fact,
orange essential oil is used to add orange aroma from the orange to products such as carbonated
drinks, ice creams, cakes, air-fresheners, and perfumes. It is also used for its germicidal,
antioxidant, and anti-carcinogenic properties (Guenther et al, 1974). Several epidemiological
studies have suggested the beneficial effects of citrus fruits (rich in flavanones) against many
degenerative diseases like cardiovascular diseases and some type of cancers (Mabberley, 2004;
Benavente-Garcia et al., 1997; Tripoli, Guardia et al., 2007). Due to the confirmed positive
influences of citrus fruits on human health, citrus consumption has recently witnessed an
incremental increase with an annual estimated world production of over 120 million tons, of
which oranges constitute about 60% of the total production (Scordino and Sabatino, 2014).
With a high utilization for juice extraction for both domestic and industrial usage, a high
amount of by-product mainly peels is accumulated. This by-product can be used for multiple
applications such as for pectin, essential oils, and limonene extraction. In fact, orange peel is
a raw material which can be direct utilized in daily life such as animal feed and organic
fertilizer. The use of orange peel waste as an organic fertilizer seems to be low cost if compared
with chemical fertilizer which can pollute the soil. According to Zhou et al., 2007 orange peel
also can be used to produce fuel ethanol. Bioethanol is an alternative fuel derived from

biologically renewable resources. It is a good substitute for gasoline in spark-ignition engines.

Additionally, citrus by-products represent a good source of phenolic compounds,
principally the characteristic flavanone glycosides which mainly include naringin, hesperidin,
narirutin, and neohesperidin. Nowadays, due to the harmful effect on human heath of synthetic
additive such as butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT), which
are toxic could be canrcinogenic and might damage the liver (Shahidi et al., 2019; Rafiq et al,
2018), several researches have shifted their focus toward plants and their by-products to extract
both natural and low-cost antioxidants that can replace synthetic additives. According to the
literature, several conventional extraction techniques have been reported for the extraction of
essentials oil, pectin, and phenols from citrus peels like solvent extraction (Aboudaou et al.,
2018), hot water extraction (Gedikoglu et al., 2018), alkaline extraction, resin-based extraction,

and supercritical fluid extraction.
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The aim of this study is to develop an original concept employing Solar Hydro-Distillation

(SSD) as a zero-waste bio-refinery process to extract essential oil, polyphenols and pectin (fig.

26).
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3. Green extraction of essential oils, polyphenols and
pectin from orange peel employing solar energy;
Towards a Zero-Waste Bio-refinery

Abstract

Following a rising demand for both environment friendly technologies and bio-active
compounds, this study aims to develop a bio-refinery concept that uses solar radiation instead
of fossil source derived energies to essential oils, pectin, and polyphenols extracts from orange
peels. Hydro-distillation system has been used for extraction of volatiles (essential oils) and
non-volatiles (polyphenols and pectin) compounds using solar or conventional fossil energy. It
was found that the essential oil quality and yield were similar; however, the extraction time
was 36.8% higher for the conventional procedure. Total polyphenol content (TPC) and total
flavonoid content (TFC) analysis of orange peels, extracted by solar or conventional fossil
energy, showed that a higher amount of polyphenol and flavonoid compounds were preserved
when solar energy was applied. Indeed, 75% of the TPC and 70% of the TFC after conventional
and 77% of the TPC and 77.8% of the TFC respectively after solar extraction were still found
in the orange peels. Analysis of narirutin and hesperidin, main flavonoids present in Citrus
species, showed that both flavanones were not entirely solubilised in the distillation water.
Similar results were observed after pectin extraction since most of it was preserved in the peels

after essential oil extraction.

3.1 Introduction

Each year, more than 100 million tons of diverse types of Citrus fruits are used in juice
production; 40-50 % of this mass is considered as Citrus peel waste (Rizza, 2015; Anwar et al.,
2008). Those by-products present a valuable source of numerous functional benefits and
bioactive compounds that are of use to human health such as phenolic compounds, antioxidants
and pectin (Wang et al., 2008; Ghasemi et al., 2009). They also contain flavonoids that have a
wide range of biological effects including anti-tumour, anti-inflammatory, and antimicrobial
activities with a protection against certain diseases; protection against coronary heart disease

is one such example (Ghasemi et al., 2009).
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The major flavonoids present in Citrus species are narirutin, hesperidin, naringin and
eriocitrin (Boukroufa et al., 2015; Boukroufa et al., 2017; Ghasemi et al., 2009). Those
bioactive compounds may play a vital role in human health due to their high antioxidant
activities (Lara al., 2011). Citrus by-product wastes have been valorised for fuel production,
animal feed molasses, and pectin production (Li et al., 2006). In fact, the commercial pectin is
usually derived from a range of Citrus fruits such as lime, grapefruit, and orange (Wang et al.,
2008). The world market demand for Citrus fruits is up to 30,000 tons annually and still
growing by 4 to 5% per year (Yeoh et al., 2008).

Orange is the most and widely consumed Citrus fruit (Sayinci et al.; 2010; Boukroufa et
al., 2015) and contributes to 60% of the world Citrus fruit production. During juice processing
a huge amount of by-products are generated mainly peels representing approximately 45% of
the total mass (Yeoh et al., 2008; Farhat et al., 2011). Several studies had pointed that treating
orange peel as waste could create numerous environmental problems such as water pollution
resulting from biomaterials present in the peels especially essential oil, sugar, and pectin (Yeoh
et al., 2008; Farhat et al., 2011; Bousbia et al., 2009). Whereas, valorising those by-product
increases the potential return while at the same time preserves the environment. The orange
peels when subjected to water and steam distillation release essential oils (Ferhat et al., 2007).
Till now, several extraction techniques have been reported for the extraction of essential oil
and phenols compounds from orange peels such as solvent extraction (Li et al., 2006), enzyme-
assisted (Li, Smith, and Hossain, 2006), supercritical fluid (Mira et al., 1999), cold pressing
(Ferhat et al., 2007),hydrodistillation (Ferhat et al., 2007), ultrasonic (Boukroufa et al., 2015),
and microwave (Farhat et al., 2011, Ferhat et al., 2006) extraction.

Sun is a major source of immense inexhaustible free energy. New technologies are being
developed worldwide to harvest solar energy in different fields. Most of those approaches have
well tested and are used for different practices such as food processing industry; yet the solar
energy contribution to the global energy supply is till now at negligible values (Kabir et al.,
2018). Scheffler reflector presents an improved design that provides temperature in the medium
ranges. Multiple processing can be carried out effectively with this technology and the return

on investment was calculated to be around two years if used daily (Munir et al., 2014).
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A bio-refinery concept is considered in this work for essential oils, polyphenols
(hesperidin, naruritin), and pectin extraction from grinded orange peels before and after hydro-
distillation process by integrating a green and zero-energy consuming procedure based on solar
energy. This system is composed of a Scheffler solar reflector coupled with a hydro-distillation

unit. The solar system was compared to a conventional hydro-distillation process.
3.2 Results and discussion

3.2.1 Hydro-distillation kinetics of Solar and Conventional Systems

Essential oil extraction yield was calculated each 10 minutes to establish the extraction
kinetics; total yield was calculated and expressed in percentage for each process. The hydro-
distillation yield was 1.03+0.015% for the solar and1.05+0.011% for the conventional process.
The extraction was practically completed at 120 min for solar process and at 190 for
conventional one. Figure 27 shows the extraction yield variation in time. The essential oil
extraction kinetics of both processes has the same extraction profile which is characterized by
four distinctive phases. The starting phase (step 0) that expresses the heating progression from
the ambient temperature till 100 °C, followed by phase 1 also known as “step 17 that displays
the extracted initial essential oil located at the surface of the peels, then phase 2 that expresses
the internal diffusion, and finally phase 3 in the form of a linear line that states the end of the
experimental extraction. The yield difference between both systems does not count as

significant knowing that the solar procedure is a green and energy free system.

Similar results were reported in numerous studies (Munir et al., 2014; Hilali et al., 2018;
Afzal et al., 2017) for melissa, peppermint, rosemary, cumin and cloves where it was found
that solar and conventional extraction provide similar essential oil yield with a negligible

deviation.
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Figure 27. Essential oil yield as a function of time for conventional hydro-distillation

(O) and solar hydro-distillation ( @)

It was established in previous work (Hilali et al., 2018) that the solar extraction efficiency
is affected by both the daily solar radiation and the cloud cover density since the solar reflector
only uses direct radiation. More importantly, it was proven that the temperature at the fixed
focus can reach 500°C thus exceeding the required constant temperature needed for water
boiling and eventually reducing the processing time of orange peels. This shows the advantages
over conventional methods since the energy can exceed 4 kWh. The solar extraction system
can be effectively utilized for duration of 10 to 12 hours continuously on bright and clear sunny

days.

3.2.2 Essential peel oil composition

The compounds identified by GC-MS of the orange peel essential oil are shown in
table.12. Overall, both oils have equivalent relative amounts of essential oil compounds. The
main abundant components were limonene that represented 95.24% for conventional and
95.96% for solar procedure followed by Myrcene with value of 1.73%and 1.7% for the
conventional and solar hydro-distillation, respectively. Therefore, for the solar procedure, solar
radiation accelerated by 36.8% the extraction time, without any significant modifications in the
volatile oil composition. Previous research (Farhat et al., 2011; Ferhat et al., 2006) have
reported that Citrus peels essential oils present a mixture of volatile with monoterpene
hydrocarbons as the abundant compounds in which the limonene represent more than 70%
followed by myrcene. In general, the essential oil results found in this research agree with
previously reported results. (Farhat et al., 2011; Ferhat et al., 2006; Hosni et al., 2010).
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Table 12. Orange peels essential oils composition

N® Compound * ﬁLg?\Lcéb Ad?ﬁ:slcllgBS Conv (%) Solar (%) :\S(Srt]?i?‘?cgrion

Monoterpenes
1  a-Pinene 930 932 0.39 0.37 GC-FID; GC-MS
2 Camphene 947 946 0.01 0.01 GC-FID; GC-MS
3 Sabinene 970 969 0.19 0.16 GC-FID; GC-MS
4 B-Pinene 975 974 0.02 0.02 GC-FID; GC-MS
5  Myrcene 988 988 1.73 1.7 GC-FID; GC-MS
6  a-Phellandrene 1004 1002 0.08 0.05 GC-FID; GC-MS
7  3-3-Carene 1007 1008 0.14 0.08 GC-FID; GC-MS
8 a-Terpinene 1015 1018 0.02 0.01 GC-FID; GC-MS
9  Limonene 1031 1024 95.24 95.96 GC-FID; GC-MS
10  y-Terpinene 1057 1054 0.03 0.02 GC-FID; GC-MS

Oxygenated Monoterpenes
11 Linalool 1099 1095 0.3 0.23 GC-FID; GC-MS
12  Citronellal 1148 1148 0.01 0.01 GC-FID; GC-MS
13 Nerol 1225 1227 0.01 0.01 GC-FID; GC-MS
14 Neral 1240 1235 0.01 0.01 GC-FID; GC-MS
15 Geraniol 1253 1249 0.01 0.02 GC-FID; GC-MS
16  Geranial 1269 1264 0.01 0.01 GC-FID; GC-MS

Sesquiterpenes
17  o-Copaene 1374 1374 0.02 0.02 GC-FID; GC-MS
18  B-Cubebene 1386 1387 0.01 0.01 GC-FID; GC-MS
19 B-Elemene 1388 1389 0.02 0.02 GC-FID; GC-MS
20 p-Caryophyllene 1417 1417 0.02 0.02 GC-FID; GC-MS
21  Valencene 1491 1496 0.11 0.13 GC-FID; GC-MS

Oxygenated Sesquiterpenes
22 Ocj‘irg’:phe”e“e 1582 1582 0.02 0.01 GC-FID; GC-MS
23  B-Sinensal 1693 1699 0.01 0.02 GC-FID; GC-MS
24 o-Sinensal 1748 1755 0.01 0.01 GC-FID; GC-MS
25 Nootkatone 1803 1806 0.01 0.02 GC-FID; GC-MS

Other oxygenated compounds GC-FID; GC-MS
26  Decanal 1206 1201 0.16 0.17 GC-FID; GC-MS
27 a-Terpenyl Acetate 1346 1346 0.02 0.02 GC-FID; GC-MS
28  Citronellyl Acetate 1350 1350 0.01 0.01 GC-FID; GC-MS

Total oxygenated compounds (%) 98.03 98.58

Total non-oxygenated compounds (%0) 0.59 0.55

Extraction time (min) 190 120

Yield (%) 1.05£0.011  1.03%0.015

8ssential oil compounds sorted by chemical families and percentages calculated by GC—FID on non-polar
HP5SMS™ capillary column.
bRetention indices relative to C7-C28 n-alkanes calculated on non-polar HPSMS™ capillary column. *Reference

retention indices on polar DBS capillary column.
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3.2.3 Material Balance

The material balance was set in order to express the procedures outcomes (fig. 28). TPC,

TFC, narirutin, hesperidin, and pectin assessment before and after hydro-distillation along with

the E.O yield were expressed. 5009 of fresh peels and 632+4.2g of orange juice were obtained

after the pressing of 1.2+0.2 kg of fresh oranges as well as an approximately amount of 60g of

fibers and seeds.

Fresh peel (500gh5l of water
Dry matter=37%
Dry matter weight=187g
TPC: 12.4810.14 mg GAE/g DW
TFC: 4.8410.026 mg GAE/g DW

Hesperidin:
2.44%1.410°mg/g

MNaruritin:
0.041 6.4 10°mg/g

Pectin: 12.0810.7%

0.079 +4.1 10*mg/g

0.077 £7.9 10*mg/g

0.26+ 3.2 10*mg/g

Essential oil yield Aqueous phase Solid phase
Solar Lonventional | Solar " ' Conventional ” Solar "77 Conventional
1.03+0.02 % 1.0510.01 %
3000g 3100g 432t 6g 435 t4p
Dry matter: 2.8810.20% || Dry matter: 2.82 10.12% || Dry matter: 13.72% Dry matter: 13.6%
Dry matter weight: Dry matter weight: Dry matter weight: Dry matter weight:
86.51g 84.83¢ 59.27g 59.16 g
T | ek we ot e
2.13 mg GAE/g DW 1.96 mg GAE/g DW 9.710.37 mg GAE/g DW |[9.4%0.35 mg GAE/g DW
TFC: TFC: TFC: TFC:
0.1410.04 mg GAE/g DW ||0.1220.06 mg GAE/g DW || 3.81+0.74 mg GAE/g DW] |3.7010.38 mg GAE/g DW
Hesperidin: Hesperidin: Hesperidin: Hesperidin:
0,097 + 2.04 10°mg/g 0,083+ 1.3 10°mg/g 1.9£0.01 8.8 10°3mg/g 1.21+8.210°mg/g
Maruritin: Maruritin: Maruritin: Maruritin:

0.24£4.2 10°mg/g

Pectin: 0.4710.08%

Pectin: 0.5110.02%

Pectin: 8.2620.26%

Pectin: 7.6910.43%

Figure 28.Material balance

Total polyphenol content analysis

To evaluate the hydro-distillation impact on the TPC extraction, a comparison between
the TPC values before and after each hydro-distillation was carried. The TPC of the grinded
orange peel ranged between 12.48+0.14 to 9.4+0.35for the conventional and 9.7+0.37 mg
EGA/g dry matter for the solar. The phenolic content of the freeze-dried extract was also
assayed after hydro-distillation; it had values of 2.13+0.03 and 1.97+0.072mg EGA/g for solar

and conventional procedures, respectively. It was observed that peels submitted to solar

treatment had a slightly higher value compared to the conventional process.
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It could be noted from those results that only an amount of approximately 15.7% for
conventional and 17.06% for solar of TPC were found in the aqueous phase. While more than
75% after conventional and 77% of TPC is still present in the orange peels. Thus, meaning that
the vegetable matrix components were not exhausted but rather preserved especially after solar
hydro-distillation. Comparing those results to previous reported data is a difficult and complex
task. In fact, the phenolic content varies due to the diversity of orange varieties, genetic factors,
environmental conditions, extraction methods and of course their susceptibility to both
oxidation and hydrolysis (Lagha-benamrouche and Madani, 2013).

e Total flavonid, narirutin, and hesperidin content

The amounts of total flavonoid content of the peels before and after hydro-distillation
extraction is shown in fig 28. Total flavonoid content ranged from 3.70+0.38 to 4.84+0.026
mgEQ / g. The highest levels have been reported for the initial peels and the lowest for orange
peels after conventional extraction while peels after solar extraction had a value of
3.81+0.74mgEQ/g. The TFC of the extract inside of the alembic had a value of 0.14+0.039 and
0.12+0.06 mg EQ/g for conventional and solar, respectively. The amount of flavonoids in the
extracted peels counting on the initial content was 76% for the conventional and 78% for the
solar hydro-distillation. Hesperidin and naruritin known as flavanone glycosides (Khan et al.,
2010) were also assayed in this study. The hesperidin, one of the main Citrus flavonoids in
oranges with physiological properties associated with disease prevention potential benefits (Al-
ashaal and El-sheltawy, 2011) was preserved in the peels by almost 70% and 77.8% for both
conventional and solar hydro-distillation, respectively, while the water used for hydro-

distillation only had 3.4% for conventional and 3.97% for solar.

Similar results were reported for narirutin with a preservation of 58.5% for conventional
and 63.4% for solar in the orange peels; whereas, the water had values of 18.78% and 19.26%
for conventional and solar, respectively. Hesperidin and narirutin can be considered as the most
important phenolic compounds present in the soluble fraction (Gil-1zquierdo et al., 2003), yet
it is proven from those results that it is hard to solubilise them completely with water meaning

that the extracted peels still need to be valorized after essential oil extraction.
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e Pectin yield

The pectin yield of the peels before and after conventional and solar hydro-distillation is
12.08+0.7%, 7.69%0.43%, and 8.26+0.26%, respectively. For the freeze-dried water, the values
were 0.51+0.02% for the conventional and 0.47+0.08% for the solar procedure. Value of pectin
in the aqueous phase is somewhat higher after conventional hydro-distillation this could be the
results of the extraction time since pectin needs more time to solubilise in water. Even after
solubilisation pectin is still present with high values in the solid phase; thus, the valorisation of
the peels after extraction is a necessary part in a bio-refinery concept for orange peels. A solvent
free microwave pectin extraction could be suggested in this case for a green zero-waste bio-

refinery extraction process (Fidalgo et al., 2016).
3.3 Industrial prospects
3.3.1 Feasibility study and cost estimate

Nowadays there is a rising drive toward reducing the universal, environmental, and
economic recurrent and alarming issue that is global carbon emissions. Thus, the need for green
alternatives to mitigate energy security and climate change concerns; in fact, the sun is a major
source of inexhaustibly green and free energy and present an adequate solution for those issues.
Presently, new technologies are being employed worldwide to harvest and directly use solar
energy (Kabir et al., 2018). Those approaches have already been widely practiced as renewable
alternatives to conventional technologies in multiple fields such as food industry. The solar
cooking is among the numerous technologies that have been developed along with solar dryers;
they both offer ecological and environmental benefits through the savings on conventional
sources (mainly fossil fuels and firewood), social-economic benefits created via employment
for the production and functioning of solar cookers and dryers, and monetary saving by
reducing energy employment created through the production of the cookers and dryers as well
monetary savings on cooking and drying energy expenses (Nkhonjera et al.; 2017).A Green
processes were also developed for essential oil extraction, one of the major systems is the one
described in this study. The Scheffler concentrator coupled with a distillation unit was studied
for different vegetal matrixes and different reflector areas (Munir et al., 2014; Hilali et al.;
2018). Yields of essential oils between conventional and solar system are quantitatively similar;

whereas, distillation time and energy consumption are lower when solar energy is applied.
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In fact, the distillation time is usually reduced by more than 30% as for the energy
consumption, solar system uses direct radiation, and thus there is no need for additional source
of energy (Munir et al., 2014).The investment cost for developing a complete Scheffler
reflector (USD 2000) based distillation system (USD 1500) is USD 3500, whereas a
conventional distillation system (USD 1500) equipped with a steam generator (USD 1000)
costs USD 2500, therefore the price difference between both the systems is 28.5% (Hilali et
al., 2018). However, the solar system has an almost two-year payback period (Hilali et al.,
2018), doesn’t need additional expenses, and represent a green solution; whereas, the
conventional system needs an important amount of energy delivered by fossil sources for each

individual application.

3.3.2 HACCP and HAZOP study toward solar process industrialization

HACCP (Hazard Analysis and Critical Control Points) concept is a food engineering
requirement defined as a systematic approach established for a better food safety management.
It based on seven acknowledged principles set in order to pinpoint and avoid the hazards that
can likely occur during various food supply stages (Sicaire et al., 2016). HACCP is the most
cost-effective and secure method set to control potential product contamination resulting from
numerous hazards by defining the critical control point (CCP) in the flow diagram of the food
process. These CCPs are necessary to prevent or eliminate food safety hazard or at least
decrease those late to tolerable level all through the production process. Solar energy supplied
machineries are recently used in many operating units during food processing and of course
extraction. Nevertheless, exploiting solar energy for extraction requires the establishment of an
HACCP process with CCPs in order to guaranty a safe quality product. In the case of solar
energy, the process must ensure extraction that follows safety and quality requirements,
without contamination of the final product. Critical processing parameters such as temperature,
extraction time, physical properties of the product, solar radiation and power, are points which

need to be monitored as part of HACCP measures.

Hazard and operability (HAZOP) study is investigation study to identify possible
deviation that potentially leads to process operating problems and hazards (Sicaire et al., 2016).
For solar extraction, the operators may be exposed to numerous hazards; the most important
one is the accidental direct exposure to the concentrated solar irradiation and high temperature.
Human body is vulnerable to such exposure thus causing tissue injury and damage for the

operator. High temperature generated by thermal solar energy can cause body burns and even
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be a potential fire source hazard. As for the UV irradiation usually caused by the high

reflectivity of the reflector mirrors could potentially causes damages to the eyes.

All these operating measures were established to allow the production of a qualitative
product in a safe environment with various risks managing approach in order to avoid any

hazard on both the system user and the product consumer.

3.3.3 Eco-footprint of solar extraction process

The “green extraction” is based on six principles that allow the design of methods that
aims to reduce energy consumption and guaranty a natural, safe, environment-friendly, and
economic extract from well-reasoned sources. It grants at the same time a cutback on the energy
and organic or hazardous solvent consumption with instead of waste a significantly high added
value. The six-governing principal (Chemat et al., 2012) that ensure the sustainability of the
processes are the following: P-1(raw material), P-2 (Solvent), P-3 (Energy), P-4 (Waste), P-5
(Process), and P-6 (Product recovery).

Solar extraction was assessed in this part while considering the six eco-extraction
principles and the environmental impact of this later, for that purpose solar extraction was
compared to conventional extraction with similar conditions. According to the results, there is
no significant difference between the final essentials oils quality; whereas, the TPC and TFC
value were higher after solar extraction. Compared to conventional process, solar extraction
allows the obtaining of higher narirutin, hesperidin, TFC, and TPC contents as well as a
somewhat similar in quality and yield essential oil in only 120 minutes instead of 190 minutes.
These results agree with those established in our previous work (Hilali et al., 2018). The
assessed amount of CO> emitted for the conventional process was around 2560 g of CO2 (Hilali
et al., 2018); whereas, solar doesn’t need any additional source of energy, making its
COqfootprint a nil value. After taking all these aspects in consideration, this study seeks the

use of solar as a way to reduce or even nullify the eco-footprint of extraction.

Conclusion

This study proposes an original concept using Solar Hydro-Distillation (SSD) as a zero-
waste bio-refinery process to extract essential oil, polyphenols and pectin. It was noted from
this study that TPC, TFC, hesperidin, narirutin, and pectin are still present in the peels after
extraction with a high preservation amounts particularly after solar hydro-distillation. This may
be due to the distillation time needed for essential oil extraction being less for solar hydro-

distillation making the peel after extraction still needs to be valorised.
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Chapter 1I: Thermal solar
energy applications on
Drying of rosemary leaves

and orange peels
o




1. Context

I1-1. Rosemary Leaves

Many agricultural products, consumed in large quantities are not always available during

the seasons. Several solutions are proposed to overcome this handicap; greenhouse cultivation,

freezing, as well as preservation by drying. The later has a simple, safe and adequate solution

for many products. The drying of rosemary leaves is a necessary unit operation that requires

high energy and is also a time-consuming operation. Drying plays a vital role in increasing

shelf-life and reducing the bulk weight of the product. The high moisture content in this product

facilitates several chemical reactions and promotes the growth of microorganisms capable of

deteriorating product final quality.

This work aims to develop a solar drying concept used to identify the characteristic curve,

model the drying behaviour and assess the effect of time and temperature on the antioxidants

properties of rosemary while at the same time study the economic and environmental feasibility

of the solar drying of rosemary leaves (fig.29).
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Figure 29.Solar drying techniques
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2. An economical and experimental study of convective
drying effect on the environment and antioxidants
properties of rosemary leaves

Abstract

This research aimed to investigate natural solar drying and solar convection drying effect
at different temperatures (40°C, 50°C, 60°C, 70°C) on the total phenolic compounds (TPC),
antioxidant properties, as well as the degradation of carnosic acid to carnosol is rosemary
leaves. The drying Kinetic was studied for five air temperatures to determine the characteristic
drying curve. The obtained results showed that an increase in temperature reduced drying
duration. To simulate the drying behaviour, out of nine models, Midlli Kucuk model was the
best fit to adequately describe the convective solar drying of rosemary leaves. Both TPC and
antioxidant activities (AA) results showed relatively similar results for naturally dried rosemary
at temperatures lower and equal to 60°C. However, at 70°C, TPC and AA values decrease.
Carnosic acid value decreased with an increase of carnosol compared to the initial, whereas at
70°C both degradation of carnosic acid and carnosol were witnessed. The economic feasibility
and the annual CO2 emissions mitigation analysis showed solar energy potential for both fossil
monetary saving and CO2 emissions mitigation. Overall, this study suggested that solar
convection drying at low temperatures (40-60°C) can reduce drying time while offering a high-

quality dried product.

2.1 Introduction

Aromatic and medicinal plants are a major source of compounds with bioactive
properties, highly valorized in the extraction field. They are used for day-to-day application
due to the diversity of usages and benefits. Rosemary (Rosmarinus officinalis L.) is an aromatic
and medicinal plant (AMP) used widely all around the world for different purposes and
cultivated along the Mediterranean Sea. Rosemary has been commonly acknowledged as one
of the herbs with high antioxidant properties due to the phenolic compounds it contains, such
as carnosol, carnosic, and rosmarinic acids that are of great interest (wang et al., 2008; Erkan
et al., 2008; zhang et al., 2010). The essential oil extracted from this plant is also used as an

antifungal, antibacterial, and anticancer agent.
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AMPs are not available throughout the year hence the collected biomass is generally
submitted to drying process before extraction as an attempt to reduce the moisture content. The
aim of drying is to prevent product deterioration by reducing the moisture content, thus
allowing a longer and better storage condition (Blanco-Cano et al., 2016). In fact, drying is one
of the most important processes when it comes to agricultural products pre-processing. A
proper AMPs drying is essential if one aspires to achieve a high product quality (Okoh et al.,
2008). In fact, drying is considered as one of the oldest and important food dehydration,
conservation, and preservation process. It is used to reduce the water content responsible for
food deterioration. There are very close and established relation between both the shelf-life of
food products and their hydration degrees. Knowing that the water is involved in a plethora of
phenomena such as biochemical, biophysical, microbiological and enzymatic reactions and
modification, it is possible to significantly increase shelf-life of a food product by lowering its
water activity (Lahnine et al., 2016; Bahammou et al., 2019; Koukouch et al., 2015; Mghazli
et al., 2017). Vegetable, plants, and fruits solar drying is one of the oldest application of
renewable energies; even though numerous energy sources can be used for drying, solar energy
embodies an inexhaustible, abundant, non-polluting, and viable alternative to conventional
systems with no related environmental hazards (Mghazli et al., 2017; Akpinar and Bicer, 2008;
Ullah and Kang, 2017). Given that open-air drying depends on the weather variation, the dried
product quality is usually affected and damaged by air pollution, microbes, birds, rodents, and
insects, thus the use of sophisticated industrial solar dryers represents a more effective solution.
Solar drying has shown according to multiple researchers and investigators an efficient,
consistent, and technical potential in the preservation and the drying sector. And compared to
open-solar drying the drying time is reduced by 65%, the dried product is protected from
multiple infections, and the quality is improved. This can also be translated into an economic
gain by reducing energy cost. Usually, solar dryers have a payback period that ranges from 2
to 4 years according to their rate of utilization (Rabha et al., 2017; Ait Mohamed et al., 2004).

Convection drying is a process characterized by a simultaneous heat and mass transfer;
the water in the product in this process is transferred by diffusion to the air—product interface
and to the air-steam afterwards by convection. Mathematical models have been proven as
effective designs to analyse those transfer processes during the drying process (Babalis et
al.,2004). They are generally used in order to understand the drying process, establish drying

curves and estimate drying times of the desired product.
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Many mathematical models for different products were established by numerous
researchers for convection solar drying; for instance, Ghost Chill Pepper (Rabha et al., 2016),
prickly pear cladode (Lahsasni et al., 2004), thyme (Lahnine et al., 2016), and olive pomace

waste (Bahammou et al, 2019).

The aims of this study were to develop a mathematical model for predicting solar
convection drying of rosemary leaves at different air-drying temperature as well as
understanding the drying process and impact of such process in the polyphenol and antioxidant
properties by quantifying total polyphenol content and antioxidant activity, while also

investigating the degradation of carnosol into carnosic acid.

2.2 Experimental section
The material used in this section is rosemary leaves. This aromatic and medicinal plant
was collected from High School of Trainee Teachers, Cadi Ayyad University (Marrakech,
Morocco) and were subjected to 4 drying temperatures (40°C, 50°C,60°C and 70°C) and a
conventional air-dried for 2 days (drying temperature was around 27°C); the product mass used
for each experiments was 100 +3.4 g of fresh matter and was evenly distributed on the trays of

the drying cabinet (the process is developed in the material and methods chapter).
2.3 Results and discussion

2.3.1 Drying kinetic
To better present and analyse the drying kinetic of a giving product a variation of the
moisture content in time is usually used. In this study four experimental drying tests with four
temperatures (40 °C, 50°C, 60 °C, 70°C) were carried out in order to study rosemary solar
drying temperature effect on the herb antioxidant properties. Figure 30 corresponds to the
moisture content variation as a function of moisture content. The drying curves obtained from
these experiments display a moisture content decrease resulting from an increase of the drying

time.
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Figure 30. Moisture content variation as a function of the drying time

The figure 30 demonstrates the notable impact of the temperature on the drying time. In
fact, according to the results it was proven that drying rate is reduced by 69.5% between 40°C
and 70 °C. The drying time needed for rosemary leaves was 70min, 1200min, 160min, and 230
min, respectively for air drying temperatures of 70°C, 60°C, 50°C, and 40 °C at an air flow
rate of 300 m3/h. The only existent phase represented in this figure is phase 2 also called the
falling rate period. Generally, moisture content as a function of the drying time representation
lacks both phase 0 (initial period) and phase 1 (constant rate). The drying rate was initially
higher due to the high amount of free water available in the product. The moisture is normally
removed easily during the first drying periods this is observed due to initial high drying rate.
Those results were reported in similar drying studies for Moroccan horehound leaves
(Bahammou et al. 2019), Moroccan truffle (Tagnamas et al. 2020), and grenade peel (Idlimam
et al. 2007). The drying during the second falling rate period is typically illustrated by the water
diffusion in the material; this phenomenon is defined as a complex mechanism that involves
water in both vapour and liquid states. It influenced and primarily depends on drying pressure

and temperature and of course the water content of the product.
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Figure 31. Drying rate variation as a function of moisture content

Figure 31 corresponds to the drying rate variation as a function of moisture content. It
shows an increase of the drying rate of rosemary leaves that corresponds to an increase of the
drying temperature. From these results, it was drawn as a conclusion that the drying Kinetics of
rosemary leaves is significantly impacted by the drying air temperature. In the work conducted
by Mghazli et al. (2017), in which rosemary was dried in four different air temperatures (50,
60, 70 and 80 °C) and two air flows drying (300 m3/h and 150 m3/h), it was observed that the
drying rate of rosemary leaves increases with high drying temperature whereas high air flow

rate does not significantly impact the drying rate of rosemary leaves.

2.3.2 Characteristic drying curve
The characteristic drying curve is established in order to present a theoretical
normalization to better express the drying law of a certain matrix while taking the experimental
data and as reference (fig. 32). In this experiment, based on the four drying tests and a non-
linear optimization method of Levenberg-Marquard used using Origin 6.1 software; the

characteristic drying curve was identified. It took the form of a polynomial of order 3.
f =2.0681 MR — 2.2658 MR? + 1.1986 MR3

The goodness of fit is evaluated by. The residual sum of square (RSS = 0.445) and correlation
coefficient (r = 0.986).
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Figure 32. Characteristic drying curve of rosemary leaves.

2.3.3 The drying curves modelling and fitting

Modelling the drying behaviour of rosemary leaves requires essentially statistical
regression and correlation analysis methods. The mathematical models are well documented in
the literature and presents mandatory tools to establish the relation between a set of variables
that do not possess an empirical relationship. Nine of those models, usually used for drying
fitting, were applied to rosemary leaves drying experimental data as an approach to adequately
predict the water content in the product. The drying constants as well as the values of r and
Standard Error (RMSE) of the nine models for all the experimental points were obtained by
the non-linear optimization method of Marquerd-Levenberg with the help of curve expert
software. The results of statistic and non-linear regression analyses applied to the nine models

are presented in table 13.
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Table 13. Moisture ratio fitting for the 4 temperatures

Standard
Models T°C Parameters R Error
§ 40 | a=0.9460, k=8.1843.10°, n=1.1170, b=-1.2081.10* 0.9998 0.0056
2 50  ]a=0.9970, k=1.6710.10% n=1.0109, b= -4.0407.10" 0.9999 0.0028
% 60 | a=0.9942, k=1.5050.10?, n=1.1830, b=-3.0132.10" 0.9999 0.0044
2 70 | a=1.0001, k=1.9730.102, n=1.1271, b=-1.4399.10"° 0.9997 0.0095
o 40 | a=1.0789, k=1.2560.102, c= -6.7784.10 0.9992 0.0098
% 50 | a=1.0822, k=1.6128.102, c=-8.5414.102 0.9999 0.0021
g 60 a=1.1203, k=1.2738.10?%, c=-9.6404.10% 0.9991 0.0136
- 70 | 5= 12548 k=2.4068.10%, c= -2.4656 0.9995 0.0122
= 40 | a=1.4391.10" k=1.6006.102, b=1 0.9971 0.0271
5 50 | a=8.1238.10"5, k= 1.1029.102 b=1 0.9999 0.0039
§ 60 | a=1.9654.10", k=5.3483.107% b=1 0.9994 0.0109
> 70 a= 4.1071.10*¢, k= 1.4192.102 b=1 0.9996 0.0256
c 40 | a=1.0294, k= 1.4904.10? 0.9974 0.0245
% 50 a= 1.0257, k= 2.0007.10% 0.9968 0.0247
g 60 a= 1.0549, k=3.2773 0.995 0.0324
i 70 | a=1.0423, k=3.810.102 0.9904 0.0530
< 40 a= 7.2449 k=8.6977.10°, b=9.2355.10" 0.9997 0.0084
g £ | 50 |a=10530.10% k=29492.102 b=1 0.9987 0.0159
£ ES; 60 | a=1.1071, k=1.6652.102, b=0.9399 0.9992 0.0131
i 70 | 3=1.5145, k=1.4755.102, b=0.9316 0.9996 0.0112
40 k= 1.4492.107 0.9969 0.0263
§ 50 | k= 1.9522.107 0.9964 0.0255
Z 60 k= 3.1170.10? 0.9933 0.0364
70 k= 3.6673.107 0.989 0.0526
40 | k=6.9620.10%3, n=1.1652 0.9995 0.0105
& 50 k= 1.1616.102 n= 1.12534 0.9985 0.0170
& 60 | k=1.3013.10% n=1.2386 0.9994 0.0100
70 k= 1.2276.10%, n=1.3141 0.9978 0.0256
. 40 a= 7.9124.10*, k=1.8280.10" 0.9968 0.0273
< % 50 | a=16148, k=2.4456.102 0.9986 0.0164
E % 60 | a=59600.10% k= 1.8450 0.9933 0.0377
70 a= 5.2433, k=5.2437.1072 0.9971 0.0293
e 40 | a=9.1900.10%, k1=1.49.102 b=1.09.10%, k0= 1.4904.10? 0.9968 0.0273
< 50 | a=7.443.10%, k0=2.102 b=2.81.10-1, ki=2.10 0.9968 0.0264
E 60 a=-1.1960.10", k0=6, b= 1.1196, k1= 3.4686.102 0.9969 0.0271
70 | a=7.94.10", k0=3.8102.102 b= 2.48.10", k1=3.81.10" 0.9904 0.0652
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Based on the table 13 results, it is appropriate to state Midili-kucuk as the best fitting
model to effectively describe the convective solar drying of rosemary leaves since it has both
the highest r and the lowest standard values compared to the other models. Midilli Kucuk, in
multiple studies, was found as the best fitting model that better describes the drying of multiple
matrices such a Moroccan truffle (Tagnamas et al. 2020), Thymus (Lahnine et al. 2016),
Moroccan horehound (Bahammou, et al., 2020), and rosemary leaves (Mghazeli et al., 2017).
Both Fig. 33 and 34 show the perfect agreement between the experimental moisture ratio and
the one predicted by Midilli-Kucuk fitting model for all four drying temperatures.

~ = 70°C

o] ~ o 60°C

“h ~ = 50°C

= % —o—40°C
S AR - MR predicted by Midili-kucuk at 70°C
o N N ----- - MR predicted by Midili-kucuk at 60°C
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Figure 33. Moisture ratio Experimental data versus drying time fitted values.

Taking the drying temperature effect into consideration, the coefficients of the Midilli-

Kucuk equation (a, k, n and b) are expressed in terms of the temperature as shown below:
a = —1.12757*6? + 0.0146 + 0.5896
k= —-9.6147%9% + 0.00130 — 0.031
n= —14"%6% + 0.02060 + 0.39
b= —213.107%9% + 1.966.107* 8 — 0.0046

Those four expressions of the Midili-Kucuk model predicted adequately the moisture

ratio (MR) at five drying temperatures 40, 50, 60, and 70°C for the rosemary leaves.
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Figure 34. Predicted moisture ratio (predicted by two term's model) as a function of the
experimental moisture ratio

2.3.4 Effective diffusivities and activation energy

According the experimental drying curves of rosemary leaves, a falling drying rate period
as well as a liquid diffusion control process was observed. To explain and describe the drying
behaviour, Fick’s second law can be used. The measure of the diffusivity is presented in figure
33 that shows the plot of experimental results of In('Y*) versus drying time for the four different

studied temperatures.

126



Drying time
0 50 100 150 200 250

40°C
50°C
60°C
70°C

Figure 35. Effects of temperature on rosemary leaves effective diffusion coefficient.

The higher temperatures of drying will eventually increase the energy, thus leading to an
increase the activity of water molecules which mean high moisture diffusivity as shown in
figure 33 (Idlimam et al., 2007). This values usually lies within in a range of 10 to 102, The

results found in this experience are depicted in table 14 and lay within the appropriate range.

Table 14.Values of effective diffusivity of rosemary leaves.

Temperature (°C) Dett (M?/s) (r)
20 2.7046.1011 0.989
50 3.5498.10' 1 0.984
50 6.5925.10°11 0.962
70 7.4377.101 0.955

The activation energy is basically a drying process E,, equivalent to the potential value
that go up against the drying reaction progress to be overcome in order for the drying process

to happen (Lahnine et al., 2016; Mghazli et al., 2017).
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To calculate the value of activation energy the Arrhenius equation is used.

E
0., =D, £ | @

Where E_, is the activation energy, D, is the Arrhenius equation defined as the pre-exponential

factor (m? /s ), R is known as the universal gas constant (J / mol.k), and T is the absolute air

temperature.

The activation energy can be calculated via a presentation of the effective diffusivity
natural logarithm verse the temperature inverse as shown in figure 34. This helps represent the
drying temperature influence on the effective diffusivity.

T T T T T T T T T T T T T !
0.00290 0.00295 0.00300 0.00305 0.00310 0.00315 0.00320
1/T(K)

Figure 36. Ln(Deff) as a function of 1/T at different temperatures.

Ln(Def)= -3933 — 11.78(1/T)

r=0.945

The average activation energy of rosemary leaves is found to be 39.33kJ/mol or 2185kJ/kg.
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2.3.5 Quality Analysis

I.  Determination of Total Phenolic Content (TPC)

Table 15 showed the different changes in TPC values after the thin layer convective solar
drying at different temperatures in comparison to natural thin layer solar drying (rosemary
leaves) were dried for two days under normal circumstances, the ambient temperature of drying
was around 30°C ). The quantity of total phenols in the methanol extract of the fresh rosemary
leaves was found to be 78.15 £1.36 mg equiv of Gallic Acid/g of dry matter, whereas the second
highest value was found in the conventional solar dried rosemary leaves (74.14 £1.83) this may
be the due to the fact that those leaves were not submitted to a high drying temperature. After
convective solar drying at (40, 50, and 60°C) it was noted that TPC values were somewhat
similar to a relative increase with a decrease of drying time (a value of 72.34+2.08 at 60°C)
this was noted for other matrices such as sage (Bahammou et al. 2019) and olive leaves
(Bahloul et al. 2009).

Table 15. TPC and DPPH free radical scavenging activity values

Convection Solar Drying
Analysis Fresh Sun dried 40°C 50°C 60°C 70°C
TPC” 78.15 +1.36 7414 +£1.83 | 72.19+2.681 | 70.96+3.67 [ 72.34+2.08 | 69.73+3.23
DPPH" 2.63+0.18 2.91+0.04 2.8340.053 2.86+0.20 [ 2.82+0.16 | 3.03+0.078

*GAE mg /g of dry matter

“1Cs0- mg of dry matter/ mL of solvent

However, According to Table 15, the TPC decreases at 70°C. It could be stated from this
result that the phenolic content decreases significantly with high drying temperatures. Similar
results were reported by Doymaz and Karasu (2018) for another aromatic and medicinal plant’s
saga leave, where the degradation rate increased significantly with the drying temperature
higher than 50 °C. Sour cherries were also investigated and the study showed that 68.7-81.7%
of TPC was lost during the drying process (Horouz et al. 2017). Consequently, high drying
temperatures result in a decrease of the polyphenol content. This could be explained by the
heat-sensitive properties of some phenolic compounds (Doymaz and Karasu2018; Zielinska
and Michalska 2016). Wojdylo et al. (2013) suggested that temperatures and long treatment
time could cause degradation of phenolic components, thus resulting in a decrease of
antioxidant activity; this indicates that phenolic compounds may be degraded for rosemary
leaves by heat treatment at temperatures higher or less than 60 °C, since, according to the

results, both extensive drying time and temperature may result in polyphenols degradation.
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ii.  Radical-scavenging activity (DPPH)

The DPPH scavenging potential of rosemary leaves different conditions was also
measured and the results are depicted in table 15. It was found that the DPPH radical
scavenging activity of dried rosemary leaves was significantly influenced by drying air
temperatures (P < 0.05). ICso values were the fairly similar from the natural air dried till the
60°C solar convective dried rosemary leaves. In fact, however, starting 70°C, the ICso values
were above the initial value of fresh rosemary leaves, thus indicating that with higher drying
temperatures (in this case 70°C) the antioxidant activity decreases. Doymaz et al. (2018)
reported that the degradation rate significantly increased with temperature drying higher than
50 °C for sage. Similar results were found in other studies (Horouz et al. 2017, Wojdylo et al.
2013) where it was demonstrated that higher temperatures decrease the antioxidant activity of
vegetable matrices. The higher degradation rate that occurs at high temperatures and/or long
drying time is due to heat-sensitive properties of certain phenolic compounds, such as a
carnosic acid (Horouz et al. 2017), the later is unstable and can easily be submitted to

degradation during drying or extraction (Milevskaya et al. 2017).

iii.  Carnosic acid degradation investigation

Antioxidants are of great interest in the food industry due to their food rancidity
prevention capability. Many spices including thyme, cloves, black pepper, cinnamon, and
rosemary display antioxidative activities in a numerous biological system (Lacroix et al., 1997).
Several successful antioxidant applications of rosemary were reported in literature including
turkey sausages (Barbut and Josephson, 1985) safflower oil (Lee et al., 2004), palm oil (Jaswir
et al., 2000) and others.

Table 16. Carnosic acid and carnosol quantification

Fresh leaves | air-dried 40°C 50°C 60°C 70°C
Carnosol (%) 0.154714 0.216894 | 0.210603 0.205 | 0.20951 | 0.131751
Carnosic acid (%) 2.55582 1.760997 | 1.728538 | 1.64368 | 1.76826 | 1.561392

There are numerous antioxidants compounds that could be extracted from the rosemary
leaves; nevertheless, factors such as temperature or light could engender active compounds
degradation; the degradation of carnosic acid into carnosol is well established (Hilali et al.,
2018; Jacot-Navaro et al., 2015).
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To better understand the effect of rosemary drying on rosemary, fresh leaves and solar
dried leaves at different conditions were submitted to a Soxhlet extraction. The extract was
analyzed to quantify both carnosic acid and carnosol (table 16). It was found that after solar
drying (40, 50, 60°C, and air dried) values of carnosol were higher coupled with a decrease of
carnosic acid values thus indicating a degradation of carnosic acid into carnosol. However,
with high temperature (70°C) both carnosic acid and carnosol value decreases. This may
indicate that high temperature values impact the antioxidant properties of rosemary leaves. It

should be noted carnosol also possesses as well antioxidant properties.
2.3.6  Economic and environmental feasibility of convective solar dryer

i.  Economical study and estimation

By introducing solar dryers, a chance to produce a high marketable quality product with
minimal cost will be presented to the farmer thus improving the economic situation while
promoting a green alternative. The solar dryer can meet the energy required for food product
drying wile significantly contributing to CO2 emissions reduction resulting from fuel
switching. This part evaluates the financial feasibility of solar drying of rosemary leaves at a
drying temperature of 60°C, the temperature was choosing according to the quality analysis
results (Tiwari, 2016).

Table 17. Parameters used in the economical calculations

Parameters value
Reference mass (M) 100g
Latent heat of vaporization of water (he) 2.26 MJ/kg
Drying efficiency (I]q) 0.25

Daily solar radiation (lq)
Reflector price (pr)

5.053 kWh/m?/day
45.63USD/m?

Annual repair cost (as fraction of the capital) (rc) 0.05
Discount rate (d) 0.1
Life time (t) 10
Remaining compound cost (fraction of the collector cost) (cJ) 0.1
Initial moisture content (M) 0.8
Final moisture content (M) 0.3
drying time (tq) 4 days
Sensible heat fraction required to raise the temperature (¢) 0.5

131



The parameters used for the economical evaluation for 100 g (mass used in this
experiment) are depicted in table 17 (Purohit and Kandpal 2005; Purohit, Kumar and Kandpal
2006). Solar radiation was previously reported in the Marrakech region to have a value of 5.053
KWh/m2/day (Aarich et al. 2018). The initial and final moisture of rosemary leaves values
were taken according to the experimental results found in this study. As for the efficiency, it
was stated that for convection dryers the efficiency varies between 20—-30%, thus in this part a
25% efficiency was considered. The fraction of the sensible heat needed to raise the
temperature to the targeted drying temperature value was considered as 0.5 in this study
(Purohit, Kumar and Kandpal 2006).

The specific heat of the product also defined as the amount of heat per unit mass
necessitated to raise the temperature by one degree Celsius, the value could be approximately

calculated for rosemary leaves (in MJ/kg/C°®) using the Siebel’s formula (ASHRAE,1974).
0, = (0.80 M;+0.20)4.1868 x 10> ()

The obtained value from the calculation is.g, = 3.5169. 1073

The collector area At needed for drying 100g of rosemary leaves can be calculated using the
following equation (Purohit and Kandpal, 2005; Purohit et al., 2006).

b= O ) 0=} () @

The T,,,p IS the average ambient temperature (32°C) and T, is the drying temperature (60°C).
A was found to be: 14.74 m?,

The capital (C;) for 100g of the solar drying was calculated according the following equation.

¢ = (MR Prx 1+ Ca)/,d_ Nots) [{(1 N Mf/1 _ Mz) Q(Ty — Tamb)} + {(Mi - Mf/1 _ Mi) he}] (4)

Where p, is the price of solar collectors (the estimation was 45.63USD/m?);c, represent the remaining
compounds cost as a fraction of p, (the price of the solar collector). The estimates obtained for the
equation above for 100 kg of rosemary leaves, is 462.4 USD 672.28 USD for the capital and

solar collector price, respectively.

The annually monetary worth of saved fuel can be measured according to the equation below.

S= (365 X CUF x Mg Cr. I]f.td) [{(1 - Mf/l - M,) Qr(Ty — Tamb)} + {(Mi - Mf/1 - Mi) he}] XDpr (8)
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CUF stands for the capacity utilization factor of solar dryer it varies according to depends
on the number of days in which the dryer could be used in a year as well as the amount of dried
rosemary leaves per batch (the estimated value for this parameter in this part was set to 0.7).
I, is the utilization efficiency (0.6, 0.7, and 0.8 for coal, diesel oil, and natural gas,
respectively) Cr the calorific value (20 MJ/kg, 35.6 MJ/I, 39 MJ/kg for coal, and natural gas,
respectively) and p, the estimated fuel market price (0.0780 USD/kg, 0.34USD/kg and
0.17USD/kg for coal, and natural gas, respectively) (Purohit and Kandpal, 2005).

Table 18. Financial saving per year and CO, Mitigation values for drying 100kg of rosemary

leaves
Coal Diesel oil Natural gas
Annual monetary saving 14.75USD | 31.97 USD 12.96 USD
Annual saved fuel 189.20 kg 94.04 | 76.25 kg
CO. Mitigation 16108.48kg | 6895.57 kg 4760.74kg

The values depicted in table18 present the estimated annual saving according to the fuel
the estimated fuel price in the market. It could be deduced the financial benefits is higher with

the substitution of diesel oil with a value of 31.75 USD saving per year.

ii.  Eco-footprint of solar dying process and CO> mitigation estimation

Drying is a process deemed essential for food and agricultural goods preservation. Drying
under controlled conditions (temperature and humidity) allows foodstuff to dry rapidly to a
safe moisture content thus ensuring a high product quality. For example, fruit and vegetables
requires for “safe drying” a drying temperature that ranges from 45-60 °C (Bal, Satya and Naik
2010). For controlled drying, the hot air for industrial drying is provided by fossil fuels burning,
meaning that an important quantity of fuels is world widely to serve drying applications. Fossil
fuel price fluctuation and scarcity coupled with environmental impact related to this later put
restraining constraints on such source consumption (Rabha, et al 2016; Thirugnanasambandam,
et al 2010; Jager-Waldau 2007; Kousksou 2015).

In fact, drying in developing countries is a major compound of the energy consumption;
however, for farmers in many of those countries’ access to the electricity grid and non-
renewable sources is expensive or considered off limit for that reason drying with fan systems
and heaters that use non-renewable sources are unsuitable. Thus, solar open drying is

commonly used in such regions (Bal, Satya and Naik 2010).
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Figure 37. Comparison between drying methods

While, open solar drying presents a solution to the problem in hand (fig. 35), it is still an
unperfected process since the drying conditions cannot be controlled and the dried product
quality is left unprotected and is usually affected by dirt, air pollution, birds, rodents, insects
and microbes. This will decrease both the quality and the economic value of the product
(Mghazli et al., 2017). Therefore, to mitigate energy security and climate change alarming
concerns while at the same time preserving the foodstuff quality, a shift toward renewable
energy is heavily considered mainly solar energy. Given that the sun is a free source of an
inexhaustible green energy, different technologies have being developed and universally used
in to adequately harvest and exploit solar energy. Solar controlled drying offers a green
preservation process for multiples vegetables matrices, such as, fruits, grains, vegetables, and
herbs while at the same time preserving quality of the product and the environment by
decreasing the amount consumed fossil fuel. In fact, economically speaking, many studies
affirmed that solar dryer is more financially attractive as an alternative to commercial fuels for
the end user (Purohit and Kandpal, 2005; Purohit et al., 2006).
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It should be noted that most of the promoted solar dryers are developed for a targeted
class of product or a specific agricultural matrix. For that purpose, the dryer is developed
considering the product drying characteristics, quality conditions and economical concerns. As
shown in fig. 11-1-7 the dryer performance depends on drying air characteristics (drying air
temperature, humidity, and air velocity), product characteristics variables (such as moisture
content, size and distribution of the product), and finally dryer configuration and dimensional
variables (length, width, and diameter) (Purohit et al., 2006).

Nowadays it is important to promote green energies such solar energy to lessen climate
change concerns. Thermal solar energy was assessed in several studies as main to reduce CO>
emissions. In fact, several methods were developed as to study and analyze the potential of
CO; mitigation (Purohit et al., 2005; Tripathy, 2013; Kandpal et al., 2003). It is possible to
estimate via those calculations the gross annual CO2 mitigation emission that results from using
thermal solar drying as an alternative to different fuels. In this part, CO. estimated mitigation
potential was calculated for fossil fuels (coal, diesel oil, fuelwood, and natural gas) via the

following equation.

Eest = (Cemis X feo X Asf) X (44/12) (9)

Where C,,,;s IS the carbons emission factor considered as 25.8, 20.2, 17.2 tC/ TJ for coal,
diesel oil, and natural gas, respectively; f., is the carbon oxidized fraction during combustion
with a value of 0.9 for coal, 0.99 for diesel oil and 0.99 (tripathy,2013).as; is the annual saved

fuel calculated as followed.

ASy = (365 X CUF X My Cr. r]f.td> [{(1 - Mf/l - MI) Qr(Ty = Tamb)} + {(ML - Mf/l - Mi) he}](lo)

Results summarized in Table 18 represent the annual CO, emissions. The values vary
from 16108.48kg for coal 6895.57 kg for diesel oil and 4760.74kg for natural gas. Similar
results were found by Tripaty, 2003 where it was found that for potato cylinders the potential

CO- emission mitigation value is highest for coal followed by diesel oil and natural gas.
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Conclusion

This study was performed on rosemary by thin convective solar drying as a way to valorize
rosemary leaves, to increase its shelf-life, and investigate the impact of solar drying on
rosemary antioxidant properties. From the drying kinetics for the multiple drying temperatures
and the obtained experimental drying curves of rosemary leaves in a forced convection solar
dryer under controlled air conditions, several results were noted. Out of the nine models
considered, the most fitting model to better explain the drying behaviour of rosemary leaves
for thin layer forced solar drying, according to statistical analysis results, was Midilli-Kucuk.
Effective diffusivity values (Deff) were obtained by Fick's diffusion model ranged from
2.7046.10- to 7.4377.10-; those results indicate that with high temperatures the value of
Deff increases. Activation energy value was calculated as follows, for rosemary leaves,
39.33kJ/mol. The DPPH and TPC analysis were carried to investigate the effect of drying
temperatures on the polyphenol content and antioxidant activity of rosemary leaves. TPC and
ICso values were relatively similar to the fresh values, while with a high value (70°C) TPC
values decrease and the 1Cso value increased, thus indicating a negative effect of high drying
temperatures on rosemary leaves. The degradation of carnosic acid into carnosol resulting from
exposure to high temperatures was also investigated. Results showed that with solar drying (40,
50, 60°C, and sun-dried) showed an increase of carnosol coupled with a decrease of carnosic
acid while at high temperature (70°C) both carnosic acid and carnosol value decreases. Those
results possibly signify that high temperature drying values (superior to 60°C) impact
negatively the antioxidant properties of rosemary leaves. A mathematical analysis was also
conducted in this work to study both the economic feasibility and the annual CO, emissions
mitigation for different fossil fuels while drying rosemary; results showed that the application
of solar energy for rosemary drying, in this case, has great potential for both fossil monetary

saving and CO2 emissions mitigation.
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[1-11. Orange Peels

1. Context

Citrus peels contains insoluble carbohydrates (cellulose, pectin), other sugars (glucose,
fructose, sucrose, galactose), acids (mostly citric, malic acids and benzoic acid...), lipids (oleic,
linoleic, linolenic, palmitic, stearic acids...), mineral elements (nitrogen, calcium and
potassium), volatile compounds (alcohols, aldehydes, ketones, ester, hydrocarbons), flavonoids
(flavanones, flavones, anthocyanins), limonoids (limonin, isolimonin), EO (mainly D-
limonene, up to 95% in oranges), enzymes (pectinesterase, phosphatase, peroxidase), pigments
and carotenoids (carotene, xanthophylls, lutein), polyphenolics (phenolic acid), nitrogen
constituents (ammonia, nitrogen, and nitrates) and vitamins (ascorbic acid, complex B
vitamins). Thus, the peels are a rich provider of bio-compounds. This by-product can be used
wet or after pressing and usually drying processes, in order to increase the shelf-life reduce
weight and consequently storage and transport costs. If peels are exposed to the sun, water
content will be reduced from about 80% to 10% (Zema et al., 2018).

Drying is a process used to reduce moisture levels of a giving product to minimize
ongoing reactions and prevent microbial deterioration. Sun-drying is the most used method;
however, this process is very tricky process since it takes longer than conventional drying and
involves the product being exposed to a range of contaminants such as pests, and disease agents
that includes dust, birds, rodents, and microorganisms. That type of contamination could result
in significant decrease in the quality of the final product. Consequently, innovative solar
drying, especially convective drying, is used in this study to overcome the apparent problems
of sun-drying. Convective can be used reliably for orange peels drying in large quantities and

shorter periods without any negative impacts on the final product quality.
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2. Bio-refinery and valorization of orange peels via
convective thin layer solar drying

Abstract

The orange peels are residue of juices production rich in terpenes and flavonoids with a
wide range of biological effects. Considering the use of those bio-compounds in multiple fields
orange by-products processing appears as a suitable source for high sub-product. The work was
carried in a convective solar dryer in order to study and understand the drying kinetic and obtain
the characteristic drying curves of orange peels at different temperatures (60°C, 65°C, 70°C,
75°C, 80°C). Two-term model was better fitted to the drying behaviour out of nine models.
The diffusivity coefficient increases with drying and the activation energy was 2161.67KJ/Kg.
The Total Polyphenol Content (TPC) and antioxidant activity showed better results for high
drying temperature compared to 60°C, 65°C and shade-dried meaning that TPC and antioxidant
activity were significantly affected by the drying temperature. Such drying treatment could be

used to increment TPC and antioxidant activity in orange peels.

2.1 Introduction

Citrus fruits are a worldwide consumed fruit with an estimated production of 89 million
tons in the year of 2014 (USDA, 2014). They are crucial for a healthy human diet since they
contain bioactive compounds and present a very rich source of some unique to citrus phenolic
compounds essentially, flavanone glycosides, carotenoid, phenolic acid, and limonoid; the
latter is known for its biological properties and is frequently used in perfumes and cosmetics
production (Mata-Bilbao et al., 2007; Park, Lee and Park, 2014; Kodal, Aksu, 2014; Chen,
Yang, Liu, 2011). Those compounds can be found in both the fruit juice and the peels that are
usually considered as juice processing by-products (Chen, Yang, Liu, 2011; Marin et al.; 2005)
In the recent years an increased interest in the citrus peels valorisation have been emphasized
in multiple studies (Jeong et al., 2004), those by-products were generally used to obtain
bioactive compounds, pectin, molasses, and essential oil (Kahrilas et al., 2014). Citrus peels

were also used for volatile flavouring compounds, biogas and ethanol production.
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Orange is a citrus fruit known as an important source of vitamin C. Multiple studies have
reported that orange peels contain Polymethoxy flavones (PMFs) that is known for its health
benefits. This is due to numerous properties that it has, such as anti-inflammatory, anti-viral,
anti-carcinogenic, atherogenic, anti-thrombogenic and antioxidant activities (Huanga et al.,
2009; Li et al., 2007). However, orange peels have high moisture content making them
extremely sensitive to both biochemical and microbial degradations; therefore, the stabilization
of the orange peels through dehydration is an indispensable process in order to decrease the
water activity of the product and thus allowing a long shelf-life for a better valorise and further

use the product to extract numerous bioactive compounds (Bahammou et al., 2019).

This study falls within the framework of by-products bio-refineries which aims to
valorise by a series of experimental testing, orange peels as an abundant source of bio-
compounds by using thermal energy for drying purposes. In fact, through history, solar drying
was established as a food preservation technique for agricultural product to reduce moisture
content and therefore prevent product deterioration and increases the shelf-life (Koukouch et
al., 2015; Mghazli et al., 2017; Lahnine et al., 2016). Nevertheless, with such practice, the
product is left unprotected from rain, dust, insect infection, rodents, air-pollution and microbes
thus degrading its final economical and nutritive value. To overcome this obstacle, a more
suitable alternative in the form of a convective solar dryer that assure a better quality and a low
sustainable green energy demand was developed. Thin layer modeling is typically carried out
to understand the drying behaviour and characteristic of a giving product (Rabha et al., 2016;
Ait Mohamed et al., 2004). Recent studies highlight mathematical modeling as the primary
research focus to study the convection drying process characterized by an instantaneous heat
and mass transfer (the water in the product is transferred to the interface by diffusion and to
the air-steam by convection) of numerous vegetables, fruits, and plants (Babalis and
Belessiotis, 2004). Numerous mathematical models were established in the literature for
convection solar drying of different products such as rosemary leaves (Mghazli et al., 2017),
thyme (Lahnine et al., 2016), prickly pear cladode (Lahsasni, et al., 2004), olive pomace waste
(Koukouch et al., 2015).
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The aim of this study was to develop a mathematical model for predicting solar
convection drying of orange peels at different air-drying temperature as well as to understand
the drying behaviour of this by-product. Different suitable models were thus analysed in order
to describe the solar drying curves of orange peels. A quality analysis was also developed by
analyzing the Total Phenolic Contents (TPC) for fresh, shade dried and solar dried orange peels
in order to develop a bio-refinery based on thermal energy to valorize orange peels for

economical and nutritive purposes.

2.2 Material preparation and treatment

e Plant Materials

The material used in this study is orange peels. This by-product was bought from a
supermarket in Marrakech (Morocco) and used after orange juices processing. Orange peels
were subjected to 5 temperatures heat solar drying treatment (60°C, 65°C,70°C, 75°C and
80°C) as well as a four days natural air-shade drying (drying temperature that correspond also
to the ambient temperature was around 23°C); the product mass used for each experiment was
100 £3.4 g of fresh matter and was thinly and uniformly distributed on the trays of the drying
cabinet Mghazli et al., 2017; Lahnine et al., 2016).

e Experimental solar dryer setup

The experimental apparatus consists of an indirect forced convection solar dryer. The
system is composed of a solar air collector oriented south with an angle of 31° with a dimension
of 1 by 2.5 m coupled with an auxiliary heater, a drying cabinet and a circulation fan (all parts

are shown in fig. 36 and detailed in material and methods chapter).
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Figure 38. Scheme of the drying apparatus (convection solar dryer)
(1)Solar collector; (2) direction of fan; (3) fan; (4) direction of aspiration; (5) control-box; (6)
Auxiliary heating system; (7) shelves; (8) drying cabinet; (9) recycling air; (10) control foot;
(11) exit of air;(12) humidity probes; (13) thermocouples.

2.3 Results and discussion

2.3.1 Drying kinetic
The variation of the moisture content in the sample in relation to the drying time can
represent the drying kinetic of the desired product; the drying kinetics shows the mass loss and
can be illustrated by drying rate. Five experimental drying tests were carried on to study orange
peels solar drying. Fig. 37 represents the moisture content versus the drying time. The obtained
drying curves show a considerable decrease of moisture in time as well as a decrease when

temperature values increase for the five tests.
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Figure 39. Moisture content variation in time

It could be deduced from the graph that the drying temperatures significantly affect the
total drying time. The experimental data showed that the drying time decreased with a rate of
39.1% when the drying temperature increases from 60 till 80°C. The drying time of orange
peels that were dried under solar convective dryer were respectively 690, 570, 420, 330, and
270 minutes for air drying temperatures of 60, 65, 70, 75 and 80 °C at a 300 m#/h flow air rate,

respectively.

It should also be noted that the graph lacks phase O (initial period) and phase 1 (constant
rate period), and the only existing phase is phase 2 (the falling rate period). The drying rate
was initially higher due to the high amount of free water available in the product. Thus, the
vapour pressure at the surface equals the saturation value. The phase is defined by water
diffusion in the product; the mechanism is complex and is characterised by the effective
diffusion that involves water in vapour and liquid states oversees by the water diffusion in the
product, thus depending primarily on drying temperature, pressure, water content of the
matrixes. This moisture is hence easily removed during the first stages of drying. Those results
were also found in different other drying studies (Ait Mohamed et al., 2004; Babalis and
Belessiotis; 2004; Lahsasni et al., 2004)
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In Fig. 38, it could be seen that drying rate of orange peels increases with relation the
drying temperature. Thus, it is concluded that the drying kinetics of orange peels is influenced
by the drying air temperature. Similar results were also noted in other convection solar drying
studies (Doymaz and Pala, 2002; Sarsavadia et al., 1999; Ozdemir and Devres, 1999; Ertekin
and Yaldiz, 2004). Grenade peels drying showed also similar behaviour (Idlimam, Ethmane
Kane and Kouhila, 2007).
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Figure 40. Drying rate variation as a function of moisture content

2.3.2 Characteristic drying curve

The characteristic drying curve is a theoretical normalization that makes it possible to
establish a law of drying taking the experiments results and data into consideration. This
method allows a correlation establishment based on the non-linear optimization method of
Levenberg-Marquard in the form of a third-degree polynomial equation. Origin 6.1 software
was used for this purpose. The dimensionless drying rate value f depicts the behaviour at any
air-drying condition. The main reason for a characteristic drying curve is to reduce all

experimental data and present them in an exploitable form for the scientific community.
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The characteristic drying curve that took a polynomial of order 3 forms is plotted in figure

39.

f =0.690 MR + 1.040 MR2 -1.214 MR3

The criteria needed to evaluate the goodness of fit are the standard error (RSS = 0.04577) as

well as the correlation coefficient (r = 0.9874).
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Figure 41. Characteristic drying curve of orange peels

The graph shows a higher concentration of the point in the interval between 0 and 30%

this indicate that the product can be stored for a higher period. The characteristic drying curve

of orange peels allows the prediction of the drying rate for different experimental conditions.
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2.3.3 The drying curves modelling and fitting

The modeling of drying curve is required for moisture content prediction in a targeted
product. The moisture content measured at the set drying air temperatures were converted to
moisture ratio. The drying curves were then plotted as a function of time. Modelling the drying
behaviour of orange peels requires statistical regression and correlation analysis methods.
Mathematical models are considered as important tools to find the correlation between
variables with no empirical established relationship. Nine of those models were considered and
applied to the experimental data in order to adequately predict the water content and describe
the shape of the drying curve of orange peels. The determination of drying constants, the values
of r, chi-square and Standard Error (RMSE) of the nine models is obtained by the non-linear
optimization method of Marquerd-Levenberg using curve expert software for all the
experimental points. The results of statistic and non-linear regression analyses applied to the
nine models are shown in table 19. The appropriate model for describing the drying kinetics of
orange peels is picked based on certain criteria; high correlation coefficient (r), minimal

Standard error, and minimal chi-square.

From Table 19, the two-term model has the highest r coupled with the lowest standard
error and reduced chi-square (y2) value; therefore, it could be concluded that the two-term
model is the best fit model for obtained experimental data from the drying experiments and
adequately describes the convective solar drying of orange peels. Both Figure 40 and 41 show
the perfect agreement between the experimental moisture ratio and the one predicted using

two-term fitting model for all five drying temperatures.
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Table 19. Moisture ratio fitting for the 5 temperatures

Models | T°C | Parameters R RMSE x2
60 | a= 1.0311, k=2.18236.102, n=7.693577.10", b= -4.95937.10° 0.9983 0.0182 | 3.315.10°3
§ 65 | a= 1.02543, k=1.7801.102 , n=8.2474.10, b=-4.4998.10" 0.998 0.0164 | 3.291.10°3
= 70 | a= 1.01976, k= 1.68283.102, n=8.743625.10, b= -3.489171.10° 0.9985 0.0173 | 3.041.103
= 75 | a= 1.00766, k= 1.1668.102, n=9.8865.107, b= -2.48457.10° 0.9992 0.0123 | 8.364.10*
S 80 | a= 1.0038, k=1.2331.102, n=1.010367, b=-3.983585.10"° 0.9991 0.0099 | 9.651.10*
60 | a= 9.3475.10, k=7.0615.1073, c=2.6529.107 0.9954 0.0296 | 5.243.103
Q 65 | a= 9.54579.107, k= 7.82851.103, c= 2.4154.102 0.9972 0.0234 | 4.293.10°3
g 70 | a= 9.67042.107, k=9.75455.103, c=2.42126.102 0.9979 0.2028 | 4.030.103
El 75 | a= 1.009, k=1.10813.10?, c=-3.6126.10° 0.9985 0.0121 | 2.579.10°3
8 80 | a= 1.01906, k= 1.273873.10?, c= -1.325924.10*? 0.9995 0.0078 | 5.641.10*
60 | a= 1.445.10*5, k= 6.9804.103, b=9.999.10! 0.9929 0.037 | 6.607.10°
= 65 | a= 3.76649.10**, k=7.63221.103, b=1 0.992 0.0282 | 6.752.103
‘g;f 70 | a= 3.92249.10*°, k=9.36279.103, b=1 0.9972 0.0234 | 4.175.10°3
£ 75 | a= 4.3899.10**, k= 1.1044.102, b= 0.999 0.9992 0.0124 | 8.484.10*
S 80 | a= 2.46402.10*%, k= 1.5696.102, b=1 0.9994 0.0104 | 7.937.10*
60 | a= 9.4528.10°, k= 6.42214.10° 0.9947 0.0313 | 5.903.103
< 65 | a= 9.66018.1071, k=7.24175.10° 0.9967 0.025 | 4.786.10°
2 70 | a= 9.805656.107%, k=9.0972.10° 0.9974 0.0218 | 4.226.10*
e 75 | a= 1.0099, k=1.31572.10-2 0.9992 0.0118 | 8.218.10*
£ 80 | a= 1.0067, k=1.1183.10? 0.9994 0.1038 | 7.603.10*
s 60 | a= 1.0819, k=6,9826.10"3, b=9.999.10"! 0.9929 0.037 | 6.610.10°
- k= 65 | a=3.19367, k=7.6101.1073, b=1 0.996 0.0282 | 4.813.103
S §-< 70 | a= 1.3335, k=9.34335.103, b=1 0.9972 0.0234 | 4.173.103
=8 75 | a= 1.0129, k=1.12669.102, b= 1.432 0.9992 0.012 | 8.425.10*
og 80 | a=1.0332, k=1.3462.102, b=5.3715 0.9995 0.0099 | 5.757.10*
60 | k=6.9826.10" 0.9929 0.0358 | 6.427.103
65 | k=7.6101.103 0.996 0.0272 | 4.834.103
< 70 | k= 9.34334.10°3 0.9972 0.0223 | 4.371.10*
s 75 | k= 1.10899.102 0.9992 0.0118 | 8.223.10*
2 80 | k= 1.30035 0.9993 0.0107 | 8.006.10*
60 | k=6.9397.103, n=8.4457.101 0,9977 0.0205 | 4.241.103
65 | k= 1.30922.10% n= 8.87560.1071 0.9983 0.0176 | 3.301.103
70 | k= 1.36131.102, n=9.1843.101 0.9984 0.0173 | 3.315.103
N 75 | k= 1.05035.10 n=1.0121 0.9992 0.0119 | 8.146.10*
& 80 | k=1.300.102, n=1.031968 0.9995 0.0097 | 5.937.10*
60 | a= 2.42213.107, k=2.1640.10"2 0.9973 0.0184 | 4.471.10*
= 65 | a= 3.23048.1071, k= 1.69498.10? 0.9987 0.0157 | 1.846.103
§§ 70 | a= 4.1563.10°1, k= 1.58818.10%2 0.9986 0.0158 | 1.437.10*
o § 75 | a= 1.2157, k=1.1555.102 0.9992 0.0121 | 8.205.10*
E x 80 | a= 1.386937, k=1.4633.102 0.9994 0.0099 | 7.908.10*
60 | a= 7.263566.107, ki= 4.99688.103, b= 2.9205.107, ko= 2.25809.102 [ 0.9981 0.017 | 3.512.10°
65 | a= 7.49552.107, k= 5.811.10", b= 2.649.10", ko= 2.094. 102 0.9989 0.0154 | 1.967.10°
£ 70 | a= 2.82628.107%, ko= 2.082807.102, b=7,299.107, k;= 7.281632.10° [ 0.9988 0.0159 | 2.127.10°
ﬁ 75 | a= 7.60214.102, ko= 1.48426.10, b=9.315.10", k;= 1.094.102 0.9992 0.0125 | 8.345.10*
E 80 | a=8.201.10, ko=2.325.10, b=1.898.10", k;=1.315.10% 0.9994 0.0111 | 7.908.10*
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Taking the drying temperature effect into consideration, the coefficients of the two-term

equation (a, ko, b and ki) are expressed in terms of the temperature as shown below.
a = 0.004602 — 0.69060 + 24.79
ko= —7.10 —56?% + 0.01060 — 0.383
b= —0.00660%+ 092960 — 32.49
k, = —56% — 0.0016 + 0.402

Those four expressions of the two-term model predicted well the moisture ratio (MR) at five

drying temperatures 60, 65, 70, 75 and 80°C for the orange peels.
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Figure 42. Moisture ratio Experimental data versus drying time fitted values.
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2.3.4 Effective diffusivity and activation energy
The Experimental drying curves of orange peels confirm that the drying rate happens
solely in the falling drying rate period as results of liquid diffusion controlling the moisture
transportation process. For this case, the second law by Fick’s equation using drying analysis
data could is used to calculate the effective moisture diffusivity of orange peels, thus to describe
the drying behaviour. Effective diffusivity values are defined from the plot (fig.42) of
experimental results of In(Y*) versus drying time for different temperatures. Defr Values are

illustrated in table 20.
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Figure 44. Effects of temperature on orange peels effective diffusion coefficient

The higher temperatures of drying will eventually increase the energy, thus leading to an
increase the activity of water molecules which mean high moisture diffusivity (Idlimam et al.,
2007). This values usually lies within in a range of 10® to 102 (Table 20).

Table 20. Values of effective diffusivity of Orange peels

Temperature  Desr (M%) (n
(°C)
60 1.6211.10°1° 0.992
65 1.8913.10°1° 0.982
70 2.161.101° 0.989
75 2.972.101° 0.992
80 3.5124.101 0.996
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To dry a targeted product the required energy must surmount the activation energy value
for the process to happen. Arrehinus law can describe the equation since the diffusion
phenomenon is activated via the thermal agitation. The activation energy can be calculated via
a presentation of the effective diffusivity natural logarithm verse the temperature inverse as
shown in figure 42. This helps represent the drying temperature influence on the effective
diffusivity.
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Figure 45. Ln(Deff) as a function of 1/T at different temperatures

Ln(Def)= -8.542 - 4677(L/T)
r=0.98

The average activation energy of orange peels is found to be 39.33kJ/mol.
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2.3.5 Temperatures effect on the Total Phenolic Content (TPC) and radical-scavenging
activity (DPPH)

Figure 43showed the effect solar drying at different temperatures on the TPC in
comparison to natural thin layer shade drying (orange peels were dried for four days under
normal conditions. The amount of total phenols in the methanol extract of the fresh rosemary
leaves was found to be 78.15 +1.36 mg equiv of Gallic Acid/g of dry matter. After both
conventional shade drying and convective solar drying at (40, 50, and 60°C) that implies longer
drying time, it was noted that TPC were considerably lower than the values found in the fresh
peels. This TPC decrease could be the result of a drying process that wasn’t able to inactivate
the oxidative enzymes, which would result in a degradation of certain polyphenols (Garauet
al., 2007).

However, as shown in figure 44, the TPC increases with higher temperature since the
peak value was found in the orange peel dried at 80 °C. It could be stated from this result that
the phenolic content improves gradually with high drying temperatures. It could be drawn from
those results that temperature is a determining factor, since with an increase of temperature the
drying time decreases; in fact, drying duration decrease by approximately 60% between
60°Cand 80°C. Other studies have reported similar results and affirmed that for citrus species,
the phenolic content increases with high heating temperature; thus, indicate that phenolic
compounds can be liberated by heat treatment at temperatures higher than 70 °C (Jeong et al.,
2004; Chen, Yang, Liu, 2011) In a study conducted for Marrubian vulgar plants drying it was
found that the temperature influence the polyphenol content and the highest value was found
at 80°C, since the drying at this temperature decreases time by a factor of 4 in comparison to
50°C (Bahammou et al., 2019). This may be due to new substances formation or precursor that
occurs between several molecules via non-enzymatic inter-conversion at 70 °C drying

temperature (Jeong et al., 2004).
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Figure 46. Effect of drying temperatures on the TPC and antioxidant activity

Those results were also found for other product such apricots. It was found that the
apricot dried at 75°C had better features when it comes to antioxidant and polyphenol contents
thus making it a better product quality wise (Madrau et al., 2009) The DPPH scavenging
potential of orange peels at different conditions was also measured and the results are depicted
in figure 44, 1Cso values were higher for the lowest drying value starting from the natural shade
dried till the 70°C solar convective dried orange peels. However, starting 75°C, thelCso values
were below the initial value of fresh orange peels thus indicating that with higher drying
temperatures (in this case 75°C and 80°C) the antioxidant activity increases. Similar results
were found by (Madrau et al., 2009; Azeez et al., 2017), where it was demonstrated that higher

temperatures improve the antioxidant activity of orange peels and tomato slices.
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Conclusion

This study was carried for the first time on the orange peels by thin convective solar
drying to valorise this by-product and to increase it shelf-life. From the drying Kinetics of the
multiple drying temperatures and the obtained experimental drying curves of orange peels in a
forced convection solar dryer under controlled air conditions, several results were noted. First,
only the falling drying rate period exists; it started from the initial moisture content in the
orange peel till the final moisture content. Second, the drying kinetics is influenced by the
drying temperatures. Finally, the characteristic drying curve was obtained as well as the drying
rate equation.

The drying behaviour of orange peels was described by mathematical modelling after
fitting nine models for the forced solar drying processes. It was found after considering the
statistical values of each model that two term was the most fitted and appropriate model to
describe the drying kinetics of orange peels. As for the diffusivity coefficient, it has been found
that the diffusivity coefficient increases with drying and it varies from 1.6211.10%° for 60°C
till 3.5124.10%° for 80°C. The Arrhenius relation, allowed the calculation of the activation

energy that was found to be 2161.67kJ/kg.

A change of total phenolic contents and antioxidants activity in orange peels was seen in
the obtained results this was influenced by hot air drying at different temperatures. The results
showed TPC degradation in both 60°C and 65°C and the natural shade dried orange peels yet
with higher temperatures (70°C, 75°C, and 80°C) the products give a better TPC concentration.
As for the DPPH analysis, it was found that starting from 75°C, the antioxidant activity
improves. Convective solar drying at temperatures above 65°C could be considered to

increment TPC and antioxidant activity in orange peels.
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General Conclusion

and Perspectives



General conclusion

The thesis was divided into two parts each of them focuses on the utilisation of a solar thermal

system.
> Solar extraction.

Rosemary leaves were studied as an aromatic and medicinal plant. The value of essential
oils in rosemary leaves is known. Their extraction is often considered a specific objective, due
to their high economic value. However, new researchers and industrials are placing the interest
of rosemary to its non-volatile bioactive compounds, specifically natural antioxidants. To
valorise those compounds, “deodorization” to reduce and remove aroma from the leaves is a
primarily concern since it is time and energy consuming. While considering this issue, solar
steam distillation (SSD) was considered as green and charge free solution for rosemary leaves
deodorization the system was compared with a conventional steam distillation process (CSD).
In a view of the findings, it can be concluded that the process allowed the deodorization of
rosemary leaves; this was observed thanks to the scanning electron microscopy that showed
the explosion of trichomes glands and branch erosion and illustrated by HPLC results that
proves the preservation after SSD of the targeted antioxidant (ursolic acid, rosmarinic acid and
carnosic acid). The process has also multiple advantages over the conventional technique.
Overall, antioxidant studied in this work were better preserved after SSD, the essential oil yield
was somewhat similar however the extraction time needed for SSD was 37% less than CCS.
DPPH free radical scavenging activity and fluorescence microscopy and polyphenol analysis
showed also that polyphenol and antioxidant activities were highly preserved after the SSD
process. It can further be concluded that the innovative SSD technique used for deodorisation,
decreases the energy consumption since solar energy is a sustainable charge-free while
allowing an efficient extraction of both volatiles and non-volatiles compounds from rosemary

leaves.

In the other hand, Industries are now more than ever ready to recycle "waste", rather
called recently "by-products”, into commercial products with high added value. Annual citrus
production worldwide has doubled in the past 5 years and is now estimated at over 100 million

tonnes. Almost 50% of citrus fruits are used to produce juice.
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The massive amount of waste leads to a disturbing situation in respect to the environment.
Orange peel contains essential oil, which is found in small glands in the part called "flavedo",
and flavonoid (mainly naruritin and hesperidin) found in "albedo". In that respect solar hydo-
distilation was considered as an original concept toward a zero-waste bio-refinery that aims to
extract essential oils, flavonoid, and pectin from orange peels after pressing (used to obtain
orange juice). The system was compared to a conventional hydro-distillation. It was possible
to demonstrate via results that TPC, TFC, hesperidin, narirutin, and pectin are still present in
the peels after extraction with high preservation amounts, particularly after solar hydro-
distillation. This may be due to the distillation time needed for essential oil extraction being
less for solar hydro-distillation, and the peel after extraction still needed to be valorized. With
reference to those results a valorisation system after essential extraction could be suggested to

better valorise orange peels.
» Solar drying

Solar drying has potential to extend shelf life of dried leaves and peels. Same matrices of
solar extraction were considered for this application as well. In order to increase the shelf life
of rosemary leaves several convective solar dryer temperatures were taking into consideration
(40°C, 50°C, 60°C and 70 °C) and obtained results were compared with open solar drying.
Kinetic analysis helped obtain, under controlled air conditions, the characteristic drying curve
of rosemary leaves. In order to explain the drying behavior and to develop the mathematical
modeling of rosemary leaves, nine models were studied for thin layer forced solar drying
processes. According to statistical analysis of the experimental results, it could be concluded
that Midilli- Kucukmodel is the most appropriate for describing the convective solar drying
kinetics of rosemary leaves. Effective diffusivity values (Deff) obtained by Fick's diffusion
model were in the cover ranged and varied from 2.7046.10* to 7.4377.10!! indicating that
with high temperatures Dess values increases. The Arrhenius relation was used to calculate the
activation energy found to be 39.33kJ/mol. The results express the effect of temperature on the
diffusion coefficient and this range corresponds with the energy of activation of other food
products. Activation energy value was calculated as follows, for rosemary leaves. The
degradation of carnosic acid into carnosol resulting from the exposure to a range of

temperatures was also investigated.
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It was found that with solar drying (40, 50, 60°C, and sun-dried) an increase of carnosol
was observed coupled with a decrease of carnosic acid values, while at high temperature in this
case 70°C both carnosic acid and carnosol value decreases. This could imply that high
temperature may lead to quality deterioration. To better explain this process and understand
the effect of high temperature on the quality of rosemary leaves and further choose the adequate
temperature drying range, an additional DPPH and TPC analysis were carried to exemplify the
effect on the polyphenol content and antioxidant activity of rosemary leaves. The results values
were relatively similar between open solar dried, fresh values, and drying temperature inferior
or equal to 60°C; however, at 70°C TPC values decrease and 1Cso value increased illustrating
the negative effect of high drying temperatures on rosemary leaves. A mathematical analysis
was additionally conducted in this work. The main purpose of this study was to point out the
economic feasibility and the annual CO2 emissions mitigation in contrast to certain fossil fuels
(coal, natural gas and diesel oil) while drying rosemary at 60°C. Solar energy for rosemary
drying, according to the simulation results, exhibits a colossal potential for both fossil monetary
saving and CO. emissions mitigation. This could help promoting solar drying for the energy
free, environmentally friendly, and the exceptionally attractive financial gains thus enhance

their acceptance among the potential users.

Like the study above, drying kinetics of the multiple drying temperatures used in this
study (60, 65, 70, 75 and 80°C) helped to established the experimental drying curves of orange
peels under controlled air conditions. It was observed from the results that only the falling
drying rate period exist (it started from the initial moisture content in the orange peel till the
final moisture content), the drying kinetics is influenced by the drying temperatures, and finally
the best fitting model to describe the drying behaviour of orange peels out of nine models is
two terms. The diffusivity varies from 1.6211.10%° for 60°C till 3.5124.107° for 80°C (under
the covered range) and the activation energy was found to be 2161.67kJ/kg.
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Contrary to rosemary leaves, the results showed that TPC and DPPH degradation was
elevated in both 60°C, 65°C and the natural shade dried orange peels in comparison to high
temperatures 75°C, and 80°C.This may state that the product gives better TPC and DPPH
concentration if being dried at high temperature. As for the DPPH analysis, it was found that
starting from 75°C, the antioxidant activity improves. This may be due to new substances
formation or precursor that occurs between several molecules via non-enzymatic inter-
conversion at 70 °C for citrus fruits. Thus, stating that drying at high temperature may be a way

to improve the phenolic extraction of orange peels.

Overall, the concept that consumers share responsibility for pollution and its cost has
been increasingly accepted leading to a universal shift toward sustainable solution. The use of
solar thermal energy was proven, through this study, to be a green feasible and sustainable
application that can be used as an alternative to the conventional system while providing better

outcome.
Perspectives

It is obvious that thermal solar applications and processes have a great beneficial impact
on both the environment and economic. That is why it is expected that their will spread all over

the world especially in countries with abundant solar energy.

e Solar extraction:

The distillation method has been used throughout the world for numerous applications.
With the introduction of innovative solar collectors, a new possible avenue for utilization of
solar energy in the medium temperature ranges boosts its suitability for adaptation in growing
econmies. The study consideres the potential of solar distillation system for the processing of
medicinal and aromatic plants and by-products. The end results convey the numerous
possibilities for the incorporation of solar for the valorization of such matrices. Multiple issues
occur in relation to whether it is better to move towards up-scaling or numbering of the
installation. The used system had a 10m? surface collector, with the availability of 20m? and
30 m? surface systems it is possible to compare the yield, extraction time, bio-compound

extraction or preservation; thus, resolving this concern.
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e Solar drying:

Drying is a post-harvest technique used to preserve the quality of a targeted product. The
study of the drying behaviour of different products has been a subject of interest of many
studies on both theoretical and experimentally grounds. Based on results of this study and
literatures, it is particularly essential to develop low-cost solar dryer preferably using local
materials and skills as part of continuous post-harvest treatement to elongate the shelf of the

fresh produce.
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