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Figure 1. Thesis structure 
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Figure 3. Treatment protocol for the deodorisation of rosemary leaves. 

- Subchapter I- II: 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/cm3) 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.  



















 

17 
 

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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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.  

 

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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Table 2. Solar extraction of aromatic and medicinal plants 

Application Matrix Treatment 
conditions 

Benefits (B) and 
Disadvantages (D) 

References 

Essential oil extraction Cymbopogon 
citrus 

Hydro-distillation  
T.100 ± 5 °C  
Cooling T. 4 ± 
0.5°C 

B. Similar extraction 
yields with hydro-
distillation.  
Citral extracted by solar 
energy is higher  
 D. Needs additional 
energy 

Yen and Lin 
(2017) 

Essential oil extraction Melissa 
Peppermint 
Rosemary 
leaves 
Cumin 
(Seed) 
Cloves 
(buds) 

Steam distillation 
Temperature 
range (300 to 
450°C)  
 S=8m2  

B. The payback period is 
2336 sunny hours.  
Reducing fossil fuel 
consumption D. needs 
solar tracking 
 Direct solar radiation 

Munir et al. 
(2014) 

Deodorization prior to 
solvent extraction and 
essential oil extraction  

Rosemary 
leaves 

Steam-distillation  
 S=10 m2 

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

Hilali et al. 
(2018) 

Bio-refinery and 
essential oil and pectin 
extraction 

Orange peels Hydro distillation  
S=10 m2 

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

Hilali et al. 
(2019) 

Essential oil extraction Eucalyptus 
Peppermint 
leaves or 
Pinus  

Steam distillation 
S=10m2 

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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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-
stones 

Mud Firedclay Electric  Gas fuel Liquid fuel Solar cooker 

Source of 

energy 

Wood Wood 

 

Wood 
and/or 
charcoal 

Electricity Liquefied
petroleum
gas 

Kerosene/ 
ethanol... 

Solar rays 

Efficiency Very 
low 

Low Low Very High  Very High Very High time-
variations of 
the 
efficiency 

Environmental 

impact 

Very 
High  

Very High Very High Low High high Very low 

References Mac 
Carty 
et al. 
(2010) 

Anozie et 
al. (2007) 

Manibog 
(1984) 

Anozie et 
al. (2007) 

Mac Carty 
et al. 
(2010) 

Mac Carty 
et al. (2010) 

Öztürk 
(2004) 

 

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 
Temperature 

References 

Non convecting 
Solar Pond 

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

Cylindrical 
Reflector 

Motion-Single 
Axis/Solar tracking 

340 < T < 540 Farjana et al. (2018) 

Compound 
Parabolic Collector 

Stationary/Motion-
Single Axis/Solar 
tracking 

340 < T < 510, 340 
< T < 560 

Oommen and 
Jayaraman (2002) 

Fresnel Reflector Motion-Single 
Axis/Solar tracking 

340 < T < 540 Sonune and Philip 
(2003) 

Parabolic Reflector Motion-Single 
Axis/Solar tracking 

340 < T < 560 Farjana et al. (2018) 

Flat-plate Absorber 

 

Stationary 300 < T < 350 Farjana et al. (2018) 

Spherical Bowl 
Reflector 

Motion-Single 
Axis/Solar tracking 

340 < T < 1000 Farjana et al. (2018) 

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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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). 

 

Figure 9.Classification based on the storage system 
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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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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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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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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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The Eq. 15 can be expressed for a long drying period in a logarithmic form as shown below.
 

2
*

2 2

8( )
4

effD t
Ln X Ln

N         
(16)

 

Where *X is the moisture ratio, while N is defined as the half thickness of either rosemary 

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

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

of the effective diffusivity from slope defined as fallow. 

2

24
effD

Slope
L           

(17)
 

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

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. 

0 exp - act
eff

E
D D

RT     
(18)

 

Where actE is the activation energy,  0D is the Arrhenius equation defined as the pre-exponential 

factor ( 2 /m s ), R is the universal gas constant ( / mol.k)J , 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 (5µm, 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 to20°C, while the run time was 10 min. 5 µL 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 (1.8µm, 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% H3PO4 (in water)/acetonitrile (35/65, v/v); while 

the flow rate was set at 1.5 mL/min. The column oven temperature was set to25°C; 5 µL 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 (3µm, 4 mm x150 mm, All 

C18, Agilent Technologies, France). The mobile phase in this analysis was isocratic and 

composed of acetonitrile. 0.1% H3PO4in 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 µL 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 1kWh=800 g CO2 (Li et al., 2013). 
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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-I. 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-sánchez 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, Borrá 2014; Ltinier et al., 

2007). 
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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 (Fig17). 

 
 

 
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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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 IC50. The results presented the following IC50 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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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-II. 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).  

 

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). 

 

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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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).  

 

Figure 26. Solar valorisation of orange peels (context) 
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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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Figure 27. Essential oil yield as a function of time for conventional hydro-distillation 

(     )  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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II-I. Rosemary Leaves 
1. Context 

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). 

 

 
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.  

 



https://www.sciencedirect.com/science/article/pii/S2452316X17301217#bbib3
https://www.sciencedirect.com/science/article/pii/S2452316X17301217#bbib3
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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, 100min, 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 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 

Models T°C Parameters R 
Standard 

Error 

M
id

ill
i-k

uc
uk

 

40 a= 0.9460,  k= 8.1843.10-3,  n= 1.1170,  b= -1.2081.10-4 0.9998 0.0056 

50 a= 0.9970,  k= 1.6710.10-2,  n= 1.0109, b= -4.0407.10-4 0.9999 0.0028 
60 a= 0.9942,  k= 1.5050.10-2,  n= 1.1830,  b= -3.0132.10-4 0.9999 0.0044 

70 a= 1.0001,  k=1.9730.10-2,  n= 1.1271,  b= -1.4399.10-3 0.9997 0.0095 

lo
ga

rit
hm

ic
 40 a= 1.0789,  k= 1.2560.10-2,  c= -6.7784.10-2 0.9992 0.0098 

50 a= 1.0822,  k= 1.6128.10-2,  c= -8.5414.10-2 0.9999 0.0021 

60 a= 1.1203,  k= 1.2738.10-2,  c= -9.6404.10-2 0.9991 0.0136 

70 a= 1.2548,  k= 2.4068.10-2,  c= -2.4656 0.9995 0.0122 

V
er

m
a 

et
 a

l. 40 a= 1.4391.10+10,  k= 1.6006.10-2,  b= 1 0.9971 0.0271 
50 a= 8.1238.10+5,  k= 1.1029.10-2,  b= 1 0.9999 0.0039 
60 a= 1.9654.10+6,  k= 5.3483.10-2,  b=1 0.9994 0.0109 

70 a= 4.1071.10+6,  k= 1.4192.10-2,  b=1 0.9996 0.0256 

H
en

de
rs

on
 40 a= 1.0294,  k= 1.4904.10-2 0.9974 0.0245 

50 a= 1.0257,  k= 2.0007.10-2 0.9968 0.0247 

60 a= 1.0549,  k= 3.2773 0.995 0.0324 

70 a= 1.0423,  k= 3.810.10-2 0.9904 0.0530 

D
iff

us
io

n 
ap

pr
ox

im
at

io
n 40 a= 7.2449  k= 8.6977.10-3,  b= 9.2355.10-1 0.9997 0.0084 

50 a= 1.0530.10+3,  k= 2.9492.10-2, b=1 0.9987 0.0159 

60 a=1.1071,  k=1.6652.10-2,  b=0.9399 0.9992 0.0131 

70 a=1.5145,  k=1.4755.10-2,  b=0.9316 0.9996 0.0112 

N
ew

to
n 

40 k= 1.4492.10-2 0.9969 0.0263 
50 k= 1.9522.10-2 0.9964 0.0255 
60 k= 3.1170.10-2 0.9933 0.0364 
70 k= 3.6673.10-2 0.989 0.0526 

Pa
ge

  

40 k= 6.9620.10-3,  n= 1.1652 0.9995 0.0105 

50 k= 1.1616.10-2, n= 1.12534 0.9985 0.0170 

60 k= 1.3013.10-2,  n= 1.2386 0.9994 0.0100 

70 k= 1.2276.10-2,  n= 1.3141 0.9978 0.0256 

Tw
o 

te
rm

 
ex

po
ne

nt
ia

l 40 a= 7.9124.10-4,  k= 1.8280.10-1 0.9968 0.0273 

50 a= 1.6148,  k= 2.4456.10-2 0.9986 0.0164 

60 a= 5.9609.10-4,  k= 1.8459 0.9933 0.0377 

70 a= 5.2433,  k= 5.2437.10-2 0.9971 0.0293 

Tw
o 

te
rm

 40 a= 9.1900.10-1,  k1= 1.49.10-2,  b= 1.09.10-1,  k0= 1.4904.10-2 0.9968 0.0273 

50 a= 7.443.10-1,  k0= 2.10-2,  b= 2.81.10-1,  k1= 2.10-2 0.9968 0.0264 
60 a= -1.1960.10-1,  k0= 6,  b= 1.1196,  k1= 3.4686.10-2 0.9969 0.0271 
70 a= 7.94.10-1,  k0=3.8102.10-2, b= 2.48.10-1,  k1=3.81.10-2 0.9904 0.0652 
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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 10-8 to 10-12. 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)  Deff (m2/s) (r) 

              40 2.7046.10-11 0.989 

             50 3.5498.10-11 0.984 

            60 6.5925.10-11 0.962 

            70  7.4377.10-11 0.955 

         The activation energy is basically a drying process actE  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). 

 

 







 

130 
 

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). IC50 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 IC50  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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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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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 

2.7046.10-11 to 7.4377.10-11; 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 

IC50 values were relatively similar to the fresh values, while with a high value (70°C) TPC 

values decrease and the IC50 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 CO2 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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II-II. 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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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 m2/h flow air rate, 

respectively. 

It should also be noted that the graph lacks phase 0 (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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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 10-8 to 10-12 (Table 20).  

Table 20. Values of effective diffusivity of Orange peels 

 

Temperature 

(°C) 

Deff (m2/s) (r) 

              60 1.6211.10-10 0.992 

              65 1.8913.10-10 0.982 

            70 2.161.10-10 0.989 

            75    2.972.10-10 0.992 

           80 3.5124.10-10 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(Deff)= -8.542 - 4677(1/T)  

r= 0.98 

The average activation energy of orange peels is found to be 39.33kJ/mol. 
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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, IC50 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, theIC50 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 1.6211.10-10 for 60°C 

till 3.5124.10-10 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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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 IC50 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 CO2 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 1.6211.10-10 for 60°C till 3.5124.10-10 for 80°C (under 

the covered range) and the activation energy was found to be 2161.67kJ/kg. 
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