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Abstract: Nuts are widely recognized for their exceptional nutritional value, being rich in bioactive
compounds such as polyphenols, mono- and polyunsaturated fatty acids, dietary fiber, and essential
minerals. Roasting, a common processing technique, enhances the sensory attributes of nuts,
including flavor, aroma, and texture, while influencing their nutritional and chemical profiles. This
review focuses on the effects of roasting technologies specifically on pistachios, hazelnuts, and
almonds. The Maillard reaction, triggered during roasting, is pivotal in developing the characteristic
flavors of roasted nuts but can also lead to the production of acrylamide under certain conditions.
Understanding the balance between enhancing sensory quality and retaining nutritional properties
is essential for optimizing roasting conditions. Innovative technologies offer sustainable, efficient
alternatives to traditional methods. By emphasizing these three major nut varieties, this review
provides valuable insights into the changes occurring before and after roasting, highlighting
strategies to balance sensory quality and nutritional preservation. Further research is essential to
refine these techniques, enabling the production of high-quality nuts that deliver superior health
benefits while meeting consumer expectations.
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1. Introduction

The inclusion of nuts in the diet has significantly increased due to their unique nutritional value,
flavour, nutraceutical properties, and abundance of healthy bioactive compounds, including high-
quality proteins, dietary fiber, minerals, tocopherols, phytosterols, and phenolic compounds.
Moreover, nuts are a good source of many nutrients, such as Monounsaturated, polyunsaturated
fatty acids, and micronutrients like vitamins E and K, magnesium, copper, potassium, and selenium
[1].

In general, the most commonly consumed tree nuts worldwide include almonds (Prunus
amygdalus Batsch), Brazil nuts (Bertholletia excelsa Humb. & Bonpl.), cashews (Anacardium occidentale
Linnaeus), hazelnuts (Corylus avellana Linnaeus), macadamias (Macadamia integrifolia F. Muell),
pecans (Carya illinoinensis Wangenh), pine nuts, pistachios (Pistacia vera Linnaeus), and walnuts
(Juglans regia Linnaeus) [2]. Nuts are consumed as snacks, desserts, or part of meals. Some
epidemiological studies have associated nut consumption with a diminished incidence of coronary
heart disease and consistently demonstrate that nut intake lowers cholesterol, promotes healthy diets,
reduces oxidative stress, inflammation, and improves vascular reactivity. Indeed, it is clear that
regular nut consumption has a beneficial effect on many cardiovascular risk factors and may even
aid in weight loss [3].

It's well reported that nuts are rich sources of phytochemical compounds. Among these,
flavonoids, characterized by a chalcone structure, are a major class. Flavan-3-ols are the most
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abundant flavonoids in nuts, followed by flavonols and anthocyanins [4]. Chlorophylls and
carotenoids are pigments that contribute to the color of nuts, including pistachios. Monitoring these
pigments can help control the roasting process. The green color of pistachios is primarily due to the
presence of chlorophyll. However, during roasting, this vibrant green color can fade, transitioning to
brown or dark shades. This loss of color can negatively impact consumer perception and ultimately
influence product selection [5]

Proanthocyanidins, oligomers of flavan-3-ols such as catechin, epicatechin, and epigallocatechin,
are another important class of polyphenols. Stilbenes, characterized by two phenyl groups connected
by an ethene bond, are another class of polyphenols whit high value in nuts. Resveratrol is the
primary example of stilbenes. Another class are represented by phytosterols that are plant-based
steroids. In nuts, carotenoids compounds, a class of polyisoprenes, are generally present in low
concentrations in nuts, with a-carotene, 3-carotene, lutein, and zeaxanthin typically amount in
rg/100g quantities. However, pistachios are an exception, containing higher concentrations of {3-
carotene and lutein, often measured in mg/100g [4].

In general, the nutritional values of nuts can vary depending on the cultivar and harvest year.
For this reason, in 2015, Locatelli, and colleagues investigated the possibility of differentiating
between Italian and Chilean Tonda Gentile Trilobata hazelnuts based on their post-roasting
chemometric profiles. This was achieved by the possibility to identifying and comparing specific
chemicals markers that could distinguish between the two varieties such as fatty acids profile,
presence of polyphenol, antioxidant activity and protein fingerprint [6].

As documented by Gokmen et al. (2017), the outer layer of nuts, particularly the brown skin, is
a significant reservoir of phenolic compounds, both in free and bound forms. The predominant
phenolic acids identified include caffeic, chlorogenic, coumaric, ferulic, gallic, hydroxybenzoic,
protocatechuic, and vanillic acids. Furthermore, nut skins are rich in flavonoids, such as quercetin,
catechin, and epicatechin [7].

The presence of PUFAs, MUFAs, phytochemical compounds, and dietary fiber in nuts can
positively influence glucose homeostasis in healthy, pre-diabetic, diabetic, and obese individuals.
Additionally, the high content of prebiotic compounds in nuts can help prevent metabolic syndrome
and weight gain. The antioxidant properties, phytochemical compounds, and high levels of PUFAs
in nuts also contribute to positive effects on lipid homeostasis, obesity, hypercholesterolemia, and
blood pressure. These factors can also improve endothelial function and help prevent cardiovascular
disease. The high levels of tocopherols and phenolic compounds, with their potent antioxidant and
anti-inflammatory properties, can moderate and control oxidative processes [8]. These factors
combined make nuts a health-promoting food.

Typically, nuts can be eaten whole (fresh or roasted), used in spreads like peanut butter or
almond paste, or incorporated into commercial products [3].

Roasting is a thermal processing technique that involves the application of dry heat to raw nuts,
leading to significant changes in their physical and chemical properties. These changes include
improved digestibility, enhanced palatability, and increased bioavailability of nutrients.
Additionally, roasting can enhance the sensory attributes of nuts, such as color, aroma, and flavor, as
well as their antioxidant properties [9].

In general, roasting involves an intense temperature treatment, where food is heated at
temperatures between 150 °C and 300 °C in an oven. The roasting process comprises three distinct
phases: drying, roasting and colour/flavour generation. The first phase is characterized by a
temperature increase to around 160 °C, inducing water vaporization and moisture loss.
Subsequently, the roasting phase begins at 190 °C, triggering chemical changes such as hydrolysis,
oxidation, reduction, and other pyrolytic reactions, leading to the formation of aroma, flavour, and
colour components [9].

To optimize roasting conditions, ensure uniform heating, and prevent product degradation,
high-efficiency roasting technologies have been developed. Common equipment includes heat
conduction, hot air, rotary drum, and continuous roasters [10].
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This review aims to comprehensively examine the impact of traditional and innovative roasting
technologies on the nutritional composition, bioactive compound profile, aroma, and flavor attributes
of hazelnuts, almonds, and pistachios.

2. Nutrition Profile in Hazelnuts, Almonds and Pistachio

2.1. Hazelnuts

Worldwide, numerous hazelnut varieties exist due to differences in growth environments, and
each geographical region imparts specific nutritional and taste characteristics. European hazelnut
(Corylus avellana L.) has the most cultivars. Among them, Italian cultivars such as Tonda di Giffoni and
Tonda Gentile delle Langhe have been awarded the European Protected Geographical Indication (PGI)
label [11].

In general, nuts are rich sources of proteins and essential and non-essential amino acids, as
indicated by the USDA National Nutrient Database for Standard Reference. Specifically, hazelnuts
typically contain between 14 and 15 grams of protein per 100 grams of product, with glutamic acid
(3.7%), arginine (2.2%), aspartic acid (1.7%), and leucine (1.1%) as main amino acids [12].

Although the amino acid profile can vary significantly depending on the variety and location of
cultivation, these compounds can influence several attributes, including taste, aroma, and colour [13].
Koksal et al. (2006) reported that hazelnuts cultivated in Turkey contain 2.322 g/100g of arginine,
1.271 g/100g of leucine, and 1.475 g/100g of glutamic acid as non-essential amino acids [12].

Hazelnuts are characterized by a high fat content, exceeding 60-70%. The lipid profile of
hazelnuts is dominated by monounsaturated fatty acids (MUFAs), with oleic acid as the primary
component, accounting for approximately 80% of the total fatty acid content. Polyunsaturated fatty
acids (PUFAs), primarily linoleic acid, constitute the second major lipid fraction (13%). Palmitic,
stearic, and palmitoleic acids are also present in significant amounts. The ratio of unsaturated to
saturated fatty acids is approximately 13:1, while the ratio of polyunsaturated to saturated fatty acids
is 1.23:2.87 [12].

Carbohydrates constitute approximately 26% of the total composition, comprising dietary fiber
and sugars. Sugars, accounting for 17% of the total carbohydrate content, include disaccharides such
as sucrose, stachyose, and raffinose; monosaccharides such as glucose and fructose; and polyols such
as myo-inositol. Sucrose is the predominant sugar, comprising over 74% of the total sugar content.
The quantity, quality, and composition of sugars directly and indirectly contribute to the sensory
profile of hazelnuts, influencing sweetness and serving as fundamental precursors for the Maillard
reaction during the roasting process [14].

The levels of niacin, vitamin B1, vitamin B2, vitamin B6, folic acid, and ascorbic acid in hazelnuts
are 1.45 mg/100g, 0.276 mg/100g, 0.052 mg/100g, 0.501 mg/100g, 43 ng/100g, and 2.45 mg/100g,
respectively. The authors reported that the “Kan” hazelnut variety has the highest levels of folic acid
and vitamin B6. Regarding fat-soluble vitamins, the concentrations of retinol, -, y-, and d-tocopherol
were found to be 3.25 mg/100g, 24.7 mg/100g, 1.36 pg/100g, and 1.78 mg/100g, respectively [12].

2.2. Almond

Nowadays, the USA is the leading producer of almonds, accounting for nearly 66% of
worldwide production, primarily concentrated in California, followed by Spain (Sanahuja et al.,
2021).

The lipids in almonds primarily consist of storage lipids, present as intracellular oil droplets in
the cotyledon tissues of the kernels. These lipids are predominantly composed of mono- and
polyunsaturated fatty acids. Generally, the lipid content in almonds ranges from 44% to 61%,
influenced by factors such as local genotype selection, growing region, climatic conditions, and
environmental interactions. Numerous studies report that monounsaturated fatty acids predominate,
accounting for 62-80% of the oil content, with over 90% composed of oleic acid and linoleic acid. The
remaining less than 10% is composed of saturated fatty acids [15]. Sanahuja et al. (2021) reported that
unsaturated fatty acids comprise oleic acid (58.1-71.3%), linoleic acid (15.7-29.9%), palmitoleic acid
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(0.20-0.62%), and vaccenic acid (0.77-2.17%). In contrast, saturated fatty acids are represented by
palmitic acid (5-9.75%), stearic acid (1.0-2.4%), and arachidonic acid (0.07-0.1%) [16].

Polyphenols are concentrated at the lipid-water interface. They are responsible for almond
quality, nutritional properties, and increased shelf life. Gas chromatography-mass spectrometry (GC-
MS) analysis has identified 0.312 g of polyphenols per 100 g of almonds. These polyphenols include
phenolic acids, lignans, isoflavones, stilbenes, and a rich variety of proanthocyanidin polymers,
tannins, ellagitannins, gallotannins, and ellagic acid. Different classes of flavonoids have been
reported, ranging from 0.02% to 0.4%, including flavanols, anthocyanidins, flavanones, and flavan-
3-ols. Minor amounts of gallocatechin gallate, epicatechin gallate, and epicatechin glycoside are also
present. Flavonols are the most abundant flavonoid class in almonds, ranging from 0.87% to 1.35%,
with quercetin being the predominant flavonol (Barreca et al., 2020). The protein content of almonds
varies from 14% to 35.1% (w/w) depending on the cultivar. The two major protein fractions are
albumins (21%) and globulins (74%). Almond kernels can be considered a high-quality protein source
because their amino acid composition is extremely similar to the standard protein profile
recommended by the FAO and WHO. Essential amino acids constitute approximately 30% of the total
amino acid composition; specifically, almond kernels contain 3.14% threonine, 4% valine, 3.86%
isoleucine, 7.47% leucine, and 3.47% lysine [17]. Considering 100 grams of protein, Barreca and
colleagues reported that the amino acid composition includes 0.601% threonine, 0.855% valine,
0.751% isoleucine, 1.473% leucine, and 0.568% lysine [18].

Ultimately, almond kernels contain approximately 5.5% carbohydrates and 11.8% dietary fiber,
including hemicellulose, cellulose, and lignin [19].

2.2. Pistachio

The pistachio (Pistacia vera L.) is an ancient nut, native to the Middle East, and is one of the oldest
flowering nut trees eaten since the prehistoric era [20].

Pistachios, like all nuts, are high in fat content (45.3%), primarily composed of mono- and
polyunsaturated fatty acids, accounting for 23.3% and 14.4%, respectively. Saturated fatty acids
constitute a smaller portion, at 5.9% [21]. Among fatty acids, oleic acid is the primary
monounsaturated fatty acid, followed by linoleic acid, together constituting more than 60% of the
total fatty acids [22].

Pistachios are also a valuable source of vegetable protein (21%) (Mateos et al., 2022), with
approximately 2% of-arginine (Bulld et al., 2015). The total carbohydrate content is low, while the
dietary fiber content is high, primarily insoluble fiber (10%) compared to soluble fiber (1%). Pistachios
are also rich in minerals such as magnesium, calcium, potassium (1 g/100g), and phosphorus [22].

Numerous studies have reported that pistachios are the only nut with a significant xanthophyll
carotenoid content, such as lutein, which is present at 329 ug/100g [20]. They are also rich in vitamins,
including ascorbic acid (5.60 mg/100g) and tocopherol (2.17 g/100g) [22]. Moreover, pistachios are a
rich source of phenolic compounds, including anthocyanins, flavonoids, proanthocyanidins,
flavonols, isoflavones, flavones, stilbenes, phenolic acids, and hydrolysable tannins. These
phytochemical compounds are more concentrated in the skins than in the seeds. For example, the
skin contains 5.865 mg/g of cyanidin-3-O-galactoside, 1.453 mg/g of gallic acid, and 0.377 mg/g of
catechin. In contrast, pistachio kernels contain 0.0981 mg/g of quercetin-3-O-rutinoside, 0.0691 mg/g
of genistein, and 0.047 mg/g of genistein-7-O-glucoside. The green colour of pistachio nuts is
attributed to lutein and zeaxanthin, the two major xanthophyll carotenoids [23].

3. Roasting Process

The roasting of nuts is a thermal process that aims to improve the sensory attributes of nuts
through a series of physical and chemical reactions, including the Maillard reaction. This process can
lead to alterations in various compounds, such as fatty acids, peptides, and vitamins. Significant
changes that occur during nut roasting include starch gelatinization and protein denaturation [24].
Moreover, the roasting process can extend the shelf life of nuts by inactivating the oxidative enzyme
system and reducing the water activity [25].
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However, thermal processing can trigger the formation of thermal pollutants, such as
acrylamide, and the degradation of certain phytochemical compounds [26]. During the roasting
process, Maillard reactions are responsible for the formation of substances that impart desirable
roasted aromas and flavours, such as pyrazines, furans, and pyrroles. These reactions occur between
the carbonyl groups of reducing sugars and the amino groups of proteins. Additionally, the loss of
moisture during roasting contributes to the development of a crunchy mouthfeel, characterized by
hardness, fracture force, and firmness [27].

Macroscopically, roasting triggers the evaporation of water and low-boiling-point organic
compounds, leading to the formation of large amounts of gas. This increased internal pressure causes
structural changes, such as cell wall breakdown, microporosity formation, increased volume, and
reduced density. Several studies on cocoa bean roasting have demonstrated that drying and roasting
processes disrupt parenchymal cells [28].

3.1. Hot Air Oven

The common method for roasting almonds involves using hot air roasting at temperatures
ranging from 129.5 °C to 154.5 °C for 30 to 10 minutes, respectively, to achieve a light to medium
roast [29]. During the roasting process, heat is transferred to the food through two primary
mechanisms: convection, involving the transfer of heat by the movement of hot air, and radiation,
involving the transfer of heat through electromagnetic waves emitted by the oven walls [30].
Ogundipe et al. (2024) reported different temperature ranges: low temperature (120-140 °C),
moderate temperature (140-160 °C), and high temperature (160-180 °C) [26]. For example, hazelnuts
can be roasted at 140 °C for 17 minutes or at 170 °C for 10 minutes [31], while almonds are roasted
for 5 to 60 minutes at temperatures between 100 °C and 180 °C [32].

Shakerardekani et al. (2011) evaluated the impact of different roasting methods on pistachio
kernels, varying temperatures from 90 to 190 °C and times from 5 to 65 minutes. They assessed
various parameters, including color, hardness, taste, and moisture content, to optimize pistachio
paste production. The study revealed a decrease in kernel hardness from 91 N for pistachios roasted
at 70 °C for 35 minutes to 26 N for those roasted at 190 °C for 65 minutes. Concurrently, an increase
in brown pigments was observed, consistent with caramelization reactions, as temperature and time
increased. Similarly, the moisture content of the kernels decreased with increasing roasting time and
temperature. Based on these findings, the researchers concluded that roasting at 134 °C for 35 minutes
whit conventional oven, represents the optimal temperature and time settings for pistachio paste
production [33].

Hot air roasting, hot pan roasting, and classic industrial oven roasting are basic methods for
roasting nuts. These methods are time-consuming, energy-intensive, and have low production
efficiency. Additionally, classical hot air roasting systems can over-roast the outer surfaces of nuts
while leaving the centres under-roasted [24].

To ensure uniform heating and heat distribution in food samples, new technologies have been
developed. One such technology is the hot air circulation oven, which circulates hot air at different
velocities ranging from 1 to 3 m/s. In this study, cashew nuts were roasted for 20 minutes at three
different temperatures: 110, 130, and 150 °C, using a hot air circulation oven. The roasted nuts were
then analyzed and tasted by a sensory panel. The results indicated that this innovative roasting
process can significantly impact the quality and flavor of cashew nuts. Optimal results were obtained
at 110 and 130 °C, comparable to those achieved with traditional oven roasting at 180 °C for 30
minutes. E-nose and GC-MS analyses confirmed that this innovative technology can trigger the
formation of traditional flavor and aroma compounds at lower temperatures compared to traditional
roasting processes [34]

In recent years, innovative technologies such as infrared heating, dielectric radio frequency, and
microwave processing have emerged as promising methods to optimize the roasting process. In
particular, infrared roasting offers several advantages, including reduced processing time, uniform
heat distribution, minimal quality loss, compact equipment footprint, and significant energy savings
[25,26].
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3.2. Infrared Roasting

Technically, infrared radiation (IR) is a form of energy within the electromagnetic spectrum,
with wavelengths ranging from approximately 0.75 to 1000 um, falling between microwaves and
visible light. The infrared spectrum is divided into three bands: near-infrared (0.75 to 2 um), mid-
infrared (2 to 4 um), and far-infrared (4 to 1000 um). IR roasts food in a different way: the IR energy
interacts with the food, penetrates it, and transfers thermal energy in the form of electromagnetic
waves, uniformly heating the food mass. An important advantage of using IR technologies for
roasting nuts is the ability to better control parameters and select different IR emitters [24].

Bagheri et al. (2019) investigated the impact of infrared roasting on peanut kernels. They varied
the IR power between 250 and 450 W and the roasting time between 10 and 30 minutes. Subsequently,
they assessed various physical parameters such as moisture content, color, texture, taste, and sensory
evaluation. The authors reported a decrease in moisture content with increasing IR power and
roasting time. A similar linear relationship was observed for color, with an increase in brown
pigments as time and power increased. Conversely, longer roasting times and higher power levels
adversely affected the texture of peanuts. This is likely due to the degradation of biomolecules during
the roasting process. Infrared roasting presents an effective alternative to conventional roasting
methods, offering higher efficiency and reduced pollutant emissions [35].

In hazelnuts, infrared (IR) heating offers the advantage of internal heating, minimizing aroma
loss compared to conventional methods. This study investigated two roasting conditions
(conventional hot air and infrared) using both low-temperature, long-time and high-temperature,
short-time approaches. For conventional hot air roasting, 135 °C for 45 minutes was used for low-
intensity roasting, while 195 °C for 27 minutes was used for high-intensity roasting. For infrared
roasting, the conditions were 135 °C for 40 minutes and 195 °C for 20 minutes, respectively. After
roasting, paste and oil were produced to assess the impact of different roasting methods on the final
products. The antioxidant profile, electronic nose (E-nose) fingerprint, acidity, peroxide value, and
fatty acid composition were analysed. Results indicated that low-intensity infrared roasting was less
destructive to antioxidant activity, likely due to the preservation of polyphenols. E-nose analysis
revealed that infrared-roasted hazelnuts were perceived as having more intense flavours, likely due
to reduced aroma loss [36].

3.3. Radio Frequency Roasting

Radio frequency (RF) heating utilizes electromagnetic fields with frequencies ranging from 13
to 40 MHz to volumetrically heat food products. This heating process leverages the dielectric and
thermal properties of food materials. When exposed to an alternating electric field, the molecules
within the food undergo thermal and electrical reactions, generating heat. Specifically, ions migrate
towards opposite poles (protons to the anode, electrons to the cathode), and dipole molecules, such
as water, rotate rapidly in response to the oscillating magnetic field. The friction generated by these
molecular motions results in heat generation throughout the food material [37].

RF heating penetrates deeper into food products compared to microwave heating due to its
longer wavelength. This enables more uniform heat distribution and the processing of larger food
items. Moreover, the direct interaction between electromagnetic energy and food can significantly
reduce processing time, eliminate harmful bacteria, and enhance sensory and nutritional qualities.
For these reasons, RF heating is employed in various food processing applications, including meat
cooking, bread baking, and vegetable dehydration. Additionally, RF technology can be used to
inactivate microorganisms and enzymes, extending the shelf life of food products [38]

In contrast to microwave ovens, RF ovens utilize longer wavelengths. RF technology can be
integrated with conventional ovens to create hybrid systems, such as hot air-assisted RF ovens. In
this study, a 12 kW, 24 MHz RF oven was combined with a hot air system to roast cashew nuts at 120
°C and 130 °C for 30 minutes, with an electrode gap of 8 cm. For comparison, conventional hot air
roasting was performed at 140 °C for 33 minutes. The resulting products were evaluated for flavour,
taste, and composition. GC-MS analysis of aroma and flavour profiles revealed no significant
differences between the two roasting methods. Both techniques produced similar levels of pyrazines


https://doi.org/10.20944/preprints202412.2031.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 December 2024 d0i:10.20944/preprints202412.2031.v1

and aldehydes. However, RF roasting resulted in lower furan content and higher ketone and terpene
concentrations compared to conventional hot air roasting [39].

Another application of radio frequency roasting has been investigated for coffee beans. A 27
MHz, 6 kW radio frequency system was employed in conjunction with a 48 °C hot air system and
continuous agitation to ensure homogenic heating. This method was applied to disinfect coffee beans
post-harvest without compromising product quality [40].

3.4. Microwave Roasting

Another alternative method to traditional roasting is microwave energy. This method is
currently used for various food heating processes because microwaves can penetrate food,
accelerating the heating process and resulting in improved roasting quality and taste [41].

The fundamental physical principle governing these technologies is a simple relationship
between microwave wavelength and frequency (oscillations of the electric field per second). Another
crucial factor is the capacity of materials to absorb microwave energy, a property known as dielectric
heating. The ability of molecules to align with an electric field is influenced by their dipole moment
and mobility. Molecules possessing a permanent dipole moment can orient themselves, either fully
or partially, with an external electric field through rotational motion. In gaseous or liquid phases,
molecules can rotate in synchrony with field frequencies up to 106 Hz. However, they cannot
indefinitely follow rapid field reversals, resulting in phase shifts and dielectric losses. This
phenomenon depends on both the dielectric coefficient (permittivity) and the size (mass) of the
molecules. As field energy is transferred to the medium, electrical energy is converted into kinetic or
thermal energy. A common model for this process is molecular friction. Numerous polar substances
exhibit dielectric losses within the microwave frequency range [42]

Upon penetration of food by microwaves, the electromagnetic field triggers water molecules and
other molecules to vibrate, oscillate, and rub against each other, generating heat. This process
generates water vapor, which is forced out of the food, leading to a high degree of selective drying
[43].

Milczarek et al. (2014) applied an innovative microwave oven to roast almonds. Their oven was
equipped with a stirring paddle, enabling continuous mixing of the almonds during the roasting
process. The oven had a nominal power of 1300 W. The roasting conditions applied in this study were
as follows: light roasting: 50% power for 105 seconds, followed by 60% power for 45 seconds,
mimicking light roasting in a hot air oven system, medium roasting: 70% power for 148 seconds and
dark roasting: 60% power for 54 seconds, followed by 70% power for 126 seconds. These methods
corresponded to power outputs of 231 W, 608 W, and 773 W, respectively. After microwave roasting,
the authors conducted various sensory analyses. The results indicated that microwave roasting
produced almonds with similar flavor and crunchiness to those roasted in a hot air oven. To achieve
comparable results, the following power inputs were required: light roasting: 0.8 W/g for 150 seconds.
medium roasting: 0.9 W/g for 148 seconds and for dark roasting: 0.91 W/g for 180 seconds [44]

Alicia et al. (2014) studied the differences in roasting results for peanuts using various
conditions. Traditional oven roasting was conducted at temperatures of 135, 163, 177, and 204 °C for
5 to 20 minutes, while microwave roasting was performed for 1 to 3 minutes. After roasting, the
researchers evaluated color, flavor, and moisture content. They reported no significant differences in
color and flavor between peanuts roasted using microwave or traditional oven methods [45]

However, it was observed that microwave energy was inadequate to trigger Maillard reaction,
which is necessary for the formation of desirable volatile flavour compounds such as aldehydes [46].

4. Role of Maillard Reaction on Production of Volatile Organic Compounds

The Maillard reaction (MR) is a complex, non-enzymatic browning reaction that occurs between
the amino groups of amino acids, peptides, or proteins and the carbonyl groups of reducing sugars,
such as glucose, fructose, and lactose, or other carbonyl-containing compounds, including lipid
degradation products. This reaction is induced when the food matrix reaches high temperatures.
Also, the reaction products, the final flavour and taste profiles, are influenced by multiple factors,
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including water activity, pH, lipid degradation products, and the specific types of amines and
carbohydrates involved [47].

The MR is typically divided into three stages.

The first stage involves a condensation reaction between an amino group and a reducing sugar
[48]. The nucleophilic addition reaction occurs between these two chemical compounds, resulting in
the formation of a Schiff base [49]. The formation of Schiff bases can also occur at room temperature
[50]. Shiff bases can be aldosylamine if derived from an aldose sugar or ketosylamine if derived from
a ketose [51]. Subsequentially, if the reducing sugar is an aldose, an N-glycosylamine is formed,
which subsequently rearranges into an Amadori compound. However, if the amino group reacts with
a ketose sugar, Heyns rearrangement products are formed [48]. However, after undergoing several
reactions, including isomerization, dehydration, hydrolysis, elimination, and condensation, the first
stage ultimately yields 5-hydroxymethylfurfural (HMF) [50].

The intermediate stage starts when the food matrix are heated [51], then, starts from Amadori
or Heyns products, leading to sugar fragmentation and the release of the amino group [48]. This
reaction can lead to various reactions, including fragmentation, cyclization, and Strecker
degradation, resulting in the formation of aldehydes, ketones, dicarbonyls, and heterocyclic
compounds. Amadori and Heyns products are the first stable products of the MR, and their
subsequent degradation products determine the development of flavour, aroma, colour, and taste in
food products [49]. In this stage, lipids play a fundamental role in the release of aroma molecules. It
is well-known that the type and quality of lipids can generate aroma through the production of
organic volatile compounds. These compounds are released during the breakdown of fatty acid
macromolecules. For example, aldehydes generated from lipid oxidation can interact with MR
products at various stages of the roasting process, leading to the formation of pyrazines, thiophenes,
pyridines, oxazoles, and thiazoles. Another example of aroma formation involves the Strecker
degradation of amino acids, phenolic compounds and lipid oxidation, which can lead to the
production of aldehydes. These aldehydes can then react with MR products to form intermediates
that subsequently break down, releasing flavor compounds [52]. During baking process of malt, in
the intermediate phase of the MR, are generated various volatile organic compounds such as maltol,
phenylacetaldehyde, 2-furan methanol, HMF, and acetic acid. If the temperature exceeds over 200
°C, pyrazines and other nitrogen-containing heterocyclic compounds are released [50]. For example,
pyrazines are among the most important volatile organic compounds that contribute to the aroma of
products. They are monocyclic aromatic rings containing two nitrogen atoms in the para position.
These compounds are formed from nitrogen atoms originating in amino acids and carbon atoms
derived primarily from fructose rather than glucose [53]. It is well reported that pyrazines are key
aroma compounds in roasted almonds, furthermore, Agila et al. (2012) reported high concentrations
of dimethylpyrazine, trimethylpyrazine, and 2-methylpyrazine in roasted almonds [54]

The third stage involves several reactions, such as dehydration, fragmentation, cyclization, and
polymerization. The amino group commonly involved in the first stage of the MR is the e-amino
group of lysine in peptides or single amino acids. Protein cross-linking occurs, and brown pigments
become covalently attached to the protein (Van Boekel, 2006). The brown pigments are formed
through the polymerization of cross-linked melanoidins, also known as “advanced glycation end
products” (AGEs). These compounds also contribute to the sensory quality of food [49,50].

Furthermore, during the Maillard reaction, reducing sugars can react with free amino acids
present in the food matrix. After a series of reactions, including Schiff base formation through the
nucleophilic attack between short-chain sugars and the a-amine of asparagine, and Amadori
rearrangement, the final product can be acrylamide [55].

In almond samples, acrylamide formation is significantly higher between 145 °C and 180 °C than
at 200 °C. Acrylamide formation can occur as early as 165 °C after only five minutes, with a linear
increase observed between 7.5 and 15 minutes. Light roasting leads to moderate acrylamide levels of
approximately 300 pg/kg, while strong roasting at 165 °C can result in levels near 1500 pg/kg. The
authors observed that the presence of free asparagine in almonds is a key factor in acrylamide
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formation. Additionally, almond cultivars and geographical origin influence the levels of free
asparagine and, consequently, acrylamide formation [56].

5. Aroma Profile on Nuts Product After and Before Roasting Condition

As reported previously, fatty acids, carbohydrates, and free amino acids are the primary
precursors of aroma compounds in nuts. Fatty acids, in particular, can undergo oxidation to form
aldehydes and alcohols. Hexanal, a product of linoleic acid oxidation, is one of the most abundant
aldehydes. Other important aldehydes, such as nonanal, are derived from oleic acid degradation.
Additionally, linoleic and oleic acids can undergo decarboxylation to form a-keto acids, which
subsequently yield aldehydes like 3-methylbutanal and 2-methylbutanal, as well as various alcohols.
Aromatic amino acids, such as phenylalanine, can undergo decarboxylation to form 2-phenylethanol
and phenylacetaldehyde, contributing to floral aromas. Terpenoids, including limonene and linalool,
contribute to the characteristic fresh fruit aroma of nuts [57].

Notably, lipids are responsible in generation of flavor to enhance the taste of the roasted
products. In general, the lipids oxidation is attributed to the deterioration of food matrix due to the
generation of off-flavors. However, during roasting condition, the oxidation of lipids can trigger the
development of pleasant aromas. Lipid oxidation can proceed through multiple pathways, including
autoxidation, photooxidation, thermal oxidation, and non-enzymatic oxidation. The major
compound resulting from lipids oxidation are aldehydes characterizing to low odor threshold and
higher concentration. In raw food matrix, in presence of oxygen, the major reaction is the auto
oxidation, that occurs in three different stages: initiation; propagation; and termination. In the initial
stage, the triplet oxygen is activated to light, temperature, metal ion (Fe?* and Cu?) in singlet oxygen
and produces reactive oxygen species (ROS), able to interact whit unsaturated fatty acids. After the
initial stage, the ROS starts to oxidate several fatty acids and extend their degradation process, this
phase is called propagation. Subsequently, the formation of primary oxidation products, such as lipid
hydroperoxides, dienes, and trienes, occurs. These primary products can undergo further
degradation to yield secondary oxidation products, including aldehydes, ketones, alcohols,
hydrocarbons, epoxides, and organic acids. One example of oxidase processing start from linoleic
acids that produce 9- and 13-hydroperoxides and various volatile compounds such as 2,4-decadienal,
2-octenal and hexanal [52]. Several studies reported that linoleic (18:2) and oleic acids (18:1) account
for approximately 97% of the total fatty acids in Iranian bitter almond oil, and in general in other nuts
family. These fatty acids are likely precursors to hexanal and (E)-2-hexenal, which contribute to the
green note aroma, through the action of lipoxygenase and hydroperoxide lyase enzymes [58]. The
reaction between Maillard reaction intermediates and lipid oxidation products, particularly
aldehydes, can lead to the formation of a diverse range of aroma compounds, including pyrazines,
thiophenes, pyridines, oxazoles, and thiazoles with various alkyl side chains. However, these
interactions often result in compounds with higher odor thresholds, leading to a weaker overall
aroma intensity [52]. Comparison of the major aromatic molecules present in raw and roasted
hazelnuts, almonds, and pistachios is presented below (Table 1).

Table 1. main detectable volatile organic compounds in raw and roasted nuts.

NUTS Main VOCs Reference
o Hexanal (1,790 to 2,780 nug/g)
. 2-Pentanone (1,603 pg/g)
. 2-Pentanol (1,509 pg/g)
. (E)-3-Penten-one (8,32 ug/g)
Raw hazelnuts o 3-Methyl-1-butanol (0,482 ug/g) [14,59,60]
o 1-Pentanol (0,344 ug/g)
. 2,3,5-Trimethylfuran (0,259 ug/g)
o Nonanal (0,203 pg/g)
o Acetic acid (0,310 ug/g)
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o Linalool (0,280 ug/g)
o Octanal (0,163 ug/g)
o 5-Methyl-4-heptanone (0,059 ug/g)
o 3-Methylbutanal (0,034 ug/g)
. 2-Methylpropanal (2,517 to 4,8 ug/g)
o 3-Methylbutanal (0,027 to 6,6 ug/g)
. Hexanal (1,540 pug/g)
o 2-Pentanone (2,7 ug/g)
o a-Pinene (0,598 ug/g)
. 1-Cyclopentyl ethenone (1,5 ug/g)
o 1-Pentanol (0,68 ug/g)
. 2-Pentylfuran (0,120 ug/g)
Roasted hazelnuts . (E)-2-Penten-2-one (2,2 pg/g) [14,59-61]
o 3-Methyl-1-butanol (4,9 ug/g)
. 2,3,5-Trimethylfuran (1,5 ug/g)
o Methylpyrazine (1,18 ug/g)
. 4-Hydroxy-2,5-dimethyl-3(2H)-furanone (1,7 ug/g)
. (E,E)-2,4-Decadienal (1,6 ug/g)
. Octanal (1,4 ug/g)
. (Z)-2-Nonenal (1,2 ug/kg)
o Acetic acid (0,9 ug/g)
o Benzyl alcohol (6.74 ng/g)
o 1-Octanol (0.9 ug/g)
. Phenylethyl alcohol
. Hexanal (0,4 - 0.69 pg/g)
o Nonanal, 3-methyl-1-butanol (18.43 pg/g)
o Vanillin (0.83 pg/g)
o Acetic acid (0.137 ug/g)
o Butanal (9 ng/g)
o 2,3-Butanedione (8 ng/g)
. 3-Methylbutanal (32 ng/g)
. 1-(Methylthio)-2-propanol (12 ng/g)

Raw almond [62,63]

o Hexanal (1.1 to 6.39 ug/g)

o Phenylacetaldehyde (0.571 ug/g)

o 3-Methylbutanal (0.319 pg/g)

o HDMF (1.180 pg/g)

o Benzaldehyde (240 ug/g)

o Limonene (3.39 ug/g)

o Benzyl alcohol (1.09 ug/g)

o 1-Pentanol (4.59 ug/g)

o 3-Methyl-1-butanol (13.79 pg/g)

. Butanal (40 ng/g) [62-64]
. 2,3-Butanedione (226 ng/g)

o 3-Methylbutanal (4.27 ug/g)

o Furfural (460 ng/g)

o 1-(Methylthio)-2-propanol (325 ng/g)
o 2-Methylpyrazine (26 ng/g)

° 2,6-Dimethylpyrazine (4 ng/g)

Roasted almond

. Trimethylpyrazine (6 ng/g)
o 2,5-Dimethylpyrazine (11 ng/g to 66 ng/g)
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o a-Pinene (1.68 to 333 ug/g)
o Nonanal (0.63 pg/g)
o 1-Methylpyrrole (48 ug/g)
o Acetic acid (3.3 ug/g)
Raw pistachios o Hexanal (9.1 pg/g) [65-67]
. Hexanol (1 ug/g)
. [-Pinene (6.5 ug/g)
o Limonene (1 pg/g)
o Benzyl acetate (1.8 ug/g)
. a-Pinene (2.4 to 3 ug/g)
. Limonene (3.5 to 4.96 ug/g) [68-70]
o Nonanal (0.86 ug/g)

Roasted pistachios

5.1. Hazelnuts

A total of 39 compounds contributing to the characteristic aroma of raw Turkish hazelnuts were
identified. These compounds were categorized as ketones, aldehydes, alcohols, aromatic
hydrocarbons, and furans. The most abundant compounds were hexanal (2780 ug/Kg), 2-pentanone
(1603 pg/Kg), 2-pentanol (1509 pg/Kg), (E)-3-penten-one (832 ng/Kg), 3-methyl-1-butanol (482
ug/Kg), 1-pentanol (344 ug/Kg), and 2,3,5-trimethylfuran (259 ug/Kg) [59]. Furthermore, Squara et al.
(2022) reported associations between specific molecules and aroma qualities in various hazelnut
varieties. For instance, hexanal was linked to green aromas, while 3-methylbutanal and 2-
methylbutanal were associated with malty notes. Caramel aromas were connected to 2-acetyl-1,4,5,6-
tetrahydropyridine and 2-acetyl-3,4,5,6-tetrahydropyridine, and 3-methyl-4-heptanone was linked to
fruity notes [14]. Burdack-Freitag et al. (2012) identified several odor-active compounds in raw Italian
hazelnuts, including hexanal (1790 ug/Kg), acetic acid (310 ug/Kg), linalool (280 pg/Kg), octanal (163
ug/Kg), 5-methyl-4-heptanone (59 nug/Kg), and 3-methylbutanal (34 ng/Kg), along with other trace of
VOCs [60].

After the roasting process, the hazelnut volatile profile undergoes significant changes. Some
existing molecules are enhanced through various reactions. Additionally, non-enzymatic reactions
can lead to the formation of new molecules, contributing to the characteristic aroma of roasted
products, often described as coffee-like or popcorn-like. [14]. Alasalvar et al. (2023) reported the
presence or the increases of several volatile compounds in roasted hazelnuts that were not detected
in raw samples. These compounds included 2-methylpropanal (4875 ug/kg), 3-methylbutanal (27,445
rg/kg), 2-pentanone (2772 ug/kg), a-pinene (598 ug/kg), and 1-cyclopentyl ethenone (1562 pg/kg), as
well as numerous other minor compounds. While, other compounds, are found in minor quantity
such as hexanal (2517 pg/kg), 2-methylbutanal, 2-ethyl-5-methylfuran and xylene [59]. 5-methyl-2-
hepten-4-one are identified as major ketone that contributes to typical roasty aroma of hazelnuts [61].

Burdack-Freitag et al. (2012) conducted a comprehensive analysis of the volatile organic
compound (VOC) profile of roasted hazelnut paste. The study identified several key VOCs, including
3-methylbutanal, 4-hydroxy-2,5-dimethyl-3(2H)-furanone, (E, E)-2,4-decadienal, hexanal, octanal,
(Z)-2-nonenal, and acetic acid. Furthermore, the authors proposed that the initial amino acid
composition of raw nuts can significantly impact the formation of aroma compounds during the
roasting process [60].

One of the most important classes of compounds released during the roasting process is
pyrazines. Exclusively detected in roasted hazelnuts, pyrazines can reach concentrations of 4608
pg/kg. The most abundant pyrazines include 2,5-dimethylpyrazine, methylpyrazine, and 2-ethyl-5-
methylpyrazine. As previously reported, pyrazines contribute to the roasty and sweet flavour profile.
Similar to pyrazines, furans are also detected at high levels exclusively in roasted hazelnuts. The most
common furans include 2-ethyl-5-methylfuran and 2,3,5-trimethylfuran. Unfortunately, these two
compounds are odourless. Other compounds found only in roasted hazelnuts are pyrroles, which
contribute to a burnt aroma. Pyrazines, furans, and pyrroles are exclusively found in roasted
hazelnuts because they are formed during the Maillard reaction [59].
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5.2. Almond

In raw almonds are been detected different family of compounds such as alcohols, aldehydes,
benzaldehyde, organic acid, terpenes, sulphur compounds and some pyrazines [64]. The cultivar of
almonds can significantly influence the quantity and quality of volatile compounds. For instance, the
Ferragnés cultivar exhibits a total VOCs content of 19.9 ug/g, while the Bonita cultivar has a VOC
content of approximately 110 pg/g. Furthermore, the predominant compounds in Ferragnés are
alcohols, whereas aldehydes are more prevalent in Bonita. However, certain compounds, such as
benzyl alcohol (6.74 ug/g), 1-octanol (0.9 pg/g), phenylethyl alcohol, hexanal (0.69 ug/g), nonanal, 3-
methyl-1-butanol (18.43 ug/g), and benzaldehyde, are commonly found across all cultivars [71].
Another study conducted by Cadwallader et al. (2017) on raw almonds identified vanillin (0.83 ug/g),
acetic acid (0.137 ug/g), and trace amounts of 2-acetyl-1-pyrroline [62].

Similar to hazelnuts, the roasting process significantly alters the profile of compounds
responsible for the aroma and flavour of almonds. Cadwallader, after roasting almonds at 165 °C for
15 minutes, identified several molecules absent in raw almonds. For example, the Maillard reaction
and other non-enzymatic reactions can trigger the synthesis or enhancement of compounds such as
hexanal (1.650 ug/g), phenylacetaldehyde (0.571 ug/g), 3-methylbutanal (0.319 ug/g), and HDMF
(1.180 pg/g) [62]. Other study reported the VOCs found in roasted almonds, that include hexanal
(6.39 ug/g), benzaldehyde (240 pg/g), limonene (3.39 pg/g), benzyl alcohol (1.09 pg/g), 1-pentanol
(4.59 ug/g), and 3-methyl-1-butanol (13.79 ug/g) [71]. Furthermore, Francklin et al. (2019) identified
2-pentylfuran, 5-methylfurfural, furfural, 2,3-butanedione, 2,3,5-trimethylpyrazine, 2,6-dimethyl-3-
ethylpyrazine, 2-ethylpyrazine, 1H-pyrrole, 2-acetylpyrrole, methional, and other compounds [64].

Xiao et al. (2014) reported that lipid decomposition during almond roasting at 138 °C, ranging
from light roasting (28 minutes) to dark roasting (38 minutes), increased the emission of several
volatile compounds. These compounds were detected using HS-SPME GC/MS analysis. The authors
observed significant increases in various compounds in roasted almonds compared to raw almonds.
For example, butanal levels increased from 19 ng/g in raw almonds to 40 ng/g in dark-roasted
almonds. Other notable increases included 2,3-butanedione (from 8 to 226 ng/g), 3-methylbutanal
(from 32 to 4268 ng/g), furfural (from 0 to 460 ng/g), hexanal (from 422 to 1140 ng/g), and 1-
(methylthio)-2-propanol (from 12 to 325 ng/g). Furthermore, the study highlighted a significant rise
in pyrazine compounds during roasting. The authors identified seven classes of pyrazines, including
2-methylpyrazine (increased to 26 ng/g), 2,6-dimethylpyrazine (from 0 to 4 ng/g), trimethylpyrazine
(from 0 to 6 ng/g), and 2,5-dimethylpyrazine (from 11 to 66 ng/g) [63].

5.3. Pistachios

A total of 39 compounds were identified in raw pistachios, encompassing a diverse range of
chemical classes, including carbonyl compounds, terpenes, alcohols, phenols, furanic compounds,
pyrazines, pyrroles, lactones, acids, and phenolic and benzene derivatives. These compounds were
detected in varying concentrations in both raw and roasted pistachios. While five pyrazines,
including methylpyrazine, trimethylpyrazine, and 2-ethyl-5-methylpyrazine, were found in raw
pistachios, 16 pyrazines were detected in roasted pistachios [65]. Other compounds identified in raw
pistachios are a-pinene (in concentrations of 1.68 pg/g), limonene (1.17 ug/g) and nonanal (0.63 pg/g)
[32]. Noguera-Artiga et al. (2019) reported that a-pinene (333 ug/g) and 1-methylpyrrole (48 pg/g)
were the most detectable compounds. Other compounds detected include acetic acid (3.3 ug/g),
hexanal (9.1 pg/g), hexanol (1 ug/g), p-pinene (6.5 pg/g), limonene (1 pg/g), benzyl acetate (1.8 pg/g),
and other trace compounds [66].

Sonmedzdag et al. (2018) conducted a comprehensive analysis of the volatile compound profile
of pistachio oil extracted via solvent-assisted flavor evaporation. The study identified 43 classes of
compounds, including terpenes, acids, aldehydes, alcohols, esters, phenols, pyrazines, pyrroles, and
others. The most abundant compounds were found to be a-pinene, myrcene, hexanal, hexanol, (3-
pinene, limonene, and acetic acid [67].

The roasting process significantly enhances the intensity of aroma compounds compared to raw
pistachios. Hojjat et al. (2012) studied Iranian pistachios and found that a-pinene (3.06 ug/g),
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limonene (4.96 pg/g), and nonanal (0.86 pg/g) were the most abundant compounds [32]. Additionally,
Rodriguez et al. (2015) identified hexanal, pentanal, benzaldehyde, and (E)-2-pentenal, which are
derived from the Strecker degradation, along with other compounds such as short-chain acids and
lactones [65]. Hojjat et al. (2015) found that limonene (3.49 ug/g) was the most abundant compound
after microwave roasting. a-Pinene (2.38 pg/g) was the second most abundant, followed by nonanal,
camphene, phenylacetaldehyde, and others in lower concentrations [68]. Gogus et al. (2011) reported
a positive correlation between roasting time and the number of volatile organic compounds (VOCs)
in pistachios at a constant temperature of 200°C. The number of VOCs increased from 32 at 0 minutes
to a peak of 106 at 20 minutes, followed by a slight decrease to 104 at 25 minutes. Pyrazine levels
exhibited a significant increase after 15 minutes of roasting, reaching a maximum of 3.7% at 20
minutes. 5-Methylfurfural levels steadily increased throughout the roasting process, reaching 5% at
the end. However, furanones constituted a relatively small proportion of the total VOCs, accounting
for only 15%. Regarding terpene compounds, limonene decreased from 9% to 5%, 3-pinene decreased
from 5% to 2%, and a-pinene decreased from 10% to 4%. In contrast, xylene and furfural increased
from 0% to 1.7% and 1.8%, respectively, while pyrrole increased from 0% to 1.8% [69].

6. Effects of Roasting on Polyphenol Content

Polyphenols possess various beneficial properties for human metabolism. These properties are
attributed to their antioxidant, anti-inflammatory, neuroprotective, and anticancer effects.
Chemically, polyphenols contain one or more aromatic rings bearing one or more hydroxyl groups.
They are synthesized through the secondary metabolism of plants. Generally, polyphenols are
unstable during food processing methods. This instability arises from their reactivity with other
molecules and their susceptibility to epimerization and oxidation when exposed to alkaline
conditions, heat, and oxygen [72].

During the cocoa drying process, elevated temperatures negatively impact the polyphenol
profile, reducing their content due to oxidative and heat damage. Another factor influencing
polyphenol degradation is moisture, as water can dissolve these compounds and subsequently drag
them to the surface [73].

Analogous for the cocoa, the profile of bioactive compounds in coffee bean depends on roasting
parameters, that range from 160 to 240 °C for 8 to 24 minutes. The content of polyphenols on coffee
beans decreases through the roasting process, this is attributed to degradation of chlorogenic, malic
and citric acid that influence the antioxidant activity. Moreover, other two things that can trigger the
presence and the degradation of polyphenol are the cultivation method and the storage period. The
organic harvesting can lead 0.7% of total polyphenol to the conventional method; while the storage
period can deteriorate until 83% for organic coffee and 82% for conventional coffee after one years of
storage [74].

Nevertheless, in contrast to previous studies, the thermal process of roasting evaporates
intracellular water, initiating a series of chemical and physical reactions within the cell structure.
These reactions, including the degradation of lignocellulose and proteins, result in increased
availability of polyphenolic compounds in nuts. This ultimately enhances their antioxidant activity
and facilitates their extraction from the matrix [75].

Alternatively, Bagheri et al. (2016) investigated the impact of different roasting conditions,
including conventional, infrared, and hybrid methods, on peanut kernels. Their study revealed an
increase in phenolic compounds after roasting. This increase was attributed to the Maillard reaction,
which can synthesize compounds with phenolic structures, such as furans and pyrroles. These
compounds may contribute to enhanced antioxidant activity and increased total phenolic content
[76].

6.1. Hazelnuts

The polyphenol content in hazelnuts is primarily influenced by variety, harvest conditions and
geographical origin. Pelvan et al. (2012) studied seven different Turkish hazelnut varieties and
reported that total polyphenols can amount between 178 and 727 mg GAE/100 g. After roasting
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process, achieved at 140 °C for 30 min, the same authors observed a decrease in phenolics, ranging
from 50 to 195 mg GAE/100 g. Furthermore, the scientists measured the loss of antioxidant capacity
before and after the roasting process, finding a decrease ranging from 25.3% to 71.7% depending on
the cultivar. Similarly, the percentage of tannins decreased significantly, with losses reaching
approximately 75.2% [77]. The decrease in phenolic compounds after roasting can be attributed to the
removal of the perisperm, the brown skin that envelops the seed. This leads to a decrease in
antioxidant activity. Are well know that the perisperm is a significant source of polyphenols,
containing levels over 40 times higher than the kernels [78]. Lucchetti et al. (2018) reported that
removing the skin can decrease the amounts of phenolics by 59-79% compared to hazelnuts with skin.
Furthermore, the TPC ranged from 1,516 mg/g in raw hazelnuts with skin to 0,315 mg/ whit out, from
1,702 mg/g in roasted hazelnuts with skin to 0,691 mg/g in roasted nuts without skin. [79].Conversely,
some authors have reported an increase in soluble phenolics and a decrease in condensed phenolic
acids after the roasting process; resulting with higher phenolic compounds compared to raw
hazelnuts [80]. In summary, it is difficult to directly compare phenolic content between raw and
roasted hazelnuts. For this instance, Marzocchi et al. (2017) revealed that hazelnuts roasted at low
temperatures (130 °C for 40 minutes) exhibited lower phenolic compounds levels compared to those
roasted at higher temperatures (160 °C for 30 minutes), with an approximate difference of 49%. This
difference can be attributed to the potential of high temperatures to disrupt the food matrix, releasing
bound polyphenols and making them more readily extractable and quantifiable [61].

6.2. Almond

Lin et al. (2016) investigated the effects of three different roasting conditions (150 °C, 180 °C, and
200 °C for 5, 10, and 20 minutes, respectively) on almonds. They compared the phenolic compounds
of these roasted almonds to raw almonds, which contained 7.5 mg GAE/g. Contrary to expectations,
an increase in phenolics was observed in all three temperature groups after 20 minutes of roasting.
Specifically, the concentration increased to 6.6 mg GAE/g at 150 °C, 13.9 mg GAE/g at 180 °C, and
19.21 mg GAE/g at 200 °C [81]. As mentioned previously, Oliveira et al. (2020) reported an increase
in polyphenol levels in almonds after the roasting process compared to raw almonds. This
observation is attributed to the increased extractability of polyphenols. Moreover, the variation in
polyhenols after roasting can also be influenced by the cultivar. For instance, the Molar cultivar
experienced a 58% decrease of the antioxidant compounds after roasting, while the Refégo cultivar
showed a 72% decrease. These findings contradict the general trend of increased polyphenols
observed in roasted almonds [82].

Similar to hazelnuts, the majority of polyphenols in almonds are concentrated in the skin, in
general between 70 and 100% of total phenolics [82]. The phenolic concentration of raw almond skin
is approximately 27.6 mg GAE/g, while that of roasted almond skin decreases to 18.5 mg GAE/g. In
general, unblanched almonds after roasting process contain approximately 0.5 mg/g of polyphenols
[83].

6.3. Pistachios

According to hazelnuts and almonds, the roasting process triggers the release of polyphenols
which would have been otherwise bound and unmeasurable. To this instance, the total phenolic
content generally amounts 25 mg/100g, while on single roasted almond is around 32.4 mg/100g.
Furthermore, the third roasting process increase the content to 42.4 mg/100g [65].

Moreover, Yuan et al. (2022) quantified both bound and free polyphenols and flavonoids in raw
and roasted pistachios. They reported that bound polyphenols in raw pistachios were 85.1 mg
GAE/100g, while in roasted pistachios, it was 73.1 mg GAE/100g. Free phenolics, on the other hand,
were higher in raw pistachios (394.8 mg GAE/100g) compared to roasted pistachios (374.4 mg
GAE/100g). Regarding flavonoids, bound flavonoids were more abundant in raw pistachios (62.5 mg
CE/100g) than in roasted pistachios (42.7 mg CE/100g). Free flavonoids were also higher in raw
pistachios (115.8 mg CE/100g) compared to roasted pistachios (101.4 mg CE/100gGentisic acid was
the most abundant phenolic acid detected in both raw and roasted pistachios. In raw pistachios,
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gentisic acid was followed by gallic acid and protocatechuic acid in terms of abundance. Similarly, in
roasted pistachios, gentisic acid remained the dominant phenolic acid, followed by gallic acid and
protocatechuic acid. The authors of this study have demonstrated that the roasting process can lead
to positive alterations in the phytochemical composition of almonds, thereby facilitating the
increased bioavailability of health-promoting compounds [84].

7. Effects of Roasting on Lipids Content

The roasting process can exert a significant influence on the quality and fatty acid profile of
hazelnuts. Elevated temperatures can accelerate lipid oxidation, leading to the degradation of
essential nutrients such as tocopherols and the formation of undesirable compounds, including trans
fatty acids and saturated fatty acids. Amaral et al. (2006) reported that prolonged exposure to high
temperatures, such as 185 °C for 15 minutes, can result in a decrease in oleic acid and an increase in
saturated fatty acids. Conversely, at lower temperatures, such as 165°C for 15 minutes, the fatty acid
profile remains relatively stable, and the formation of trans fatty acids is minimal [85].

Lin et al. (2016) examined the influence of various roasting conditions (150, 180, and 200 °C for
5, 10, and 20 minutes) on the fatty acid profile of almonds. The most pronounced changes were
observed in almonds roasted at 200°C for 20 minutes. Specifically, significant decreases were
observed in palmitic acid (16:0), linoleic acid (18:2), and oleic acid (18:1). Consequently, the total
saturated and unsaturated fatty acid content decreased [81].

Schlérmann et al. (2015) investigated the effects of five different roasting conditions (ranging
from 139 °C for 18 minutes to 180 °C for 21 minutes) on the fatty acid profile of five nut varieties. The
study revealed no significant alterations in the fatty acid composition between raw and roasted nuts,
and no detectable increase in trans fatty acids was observed [86].

Cui et al. (2022) studied lipid oxidation in hazelnut oil. At the beginning of the experiment, the
initial levels of PUFAs, MUFAs, and SFAs were 136 mg/g, 881 mg/g, and 78 mg/g, respectively. After
40 days of oxidation at 60 °C, the levels of PUFAs decreased to 65 mg/g, MUFAs decreased to 727
mg/g, and SFAs increased to 72 mg/g. Furthermore, the authors observed that lipid oxidation was
slow during the first 15 days, followed by a period of accelerated oxidation. This initial delay is
attributed to the protective role of antioxidants, which gradually become depleted, leading to
increased lipid oxidation [87].

7. Conclusion

Nuts, due to their remarkable nutritional profile and bioactive compounds, play a vital role in
promoting health and well-being. Their richness in polyphenols, healthy fatty acids, dietary fiber,
and minerals makes them a highly valued food source. Roasting, as a critical processing technique,
not only enhances the sensory attributes of nuts, such as flavor and texture, but also influences their
nutritional and bioactive composition. The application of conventional and emerging roasting
technologies has demonstrated varied impacts on the preservation and transformation of these
compounds.

Innovative techniques such as infrared, microwave, and radiofrequency roasting provide
promising alternatives, ensuring improved efficiency, uniform heating, and minimal loss of bioactive
compounds. Additionally, the Maillard reaction during roasting contributes significantly to the
development of distinctive flavors and aromas, further enhancing the appeal of roasted nuts.

Future research should focus on optimizing roasting conditions to strike a balance between
flavor enhancement and nutritional preservation. By integrating advanced technologies, it is possible
to produce high-quality roasted nuts that retain their health-promoting properties while meeting
consumer preferences. This comprehensive understanding of the interplay between roasting
techniques and nut composition underscores their potential as functional foods in modern diets.
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