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Abstract 

 

 Chestnut fruit production is an important and profitable crop in several world 

regions, Portugal included. Its interesting nutritional attributes include a high carbohydrate 

and fibre contents, gluten-free proteins, and a very low fat amount. Being a seasonal 

product, several post-harvest technologies are applied to extend its preservation, from 

refrigeration/freezing to roasting. With the purpose to valorise this product and create new 

chestnut presentations, different dehydration methods were tested on the most important 

Portuguese species, European chestnut (Castanea sativa Mill.) varieties, using two 

economically important varieties from the Trás-os-Montes region - Longal and Judia. The 

dehydration methods studied included hot air convective drying in a tray dryer (50 °C; air 

velocity of 1 m/s), osmotic dehydration in sucrose solutions (followed by room temperature 

storage or hot air convective drying), and freeze-drying. The drying behaviour of whole 

(with and without outer shell) and sliced chestnuts was studied in convective drying, while 

the effect of temperature (30, 45 and 60 °C), contact time (2.5, 5.0 and 7.5 hours) and 

sugar concentration (60, 70 and 80%, w/v) was studied on the second, detailing the effect 

on several physic and chemical chestnut components. Sensory tests along storage were 

also included. 

 In general terms, Longal and Judia drying behaviours under hot air convective 

drying were similar, despite the microscopic differences on outer shell thickness (higher in 

Judia) and cells format (larger cells in Longal). After evaluating the suitability of several 

mathematical models, good results were obtained with the Page (Judia), and Two-term 

exponential and Modified Page models (Longal) for whole fruits drying. Regarding sliced 

chestnuts, Page, Two-term, and Modified Henderson and Pabis models also fitted well the 

experimental data. Regarding colour, Judia showed apparently to be more heat sensitive 

than Longal. The outer shell presence had a small impact on water removal, showing that 

chestnuts can be dried with the outer shell, leading to less expensive and faster drying 

processes. For chestnut slices, free sugars, important for the sensorial perception of the 

product, were always higher in Judia, giving support to the hypothesis of their involvement 

in the increased browning during drying. Also, some individual sugars increased with 

drying at 50 ºC, particularly when long drying periods were applied, probably related to 

sucrose and starch thermal hydrolysis. Small changes were observed on the lipid 

composition of the two varieties along drying, but Longal variety was more heat sensitive, 

with significant decreases on some fatty acids and tocopherols contents. Judia presented 

more organic acids than Longal, but the ascorbic acid losses were similar on both 

varieties. However, hot-air dried samples were the worst rated in terms of freshness and 

overall acceptance in sensory tests.  
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Regarding osmotic dehydration of sliced chestnuts, the optimized conditions for 

maximum moisture loss with minimum solids gain and colour variation were determined 

by “Response Optimizer” (Minitab software) and were equal to 83% sucrose 

concentration, at 20 °C for 9.2 hours. Nevertheless, some changes on important 

microcomponents were also detected: high temperatures (>45 ºC) and contact times (>5 

h) decreased both protein and fat contents significantly, induced linoleic acid oxidation 

and thermal degradation of citric, malic and ascorbic acids. A general decrease was also 

observed on vitamin E content with temperature. Moreover, these samples were highly 

perishable. However, when combining osmotic dehydration with hot air convective drying, 

the obtained product had much higher shelf-life. Indeed, even though this technological 

combination induced relative losses on fat, protein, and organic acids, due to the relative 

incorporation of sucrose and/or diffusion of these components, it was the method that 

showed the most uniform behaviour along storage and was well rated in terms of sensory 

properties, only losing freshness after 30 days. 

 Freeze-drying was the method that better preserved starch, amylose, ascorbic and 

citric acid molecules, with good sensorial acceptance observed up to 60 days of storage, 

representing the closest option to the fresh product.  

 Based on these studies, the most promising methods to be applied in the future to 

chestnut slices would be freeze-drying and osmotic dehydration followed by hot-air 

convective drying, the first as an “in natura” healthy snack, and the second as a sweet 

snack. Nevertheless, more studies on packaging and storage conditions should be 

performed in the future. 
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Resumo 

 

A produção de castanha é uma atividade importante e rentável em várias regiões 

do mundo, incluindo Portugal. De entre as principais características nutricionais deste 

fruto seco são de destacar os teores elevados de hidratos de carbono e fibras, de 

proteínas sem glúten, e o facto de apresentar um baixo teor de gordura. Sendo um 

produto sazonal, são aplicadas diversas tecnologias de pós-colheita com o intuito de 

prolongar a sua preservação, desde refrigeração/congelação a assadura. Com o objetivo 

de valorizar este produto e criar novas formas de apresentação/preservação da castanha, 

pretendeu-se avaliar diferentes métodos de desidratação à castanha Europeia (Castanea 

sativa Mill.), a espécie mais importante em Portugal, em particular a duas variedades com 

importância económica na região de Trás-os-Montes - Longal e Judia. Os métodos de 

desidratação estudados incluíram secagem por convecção forçada com ar quente 

(secador de tabuleiros; 50 °C; velocidade do ar de 1 m/s), desidratação osmótica com 

soluções de sacarose (seguida por secagem à temperatura ambiente ou por convecção 

forçada com ar quente), e liofilização. Na secagem por convecção forçada com ar quente 

foi estudado o comportamento ao longo da secagem de castanhas inteiras (com e sem 

casca exterior) e fatiadas, enquanto na desidratação osmótica se estudou o efeito da 

temperatura (30, 45 e 60 °C), tempo de contacto (2,5; 5,0 e 7,5 horas) e concentração de 

sacarose (60, 70 e 80%, m/v) em vários componentes da castanha. Adicionalmente, 

realizaram-se testes sensoriais durante o armazenamento. 

 Em termos gerais, o comportamento de secagem por convecção forçada com ar 

quente das variedades Longal e Judia foi semelhante, apesar de se terem verificado 

diferenças microscópicas na espessura da casca exterior (maior na variedade Judia) e no 

formato das células (maiores células na variedade Longal). Após avaliação da adequação 

de vários modelos matemáticos, foram obtidos bons resultados para os frutos secos 

inteiros com os modelos de “Page” (Judia), o exponencial de dois termos (“Two-term 

exponential”) e o de Page Modificado (“Modified Page”) (Longal). Em relação às 

castanhas fatiadas, os modelos de “Page”, de dois termos (“Two-term”) e de Henderson e 

Pabis Modificado (“Modified Henderson and Pabis”) também se ajustaram 

adequadamente aos dados experimentais. Em relação à alteração da cor, a variedade 

Judia mostrou ser aparentemente mais sensível ao calor do que a Longal. A presença da 

casca exterior teve um pequeno impacto na perda de água, mostrando que as castanhas 

podem ser secas com a casca exterior, levando a um processo de secagem menos 

dispendioso e mais rápido. Nas castanhas fatiadas, o teor de açúcares livres, compostos 

importantes para a perceção sensorial do produto, foi sempre mais elevado na Judia, 

dando suporte à hipótese do seu envolvimento no maior escurecimento observado 
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durante a secagem. Alguns açúcares individuais aumentaram com a secagem a 50 °C, 

particularmente quando foram aplicados longos períodos, provavelmente relacionado 

com a hidrólise térmica da sacarose e do amido. Foram ainda observadas pequenas 

alterações na composição lipídica durante a secagem. A variedade Longal mostrou ser 

mais sensível ao calor, com decréscimos significativos em alguns ácidos gordos e no teor 

de tocoferóis. Relativamente aos ácidos orgânicos, a variedade Judia apresentou maior 

concentração do que a Longal, mas as perdas de ácido ascórbico foram semelhantes em 

ambas as variedades. Em termos sensoriais, as amostras desidratadas com ar quente 

apresentaram a classificação mais baixa em termos de frescura e de aceitação geral nos 

testes sensoriais.  

 Em relação à desidratação osmótica de castanhas fatiadas, as condições ótimas 

para maximização da perda de água com o mínimo ganho de sólidos e de variação de 

cor foram determinadas pelo “Response Optimizer” (software Minitab), sendo definidas 

como: 83% de concentração de sacarose, a 20 °C, durante 9,2 horas. No entanto, 

também foram detetadas algumas alterações em microcomponentes importantes. Assim, 

com temperaturas elevadas (> 45 °C) e tempos de contacto prolongados (> 5 horas) 

verificou-se uma redução significativa dos teores de proteína e gordura, oxidação parcial 

do ácido linoleico e degradação dos ácidos cítrico, málico e ascórbico. Com o aumento 

da temperatura verificou-se igualmente um decréscimo no teor da vitamina E. Além disso, 

estas amostras mostraram ser bastante perecíveis. Contudo, quando combinada a 

desidratação osmótica com a secagem por convecção forçada com ar quente, o produto 

obtido apresentou um maior tempo de vida útil e, apesar das perdas relativas de alguns 

componentes devidas à incorporação de sacarose e/ou difusão de componentes para o 

meio, foi o método que mostrou um comportamento mais uniforme durante o 

armazenamento e igualmente a melhor classificação em termos de propriedades 

sensoriais, perdendo frescura apenas após 30 dias de armazenamento.  

A liofilização foi o método que preservou melhor o amido, a amilose, os ácidos 

ascórbico e cítrico, com boa aceitação sensorial até aos 60 dias de armazenamento, 

representando a opção que mais se assemelha ao produto fresco. 

 Com base no presente trabalho, os métodos mais promissores para serem 

aplicados a castanhas fatiadas parecem ser a liofilização, na opção de um snack mais 

natural, e a desidratação osmótica seguida de secagem por convecção forçada com ar 

quente, para preparação de um snack doce. Deverão ainda ser realizados mais estudos 

sobre condições de embalamento e armazenamento.  
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CHAPTER 1. 

 

 

Objectives 

 

The main aim of the present work was to study the effect of using different drying 

technologies on some physic, chemical and sensory characteristics of chestnuts 

(Castanea sativa Mill.), in order to produce interesting and healthy snacks in the future. It 

was also intended to perform the mathematical modeling of the studied processes. 

 

The specific objectives of this thesis were to: 

 

i) Study the drying processes applied to whole and sliced fruits in order to better 

understand the drying kinetics and develop mathematical models that can be used 

by food industry in the future (Chapters 4 and 5). 

 

ii) Study the influence of hot-air convective drying applied to sliced fruits, on the 

following physic and chemical properties:  

- Colour and proximate composition (Chapter 5); 

- Sugar composition (Chapter 6); 

- Fatty acid and vitamin E composition (Chapter 7); 

- Organic acids composition (Chapter 8). 

 

iii) Study the influence of temperature, contact time and concentration of the 

osmotic solution (sucrose) applied to osmotic dehydration of chestnut slices on 

their physic and chemical properties (Chapters 9 and 10). 

 

iv) Study the effect of different dehydration methods to produce chestnut slices to 

be consumed as a healthy snack, and also to verify the acceptability and durability 

of the developed products by sensory analysis. (Chapter 11). 

 

To achieve these objectives, the present PhD thesis is organized in three main 

parts, each part divided in chapters. 
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PART I – Introduction and objectives 

 

This part is subdivided in three chapters (Chapters 1 to 3). In the first chapter the 

objectives are presented. In the second chapter, a general introduction to the worldwide, 

European and Portuguese chestnut production panorama, the most common consumption 

ways, as well as some biological aspects of chestnuts are resumed. The third chapter 

intended to review the current knowledge on chestnut composition, together with the 

influence of diverse post-harvest technologies, such as refrigeration, flame peeling, 

freezing with CO2, irradiation, boiling and roasting on chestnut composition.  

 

 

PART II – Pratical section 

 

This part is subdivided in eight chapters (Chapters 4 to 11), corresponding to 

accepted or submitted papers, which contain the results obtained in this thesis, presented 

in accordance with the guidelines of each scientific journal. In chapter 4, hot air convective 

drying was applied to whole fruits, in order to better understand the drying kinetics and to 

develop mathematical models to be used by industry. In chapters 5 to 8 the effect of hot 

air-convective drying on several physic and chemical properties of chestnut slices is 

discussed. In chapters 9 and 10, the effect of osmotic dehydration on physic and chemical 

properties of chestnut slices is also discussed. Finally, the role of these dehydration 

methods on chestnut properties and also the acceptability and durability of the developed 

products are discussed in chapter 11. 

 

PART III – General discussion and conclusions 

 

In chapter 12 an integrated discussion and the main conclusions gathered from all 

the results are presented.  
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CHAPTER 2. 

 

 

General introduction 

 

The genus Castanea belongs to the angiosperm family Fagaceae. Over the world, 

different species of chestnut can be found (Figure 2.1), being the most known Castanea 

sativa (European chestnut), Castanea dentata (American chestnut), Castanea mollissima 

(Chinese chestnut) and Castanea crenata (Japanese chestnut). These species present 

significant differences including fruit size, sweetness, and disease resistance, among 

others.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Chestnut species produced around the world (Adapted from Fórum Florestal, 

2010). 

 

Chestnut fruit production is of high importance in the world and its production has 

been increasing worldwide over the last years, simultaneously with the planted area and 

productivity. Figure 2.2 presents the world chestnut production for the decade of 2003 to 

2013, while Figure 2.3 details the production and harvested area in Europe during the 

same period, representing about 10% of the world production but with a lower productivity 

than the world average. 

This plant can reach 30 meters high and exceed 1500 years. The male flowers - 

yellow grouped in clumps, are arranged in upright clusters (catkins), while the female 

flowers are together in a thorny summit. In Europe chestnut tree flowering occurs from 

March to June and the fruit ripens between October to December. Chestnut begins its 

fruiting six years after planting, with only 1 to 3 kg of nuts per year, increasing its 
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productivity up to the 10th year, when it reaches fullness productivity, on average between 

30 and 50 kg per tree. After about 70 years, chestnut productivity decreases again over 

the time (Fórum Florestal, 2010). 

The production of chestnut can be affected by several factors such as climatic 

conditions (temperature, radiation and rainfall) and cultivation inputs (nutrient, availability, 

minerals, and diseases and pests of the trees and fruits) (de Vasconcelos et al., 2010). In 

particular, chestnut tree is very sensitive to pollution, excessive soil moisture, dry 

summers and very intense frosts (Fórum Florestal, 2010). 

Figure 2.2: Chestnut worldwide production (tonnes) and chestnut area harvested (Ha) for 

the decade of 2003 to 2013 (FAOSTAT, 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Chestnut Europe production (tonnes) and chestnut area harvested (Ha) for 

the decade of 2003 to 2013 (FAOSTAT, 2016). 
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Chestnut production in Portugal 

 

The market of chestnut fruit is extremely important for many countries’ economy, 

Portugal being no exception. Chestnut production and harvested area in Portugal are 

represented in Figure 2.4 for the period of 2003 to 2013. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Chestnut Portuguese production (tonnes) and chestnut area harvested (Ha) 

for the decade of 2003 to 2013 (FAOSTAT, 2016). 

 

In Portugal, chestnut fruit production represented, in 2013, around 24700 tonnes, 

but producitivity is generally low, taking into to account the harvested area around 30000 

to 35000 Ha, which represents approximately 10-12% of the total world area. This might 

be a consequence of having a wide area of unexplored chestnut trees or those that have 

been affected by several diseases such as chestnut ink disease and chestnut blight. 

Furthermore, in some years such as 2011 and 2012 unsuitable climatic conditions were 

observed, decreasing the production. However, Portuguese chestnuts have an extremely 

good reputation in foreign markets. Indeed, chestnuts are one of the main fruits in 

Portuguese exports, being the external trade surplus equal to 43 421 thousand euros 

(INE, 2016).  

Geographically, more than 85% of the area occupied by chestnut trees is 

concentrated in Trás-os-Montes region, northeast (NE) of Portugal, especially around the 

protected designations of origin (PDO) of “Terra Fria”, “Padrela” and “Soutos da Lapa” 

(INE, 2016) (Figure 2.5). 
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Figure 2.5: The main harvested area and PDOs of chestnut in Portugal. 

 

Each species of chestnut can produce different varieties. The main varieties of 

Castanea sativa more cultivated in Portugal are those described in Table 2.1. Some 

differences can be found between them, namely in fruit size, flavour, sweetness and ease 

of peeling, among others. 
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Table 2.1 – The main chestnut varieties produced in Portugal (Fórum Florestal, 2010)  

 

  

Generally, in Portugal chestnut are sold fresh or frozen, being consumed in natura, 

roasted, fried and boiled. Chestnuts are normally stored in cold chambers before selling or 

transformation. Nevertheless, chestnut fruit producers have do deal with two important 

problems during cold storage of chestnuts: weight loss due to water evaporation and 

molds development. Beyond these facts, the smaller sized fruits are generally rejected by 

industrials and consumers and, so, it is very important to develop and produce different 

chestnut-based products to increase the use of the rejected fruits. Several new products 

based on chestnut fruits have appeared, such as chestnut flour, marron glacé, purees, 

and pre-cooked frozen products, sweets, jams, beyond others (Pinnavaia et al., 1995). 

 As chestnut production is seasonal, in Portugal it was family tradition to store 

chestnuts in warehouses, in sand or cereal, to eat throughout the year, being this chestnut 

named "castanha pilada". This kind of chestnut has a very long shelf life due to its low 

water content caused by dehydration. “Castanha pilada” can be found in local markets but 

its industrial production, by using ovens or dryers, is not common. 

 Consumers search for healthier and easy to consume food is increasing. So, 

several healthy snacks based on fruits, namely apples, pears, strawberries, pineapple and 

peach, have appeared recently on the market. However, none of them are based on 

chestnut fruits. This nut presents interesting nutritional properties, due to its low fat 

Varieties with the highest production values (Forum Florestal, 2010)

Variety Fruit size Number of Fruits/kg Flavour/Sweetness 

Aveleira Medium 82-98 weak/sweet 

Martaínha Medium to big 69-95 weak/sweet 

Longal Medium to big 67-87 weak/sweet 

Judia Big 49-69 weak/sweet 

Colarinha Small to medium 84-96 weak/sweet 

Verdeal Big 58-74 weak/sweet 

Rebordã Medium to big 76-92 weak/sweet 

Côta Small 102 weak/little sweet 

Lada Big 78 weak/little sweet 

Bária Medium 82 weak/very sweet 

Negral Big 77 weak/little sweet 

Boa Ventura Medium to big 68-76 weak/sweet 

Lamela Big 71 weak/sweet 

Zeive Big 73 weak/sweet 

Redonda Medium 80 weak/very sweet 
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content, high amount of starch (sugar of slow absorption) and fibres (Borges et al., 2008). 

Furthermore, it’s a gluten-free nut, ideal for celiac patients. Thus, it can be a good fruit to 

produce this kind of snacks. 
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Abstract 

 

Different chestnut species can be cultivated for fruit production, the most valorised 

part for nutritional purposes. However Castanea sativa Mill., the “European chestnut”, is 

one of the most valorised worldwide. Its fruits are consumed either raw or after 

processing, being boiling and roasting the most usual ones. The nutritional composition of 

fresh chestnut is variable, with interesting amounts of carbohydrates and fibre, together 

with low fat content, with differences between cultivars and producing regions. In respect 

to the presence of bioactive compounds, such as phenolic compounds, vitamins, fatty 

acids, among others, some studies had focused on the fruit benefits to human health but 

few reported the effect of processing in those compounds. In this context, this chapter 

intended to review the current knowledge on chestnut composition, together with the 

influence of diverse post-harvest technologies, such as refrigeration, flame peeling, 

freezing with CO2, irradiation, boiling and roasting on the bioactive compounds of 

chestnut. 

 

Keywords: Antioxidant activity, bioactive compounds, boiling, carbohydrates, 

Castanea sativa Miller, cold storage, drying, fatty acids, fibre, irradiation, minerals, 

nutritional composition, organic acids, osmotic dehydration, phenolic compounds, 

processing, proteins, roasting, vitamin C, vitamin E.  
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Introduction 

 

The genus Castanea belongs to the angiosperm family Fagaceae. Over the world, 

several different species of chestnut can be found, such as Castanea creanata Sieb. in 

Asia, C. creanata Zucc. in Japan, C. mollissima Bl. in China and Korea, C. dentada Borkh 

in North America, and C. sativa Mill. in Europe being, also called “European chestnut” 

[1,2]. 

The species C. sativa Mill. is one of the most valorised worldwide. However, to 

improve chestnut production and the resistance to certain common diseases of the tree, 

some hybrids have emerged over the years [3]. 

Chestnut production has a high importance in the world’s primary economy. China 

is the main producer, with about 1650000 tonnes (t) in 2012, followed by Republic of 

Korea (70000 t), Turkey (59789 t), Bolivia (57000 t), Italy (52000 t), Greece (28700 t), 

Japan (20900 t) and Portugal, the eighth largest world's producer (19100 t) [4]. Despite 

these figures, due to the small country size, chestnut production in Portugal still 

represents a high contribution for the trade balance. The greatest production area for this 

fruit is located in Trás-os-Montes region (northeast of Portugal). Being a natural product, 

chestnut production can be affected by several factors including climatic conditions such 

as temperature, sunlight and precipitation, and also cultivation inputs, for exemple 

nutrients, minerals, and diseases and pests [3]. 

From a botanical point of view, chestnut fruit is a starchy nut composed by a seed 

protected by a membrane called the pellicle (episperm) and followed by a brown peel 

called “shell”. This last involves the nut that is shielded by a spiny bur. When the fruit 

begins to mature, the bur modifies its colour, from green to yellow-brown, and breaks in 2-

4 lengthways lines liberating three nuts. Sometimes the bur releases the chestnut fruits 

from the tree; however, more often the bur falls and opens completely on the ground as a 

result of the high humidity, liberating the fruits [5] (Figure 3.1). Even though the shell and 

pellicle are difficult to remove, this nut presents interesting properties which will be 

presented throughout this chapter. 

There are some review studies that discuss the nutritional properties of chestnuts 

in natura [3,6]; however, despite not being usual to consume it raw, there are few works 

reporting the effects of different types of processing on its physicochemical properties and 

bioactivity. Thus, in this chapter we intend to evidence the beneficial effects of chestnut on 

human health and in which way processing may affect the physicochemical properties of 

this fruit. 
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Figure 3.1: Castanea sativa: (a) Tree, (b) Chestnut fruit in the bur, (c) Fruit. 

 

 

Physicochemical Properties of chestnut  

 

Numerous studies on the physicochemical characterization of different varieties of 

chestnuts from different countries have been published. From the nutritional point of view, 

chestnut has interesting properties. Chestnuts are a good source of fibres, starch, protein, 

aminoacids, minerals, lipids, vitamin E and phenolic compounds, being a naturally gluten-

free product. 

The proximate nutritional composition of raw chestnuts (Castanea sativa Mill.) is 

detailed in Table 3.1. The major compound is water, with moisture ranging between 40 

and 64 g/100 g fresh weight (FW). This high moisture content represents a strong 

disadvantage for long-term preservation purposes, due to the high probability of mould 

formation, together with a significant weight loss during storage. On dry basis (DM), 

carbohydrates are the main components of chestnuts (75-91%), particularly starch (39 

and 82%). Several studies have been reported about the specific content of amylose and 

amylopectin [15,19,20], accounting approximately for 33% and 67% of the starch content, 

respectively. The starch can improve health by giving energy from the catabolism process 

of amylose and amylopectin into glucose, as well as it can have a positive role on gut 

functions due to the presence of short-chain fatty acids (SCFA) that result from the 

bacterial catabolism of amylopectin-derived dextrins [19,21]. Also, some researchers 

defend that starch is partially hydrolysed into glucose during storage, which gives 

increased sweetness to chestnuts [10,15]. Indeed, this is one of the most important quality 

parameters, with recognized differences between varieties [22], being the sweetest fruits 

highly appreciated by the consumers. Sucrose is the main free sugar in chestnuts (Table 

3.2), followed by glucose and fructose. Other sugars such as maltose and xylose can also 

be present in chestnut fruits, but in reduced amounts.  

Fibre is also an important nutrient in chestnuts (Table 3.1). Among fibre fractions 

neutral detergent fibre (NDF) represents 2.7 to 28.9% and acid detergent fibre (ADF) 

varies from 0.5 to 4.5%, while acid detergent lignin (ADL) only represents 0.02 to 1.3% 

 (a) (b) (c) 
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and cellulose 0.5 to 3.6%, all on dry matter (DM) basis. Dietary fibre has been described 

as the fragments of plant components which are not hydrolysed by human enzymes and it 

includes cellulose, hemicellulose and lignin, as well as other substances, namely waxes, 

cutin, and suberin [25]. 

Dietary fibres are associated to positive health effects, including “stimulation of 

Bifidobacterium and Lactobacillus in the intestine, decrease in cholesterol levels, 

reduction of the risk of cardiovascular diseases, positive regulation of insulin response, 

increase in anticancer mechanisms and positive effects on metabolism of blood lipids” 

[26]. When the fermentation of dietary fibre occurs SCFA are produced. These 

compounds are very important to garantee the maintenance of colonic integrity and 

metabolism. They can also be considered therapeutic agents for the treatment of some 

illnesses such as colitis, antibiotic associated diarrhoea and colon cancer [27]. 
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 Table 3.1 – Proximate composition of raw chestnut fruits from several cultivars and origins (Castanea sativa Mill.) 

 

Moisture 
(g/100g FW) 

Carbohydrates 
(g/100g DM) 

Starch 
(g/100g DM) 

Total minerals 
(g/100g DM) 

Crude protein 
(g/100g DM) 

Crude fat 
(g/100g DM) 

Energetic value 
(kcal/100g DM) 

References 

40-64 - 39-67 1.5-8.0 3.9-10.9 0.9-4.4 - [3] 

52-55 - - 1.5-1.9 5.0-6.5 1.6-1.8 401-402 [7] 

53-54 89-91 - 1.7-2.4 5.2-6.4 1.5-1.7 400-402 [8] 

46-53 - 39-48 1.5-2.2 4.9-7.4 1.7-3.1 - [9] 

- 75-86 54-70 1.0-3.2 4.9-10.9 0.5-2.0 - [10] 

46-51 - 64-65 1.9-2.3 3.9-5.1 1.6-1.9 - [11] 

41-54 - 49-54 2.0-2.7 - 1.9-4.4 413-427 [12] 

- - - - 4.1-5.8 - - [13] 

48-59 - 57-82 1.8-3.1 6.0-8.6 1.3-3.0 - [14] 

40-60 - 42-66 1.8-3.2 4.5-9.6 1.7-4.0 - [15] 

48-57 - 49-52 2.1-2.4 4.2-7.0 2.2-4.5  [16] 

50-60 - - 1.7-2.6 4.5-9.9 1.9-4.7  [17] 

42-53 - - 1.2-2.4 4.2-5.6 3.0-4.6  [18] 

40-64 75-91 39-82 1.0-8.0 3.9-10.9 0.5-4.7 400-427 Min-Max 

Fibre (g/100g DM) 

NDF ADF ADL Celulose    References 

2.7-28.9 0.5-4.5 0.02-1.3 0.5-3.6    [3] 

2.7-3.8 0.5-0.6 0.02 0.5-0.6    [7] 

3.2-3.7 0.5-0.6 - 0.5    [8] 

13.8-24.4 1.9-3.2 - -    [9] 

13.1-13.8 2.5-2.7 0.2-0.3 2.3-2.4    [11] 

13.8-19.9 3.0-3.6 0.4-0.6 2.6-3.1    [12] 

9.4-28.5 2.3-4.5      [15] 

2.7-28.9 0.5-4.5 0.02-1.3 0.5-3.6    Min-Max 
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Table 3.2 - Free sugar contents of raw chestnut fruits (Castanea sativa Mill.) (g/100g DM) 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

DL –Detection limit 

 

Few studies have been performed on proteins in chestnuts; however, proteins 

range from 3.9 to 10.9 g/100 g DM (Table 3.1), being identified some essential amino 

acids such as arginine (Arg), isoleucine (Ile), leucine (Leu), phenylalanine (Phe), threonine 

(Thr), tryptophan (Trp) and valine (Val), and non-essential amino acids such as alanine 

(Ala), asparagine (Asn), aspartic acid (Asp), glutamine (Gln), glutamic acid (Glu), glycine 

(Gly), serine (Ser) and tyrosine (Tyr) [11,13]. 

Concerning minerals (as total ashes), these vary from 1.0 to 8.0 g/100 g DM, being 

detected important macro-elements (K, P, Mg, Ca, S and Na). The most important in this 

group is potassium. Some interesting micro-elements (Fe, Mn, Zn, Cu, B and Se) have 

also been identified (Table 3.3). Mineral intake has an important role in human health. 

Calcium has important biological functions, namely giving rigidity to the skeleton [3]. 

Magnesium has an important enzymatic role (cofactor), is involved in the synthesis of 

some compounds (namely proteins, RNA and DNA), and keeps the electrical potential of 

nervous tissues and cell membranes [3]. Micro-elements also play important roles in 

health. For example, iron is related to the transport of oxygen through red blood cell 

haemoglobin. Moreover, iron and zinc are responsible by the synthesis and catabolism of 

some nutrients and xenobiotics, once are essential components of enzymes that 

participate in these processes [28]. 

Sucrose Glucose Fructose Maltose Xylose References 

6.6-29.7 <DL -2.3 0.04-2.3 0-1.8 - [3] 

8.9-21.3 - - - - [10] 

6.6-19.5 <DL -0.3 0.04-0.3 - - [14] 

5.1-9.8 0.1-0.3 0.05-0.2 - - [16] 

10.9-22.1 - 0.44-2.22  - [18] 

29.7 1.4 1.9 1.5 0.4 [20] 

3.7-24.2 1.0-6.8 0.6-5.3 - - [22] 

6.6-19.5 <DL -0.3 0.04-0.3 - - [23] 

10.2-13.7 0.07-0.3 0.11-0.4 0.4-0.6 - [24] 

3.7-29.7 0.07-6.8 0.04-5.3 0-1.8 0.4 Min-Max 
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Table 3.3 – Mineral content of raw chestnut fruits (Castanea sativa Mill.) (mg/100g DM) 

 

 

K P Mg Ca S Na Fe Mn Zn Cu B Se References 

473-1476 68-305 47-100 26-72 26-133 0.8-30.9 1.4-10.9 1.5-12.5 0.6-3.1 0.4-2.7 3.0-3.1 0.4-0.8 [3] 

473-974 104-148 63-93 41-51 - 0.8-3.9 5.3-10.9 3.1-8.0 1.4-3.1 1.3-2.7 - - [9] 

761-1271 107-191 70-160 43-230 - 6-41 0.4-5.7 0.7-5.5 1.8-9.1 0.6-3.8 - - [10] 

789-1130 68-305 49-100 26-72 - 3.0-26 1.4-2.4 1.7-12.5 1.0-1.9 0.6-1.0 - - [15] 

740-940 106-159 54-66 55-70 - - 2.1-6.1 1.3-4.1 0.9-1.7 0.3-2.3   [16] 

633-811 110-142 49-58 31-46 35-46 21.4-28.3 3.0-7.1 1.5-5.1 0.8-1.1 0.6-0.9 3.0-3.1 0.5-0.7 [24] 

473-1476 68-305 47-160 26-230 26-133 0.8-41 0.4-10.9 0.7-12.5 0.6-9.1 0.3-3.8 3.0-3.1 0.4-0.8 Min-Max 
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Some differences in protein and mineral contents can be found between varieties. 

These differences can be due to genetic differences, altitude and soil type, among others, 

as suggested by Pereira-Lorenzo et al. [15]. Míguelez et al. [14] refer that soils with a 

higher content of schist originate fruits with higher protein content than granite-based 

ones. 

Although chestnuts present a low crude fat content (0.5-4.7 g/100 g DM) (Table 

3.1), its lipids are constituted by low saturated fatty acids (SFA) (14.1-27.7%) and high 

unsaturated fatty acids (USFA) contents, namely monounsaturated (MUFA) (17.9-40.8%) 

and polyunsaturated (PUFA) (41.5-60.1%) fatty acids. The main individual fatty acids in 

chestnuts are linoleic (C18:2) (37.6-51.4%), followed by oleic (C18:1) (17.4-38.2%), 

palmitic (C16:0) (12.0-17.3%), and α-linolenic acid (C18:3) (4-10.3%) (Table 3.4). This 

fatty acids profile, low in saturated fatty acids and high in polyunsaturated ones, with the 

presence of omega 3 fatty acids, plays an important role in several physiological 

processes by regulating plasma lipid levels, neuronal development, and by having 

cardiovascular, immune and visual functions, as well as insulin action [31]. 

 

Table 3.4 - Fatty acid composition of raw chestnut fruits (Castanea sativa Mill.) (g/100g 

fatty acids) 

SFA C16:0 MUFA C18:1 PUFA C18:2 C18:3 References 

14.1-27.7 - 17.9-39.3 17.4-37.6 42.0-60.1 37.6-50.9 - [3] 

16.2-19.4 14.2-17.3 30.9-38.7 29.6-37.4 42.0-51.9 37.9-45.5 4.0-6.4 [7] 

16-19 16-17 36-38 35-37 43-48 38-40 4-5 [8] 

14.1-18.6 12.5-16.8 22.5-39.3 20.7-37.6 42.0-60.1 37.6-50.9 4.4-10.0 [29] 

15.9-24.6 12.0-16.8 21.7-40.8 21.3-38.2 41.5-56.7 37.9-51.4 3.56-10.3 [30] 

14.1-27.7 12.0-17.3 17.9-40.8 17.4-38.2 41.5-60.1 37.6-51.4 4-10.3 Min-Max 

 

Chestnut fruits also contain vitamins, such as, vitamin E and C (Table 3.5). Vitamin 

E has an effect to protect the unsaturated fatty acids from oxidation, being γ-tocopherol 

the major vitamer (0.38-2.73 mg/100g FW). From the nutritional point of view, vitamin E 

has shown several benefits to human health, minimizing the harmful effects of 

inflammatory diseases (e.g. rheumatoid arthritis or hepatitis) [35], fortifying the immune 

system and decreasing the risk of cancer [36], as well as a probable contribution to 

decrease the viral load in HIV-infected patients [37], and aid in the treatment of 

Parkinson's syndrome [38]. Vitamin C is a term that is used for all compounds with 

biological activity of L-ascorbic acid. L-Ascorbic and L-dehydroascorbic acids are the main 

sources of vitamin C [39]. Both species are absorbed in the gastrointestinal tract [40]. 

Vitamin C is probably the most important hydrophilic antioxidant and it is believed to be of 
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high importance for defence against diseases and degenerative processes produced by 

oxidative stress [41]. 

Besides ascorbic acid, other organic acids have been identified in chestnut fruits 

such as citric, malic, quinic, fumaric and oxalic acids (Table 3.6). It was observed that the 

ranges of some organic acids were high probably due to the different extraction methods 

used. Organic acids might have a protective effect against multiple diseases as a result of 

their antioxidant activity [43]. Moreover, they can affect the organoleptic characteristics of 

fruits and vegetables such as the flavour [44]. 

The antioxidants present in natural products are associated to the prevention of 

certain human diseases caused by oxidative stress such as inflammatory diseases, 

ischemic diseases, cancer, hemochromatosis, emphysema, gastric ulcers, hypertension 

and preeclampsia, neurological diseases, alcoholism, smoking-related diseases and 

others [45]. Several studies have been performed on the antioxidant activity of different 

parts of chestnuts, namely, seed, leaf, flower, bur, outer and inner skin, and fruit. As can 

be observed from Table 3.7, different methods have been applied that difficult data 

comparison. Nevertheless the methods applied have included the scavenging activity on 

ABTS and DPPH radicals (measured through the decrease in ABTS and DPPH radical 

absorption after exposure to radical scavengers), reducing power (measured by the 

conversion of a Fe3+/ferricyanide complex to the ferrous form), β-carotene bleaching 

inhibition (by neutralizing the linoleate-free radical and other free radicals formed in the 

system that attack the highly unsaturated β-carotene model), FRAP (measured by the 

capacity of reducing the Fe(III)/tripyridyltriazine complex to the ferrous form (blue colour) 

with an increase in absorbance at 593 nm), hemolysis inhibition (measured by the 

inhibition of erythrocyte hemolysis), hydroxyl radical scavenging activity (measured by 

inhibition of the hydroxyl radical generated by the Fenton reaction (Fe2+/H2O2)), and 

TBARS inhibition (measured by the inhibition of the lipid peroxidation through the 

decrease of thiobarbituric acid reactive substances (TBARS)). For chestnuts, some 

studies reported that the antioxidant activity can vary between regions with different 

edaphoclimatic conditions [54,55], being the coldest places those with the highest 

antioxidant activity. Indeed, severe climatic conditions might signalling for the plant 

defence mechanisms, including the production of important antioxidants, particularly 

phenolic compounds [54,55]. Barreira et al. [47] reported that leaves, skins (outer and 

inner skins) and flowers presented the highest values of antioxidant activity comparing 

with chestnut fruits. When comparing chestnuts with other nuts it can be observed that the 

antioxidant activity of chestnut fruits [47] was of the same order of magnitude to those 

obtained for almond, peanut and pine nut [56,57], while it was lower than those observed 

for hazelnut and walnut  for the DPPH radical scavenging method. Nevertheless, the 
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extraction methods were sometimes different. Similar results were also obtained for the 

reducing power method. 

Due to their importance, the total phenol contents and some specific phenolic 

compounds determined in different chestnut parts, such as bur, flowers, leaves, outer 

shell, inner shell, and fruit are also presented in Table 3.8. Gallic and ellagic acids are the 

main phenolic acids in fresh chestnut fruits; however, many other phenolic compounds 

have also been identified, such as vescalagin (0.06 to 0.10 mg/g FW), castalagin (0.41 to 

0.82 mg/g FW), tannin T1 (0.06 to 0.09 mg/g FW), tannin T2 (0.05 to 0.09 mg/g FW), 

acutissimin A (0.05 to 0.08 mg/g FW) acutissimin B (0.41 to 0.51 mg/g FW) and ellagic 

acid derivatives (0.11 to 0.16 mg/g FW) in the outer shell of chestnuts [59]. In the inner 

shell of chestnuts these compounds are also detected at the following concentrations: 

vescalagin, 0.04 to 0.07 mg/g FW; castalagin, 0.07 to 0.21 mg/g FW; tannin T1, 0.03 to 

0.07 mg/g FW; tannin T2, 0.03 to 0.04 mg/g FW; acutissimin A, 0.03 to 0.04 mg/g FW; 

acutissimin B, 0.04 to 0.09 mg/g FW; and ellagic acid derivatives, 0.0 to 0.01 mg/g fresh 

weight have also been detected [59]. Also Otles and Selek [55] have identified some 

phenolic compounds on chestnut fruits, namely, syringic+caffeic acids (0.002 to 0.02 mg/g 

FW), vanillic acid (0.15 to 0.92 mg/g FW), rutin (0.005 to 0.026 mg/g FW), catechin (0.024 

to 0.13 mg/g FW), chlorogenic acid (0.004 to 0.12 mg/g Fw), p-coumaric acid (0.004 to 

0.033 mg/g FW), ferulic acid (0.004 to 0.015 mg/g FW) and naringin (0.007 to 0.021 mg/g 

FW). These compounds have several positive effects on health, for example antioxidant 

properties, decrease of the risk of cardiovascular diseases, anticancer mechanisms and 

anti-inflammatory properties [60,61]. The content of these compounds may vary due to 

several factors, such as climacteric conditions, soil type, precipitation and altitude. Dinis et 

al. [54] reported that the coldest ecotypes presented higher gallic and ellagic acid contents 

than the hottest ones for Judia cultivar, as already described for the antioxidant activity. 

Regarding flowers, Sapkota et al. [49] reported differences on phenolic content when 

comparing pre-bloom and full-bloom, showing higher phenolic content the flowers at pre-

bloom than full-bloom. 
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Table 3.5 – Vitamin C and E contents of raw chestnut fruits (Castanea sativa Mill.) 

Vitamin E (mg/100 g FW) 

Tocopherol Tocotrienols 
References 

α γ δ γ δ 

2×10-3-1×10-2 0.38-2.73 2×10-2-10×10-2 14×10-2-39×10-2 1×10-3-4×10-3 [3] 

23×10-4-100×10-4 0.38-0.46 216×10-4-285×10-4 197×10-4-399×10-4 14×10-4-32×10-4 [8] 

- 0.41-2.30 2×10-2-10×10-2 - - [24] 

22×10-4-100×10-4 0.38-0.478 195×10-4-332×10-4 141×10-4-418×10-4 11×10-4-41×10-4 [32] 

22×10-4-1×10-2 0.38-2.73 195×10-4-10×10-2 141×10-4-39×10-2 11×10-4-41×10-4 Min-Max 

Vitamin C (mg/100 g DM) 

Ascorbic Acid Dehydroascorbic acid  References 

30.8-40.2a,b  [3] 

0.77-1.64a  [3] 

4.2-7.2 3.1-6.8  [3] 

28-128   [18] 

4.7-6.7b 4.04-6.13b  [24] 

40.0-69.3a  [33] 

4.52-16.4 -  [34] 
a
Ascorbic + dehydroascorbic acids.

b
Values are presented as mg/100 g FW. 

 
 Table 3.6 - Organic acids contents of raw chestnut fruits (Castanea sativa Mill.) (mg/g DM) 

Citric 
acid 

Malic 
acid 

Quinic 
acid 

Fumaric acid 
Oxalic 
acid 

Oxalic acid +  
cis-aconitic acid 

Malic acid + 
quinic acid 

References 

1.5-8.8 1.5-5.4 - - - - - [17] 

- 1.5-3.3 - - - - - [18] 

0.04-0.11 - - 0.2×10-3-1.4×10-3 - 1.3×10-3-7.1×10-3 3.6×10-2-11×10-2 [34] 

12 5 13 0.4 0.7 - - [42]a 

0.04-12 1.5-5.4 13 0.2×10-3-0.4 0.7 1.3×10-3-7.1×10-3 3.6×10-2-11×10-2 Min-Max 
a
The values refer to chestnuts irradiated at 0, 0.5, 1, 3 and 6 kGy. 
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Table 3.7 – Antioxidant activity of different parts of chestnuts. 

TRE – Trolox equivalent; AAE – Ascorbic acid equivalent; 
a
Absorbance at 700 nm of 1 mg/mL solution; 

b
Values expressed in mmol AAE/g extract;

Tissue ABTS radical DPPH adical 
Reducing 

power 

β-Carotene 
bleaching 
inhibition 

FRAP 
Hemolysis 
inhibition 

Hydroxyl 
radical 

TBARS 
inhibition 

Unity Reference 

Leaf - 12.6-23.0 - - - - - - µg/mL (EC50) [46] 

Leaf - 170 313 145 - 169 - 31.4 µg/mL (EC50) [47] 

Leaf - 21.4 - - - - 0 - 
% (0.2 mg extract/mL 

solution) 
[48] 

Flower - 74.9 87.3 161 - 196 - 9.93 µg/mL (EC50) [47] 

Flower - 45.14-119.36 0.494-0.772
a
 - - - - - µg/mL (EC50) [49] 

Catkin - 38 - - - - 43.6 - 
% (0.2 mg extract/mL 

solution) 
[48] 

Bur 1.33-3.80 0.92-3.42 - - 0.708-2.261
b
 - - - mmol TRE/g extract [50] 

Outer skin - 39.7 55.1 133 - 91.4 - 7.87 µg/mL (EC50) [47] 

Outer skin - 21.4 - - - - 21.8 - 
% (0.2 mg extract/mL 

solution) 
[48] 

Inner skin - 32.7 68.7 164 - 47.5 - 11.5 µg/mL (EC50) [47] 

Shell - - - - 475-3808 - - - nmol AAE/mg extract [51] 

Fruit 4.77-8.15 - - - - - - - µmoles TRE/g DM [18] 

Fruit - >10,000 9044 3632 - 3486 - 1117 µg/mL (EC50) [47] 

Fruit - 0 - - - - 5.5 - 
% (0.2 mg extract/mL 

solution) 
[48] 

Fruit 0.564-1.046 - - - - - - - mmol TRE/kg [52] 

Fruit - 25.12-38.72 2.81-7.05 6.00-6.38 - - - 5.21-10.63 mg/mL (EC50) [53] 

Fruit 5.2-14.1 7.3-33.5 - - 6.6-14.6 0.63-1.31 - - mg/g (EC50) [54] 

Fruit -  - - 9.08-14.15 - - - mM FeSO4/g DM [55] 
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Table 3.8 – Total phenols and individual phenolic compound contents present in raw chestnuts (Castanea sativa Mill.). 

CE – (+)-catechin equivalents; GAE – Gallic acid equivalents; tr – trace; nd – not detected. 

  Content of phenolics 

Tissue Total phenols Unity Gallic acid Ellagic acid Unity References 

Leaves 103 mg CE/gextract - - - [47] 
Flowers 298 mg CE/gextract - - - [47] 
Flowers 251.6-467.9 mg GAE/gextract - - - [49] 

Bur 168.8-359.8 mg GAE/gextract - - - [50] 
Bark - - - 0.71-21.6 mg/g DM [58] 
Shell 266-597 mg GAE/gextract - - - [51] 

Outer shell 510 mg CE/gextract - - - [47] 
Outer shell 61.9-84.9 mg GAE/g FW 0.14-0.33 0.14-0.18 mg/g FW [59] 
Inner shell 475 mg CE/gextract - - - [47] 
Inner shell 76.0-106.0 mg GAE/g FW 0.22-0.34 0.03-0.07 mg/g FW [59] 
Pericarp - - - 0.04-0.19 mg/g DM [58] 
Pellicle - - - 0.03-0.091 mg/g DM [58] 

Fruit 15.80-22.69 mg GAE/g FW 3.46-9.07 2.71-9.64 mg/g FW [11] 
Fruit 7.66-18.30 mg GAE/g FW 8.03-24.89 7.28-47.78 mg/g FW [13] 
Fruit 13.6-18.8 mg GAE/g DM 0.00376-0.0204 nd – 0.0249 mg/g DM [17] 
Fruit 0.0872-0.157 mg GAE/g DM - - - [18] 
Fruit 3.73 mg CE/gextract - - - [47] 
Fruit 3.61-3.63 mg GAE/gextract - - - [53] 
Fruit 9.6-19.4 mg GAE/g DM 4.1-29.0 6.2-11.9 mg/g DM [54] 
Fruit 5.00-32.82 mg GAE/g DM 0.0859-0.277 0.0116-0.0487 mg/g DM [55] 
Fruit -  - tr-0.05 mg/g DM [58] 
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Principal Postharves Technologies 

 

Cold Storage 

 

Chestnut fruits are a seasonal product and several post-harvest techniques have 

been applied to preserve them, being cold storage one of the most commonly used. 

However, some studies reported modifications on some physicochemical properties of the 

fruits along cold storage. An increase of the dry matter content due to water loss and NDF 

fibre content has been observed when comparing chestnuts subjected to cold storage 

during three months with fresh chestnuts [12]. On the other hand, a decrease on starch 

content was observed, explained by the enzymatic catabolism of starch into soluble 

sugars. Some studies reported that sucrose content can increase along storage time 

[24,62-64], while glucose and fructose remained almost constant during storage [24,62]. 

Nevertheless, Chenlo et al. [64] reported that fructose depended on the moisture content 

because at low moisture contents fructose practically disappeared while it increased in 

samples stored at high moisture contents. 

Regarding to vitamin E, a significant increase on δ-tocopherol and γ-tocopherol 

contents in fresh weight was observed along cold storage [24]. On contrary, a decrease 

was verified on ascorbic acid concentration, while the dehydroascorbic acid content was 

not affected by the storage period. Also, an increase on the total phenols, gallic and 

ellagic acid contents was observed [13], but a decrease on the antioxidant activity 

determined by different methods was perceived after storage, with the exception of the β-

carotene bleaching inhibition method for chestnut skins [65]. 

 

Drying 

 

Hot air drying is another common technology applied to preserve chestnut fruits. 

Along the years, several studies using different dehydration methods have been 

performed, being hot air drying the most widely used. The aim of these studies was to 

evaluate several technological aspects, including drying kinetics [66,67], drying 

characteristics and energy requirement for dehydration [68], the effect of drying 

temperatures on morphological, chemical, thermal and rheological properties of chestnut 

flours [69-71], and the effect of drying followed by rehydration on different chestnut 

properties [20,72,73].  

Some of these studies reported a degradation on chestnut colour (browning) 

originated by the drying process, being more pronounced at higher temperatures [66,72]. 

This can be a disadvantage because this characteristic is one of the most appreciated by 
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the consumers of this nut. Moreover, Attanasio et al. [20] reported that sucrose content 

decreased significantly after drying at 60 °C, due to its thermal degradation. They also 

reported modifications on morphological characteristics after drying and rehydration as the 

products seemed more shapeless and the open pore volume of starch granules on dried 

samples increased. Correia et al. [69] observed that drying temperature affected chestnut 

flour properties, also depending on chestnut variety. 

Regarding to the effect of hot air drying on other nutrients and bioactive 

compounds, no studies have been performed until now. 

 

Osmotic Dehydration 

 

Another dehydration method is osmotic dehydration. Along the years, some 

studies have been performed using different osmotic agents such as sodium chloride, 

glycerol, glucose and sucrose [73-79], with the aim to evaluate mass transfer, dehydration 

kinetics of chestnut fruits and the effect of this treatment on chestnuts physical properties 

such as colour, size, shape, weight reduction (WR), water loss (WL), solid gain (SG), 

normalized moisture content (NMC). Again, no studies on the effect of osmotic 

dehydration on nutrients and bioactive compounds have been performed until now. 

 

Irradiation 

 

As previously mentioned, mould development is a particular concern in chestnut 

preservation due to its high moisture and carbohydrate contents. Chemical fumigation is 

one of the most effective disinfestation method but, due to the toxicity of the gases used 

for the operators and associated environmental problems, fumigation was banned in EU 

since 2010 [80-81]. Thus, irradiation appears as an alternative technique, being nowadays 

considered a more environmentally friendly technology, meeting the food safety 

requirements [6]. Different types of irradiation have been tested along the years, being the 

most common the gamma irradiation and the electron beam irradiation. 

Some studies on the effect of gamma irradiation on chestnut properties referred 

the existence of no differences on the nutritional composition [63], or on sugars and fatty 

acid compositions [82] of irradiated chestnuts. Moreover, irradiation may protect 

antioxidants such as tocopherols and phenolic compounds, as the antioxidant activity 

seemed to increase when compared with non-irradiated samples [65]. On the other hand, 

Carocho et al. [53] reported that irradiation dose had a significant role on the antioxidant 

activity, being 3kGy the dose that gave the best results with the highest phenolic content 
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and the lowest EC50 values for DPPH scavenging activity, β-carotene bleaching and 

TBARS inhibition, suggesting a higher antioxidant activity. 

Regarding to electron beam irradiation, Carocho et al. [53] reported that the 

irradiated samples presented also higher phenolic content and antioxidant activity than 

non-irradiated ones, except for flavonoids whose content decreased. In this study the 

irradiation dose that gave the best results was 1 kGy. However, Carocho et al. [53] 

reported that the effect of electron beam irradiation on chemical and nutritional properties 

of chestnuts was very low. 

 

Industrial processing and other ways to prepare chestnuts for consumption 

 

Few studies have been performed with the aim to evaluate the effect of industrial 

processing on chestnut properties, such as flame peeling and freezing with CO2. 

Regarding the proximate composition, small variations were observed when comparing 

fresh chestnuts with those submitted to industrial processing. These industrial processing 

methods had some positive effects, such as an increase on crude energy and fibre (NDF, 

ADF and cellulose) contents [12], as well as in free sugar contents [24]. On the other 

hand, a negative effect on starch and to a lesser extent in fat content [12] was observed 

with a decrease on these compounds. Concerning the bioactive compounds, industrial 

processing contributed positively by promoting a significant increase on total phenols, 

gallic and ellagic acids contents [13], and also on tocopherols amounts, while some 

negative effects, namely a decrease on some free amino acids [13] and vitamin C 

contents [24], were observed. 

Another well-known chestnut processing is roasting. Some studies have been 

performed on the roasting effect on chestnuts physicochemical properties. Künsch et al. 

[83] observed that this process had a little effect on the chemical composition of different 

chestnut varieties, since the amount of starch, sucrose and fatty acids remained the 

same. Gonçalves et al. [17] observed that roasted chestnuts presented higher protein, 

fibre, citric acid, gallic acid and total phenolic contents than raw chestnuts. Regarding the 

effect of roasting on the bioactive compounds few studies have been performed until now. 

Barros et al. [52] observed that some cultivars were more affected by roasting than others 

concerning the hydrophilic antioxidant activity. 

Boiling is also another cooking process very used by chestnut consumers. As 

expected, boiling promoted a decrease in dry matter content, as well as a decrease in 

chestnut colour such as brightness [84]. When comparing raw with cooked chestnuts 

(roasted and boiled) some studies reported differences between them. Gonçalves et al. 

[17] observed that boiled chestnuts showed higher fat, soluble fibre, gallic and ellagic 
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acids and total phenolic contents than raw chestnuts. Nevertheless, the last ones had 

significantly higher malic acid content than cooked nuts. Ribeiro et al. [34] observed a 

decrease on vitamin C (ascorbic acid) content indicating that this vitamin was degraded 

during the boiling process due to the high temperatures. Barros et al. [33] also detected a 

decrease in vitamin C content. Although vitamin C losses between 25 to 45% and 2 to 

77% were observed for boiling and roasting processes, respectively, chestnuts subjected 

to both processes may be still a good source of this vitamin once it may represent 16.2% 

to 22.4% and 19.4% to 26.8% of the recommended dietary intake for adults, respectively. 

 

 

Concluding Remarks  

 

In conclusion, most of the studies until now performed had focused on 

physicochemical characteristics of raw chestnuts, being analysed different parts of this 

nut, namely flowers, leaves, outer and inner skins, bur, among others. The results point 

out that chestnut is a nut with important constituents such as antioxidants and vitamins, as 

well as with low fat and high starch contents, being also a gluten-free nut. However, 

generally this fruit is not consumed raw, being subjected to different types of processing, 

namely, roasting and boiling. There are some works that had studied the effect of 

processing on physicochemical properties, being some modifications observed. 

Nevertheless more studies should be done with the purpose to valorise and develop new 

products based on chestnuts. 
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Abstract 

 

Shell’s influence on the drying behavior of two European chestnut (Castanea 

sativa Mill.) varieties, Longal and Judia, was investigated in the present work. For this 

purpose, chestnuts of both varieties were dried in a hot air convection oven at 50.0 ± 2.0 

°C, air velocity of 1.0 ± 0.1 m/s. The fruits were dried with and without outer shell, being 

the axial dimensions, volumetric shrinkage and color determined. Furthermore, the drying 

data was complemented for the first time with microscopic analyses of the shells. 

Longal and Judia drying behaviors were similar (Moisture Ratios less than 0.20 in 

35 to 45 hours), despite the microscopic differences in outer shell thickness (Judia: 

556+43 µm and Longal: 328+66 µm) and cells format (smaller cells - Judia). After 

determining the suitability of several drying models, good results were obtained with the 

Page (Judia), and Two-term exponential and Modified Page models (Longal). Concerning 

fruit’s color, a slight decrease in fruit’s brightness and an increase on fruit’s yellowness 

were detected along drying for both varieties. Small volumetric shrinkage was observed 

(10-24%). From these results, both varieties seemed to be adequate to be used 

industrially to produce dried chestnut based products, showing similar drying behaviors. 

Regarding the influence of the outer shell on the drying process, it had a small impact on 
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water removal. So, chestnuts can be dried with the outer shell, leading to a less expensive 

and non-time process because it is not necessary to peel the fruit before drying. 

 

Keywords: Chestnut fruits; Varieties behavior; Drying; Shells influence; Mathematical 

models. 

 

 

Introduction 

 

The chestnut fruit market is increasing worldwide, following the emergence of new 

chestnut based products, such as, chestnut flour, marron glacé, purees, and pre-cooked 

frozen products, among others (Pinnavaia, Pizzirani & Papotto, 1995). Two main 

chestnuts species are usually commercialized: Castanea mollissima Blume and the typical 

European chestnut fruit, Castanea sativa Mill, represented by diverse varieties around the 

globe. Portugal produces Castanea sativa, being Trás-os-Montes region, located in the 

northeast (NE) of Portugal, the most important production area, contributing with 85% of 

the national production. In this region, Judia and Longal are the most marketed varieties. 

Chestnut fruits are collected in autumn, being usually sold fresh or stored under 

refrigeration for several months to be afterwards sold peeled and frozen. Even though 

good results have been reported for controlled atmospheres on quality of harvested 

chestnuts, the use of this technology is still uncommon (Cecchini, Contini, Massantini, 

Monarca, & Moscetti, 2011). The cold storage process (the most frequent) imposes two 

problems: weight loss due to water evaporation and molds development (Rodrigues, 

Venâncio, & Lima, 2012). Thus, it is very important to find efficient alternative preserving 

and transformation methods to minimize these losses, with influence on both quality of the 

fruit and economical revenues.  

In Portugal, there is a deep tradition to store chestnuts on trays near fireplaces in 

order to dehydrate and preserve them for longer periods of time, being this dry chestnut 

named "castanha pilada". This product may also be produced industrially, using ovens or 

dryers, and be the raw material for chestnut flour (a gluten-free product) or latter 

rehydrated and consumed all year. Despite being sold in local markets, in Portugal the 

industrial production of castanha pilada is still not common, with a clear industrial 

preference for frozen preservation. 

Several drying methods, namely High Temperature Short Time (HTST) and Low 

Temperature High Velocity (LTHV), have been applied on roasting of cashew nuts 

(Chandrasekara & Shahidi, 2011; Shahidi & Chandrasekara, 2011) and as a thermal 

quarantine method to control moths (Tang, Ikediala, Wang, Hansen, & Cavalieri, 2000), as 
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well as in fish drying (Kilic, 2009), respectively. However, these technologies have not yet 

been applied to chestnuts. Neverthless, few studies on osmotic dehydration (Moreira, 

Chenlo, Chaguri, & Oliveira, 2007; Moreira, Chenlo, Torres, & Vázquez, 2007) and on 

convective air-drying of European chestnut have been performed (Attanasio, Cinquanta, 

Albanese, & Di Matteo, 2004; Koyuncu, Serdar, & Tosun, 2004; Guiné & Fernandes, 

2006; Moreira, Chenlo, Chaguri, & Vázquez, 2005; Chenlo, Moreira, & Torres, 2007; Velić 

et al., 2010). When studying the effect of chestnut variety, Guiné and Fernandes (2006) 

and Velić et al. (2010) found some differences between them when chestnuts were dried 

with the outer shell (pericarp) at different temperatures. On the other hand, Moreira et al. 

(2005) did not find significant differences during drying of several Spanish varieties, 

independently of the presence of the fruit pericarp and endocarp (inner shell). In these 

studies, three mathematical models were successfully applied to the drying process: the 

Two-term, Fick's second law and Page models, respectively.  

In order to get more knowledge in this topic, particularly by clarifying the influence 

of chestnut varieties and shells, in the present work a study on two European chestnut 

varieties, Longal and Judia, grown in Portugal, was developed. The suitability of several 

mathematical drying models was also discussed, in order to evaluate the advantage of 

using models with a high number of parameters. Moreover, the results were 

complemented for the first time with microscopic analyses of the shells. In parallel, the 

fruit’s color and volumetric shrinkage were also determined because these factors are of 

particular importance for a successful industrial production of hot-air dried chestnuts in the 

near future.  

 

 

Material and methods 

 

Plant material 

 

The nuts used in this study were acquired in Bragança (NE Portugal) in October 

2011 and stored in cold chambers (4+1 ºC) until carrying out the drying experiments.  The 

most representative varieties of this region, Longal and Judia, were chosen. Chestnuts 

were used as is, with both shells (pericarp and endocarp) or after removing carefully the 

outer shell with a knife. 
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Physical properties 

 

The three axial dimensions (width, W; length, L; and thickness, t) of all chestnuts 

used on the experiments were measured using a caliper. The geometric and arithmetic 

mean radius (GR and AR) were calculated by the following equations: 

2

3 tLW
GR


         (1) 

 
6

tLW
AR


         (2) 

The volume of twenty chestnut fruits per variety were determined by the 

displacement method (Mohsenin, 1970), using glycerin as fluid, while the radius of a 

sphere of the same volume (V) as the chestnut fruit was determined by the following 

equation: 

3

4

3
)(



V
SERRadiusEquivalentSphere       (3) 

This radius was compared with the GR and AR determined for the same fruits in 

order to find out relationships that allowed prediction of chestnut’s volume through 

measurement of its axial dimensions. 

After determining SER, sphericity values were estimated by the following equation 

(Mohsenin, 1970): 

objecttheofradiusLongest

SER
Sphericity       (4) 

This expression for sphericity expresses the shape character of the solid relative to 

that of a sphere of the same volume (Mohsenin, 1970). 

In order to evaluate shrinkage during chestnuts drying, the Bulk Shrinkage 

Coefficient was determined by the following expression (Dissa, Desmorieux, Savadogo, 

Segda, & Koulidiati, 2010): 

0

1
V

V
tCoefficienShrinkageBulk t

     

(5) 

where V0 is the initial volume and Vt the volume at instant t. These were determined taking 

into account the SER estimated by GR and AR of the chestnuts. 

Color analyses were carried out on chestnuts with outer shell, inner shell, peeled 

and cut through the middle (interior). Color was measured with a Minolta CR-400 

colorimeter in the CIELab color space, through the coordinates: L*, a* and b*, using 

Spectra Magic Nx software (version CM-S100W 2.03.0006, Konica Minolta Company, 
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Japan). L* is an approximate measurement of lightness, which is a property according to 

which each color can be considered as equivalent to a member of the gray scale, between 

black and white, taking values within the range of 0-100, respectively. a* coordinate takes 

positive values for reddish colors and negative values for greenish ones, whereas b* takes 

positive values for yellowish colors and negative values for bluish ones. For chestnuts we 

verified that b* coordinate was more important than a*. The instrument was always 

calibrated with a standard white tile before analysis. Illuminant C and 2º standard observer 

were used. 

 

Drying experiments 

 

Chestnuts with and without outer shells were dried in a forced convection oven at 

50.0 ± 2.0 °C (Figure 4.1).  

 

 

 

 

 

 

 

 

Figure 4.1: A schematic view of the hot air convection oven (not to scale) (Memmert, 

Germany): fan (1); heater (2); perforated plate (3); chestnut fruits (4); shelf (5); 

temperature sensors (6); point of velocity measurement (7); air exhaust (8). 

 

It consisted of two fans, a heating control system (Voltage / Power Rating: 400 V 

(+/ 10%), 3 phases/N, 50/60 Hz / approx. 7.000 W), stainless steel shelves and 

measurements instruments, namely a temperature sensor (1 Pt100 sensor DIN class A in 

4-wire-circuit). The air velocity was kept constant at 1.0 ± 0.1 m/s throughout experiments. 

The progress of the drying process was followed by weighting 80 chestnuts at regular time 

intervals with an accuracy of ± 0.001 g, being the moisture ratios (MR) determined by 

Equation 6. 
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where W, W0 and We represent the instantaneous, initial and equilibrium dry basis water 

contents (kg water/kg dry basis), respectively. We was determined as the asymptotic value 

of the function fit of the experimental points at the final stage of drying. Several empirical 

and semi-theoretical models were tested to fit the moisture / time ratio (Table 4.1). These 

models have been used for mathematical modeling of drying with several vegetable 

products (Karathanos, 1999; Karathanos & Belessiotis, 1999; Özdemir & Devres; 1999; 

Phoungchandang & Woods, 2000; Xanthopoulos et al., 2010). 

Model parameters were determined by the SPSS® software (Version No. 20.0), 

and the suitability of the fit was evaluated by the following parameters: 
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where yexp,i and ymodel,i are the experimental and predicted values for the i observation, 

respectively, n is the number of observations and mp is the number of parameters in each 

model (Yaldýz & Ertekýn, 2001; Togrul & Pehlivan, 2003). 
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Table 4.1 - Single-layer drying models used in the present work. 

Model name Equation Reference 

Lewis  tkMR .exp   
Bruce, 1985; Özdemir & Devres, 1999; Phoungchandang & Woods, 

2000; Xanthopoulos, Yanniotis, & Lambrinos, 2010 

Page  ntkMR .exp   
Bruce, 1985; Karathanos & Belessiotis, 1999; Özdemir & Devres, 

1999; Xanthopoulos et al., 2010 

Modified Page   n
tkMR .exp   White, Bridges, Loewer, & Ross, 1981; Özdemir & Devres, 1999 

Henderson and 

Pabis 
 tkaMR .exp   

Henderson & Pabis, 1961; Karathanos, 1999; Özdemir & Devres, 

1999; Xanthopoulos et al., 2010 

Logarithmic   ctkaMR  .exp  Yaldýz & Ertekýn, 2001; Xanthopoulos et al., 2010 

Two-term    tkbtkaMR .exp.exp 10   Henderson, 1974; Özdemir & Devres, 1999; Xanthopoulos et al., 2010 

Two-term 

exponential 
   takatkaMR ..exp)1(.exp   Henderson, 1974 

Wang and Singh 2..1 tbtaMR   
Wang & Singh, 1978; ; Özdemir & Devres, 1999; Xanthopoulos et al., 

2010 

Diffusion 

Approach 
   tbkatkaMR ..exp)1(.exp   Kassem, 1998 

Modified 

Henderson and 

Pabis 

     thctgbtkaMR .exp.exp.exp   Karathanos, 1999; Xanthopoulos et al., 2010 

Thompson  2
lnln MRbMRat   

Thompson, Peart, & Foster, 1968; Özdemir & Devres, 1999 
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Estimation of the apparent diffusivities 

 

In the present work no constant rate period was observed, being the dehydration 

rate limited by moisture diffusion from inside to the surface layer of chestnuts. Thus, the 

Fick’s second law equation for nonsteady-state diffusion was applied. After verifying that 

chestnuts could be approximated to spheres and after finding the best method to estimate 

their sphere equivalent radius, the following mathematical solution associating moisture 

content and drying time was used, considering uniform initial moisture distribution and 

surface moisture in equilibrium with the air conditions (Crank, 1975). 
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where Dapp is the apparent diffusivity, R is equal to the SER and t is time (expressed in 

hours) (Özdemir & Devres, 1999). 

For high drying times, all other terms of the series may be regarded as negligible 

compared to the first and after taking the natural logarithm of each side of Eq. 12, the 

equation assumes the following form: 
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After representing 
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ln versus t, a linear relationship was obtained and its 

equation determined. The apparent diffusivity was calculated by the following equation: 
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To check shrinkage influence on apparent diffusivity, the variation of the radius 

was taken into account in Eq. 12 during drying by considering the measurements of the 

radius in function of time: 
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Thus, the apparent diffusivity was deduced from the slope of the straight-line 
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t
. Apparent diffusivities determined with correction for 

shrinkage and without correction for shrinkage were then compared and the shrinkage 

influence on diffusivity was illustrated. 
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Microscopic analysis of chestnut shells 

 

The outer and inner shells were examined by bright-field light microscopy. For 

each variety, seven chestnuts were select randomly and the hard outer shell and inner 

shell were carefully removed with a blade. Semi-thin sections of the outer and inner shells 

were then cut by hand into random longitudinal or transversal sections, mounted in water 

and observed on a light microscope (Leitz laborlux 12) equipped with a camera (Nikon 

SMZ-U). The thickness of the outer shell and the cells length and width of outer and inner 

shells were measured. 

 

 

Results and discussion 

 

Influence of drying on chestnut’s dimensions, volumetric shrinkage and 

color 

 

After measuring the axial dimensions of the fresh chestnut fruits (before drying), 

differences were found between varieties, being the Longal nuts generally smaller (lower 

W, t, AR and GR values) than the Judia ones (Table 4.2). The higher values for Judia 

variety are in accordance with a recognized increased size in this variety. Regarding 

sphericity, this parameter varied between 0.70-0.79 for Longal and 0.79-0.87 for Judia, 

respectively, also suggesting differences on fruits shape. 

When observing the axial dimensions (W, L, t) and the arithmetic and geometric 

radius of chestnuts dried with the outer shell (pericarp) (Table 4.2A), no differences were 

found before and after drying fruits of Judia variety, with the exception of length (L). On 

the opposite, significant differences were observed in almost all parameters for Longal 

variety, with the exception of width (W) and thickness (t), suggesting that this chestnut 

variety underwent a higher shape variation during drying than Judia variety. Additionally, 

after peeling the outer shell of the dried nuts (Table 4.2A) a 3 to 4 mm size reduction was 

observed in comparison with the shelled fresh fruits, for both varieties.  

Regarding drying of chestnuts with inner shell (Table 4.2B), all the previous 

discussed dimensional parameters were significantly different (p<0.05) before and after 

drying for both varieties. However, and in opposition to the expected, the differences 

observed before and after drying (around 1 to 2 mm) were lower than those determined 

on fruits dried with outer shell (Table 4.2A). These results suggested that during drying the 

occurrence of volumetric shrinkage might not be very significant. 
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Table 4.2 – Chestnut fruit dimensions before and after drying.  

A) Nuts with outer shell 

 
Judia 

 
Longal 

Dimensions 

Before drying After drying Before drying After drying 

Fruit with  
outer shell 

Fruit with 
outer shell 

Fruit without 
outer shell 

Fruit with  
outer shell 

Fruit with 
outer shell 

Fruit without 
outer shell 

W (mm) 36.46+2.58
a
 36.10+2.51

a
 31.92+2.69

b
 29.09+2.47

a
 28.38+2.47

a
 25.54+2.47

b
 

L (mm) 33.65+1.93
a
 32.92+1.88

b
 29.09+2.53

c
 34.75+2.17

a
 33.64+2.12

b
 30.09+2.66

c
 

t (mm) 21.65+2.45
a
 21.12+2.04

a
 17.73+2.22

b
 19.99+2.52

a
 19.48+2.44

a
 17.07+2.45

b
 

AR (mm) 15.29+0.67
a
 15.02+0.65

a
 13.12+0.76

b
 13.97+0.87

a
 13.58+0.86

b
 12.12+0.90

c
 

GR (mm) 14.88+0.70
a
 14.61+0.67

a
 12.68+0.79

b
 13.59+0.91

a
 13.22+0.89

b
 11.75+0.92

c
 

B) Nuts with inner shell 

Judia Longal 

Dimensions Before drying After drying Before drying After drying 

W (mm) 34.56+2.05
a
 32.23+2.31

b
 26.45+1.84

a
 25.17+1.84

b
 

L (mm) 31.26+2.49
a
 29.16+2.55

b
 30.98+1.83

a
 29.55+2.17

b
 

t (mm) 20.47+3.09
a
 19.26+2.72

b
 14.78+1.85

a
 14.07+1.64

b
 

AR (mm) 14.38+0.92
a
 13.44+0.89

b
 12.04+0.59

a
 11.47+0.57

b
 

GR (mm) 13.99+1.02
a
 13.09+0.95

b
 11.45+0.62

a
 10.91+0.57

b
 

W - Width; L - Length; t – thickness; AR - Arithmetic mean radius; GR – Geometric mean radius. In 
each row and for each variety, different letters mean significant differences (p<0.05). 

 

 

In order to verify if this hypothesis was correct, the Bulk Shrinkage Coefficient was 

determined. Firstly it was necessary to find an expeditious and no time-consuming method 

of determining chestnuts volume in order to apply Equation 5. Thus, in a chestnuts sub-

sample, the volume of each fruit was determined by the displacement method (Mohsenin, 

1970), being determined the radius of a sphere of the same volume as the fruit. Then, this 

radius (SER) was compared with the arithmetic (AR) and geometric (GR) mean radius 

determined for the same chestnuts and good linear relationships were obtained for both 

varieties (Figure 4.2). 
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Figure 4.2: Linear relationships determined between the radius of a sphere of the same 

volume as the chestnut fruit (Sphere Equivalent Radius - SER) and the arithmetic (AR) 

and geometric (GR) radius. 

 

Slopes very close to 1 and ordinates at the origin close to zero were determined, 

indicating that chestnuts volume can be easily predicted through the calculation of the 

arithmetic or geometric mean radius. Taking into account the linear correlation coefficients 

(r), the geometric mean radius provided a better estimate of the SER for Judia variety, 

whereas the arithmetic mean radius gave better results for Longal variety. Thus, through 

the measurement of the axial dimensions of the fruits of both varieties, the Bulk Shrinkage 

Coefficients were evaluated along the drying process. It should be mentioned that as the 

volumetric shrinkage becomes more significant, this coefficient tends to 1. On contrary, if 

the volumetric shrinkage is negligible, the Bulk Shrinkage Coefficient will be close to zero. 

During drying of chestnuts with outer shell, no increase in this parameter was observed for 

both varieties and the mean values were close to zero: 0.050±0.022 for Judia and 

0.078±0.031 for Longal, indicating that the volumetric shrinkage was negligible (less than 

10%). When chestnut fruits were dried only with the inner shell, slight higher coefficients 

were obtained. However, the mean values remained low, 0.175±0.065 for Judia and 

0.132±0.046 for Longal, without any tendency to increase during drying. These results 

indicated that the volumetric shrinkage was not high (less than 24%), being comparatively 

lower than other foodstuffs (fruits and vegetables) that can reach final shrinkage 

coefficients from 70 to 90% (Mayor & Sereno, 2004). 
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When fruits were dried with outer shell (Figures 4.3A and 4.3B), lower values of 

both L* and b* were obtained for Longal variety, indicating fruits with lower brightness and 

yellowness than Judia variety. During drying, a decrease in fruit’s interior brightness (L*) 

(after cutting through the middle) was observed over time for both varieties. In terms of 

yellowing (b* parameter), the chestnuts of Judia variety without inner shell showed a more 

uniform increase than Longal variety at early stages of drying, indicating a slight yellowing 

of Judia chestnuts. Regarding fruits interior (after cutting), there was no yellowing of fruits 

interior along the dehydration process at 50 °C in both varieties.  

During drying of chestnuts with inner shell (Figures 4.3C and 4.3D), a slight 

decrease in fruit’s brightness was detected for both varieties. In terms of peeled dried 

fruits yellowing (b* parameter), it increased in the early stages of drying on both varieties 

but only on the outer surface. 
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Figure 4.3: Lightness (L*) and yellowness (b*) values of chestnut fruits during drying: (A) L* parameter for fruits dried with outer shells; (B) b* 

parameter for fruits dried with outer shells; (C) L* parameter for fruits dried with inner shells; (D) b* parameter for fruits dried with inner shells. 

Close and open symbols corresponded to Longal and Judia varieties, respectively. Triangles – chestnuts with outer shell; Circles – chestnuts 

with inner shell; Squares – chestnuts without inner shell; Rhombus – chestnuts cut through the middle. 
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Shell’s influence on chestnuts’ drying kinetics  

 

The drying curves of the two chestnuts varieties, with and without outer shell, are 

shown in Figure 4.4. 

Figure 4.4: Drying curves of (A) Judia variety with outer shell; (B) Longal variety with 

outer shell; (C) Judia variety with inner shell; (D) Longal variety with inner shell. 

 

All curves were almost identical, with a very fast moisture removal at the beginning 

of the drying process, independently of the shell, slowing down as the drying proceeded. 

Both varieties required around 40-45 and 35-40 hours to reach values of MR near 0.2 

when dried with (Figures 4.4A and 4.4B) and without (Figures 4.4C and 4.4D) outer shells, 

respectively. The minor reduction in drying time observed after removal of the outer shell 

indicates that this shell did not exert a high resistance to water loss. This fact explains the 

significant weight losses reported by chestnut producers during fruits storage, being our 

results in line with those reported by Moreira et al. (2005), who had confirmed that inner 

pellicle exerted a higher resistance than outer shell.  
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Curve fitting computations were carried on the drying models described in Table 

4.1, being the results presented in Figure 4.4. The model parameters and those statistics 

used to evaluate models suitability are presented in Tables 4.3 and 4.4. In general, it was 

found that most of the models described the experimental data efficiently. From the 

statistical parameters calculated it was also observed that the quality of the fits was good 

for both chestnut varieties subjected to drying with outer shell (Table 4.3) and inner shell 

(Table 4.4), with R-squares in the range of 0.778 and 0.986 and Adjusted R-squares in 

the range of 0.764 to 0.984. As some values were near 1.0, these models described well 

the experimental data. SSE and RMSE also presented low values (close to zero, as 

desired), varying between 0.0255 to 0.314 and 0.0412 to 0.140, respectively. The results 

showed that the most appropriate models in describing drying rates of chestnuts of Judia 

variety with outer shell were the Page and Modified Page models (both with the highest 

Adjusted R-square and the lowest SSE and RMSE values), whereas for chestnuts with 

only inner shell the Page model was the one that yielded the best fit (the highest Adjusted 

R-square, with 0.926, and the lowest RMSE), closely followed by the Two-term 

exponential and Logarithmic models (Adjusted R-squares equal to 0.923 and 0.922, 

respectively). Regarding Longal variety, the most appropriate model in describing drying 

rates of chestnuts with outer shell was the Two-term exponential model (with the highest 

Adjusted R-square, 0.946, and the lowest SSE and RMSE), closely followed by the Page, 

Modified Page, and Henderson and Pabis models, all of them with an Adjusted R-square 

equal to 0.945, SSE of 0.14 and RMSE <0.087. When drying chestnuts of Longal variety 

with only the inner shell, the Modified Page model was the one that yielded the best fit 

(Adjusted R-square = 0.872), followed by the Two-term exponential (Adjusted R-square = 

0.866), both models with the lowest SSE and RMSE values. Our results are in line with 

Guiné and Fernandes (2006), and Velić et al. (2010) who also obtained a good agreement 

between the drying data after applying the Two-term exponential and Page Models, 

respectively. Our results also showed that the use of models with a high number of 

parameters did not bring any advantage. Moreover, when considering all model 

parameters (Tables 4.3 and 4.4) and in particular those of the Page and Modified Page 

models that gave good results for both varieties, the model parameters were similar when 

drying chestnuts with outer shell and inner shell, for both chestnut varieties. 
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Table 4.3 – Model parameters and statistics used to evaluate the suitability of the models 

for chestnuts drying (fruits with outer shell) of Longal and Judia varieties. 

Model Model parameters R-square 
Adjusted 
R-square 

SSE RMSE Variety 

Lewis k=0.0415 0.943 0.943 0.101 0.0794 Judia 

k=0.0406 0.943 0.943 0.154 0.0878 Longal 

Page 

k=0.0800 
n=0.793 

0.986 0.984 0.0255 0.0412 Judia 

k=0.0588 
n=0.884 

0.947 0.945 0.143 0.0867 Longal 

Diffusion 

Approach 

a=0.111 
k=0.935 

b=0.0365 
0.984 0.982 0.0281 0.0448 Judia 

a=0.0641 
k=1.68 

b=0.0216 
0.949 0.943 0.139 0.0879 Longal 

Modified Page 

k=0.0414 
n=0.793 

0.986 0.984 0.0255 0.0412 Judia 

k=0.0405 
n=0.884 

0.947 0.945 0.143 0.0867 Longal 

Henderson and 

Pabis 

a=0.916 
k=0.0356 

0.981 0.980 0.0327 0.0467 Judia 

a=0.952 
k=0.0372 

0.948 0.945 0.142 0.0864 Longal 

Logarithmic 

a=0.895 
k=0.0383 
c=0.0282 

0.980 0.977 0.0360 0.0507 Judia 

a=0.952 
k=0.0371 

c=-6.60×10
-6
 

0.947 0.942 0.143 0.0892 Longal 

Two-term 

a=0.111 
k0=0.939 
b=0.889

 

k1=0.0341 

0.980 0.975 0.0351 0.0520 Judia 

a=0.983 
k0=0.0379 
b=-0.0351

 

k1=0.0977 

0.947 0.938 0.144 0.0921 Longal 

Two-term 

exponential 

a=0.101 
k=0.354 

0.981 0.980 0.0329 0.0468 Judia 

a=0.0595 
k=0.620 

0.949 0.946 0.139 0.0856 Longal 

Wang and 

Singh 

a=-0.0287 
b=0.000215 

0.896 0.889 0.184 0.111 Judia 

a=-0.0262 
b=0.000168 

0.904 0.899 0.262 0.117 Longal 

Mod. 

Henderson and 

Pabis 

a=-198 
k=0.0847 
b=93.7 

g=0.0913 
c=106 

h=0.0787 

0.979 0.970 0.0367 0.0578 Judia 

a=0.0676 
k=1.34 

b=0.272 
g=0.0358 
c=0.662 

h=0.0357 

0.950 0.934 0.136 0.0951 Longal 

Thompson 

a=-16.0 
b=7.13 

0.948 0.945 0.0905 0.0777 Judia 

a=-23.1 
b=-1.34 

0.936 0.932 0.165 0.0959 Longal 

 

 



 

53 

Chestnut-Drytech: Influence of drying technologies on physicochemical properties of chestnut fruits (Castanea sativa Mill.) 

 

Chestnut-Drytech: Influence of drying technologies on physicochemical properties of chestnut fruits (Castanea sativa Mill.) 

 
 

 
Table 4.4– Model parameters and statistics used to evaluate the suitability of the models 

for chestnuts drying (fruits with inner shell) of Longal and Judia varieties. 

Model 
Model 

parameters 
R-square 

Adjusted R-
square 

SSE RMSE Variety 

Lewis 
k=0.0415 0.891 0.891 0.124 0.0856 Judia 

k=0.0484 0.846 0.846 0.218 0.113 Longal 

Page 

k=0.0905 
n=0.773 

0.930 0.926 0.0802 0.0708 Judia 

k=0.0669 
n=0.896 

0.871 0.862 0.184 0.101 Longal 

Diffusion 
Approach 

a=0.213 
k=0.277 
b=0.116 

0.919 0.908 0.0927 0.0786 Judia 

a=0.128 
k=0.297 
b=0.140 

0.962 0.844 0.195 0.114 Longal 

Modified Page 

k=0.0447 
n=0.774 

0.918 0.913 0.0938 0.0766 Judia 

k=0.0489 
n=0.896 

0.871 0.872 0.184 0.107 Longal 

Henderson and 
Pabis 

a=0.896 
k=0.0370 

0.900 0.894 0.114 0.0845 Judia 

a=0.973 
k=0.0470 

0.854 0.845 0.207 0.114 Longal 

Logarithmic 

a=0.994 
k=0.0136 
c=-0.331 

0.931 0.922 0.0788 0.0725 Judia 

a=0.974 
k=0.0473 

c=-3.62×10
-5
 

0.854 0.835 0.206 0.117 Longal 

Two-term 

a=0.204 
k0=2.71 
b=0.796

 

k1=0.0325 

0.920 0.903 0.0915 0.0808 Judia 

a=0.920 
k0=0.0449 
b=-0.0797

 

k1=91.8 

0.867 0.839 0.188 0.116 Longal 

Two-term 
exponential 

a=0.187 
k=0.184 

0.918 0.923 0.0942 0.0767 Judia 

a=0.134 
k=0.305 

0.874 0.866 0.178 0.106 Longal 

Wang and 
Singh 

a=-0.0280 
b=0.000202 

0.789 0.776 0.242 0.123 Judia 

a=-0.0312 
b=0.000240 

0.778 0.764 0.314 0.140 Longal 

Mod. 
Henderson and 

Pabis 

a=-276 
k=0.0766 

b=138 
g=0.0721 

c=139 
h=0.0812 

0.939 0.914 0.0698 0.0763 Judia 

a=34.4 
k=0.0765 
b=18.9 

g=0.0934 
c=-52.4 

h=0.0828 

0.875 0.823 0.177 0.122 Longal 

Thompson 

a=-31.6 
b=-2.86 

0.864 0.856 0.156 0.0986 Judia 

a=-31.8 
b=-3.46 

0.788 0.773 0.245 0.132 Longal 
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The apparent diffusivities for chestnuts dried with outer and inner shells of Longal 

and Judia varieties are listed in Table 4.5.  

 

Table 4.5 – Apparent diffusivity of chestnuts (m2/h) of Longal and Judia varieties dried 

with outer and inner shells: comparison of non-corrected and corrected values for 

shrinkage. 

 
Dapp (m

2/h) 
Non-corrected for Shrinkage 

Dapp (m
2/h) 

Corrected for Shrinkage 

Longal with outer shell 9.54×10
-7

 – 1.24×10
-6 

9.24×10
-7

 – 1.20×10
-6 

Longal with inner shell 2.72×10
-7

 – 6.99×10
-7

 1.92×10
-7

 – 6.81×10
-7

 

Judia with outer shell 6.58×10
-7

 – 8.26×10
-7

 6.35×10
-7

 – 8.03×10
-7

 

Judia with inner shell 3.87×10
-7

 – 7.96×10
-7

 3.15×10
-7

 – 7.77×10
-7

 

 

According to the results obtained there was not a remarkable difference between 

the apparent diffusivities determined without taking into account shrinkage and those with 

shrinkage correction. Thus, apparent diffusivity of chestnuts is not significantly affected 

when shrinkage is not taken into account in drying data of chestnuts. Moreover, the 

results also showed that the presence of outer and inner shells of nuts did not affect the 

values of apparent diffusivity, showing again that outer shell caused a small resistance to 

mass transfer.  

Nevertheless, an unexpected fact was observed. Despite being of reduced 

significance, the fruits dried with outer shell presented slight higher apparent diffusivities 

than those dried with inner shell for both varieties. This fact may be attributed to the case 

hardening effect (Xanthopoulos et al., 2010) that may occur in products having high sugar 

content, being more significant when fruits without outer shell are subjected to heat. 

Furthermore, only slight differences between varieties were observed.  

 

 

Microscopic analysis of chestnut shells  

 

When observing the outer shells by microscopy, slight differences were observed 

between varieties (Figure 4.5). In particular, the cross sections (Figures 4.5A and 4.5B) 

presented some differences on their thickness. The outer shell of Judia variety had higher 

thickness (556+43 µm) than Longal variety (328+66 µm), suggesting a small loss of water 

of Judia variety and explaining the slight lower values of Dapp obtained when the fruits 

were dried with outer shell for this variety. Nevertheless, the fruits of Judia variety are 
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generally bigger than Longal variety, originating a higher surface area and explaining the 

identical drying behavior obtained for both varieties.  

 

 

 

Figure 4.5: Micrographs of the chestnut outer shells. (A) Outer shell cross-section of 

Longal variety. (B) Outer shell cross-section of Judia variety. (C) The outer shell cells in 

Longal variety. (D) The outer shell cells in Judia variety. Scale bars: 50 µm. 

 

Regarding cells size of outer shell (Figures 4.5C and 4.5D), some differences were 

again observed. The width of Longal variety cells (35+7 µm) was slight higher than Judia 

(24+5 µm), whereas no differences in height were observed (Longal: 15+3 µm versus 

Judia: 14+3 µm). Concerning the cells format, they were more regular in Longal variety 

(Figure 4.5C) than in Judia (Figure 4.5D).  

Cells of inner shell were also observed microscopically in this work, but no 

differences between varieties were detected (data not shown).  
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Conclusions 

 

After performing this work, it was demonstrated that the oven-drying behavior of 

chestnuts of two varieties of NE of Portugal, Longal and Judia, were similar, despite the 

microscopic differences detected in the thickness and cell’s size of the outer shell. It was 

also verified that the outer shell exerted a small influence on the drying kinetics of both 

varieties. This point is very important to guarantee the success of chestnut oven-drying 

industrial process because it shows that it is unnecessary to take off the outer shell, 

leading to a more economical and non-time consuming process. After determining the 

suitability of several drying models, it was concluded that the use of models with a high 

number of parameters did not bring any advantage, being suitable the Page (outer and 

inner shell) and Modified Page models (outer shell) for Judia variety and the Two-Term 

Exponential (outer shell) and the Modified Page models (inner shell) for Longal variety. 

Concerning fruit’s color, a slight decrease in fruit’s brightness and an increase on fruit’s 

yellowish was detected along drying for both varieties. Regarding volumetric shrinkage, 

this was less than 10 and 24% when fruits were dried with and without outer shell, 

respectively, and so chestnut fruits of Longal and Judia varieties shrink less compared to 

other fruits and vegetables. Our results showed that both varieties seem to be adequate to 

be used industrially to produce chestnut based products, demonstrating similar drying 

behaviors. 
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Abstract 

 

In the present work dried sliced chestnuts (Judia and Longal varieties), product 

with an increased shelf-life, low calorie and gluten free, were prepared. The effect of air 

convective drying on the drying kinetics, colour and proximate composition of sliced 

chestnuts was evaluated. Even though significant differences in nutritional composition 

were found between both varieties at the beginning, the drying behaviours were similar; 

however, Judia dried at slightly faster rate than Longal. The use of Page, Two-term, and 

Modified Henderson and Pabis models fitted well the experimental data (adjusted R-

squares > 0.999). Along drying, slight variations in colour were observed for both varieties 

and only moisture content decreased significantly.  

The obtained product maintained all chemical composition and due to their low 

caloric value (367 kcal/100 g product), low fat content and gluten free, chestnut slices can 

be an interesting substitute to other high-calorie snacks available in the market. 

 

Practical applications 

 

Chestnut fruit is a nut increasingly popular among consumers, being usually sold 

fresh or frozen, being the small fruits generally rejected by industrials. So, it is very 

important to find alternatives to valorise these fruits. Moreover, consumers search for 
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healthy and easy to consume food. Chestnut follow these requisites, being a nut with 

interesting properties due to its low fat content, high levels of starch (sugar of slow 

absorption) and significant amounts of fibres. Furthermore, it’s a gluten-free nut, ideal for 

celiac patients. On the other hand, the majority of snacks on the market are rich in fat and 

are made from wheat flour. So, the development of snacks based on chestnut would be 

innovative. This study intends to provide information on the effect of drying on colour, 

nutritional composition and drying kinetics of sliced chestnut in order to obtain a healthy 

and low caloric content snack. 

 

Keywords: Chestnut fruits, Castanea sativa, Drying, Mathematical models, Colour, 

Nutritional Composition. 

 

 

Introduction 

 

Consumers’ search for healthy and easy to consume food is increasing. Chestnut 

follows these requisites, being a nut with interesting properties due to its low fat content, 

high levels of starch (sugar of slow absorption) and significant amounts of fibres (Borges 

et al. 2008). Furthermore, it’s a gluten-free nut, ideal for celiac patients. On the other 

hand, the majority of snacks on the market are rich in fat and are made from wheat flour 

(that contains gluten). So, the development of snacks based on chestnut would be 

innovative and will allow the development of new products to persons with sensitivity to 

gluten. The production of dried slices of chestnuts emerged as a possible and healthy 

option, with low caloric content. 

Several studies on hot air drying have been performed in chestnuts, including 

drying kinetics (Moreira et al. 2005; Guiné and Fernandes 2006; Cletus and Carson 

2008), drying characteristics and energy requirement for dehydration (Koyuncu, et al. 

2004), the effect of drying temperatures on morphological, chemical, thermal and 

rheological properties in chestnut flours (Correia et al. 2009; Correia and Beirão-da-Costa 

2012; Moreira et al. 2013), the effect of drying followed by rehydration on different 

properties of chestnuts (Attanasio et al. 2004; Moreira et al. 2008; Moreira et al. 2011) and 

how starch is affected by different drying methods (Zhang et al. 2011). 

Until now, most of these studies have been done with peeled and unpeeled whole 

fruits. Only one study using prismatic chestnut samples (10×10×15 mm), subjected to 

convective air-drying at 65±0.5 ºC has been performed (Moreira et al. 2011). Still, only the 

chestnut cellular tissue was analysed with significant changes in cell size as drying 

process progressed. So, until now few results exist on the role of drying in sliced 
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chestnuts properties. Thus, the aim of our work was to assess the effect of hot air 

convective drying in physical and proximate composition of chestnuts cut in slices along 

drying time in order to analyse the effect of thermal processing on them. 

 

 

Materials and methods 

 

Plant material 

 

Two chestnut varieties were used in this study, namely Longal and Judia, the most 

common in the region. The nuts were acquired directly to chestnut producers of Macedo 

de Cavaleiros (Longal variety) and Vinhais (Judia variety) at NE of Portugal (50 kg/each 

variety) in November 2012 and stored in cold chambers (4+1 ºC) (maximum one month) 

until the analyses were carried out.  

 

Drying experiments 

 

After removing carefully the exterior shell with a knife, chestnuts were sliced with 

approximately 4-6 mm of thickness (Figure 5.1 at 0 hours).  

 

Varieties t=0 h t=10 h 

Longal 

  

Judia 

  
Figure 5.1: Chestnuts of Longal and Judia varieties at 0 and 10 hours after drying at 50 

C. 
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Then, for fixed time periods (1, 2, 4, 6, 8 and 10 hours), around 150 g of chestnut 

slices were dried in a tray dryer (Armfield, England) at 50 °C (Figure 5.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Photograph and schematic figure of the tray dryer (Armfield): fan (1); heater 

(2); control panel (3); decimal balance (4); temperature and humidity sensors (5) and (6); 

tray for samples (7); computer (8). 

 

This temperature was chosen because it was the maximum allowable by the 

equipment and it was a common temperature found on other drying studies of fruits 

(Koyuncu et al. 2004; Correia et al. 2009; Correia and Beirão-da-Costa 2012). The tray 

dryer consisted of one fan and an electric heating element (maximum power 3 kW). The 

hot air passed through the central section of the duct where the tray with the material to 

drying is fixed, going out to the atmosphere. The tray was connected to a decimal scale 
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and the data acquisition was recorded in a computer, through the Windows Hyperterminal 

software. 

The air velocity was measured with a portable anemometer (Airflow, LCA 6000, 

England) and kept constant at 1.2±0.1 m/s throughout experiments. The control (fresh 

chestnuts) and drying samples (1, 2, 4, 6, 8 and 10 hours) were frozen and freeze-dried in 

order to determine their moisture contents and express the proximate composition in dry 

basis. All drying experiments at each time period were performed in triplicate. 

The drying process was followed by weighting the chestnut slices at regular time intervals 

(40 seconds) with an accuracy of ± 0.1 g, being the moisture ratios (MR) determined by 

equation 1. 

e

e

WW

WW
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0         

(1)

 

where W, W0 and We represent the instantaneous, initial and equilibrium dry basis water 

contents (kg water/kg dry basis), respectively. We was determined as the asymptotic value 

of the function fit of the experimental points at the final stage of drying. 

Several mathematical models were tested to fit the moisture ratio versus time; 

however, only the three best models are presented, whose equations are shown in Table 

5.1. 

The model parameters were determined by SPSS® software (Version No. 20.0) 

and the suitability of the fits were evaluated by the following parameters: 

 



n

i

ieli yySSE
1

2

,modexp,  

      

(2) 

 



n

i

averageyySST
1

2

exp

       

(3) 

SST

SSE
R 12

          (4) 

mnwhere
SST

nSSE
adjR 




 



)1(
12

      (5) 



SSE
RMSE           (6) 

where yexp,i and ymodel,i are the experimental and predicted values for the i observation, 

respectively, n is the number of observations and m is the number of parameters in each 

model (Yaldýz and Ertekýn 2001; Togrul and Pehlivan 2003). 
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Physico-chemical characterization 

 

Colour  

 

The colour of chestnut slices was determined during the drying experiments by a 

Minolta CR-400 colorimeter in CIELab colour space, through the coordinates: L*, a* and 

b*, using the Spectra Magic Nx software (version CM-S100W 2.03.0006, Konica Minolta 

Company, Japan) described in a previous study (Delgado et al. 2014). The C* (chroma or 

saturation) and h* (hue angle) were also calculated by the following equations: 

22 *** baC          (7) 











*

*
arctan*

a

b
h         (8) 

Chroma (C*) measures the purity or saturation of the colour, while hue (h*) 

denotes the subtle distinction or variation in colour (Rajasekar et al. 2012). In order to 

analyse the changes on colour along the drying process, this parameter was determined 

at the beginning (colour of fresh chestnut, considered as reference) and after the drying 

process on 60 slices. So, the ΔL*, Δa*, Δb*, ΔC* and Δh* were determined by the 

difference of the values at the end and the beginning of the drying process. Moreover, the 

total colour difference (ΔE*) was also calculated according to: 

     222
**** baLE        (9) 

 

Proximate Composition 

 

The samples were analysed for proximate composition (moisture, proteins, fat and 

ash) using AOAC procedures (AOAC 1995). All reagents were of analytical grade and 

purchased from Sigma-Aldrich Chemical Co., St Louis, MO, USA. Crude protein content 

of the samples was estimated by the macroKjeldahl method (VELP SCIENTIFICA, 

Usmate, Italy), using a conversion factor of 5.3 (Borges et al. 2008; Mendes de 

Vasconcelos et al. 2009); crude fat was determined by extracting 5 g of sample with 

petroleum ether for 24 h, using a Soxhlet apparatus (P Selecta, Abrera, Barcelona), and 

ash content was determined by incineration at 550 ºC (Lenton Thermal Designs Ltd, Hope 

Valley, United Kingdom) for 4 h. Neutral detergent fibre (NDF) and acid detergent fibre 

(ADF) were determined by the method described by Goering and Van Soest (1970). Total 

carbohydrates were calculated by difference as described by FAO (2003). Total energy 

was calculated according to Atwater system. All determinations were made in duplicate, 

comprising six values for each drying treatment performed in triplicate. 
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Statistical methods 

 

The statistical analysis was performed on SPSS® software (Version No. 20.0). 

Comparisons were carried out at 95% confidence by application of ANOVA and when 

significant differences between samples were observed the Tukey’s HSD Post-hoc test 

was applied. 

 

 

Results and Discussion 

 

Drying kinetics 

 

The drying curves of the two chestnut varieties, previously cut in slices, are shown 

in Figure 5.3. These curves are typical drying curves with two phases. At the beginning 

the drying rate decreased rapidly, followed by a slowly decrease. Both varieties showed 

similar behaviours along the drying time. Small differences were detected on the initial 

phase, probably due to their different initial moisture contents, having Judia higher 

moisture content (52.7%) than Longal variety (48.5%) (Figure 5.3A). However, by 

analysing Figure 5.3B we can see that to reach the same moisture ratio (e.g. 0.20) the 

Judia variety lost water more easily than Longal, since a shorter period of time was 

needed (around 5 hours) for the former, while Longal needed a little longer than 6 hours to 

achieve the same value. 
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Figure 5.3: Drying rates in terms of moisture content (A) and moisture ratio (B) along drying time for Longal and Judia varieties. 
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Three different mathematical models, namely Page (with one exponential), Two-

term (with two exponentials) and Modified Henderson and Pabis (with three exponentials) 

models were tested to describe the behaviour of chestnuts along drying. The model 

parameters and the statistics used to evaluate models suitability are presented in Table 

5.1. It was found that all models described well the experimental data. From the statistical 

parameters calculated it was observed that the quality of the fits was good for both 

chestnut varieties subjected to drying (Table 5.1), with R-squares and Adjusted R-squares 

in the range of 0.9992 to 1. As all values were near 1, these models described very well 

the experimental data. SSE and RMSE also presented low values (close to zero, as 

desired), varying between 0.00104 to 0.0383 and 0.00108 to 0.00652, respectively. In 

general terms, after observing the statistical parameters of the three models, a slight 

improvement was obtained when using two exponential terms compared to Page model, 

with a single exponential. However, with this simple model good results were obtained. 

So, this model may be used in the future to predict very satisfactorily the drying curves of 

chestnut slices. 

 

Table 5.1 – Drying curve models at 50 ºC for two chestnut varieties.  

 

  

Variety 

Page Model 

 ntkMR  exp  

Two-term Model 

   tgbtkaMR  expexp

 

Modified Henderson and Pabis Model 

     thctgbtkaMR  expexpexp

 

Judia k=0.3727 
n=0.8973 
SSE:0.02617 
R-square:0.9995 
Adjusted R-square: 
0.9995 
RMSE:0.00540 

a=0.115 
k=2.566 
b=0.8972 
g=0.2925 
SSE:0.00343 
R-square:0.9999 
Adjusted R-square:0.9999 
RMSE:0.001956 

a=0.8977 
b=0.5535 
c=-0.4393 
g=2.286 
h=2.217 
k=0.2926 
SSE:0.00346 
R-square:0.9999 
Adjusted R-square:0.9999 
RMSE:0.00197 

Longal k=0.3462 
n=0.8452 
SSE:0.03826 
R-square:0.9992 
Adjusted R-
square:0.9992 
RMSE:0.00652 

a=0.8619 
k=0.237 
b=0.1446 
g=2.218 
SSE: 0.00164 
R-square:1.000 
Adjusted R-square:1.000 
RMSE:0.00135 

a=0.2803 
b=0.5799 
c=0.1469 
g=0.2363 
h=2.189 
k=0.2363 
SSE:0.00104 
R-square:1.000 
Adjusted R-square:1.000 
RMSE:0.00108 
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Effect of hot air convective drying on sliced chestnut colour 

 

Colour is a highly appreciated property by chestnut consumers. Thus, it is 

important to analyse the effect of drying in this physical characteristic. The results 

concerning the colour changes throughout drying time are detailed in Table 5.2. 

Significant interactions between variety and drying time were always observed (p<0.001).  

An increase in ΔL* absolute values was observed along drying until 4 hours for 

Longal and 6 hours for Judia varieties. After this period the values remained almost 

constant. Moreira et al. (2005) observed a decrease on this parameter when analysing the 

L* values of peeled and cut chestnuts after drying at 45, 55 and 65 ºC in line with the 

observed in the present work. In our study, a decrease in the L* values was also detected, 

explaining the negative values obtained for the ΔL* (Table 5.2). Moreover, in the present 

work differences between varieties were observed at the beginning (0 hours) (87.3 for 

Longal and 86.5 for Judia varieties) and after 6 or more hours of drying. Judia always 

showed lower L* values than Longal (data not shown), indicative of lower lightness. 
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Table 5.2 – Color parameters along air convection drying at 50ºC for two chestnut varieties, Longal and Judiaa. 

a
Mean ± SD with different small letter (a-d) superscripts on the same row are significantly different (p<0.05). Mean ± SD with different capital 

letter (A-B) superscripts on the same column are significantly different (p<0.05). 

 

Parameter 
Air convection drying p 

t=1h t=2h t=4h t=6h t=8h t=10h 

ΔL* Variety × Time 

Longal -1.64±3.34c,A -3.11±4.69b,A -5.22±5.70a,A -4.70±4.84a,A -5.21±3.97a,A -4.16±4.27a,b,A <0.001 

Judia -1.59±3.29c,A -2.44±3.21c,A -3.76±3.92b,B -5.32±4.04a,A -4.84±5.01a,b,A -5.81±4.13a,B  

Δa* 

Longal 0.56±0.74ª,A 0.72±0.91ª,b,A 0.92±1.53b,c,A 1.39±1.00d,A 1.13±1.09c,d,A 1.19±0.85c,d,A <0.001 

Judia 0.53±0.90ª,A 0.64±0.9ª,b,A 0.88±0.97b,c,A 0.86±1.08b,c,B 1.16±0.95c,d,A 1.34±0.78d,A  

Δb* 

Longal -0.54±4.28ª,b,A 0.46±4.33b,A 0.30±5.65b,A -1.54±4.62a,A -0.08±4.16a,b,A -1.44±4.55a,A <0.001 

Judia 0.39±4.38b,c,A -0.04±5.01b,c,A -0.64±4.54ª,b,c,A 0.75±5.29c,B -1.00±5.13a,b,A -1.56±4.17a,A  

ΔC* 

Longal -0.59±4.30ª,b,c,A 0.40±4.34c,A 0.25±5.65c,A -1.66±4.62ª,A -0.17±4.19b,c,A -1.54±4.58ª,b,A <0.001 

Judia 0.34±4.41b,c,A -0.10±5.03b,c,A -0.72±4.57ª,b,c,A 0.68±5.31c,B -1.09±5.14a,b,A -1.66±4.18a,A  

Δh* 

Longal -1.31±1.56c,A -1.88±2.08b,c,A -2.39±4.05a,b,A -3.20±2.36a,A -2.91±2.49a,A -2.67±1.83a,b,A <0.001 

Judia -1.33±1.69d,A -1.52±1.87c,d,A -2.05±1.84b,c,A -1.98±2.02b,c,B -2.47±2.06a,b,A -3.01±1.91a,A  

ΔE* 

Longal 5.02±2.82a,A 5.93±4.09a,b,A 8.10±5.41d,A 7.58±3.82c,d,A 6.80±4.05b,c,A 6.99±3.37b,c,d,A <0.001 

Judia 4.83±3.20a,A 5.69±3.18a,b,A 6.42±3.29b,B 7.84±3.72c,A 7.97±3.78c,B 7.83±3.41c,B  
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There was also a significant increase in Δa* values (which indicates higher red 

proportions) along drying for both varieties. For Longal variety, the Δa* values remained 

constant after 6 hours, while for Judia the Δa* values kept on constant after 8 hours. 

Moreira et al. (2005) also observed an increase in a* values of both peeled and cut 

chestnuts after drying at 45, 55 and 65 ºC.  

Regarding Δb* and ΔC* parameters, slight variations were observed along drying for 

both varieties. For Longal variety, after 10 hours of drying the yellowness variation (Δb* 

value) and chroma variation (ΔC*) were not significantly different to 1 hour of drying. On 

contrary, a significant difference was observed for Judia. 

Regarding the hue (h*) values, both varieties presented a yellow predominant colour 

(h* values around 90º) in line with the higher effect of b* component than a*, due to the 

higher values of the former (data not shown). However, along drying time the variation 

increased in absolute terms for both varieties.  

Total colour differences (ΔE*) were evaluated along drying and values higher than 

zero were always observed, suggesting that chestnuts colour changed along dehydration; 

however, this variation did not result in a different colour because ΔE* values were less 

than 12 (Cecchini et al. 2011) (Figure 5.1). For Longal variety the highest variation on ΔE* 

values was observed at 4 hours of drying, remaining almost constant after that time. For 

Judia a more constant increase in this parameter was observed, remaining stable after 6 

hours. These results may be related to the occurrence of enzymatic browning reactions 

due to poliphenoloxidase activity during drying, as well as to non-enzymatic browning 

reactions, namely Maillard and caramelization reactions. In fact, Judia variety presents 

slight higher values of sugars and proteins than Longal that may favour the occurrence of 

such reactions, as explained subsequently, and supported by the increased redness (a*), 

typical colour of these browning products.  

 

Effect of the hot air convective drying on sliced chestnut proximate 

composition 

 

The results obtained for proximate composition of the two chestnut cultivars along 

the drying time are shown in Table 5.3. In almost all situations, significant interactions 

between variety and drying time were observed (p<0.05), except for crude protein and 

NDF. However, for these parameters the individual effects of chestnut variety and / or 

drying time were significant.  
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Table 5.3 – Moisture content and Nutritional composition along air convection drying for two chestnut varieties, Longal and Judiaa. 

a
Mean ± SD with different small letter (a-f) superscripts on the same row are significantly different (p<0.05). Mean ± SD with different capital letter (A-B) 

superscripts on the same column are significantly different (p<0.05). 

Parameter 
Air convection drying 

p 
t=0h t=1h t=2h t=4h t=6h t=8h t=10h 

Moisture (g water/100g chestnut after drying) Variety × Time 
Longal 48.5±0.4f,A 36.7±3.1e,A 30.8±2.9d,A 17.3±1.5c,A 16.6±1.9b,c,A 11.8±0.7a,b,A 11.0±0.5a,A 

0.013 
Judia 52.7±1.4e,B 38.9±3.6d,A 32.0±1.5c,A 17.6±3.0b,A 11.5±0.8a,B 11.4±1.3a,A 10.3±0.2a,A 

Total Ash (g ash/100g dry weight)  
Longal 1.76±0.02b,c,A 1.78±0.03c,A 1.71±0.03a,b,A 1.68±0.03a,A 1.78±0.05c,A 1.78±0.02c,A 1.76±0.04b,c,A 

0.012 
Judia 2.25±0.12a,B 2.25±0.05a,B 2.26±0.08a,B 2.35±0.15a,B 2.35±0.07a,B 2.30±0.06a,B 2.24±0.07a,B 

Crude Fat (g fat/100g dry weight)  
Longal 3.26±0.11c,A 2.78±0.40a,A 2.81±0.12a,A 3.17±0.08b,c,A 2.66±0.15a,A 2.83±0.16a,b,A 2.98±0.15a,b,c,A 

0.012 
Judia 2.77±0.45a,B 2.69±0.41a,A 2.77±0.24a,A 2.48±0.32a,B 2.50±0.11a,A 2.71±0.33a,A 3.00±0.19a,A 

Crude Protein (g protein/100g dry weight)  
Longal 3.97±0.20a,A 4.81±0.15a,A 4.20±0.32a,A 4.37±0.12a,A 4.42±0.38a,A 4.34±0.52a,A 4.68±0.28a,A 

0.156 
Judia 5.43±0.46a,B 5.41±0.42a,A 5.44±0.30a,B 5.29±0.65a,B 5.87±0.30a,B 5.59±0.53a,B 5.09±0.03a,A 

NDF (g NDF/100g dry weight)  
Longal 9.74±1.57a,A 16.78±2.50b,c,A 18.08±3.24c,A 17.87±1.66b,c,A 16.73±2.84b,c,A 17.78±1.99b,c,A 13.49±0.63a,b,A 

0.057 
Judia 5.93±0.81a,B 13.52±3.63b,A 17.35±2.06b,c,A 16.49±2.51b,c,A 15.46±1.39b,c,A 18.00±1.59c,A 15.76±2.35b,c,A 

ADF (g ADF/100g dry weight)  
Longal 3.72±0.43b,A 3.46±0.37a,b,A 3.08±0.37a,b,A 3.26±0.40a,b,A 2.93±0.32a,A 3.19±0.42a,b,A 3.22±0.34a,b,A 

0.016 
Judia 3.45±0.30a,b,A 3.23±0.22a,A 3.66±0.46a,b,B 3.38±0.33a,b,A 3.22±0.44a,A 4.05±0.62b,B 3.58±0.52a,b,A 

Total Carbohydrates (g carbohydrates/100g dry weight)  
Longal 91.0±0.2a,b,c,A 90.7±0.4a,b,A 91.3±0.3c,A 90.8 ±0.1a,b,c,A 91.1±0.3b,c,A 90.8±0.3a,b,A 90.6±0.3a,A 

<0.001 
Judia 89.6±0.4a,B 89.6±0.4a,b,B 89.5±0.2a,B 90.2±0.4b,B 89.3±0.3a,B 89.4±0.2a,B 89.7±0.2a,b,B 

Energetic value (kcal/100g dry weight)  
Longal 412±0.5c,A 410±2a,b,A 410±0.6a,b,A 412±0.4c,A 409±0.6a,A 410±0.5a,b,A 411±1b,c,A 

0.003 
Judia 409±2a,B 408±2a,A 409±1a,B 407±2a,B 408±1a,B 408±1a,B 409±1a,B 
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Water is the predominant component in fresh chestnuts (0 hours), responsible for 

its high perishability. Significant differences on moisture contents were found between 

both varieties, with a mean of 48.5±0.4 g/100 g fresh weight for Longal and 52.7±1.4 

g/100 g fresh weigh for Judia. These results were in accordance with the Spanish and 

Portuguese cultivars analysed by Míguelez et al. (2004) (48.37 to 59.35 g/100 g fresh 

weight), Pereira-Lorenzo et al. (2006) (40.3 to 60.1 g/100 g fresh weight), Borges et al. 

(2008) (46.3 to 53.3 g/100 g fresh weight) and Correia et al. (2009) (47.9 to 48.2 g/100 g 

fresh weight). As expected, the moisture contents decreased along drying and stabilized 

without significant variations after 8 hours for Longal and 6 hours for Judia. When 

comparing both varieties, the significant differences observed in fresh disappeared, 

supported by a higher moisture loss in Judia, confirming the differences on drying kinetics 

referred previously. 

Significant differences were always found in ash content between the two varieties, 

with an average of 1.76±0.02 g ash/100 g dry weight for Longal and 2.25±0.12 g ash/100 

g dry weight for Judia at the beginning of the drying experiments (0 hours). The 

differences between varieties may be related to genetic differences, altitude and soil type, 

among others, as proposed by Pereira-Lorenzo et al. (2006). In fact both varieties were 

from different locations; however, our values are in agreement with Ertürk et al. (2006) 

(1.02 to 3.22 g ash/100 g dry weight), Pereira-Lorenzo et al. (2006) (1.8 to 3.2 g ash/100 g 

dry weight), Borges et al. (2008) (1.60 to 2.20 g ash/100 g dry weight) and Correia et al. 

(2009) (1.9 to 2.1 g ash/100 g dry weight). Small variations were observed in Longal along 

drying, while no significant variations were observed in Judia variety. This was expected 

as this property is not predictable to vary along dehydration. 

The fat content in chestnuts is low, but still significantly higher in Longal (3.26±0.11 

g fat/100 g dry weight) than Judia (2.77±0.45 g fat/100 g dry weight) before drying. These 

values are similar to previous studies such as Ertürk et al. (2006) (0.49 to 2.01 g fat/100 g 

dry weight), Pereira-Lorenzo et al. (2006) (1.7 to 4.0 g fat/100 g dry weight), Borges et al. 

(2008) (1.73 to 3.10 g fat/100 g dry weight) and Correia et al. (2009) (2.6 to 3.0 g fat/100 g 

dry weight) for turkish, spanish and portuguese varieties. Along drying the two varieties 

presented a similar fat content. Furthermore, the fat values determined at the beginning 

and after 10 hours of the drying process were not significantly different, indicating that this 

parameter was almost unaffected by the thermal process. 

Crude protein did not show significant differences along drying time but differed 

between the two chestnut varieties. At the beginning Longal and Judia varieties presented 

crude protein contents of 3.97±0.20 and 5.43±0.46 g protein/100 g dry weight, 

respectively. The higher protein content in Judia than Longal might support the higher 
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formation of Maillard products during chestnut drying, as previously suggested. Our 

values are in agreement with published by Míguelez et al. (2004) (6.02 to 8.58 g 

protein/100 g dry weight), Ertürk et al. (2006) (4.88 to 10.87 g protein/100 g dry weight), 

Pereira-Lorenzo et al. (2006) (4.5 to 9.6 g protein/100 g dry weight), Borges et al. (2008) 

(4.87 to 7.37 g protein/100 g dry matter) and Correia et al. (2009) (4.3 to 5.0 g protein/100 

g dry weight). Míguelez et al. (2004) refer that differences between varieties may be 

related to differences in soil type, as soils with a greater amount of schist present higher 

protein content than granite-based soils.  

Acid detergent fibre (ADF) and neutral detergent fibre (NDF) showed small 

variations along drying; however, generally no significant differences were observed 

between 0 and 10 hours. Judia showed a lower initial content in NDF than Longal variety. 

Nevertheless, no significant differences between varieties were observed along drying. 

Also for ADF, similar results were obtained for both varieties for almost all drying times. 

Our ADF (3.45 and 3.72 g ADF/100 g dry weight) and NDF (5.93 and 9.74 g NDF/100 g 

dry weight) values were similar to those obtained by Pereira-Lorenzo et al. (2006) (2.3 to 

4.5 g ADF/100 g dry weight and 9.4 to 28.5 g NDF/100 g dry weight) and Borges et al. 

(2008) (1.89 to 3.15 g ADF/100 g dry weight and 13.8 to 24.4 g NDF/100 g dry weight). 

The level of carbohydrates in chestnuts was high (91.0±0.2 g carbohydrates/100 g 

dry weight for Longal and 89.6±0.4 g carbohydrates/100 g dry weight for Judia variety). 

Our results are a little higher than the means published by Ertürk et al. (2006), 75.32 to 

86.31 g carbohydrates/100 g dry weight, for several Turkish chestnut cultivars. 

Nevertheless, after expressing the results in fresh weight, our results (46.9 g 

carbohydrates/100 g fresh weight for Longal and 42.4 g carbohydrates/100 g fresh weight 

for Judia variety) were similar to Barreira et al. (2009) for both varieties (44.1 g 

carbohydrates/100 g fresh weight for Longal and 42.1 g carbohydrates/100 g fresh weight 

for Judia variety). Concerning drying, no significant differences were observed between 0 

and 10 hours for each variety. So, carbohydrates degradation was not significant during 

the drying process, remaining the sugar contents almost unchanged. However, significant 

differences between varieties were always found, having Longal variety slight higher 

values than Judia. 

Concerning energetic value, Judia always presented lower values than Longal but 

the differences were almost negligible. On a fresh basis, at the beginning (0 hours) Longal 

had 212 kcal/100 g while Judia had 193 kcal/100 g, similar values to those obtained by 

Barreira et al. (2009) for the same varieties (193 kcal/100 g for Longal and 187 kcal/100 g 

fresh for Judia). Regarding drying, no significant differences were detected in Judia along 

time. Even though small variations were observed for Longal along drying, the energetic 
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values on a dry basis at 10 hours were identical to that presented at 0 hours, indicating 

only slight changes in the macronutrients along the drying process.  

When comparing the energetic value of dried chestnut slices per 100 g of product 

(367 kcal/100 g for both varieties) with other kind of snacks such as fried peanuts and 

flavoured chips, the former had approximately 32 to 40% less calories than the other 

snacks suggesting to be an healthy and less caloric substitute. On the other hand, the 

dried chestnut slices had a similar energetic value to dried apple (346 kcal/100 g). This 

product was developed by a Portuguese enterprise and it had earned a nutrition award at 

2013, being labelled as a healthy snack. The demand of this kind of product has 

nowadays been increasing due to greater consumer concern with health. Furthermore, we 

performed a preliminary sensory study where ten-member semi-trained panelists were 

asked to rate the overall acceptance of the dried sliced chestnuts in a 10 cm non-

structured scale (0 means unacceptable and 10 means very acceptable). Good results 

were obtained with an average±standard deviation equal to 7.36±1.41. 

 

 

Conclusions  

 

Even though slight differences in moisture content were found at the beginning 

between Longal and Judia varieties, among other properties, the drying behaviours were 

similar and the experimental data was well-adjusted by Page, Two-term, and Modified 

Henderson and Pabis models. This is important from the industrial point of view as not 

adjustments in the drying process are expected to be necessary for these two varieties, 

being their drying behaviours also easily predicted. Although colour differences were 

detected after drying at 50 ºC for 10 hours, changes on chestnut macronutrients were 

generally not observed. The variability between varieties was higher than that observed 

along drying for each variety. Due to their low caloric and gluten free contents, dried 

chestnut slices appear as an excellent substitute to other types of snacks. 
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Submited  

 

Abstract 

 

The main objectives of the present work were: (i) to develop an analytical 

procedure to quantify free sugars on chestnuts based on green-chemistry principles; and 

(ii) to evaluate the effect of hot air convective drying (50 °C along 10 hours) on the 

carbohydrate profile of sliced chestnuts (Longal and Judia varieties). An environment-

friendly methodology based on ethanol/water extraction, ion-exchange HPLC separation 

using water as mobile phase, and Evaporative Light Scattering Detection, was developed. 

The method allowed quantification of raffinose, sucrose, glucose, and fructose in chestnut 

extracts, with detection limits of 6 μg for sucrose and 0.3 μg for other sugars. Good 

precision was achieved with intra-day and inter-day coefficients of variation below 5%. In 

fresh, Judia variety had higher sucrose, fructose and glucose contents than Longal, 

together with amylose, quantified enzymatically. However, a significant increase on 

fructose contents was observed with time, particularly after 10h drying in Longal variety. 

Nevertheless, a significant increase on glucose content was observed on both varieties, 

probably related to starch thermal hydrolysis. Therefore, hot air convective drying may 

induce modifications on the carbohydrate composition of chestnut slices, particularly when 

long drying periods are applied, requiring attention because it might induce both visual 

and sensorial alterations. 

 

Keywords: Chestnut fruits; Castanea sativa Mill; Drying; Sugars; Starch; HPLC. 
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Introduction 

 

 Portugal is one of the major worldwide producers of chestnut (Castanea sativa 

Mill.) with 19100 MT (FAO, 2015), with high importance for the country's trade balance. 

Carbohydrates are the major nutrients of chestnuts, especially starch, followed by sugars, 

namely sucrose, glucose and fructose (Desmaison and Adrian, 1986). Indeed, free sugars 

are one of the most important parameters for the commercial quality assessment of this 

fruit, since consumers prefer the sweetest fruits. However, free sugar content and 

composition can vary along storage due to the effects of temperature, relative humidity, 

harvesting time, oxygen level or packaging (Kazantzis et al., 2003). Moreover, the free 

sugar composition can also be influenced by variety, genotype, ecological conditions, or 

technical and cultural practices (Barreira et al., 2010). 

Previous studies published on chestnut sugar quantification used diversified 

methodologies, as described in Table 6.1. Generally, the most common extraction 

solvents are aqueous solutions of ethanol and methanol, followed by High Performance 

Liquid Chromatography (HPLC) with Refractive index detection (RID). Separation is 

usually achieved with amino (NH2), CarboPac PA20, and Sugar-pack columns, using 

isocratic acetonitrile:water mixtures as mobile phase. Even though the application of 

green solvents such as water has been exploited in some matrices, none was found on 

chestnuts. 

Concerning post-harvest technologies, drying is one of the most traditional preservation 

techniques for fruits, including chestnuts. Therefore, several studies dealing with chestnut 

drying are found in the literature, but most have been focused on the drying process itself, 

with few reporting the effect on chestnuts chemical properties. Still, the study performed 

by Fernandes et al. (2005) presented some evidence of drying effects (at 70, 80, and 90 

°C) on total protein and reducing sugars. Also, Attanasio et al. (2004) and Correia et al. 

(2009) studied the effect of drying at different temperatures (40/60 °C, and 40 to 70 °C, 

respectively), with reported modifications at the end of the drying process, mainly in total 

protein content, starch fraction, and some sugars. However, little information on chemical 

modifications along chestnuts drying time is available in the literature. Moreover, all 

studies have been performed in whole fruits or chestnut flours. Therefore, this work had 

two main objectives: (1) to develop an analytical methodology for free sugars 

quantification in chestnuts based on green chemistry principles; and (2) to evaluate in 

detail the effect of hot air convective drying on free sugars and starch composition of 

sliced chestnuts, along the drying process, with the aim of producing a low caloric and 

gluten free appetizer in the future. 
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Table 6.1 – Methods described in literature for sugar quantification on chestnuts. 

Extraction procedure HPLC conditions Identified Sugars Reference 

Ethanol 80% (v/v)  
Ultrasound for 30 minutes at 60 ºC 

HPLC - ELSD 
Column: NH2 at 30 ºC 
Mobile phase: Acetonitrile:water (80:20, v/v); 1.5 
ml/min 

Fructose, Glucose 
and Sucrose 

Bernárdez et al., 2004;  

AOAC Official Method (based on Munson and 
Walker, 1906) 

HPLC - RI 
Column: NH2 at 60ºC 
Mobile phase: Acetonitrile:water (75:25, v/v); 1,4 
ml/min 

Fructose, Glucose, 
Sucrose, Maltose, 

and Xylose  
Attanasio et al., 2004 

Methanol 80% (v/v) 
Ultrasound bath for 30 minutes at 60 ºC 

HPLC - ?? 
Column: carbohydrate column at 35 ºC 
Mobile phase: Acetonitrile:water (80:20, v/v); 1.5 
mL/min 

Fructose and 
Sucrose 

Chenlo et al., 2010 

AOAC Official Method (based on Munson and 
Walker, 1906) 

HPLC - RI 
Column Sugar-pack at 90 °C 
Mobile phase: EDTA-Ca at 50 ppm; 0.5 ml/min. 

Frutose, Glucose 
and Sucrose + 

Maltose 
Correia et al., 2009 

Fat removal with petroleum ether 
Ethanol 80% (v/v) at 70 ºC for 30 minutes  

HPLC - RI 
Column: NH2 at 35 °C 
Mobile phase: Acetonitrile:water (70:30, v/v); 1 ml/min 

Fructose, Glucose 
and Sucrose 

Barreira et al., 2010 

Ethanol 60% (v/v) 
At room temperature for 1 h 

HPLC -PADColumn:  
CarboPac PA20 (Dionex) 
Mobile phase: not specified 

Frutose, Glucose, 
Sucrose and 

Maltose 

de Vasconcelos et al., 2010; 
Dinis et al., 2012 

Ethanol 80% (v/v) 
30 minutes at 80 ºC 

HPLC - RI 
Column: NH2 at 30 °C 
Mobile phase: Acetonitrile:water (70:30, v/v); 1 
mL/min 

Fructose, Glucose, 
Sucrose, Trehalose 

and Raffinose 

Fernandes et al., 2011a 
Fernandes et al., 2011b 

Ethanol 80% (v/v) 
30 minutes at 70 ºC 
defatted with ethyl ether (3 x) 

HPLC - RI 
Column: NH2 operating at 30 °C 
Mobile phase: Acetonitrile:water (70:30, v/v); 1 
mL/min 

Fructose, Glucose, 
Sucrose and 

Raffinose  
Carocho et al., 2012 

Ethanol 80% (v/v)  
at room temperature for 30 min, 5 min 
ultrasounds,  
at 60 ºC for 30 min 

HPLC - ELSD 
Column: Supelcogel Ca at 80 ºC 
Mobile phase: water; 0.5 ml/min 

Fructose, Glucose, 
Sucrose and 

Raffinose 
Our work 

IS = Internal Standard; ELSD = Evaporative Light Scattering Detection; RI = Refractive Index Detection; PAD = Pulse Amperometry Detection 
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Material and methods 

 

 Chemicals 

 

Sucrose, fructose, glucose, raffinose and rhamnose were obtained from Sigma (St. Louis, 

USA). Water was treated in a water purification system (Seral Pro90CN, Germany). The 

amylose/amylopectin kit was obtained from Megazyme (Wicklow, Ireland). All other 

chemicals were of analytical grade from diversified suppliers. 

 

 Sampling 

 

 Two varieties were used in this study, Longal and Judia, acquired directly to 

chestnut producers of Macedo de Cavaleiros and Vinhais (Bragança, NE Portugal), 

respectively, in November 2012, and stored in cold chambers (4+1 ºC) until the drying 

experiments. 

 

 Drying experiments 

 

 The exterior shell was removed with a knife, followed by slicing to approximately 4-

6 mm thickness. Then, around 150 g of chestnut slices portions were dried in a tray dryer 

(Armfield, Ringwood, England), at 50 °C, under an air velocity of 1.2±0.1 m/s. After drying 

for 1, 2, 4, 6, 8, and 10 hours, always in triplicate for each variety, the samples trays were 

cooled, reweighted for water loss calculation, frozen, freeze-dried (ScanVac, CoolSafe, 

Lynge, Denmark), and ground (IKA-WERKE, M20, Staufen, Germany). Fresh chestnuts 

were used as control, corresponding to time 0. Based on the moisture content, all results 

were expressed on a dry basis.  

 

 Colour  

 

 The colour of chestnut slices was determined during the drying experiments by a 

Minolta CR-400 colorimeter in CIELab colour space, through the coordinates: L*, a* and 

b*, using the Spectra Magic Nx software (version CM-S100W 2.03.0006, Konica Minolta 

Company, Japan) described in a previous study (Delgado et al., 2014). In order to analyse 

the changes on colour along the drying process, this parameter was determined at the 

beginning (colour of fresh chestnut, considered as reference) and after the drying process 

on 60 slices. So, the ΔL*, Δa* and Δb* were determined by the difference of the values at 
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the end and the beginning of the drying process. Moreover, the total colour difference 

(ΔE*) was also calculated according to: 

     222
**** baLE        (1) 

 

 Sugar Extraction 

 

 Dry samples (300 mg, in duplicate) were mixed with the internal standard 

(rhamnose; 50 mg/mL; 200 µl), and let to hydrate and swell with 5 mL of water:ethanol 

solution (20:80, v/v) for 30 minutes in a vortex. For increased cell disruption and 

extractability, the tubes were placed in an ultrasound bath for 5 minutes (Elmasonic S60h, 

Singen, Germany), followed by 30 minutes in a water bath at 60 °C. The solutions were 

centrifuged at 2500 rpm for 5 min at room temperature. The supernatants were 

transferred to a second vial, and the residue was further extracted with 5 mL of the same 

solution. Both supernatants were mixed together. Two mL of the supernatant were 

concentrated at 60 ºC by nitrogen flushing until total ethanol removal. The solution was 

taken up in 1 mL of ultra-pure water, mixed in a vortex, transferred to an Eppendorf, 

centrifuged at 13000 rpm for 15 min at 0 ºC, and filtered through 0.22 μm Nylon filters 

before injection. Each sample was extracted in duplicate. 

 

 Sugars identification and quantification by High Performance Liquid 

Chromatography - Evaporative Light Scattering Detection (HPLC-ELSD) 

 

 Extracted free sugars were analyzed in a Jasco integrated high performance liquid 

chromatographic system (Tokyo, Japan), equipped with an autosampler (AS-2057 Plus), a 

PU-980 intelligent pump, coupled to an evaporative light scattering detector (ELSD) 

(Sedere Model 75, Olivet, France). The HPLC system was equipped with a 

SUPELCOGEL Ca column (300×7.8 mm, Supelco, Bellefonte, PA, USA) operating at 80 

ºC. The mobile phase was ultra-pure water at a flow rate of 0.7 mL/min. The optimized 

detector temperature and gas pressure were 40 ºC and 2.4 mbar, respectively. The 

results were expressed on g/100 g (dry matter), calculated by internal normalization of the 

chromatographic peak area and application of individual calibration curves. Each sample 

extract was injected twice. Sugar identification was made by comparing the relative 

retention times of sample peaks with those of standards, standard addition, and literature 

data. 
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 Starch and amylose contents 

 

 The starch and amylose contents were determined by application of the 

Megazyme kit (Megazyme procedure, K-AMYL 07/11, Wicklow, Ireland). The principle of 

this kit is that amylopectin complexes with lectin concanavalin (Con A), while the primarily 

linear amylose component is not able to complexes with it. Moreover, the total starch is 

hydrolysed to D-glucose and measured colourimetrically by glucose oxidase/peroxidase. 

In parallel, the total starch was extracted and determined by the procedure also described 

on the Megazyme kit, using the starch standard included in it. The results were expressed 

as starch percentage (by dry matter), amylose percentage in the starch (g/100 g starch) 

and amylose percentage (g/100 g dry matter). 

 

 Statistical methods 

 

 The statistical analysis was performed on SPSS software (Version No. 20.0). The 

effect of drying time and the influence of cultivar on sugar and starch contents were 

evaluated by the two-way analysis of variance (ANOVA) (p<0.05), followed by the Tukey 

HSD Post-hoc test, because normality was observed and the variances of the groups 

were identical. The normality and variance homogeneity were previously evaluated by the 

Kolmogorov-Smirnov and Levene’s tests, respectively. A Principal Component Analysis 

(PCA) was also performed to evaluate the effect of the drying time on the sugar 

composition of both varieties, as well as to differentiate them. Moreover, Pearson 

correlation coefficients (r) were determined to evaluate the relationships between 

analysed properties. The level of the significance used for all of the statistical tests was 

95%. 

 

 

Results and Discussion 

 

 Figures of merit of the proposed analytical methodology for sugars 

quantification 

 

  Peaks resolution 

 Four sugars were separated and quantified, namely, sucrose, raffinose, fructose 

and glucose. Good baseline separation between the sugar peaks was observed on both 

standards (Figure 6.1A) and sample solutions (Figure 6.1B), eluting from the largest 

molecule (6.7 min; raffinose - trisaccharide), followed by the main disaccharide sucrose 
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internal standard (rahmnose) eluted between glucose and fructose.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.1: Chromatogram of sugars standards (A) and of a chestnut sample (B). Peaks: 

1 - Raffinose; 2 – Sucrose; 3 – Glucose; 4 – Fructose; IS – Internal standard (Rahmnose). 

 

  Linearity 

 

 Under the described experimental conditions, good linear relationships between 

sugars concentration and peak area were obtained, with correlation coefficients (r) greater 

than 0.99 for all sugars (Table 6.2). This linearity was maintained over the concentration 
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range tested of 1.0-75 mg/mL for sucrose and 0.06-7.50 mg/mL for raffinose, glucose and 

fructose. 

 

Table 6.2 – Figures of merit of the proposed methodology. 

 

  Detection Limits (LOD) and Quantification Limits (LOQ) 

 

 The detection limits (LODs), based on a signal-to-noise ratio of three ranged from 

0.3 mg/mL for sucrose to 0.015 mg/mL for the other sugars, corresponding to 6 μg and 

0.3 μg of injected compound. The quantification limits (LOQs), corresponding to ten times 

the baseline noise, ranged from 1.0 mg/mL for sucrose to 0.06 mg/mL for raffinose, 

glucose and fructose (equivalent to 20 μg and 1μg of injected compounds). Our LODs and 

LOQs are similar to those reported by other authors when using refractive index detection 

and other chromatographic separation mechanisms detailed in Table 6.1.  

 

  Intra-day and inter-day precisions 

 

 The precision of the method was assessed by determining the repeatability (intra-

day variability), and intermediate precision (inter-day variability). The coefficient of 

variation (CV) for six repeated analyses of the same sample in the same day (intra-day 

precision) is shown for each sugar in Table 6.2, together with the inter-day variability 

(intermediate precision) performed in two different days. The results showed that both the 

intra- and inter-day CVs were < 5%. Our results were similar to other authors, who used 

more complex extraction methodologies, including fat clean-up. Also, there was no 

necessity to regenerate the column through the entire work, with peak shape, retention 

time and column response being constant through time. 

 

  

Sugars 
Retention 
time (min) 

r 
LOD 

(mg/mL) 
LOQ 

(mg/mL) 

Precision (CV (%), n=6) 

Intra-day Inter-day 

Raffinose 6.7 0.998 0.015 0.06 2.1 2.8 

Sucrose 7.5 0.995 0.31 1.0 2.7 4.4 

Glucose 9.0 0.999 0.015 0.06 3.3 5.4 

Fructose 10.7 0.998 0.015 0.06 3.9 3.0 
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  Recovery studies 

 

 The accuracy of the extraction method was confirmed by recovery experiments. All 

analyses were carried out in quadruplicate at two different sugar standard additions (10 

and 20%), before the entire analytical sequence. The recoveries were calculated based 

on the difference between the total sugars amount determined in the spiked samples and 

the amount observed in the non-spiked samples, and ranged from 100.8±2.0 to 

104.9±0.8% and 99.9±1.5 to 104.5±0.5% for the additions of 10 and 20% of the sugar 

standards, respectively. These results are generally better or within those reported for the 

same matrix (Berbardez et al., 2004, Barreira et al., 2010). The use of an internal 

standard, as proposed previously by other authors, contributed to the results achieved, 

including the uniformization of the detector response through time. 

 

 Effect of drying on sugar composition of chestnut slices 

 

 The results obtained for starch, amylose and free sugar contents of the two 

chestnut varieties, Longal and Judia, along the drying time, are detailed in Figure 6.2. 

Significant interactions between variety and drying time were observed (p<0.05), except 

for the starch content. Each component will be discussed separately.  
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Figure 6.2: Evolution of sugar contents, colour variation and moisture of chestnuts of two varieties, Longal and Judia, during drying. 
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  Starch 

 

 Starch is the predominant organic component of chestnuts. Fresh chestnuts (t=0 h) 

contained 56.0 g starch/100 g and 51.6 g starch/100 g dry matter, respectively for Longal 

and Judia varieties. These results were in agreement with those published by Künsch et 

al. (2001) (41.5 to 57.6 g starch/100 g dry matter) for Swiss varieties, Ertürk et al. (2006) 

(54.4 to 69.7 g starch/100 g dry matter) for Turkish varieties, Pereira-Lorenzo et al. (2006) 

(42.2 to 66.5 g starch/100 g dry matter) and Míguelez et al. (2004) (56.7 to 81.7 g 

starch/100 g dry matter) for Spanish varieties, Borges et al. (2008) (38.6 to 47.9 g 

starch/100 g dry matter) and de Vasconcelos et al. (2009) (48.7 to 54.9 g starch/100 g dry 

matter) for Portuguese varieties.  

 Along drying small variations on starch content were observed but, when 

compared with t=0 h, no significant differences were observed for both varieties. Still, 

Longal variety had slightly higher starch contents than Judia through the entire process 

(with the exception of 4 hours of drying), again with no statistical significance.  

 Regarding amylose, significant differences were found between both varieties 

along the drying time, having Judia variety most of the time higher amylose contents than 

Longal. At the beginning (t=0 h) Longal accounted with 4.33 g of amylose/100 g dry 

matter (or 7.7 g amylose/100 g starch), while Judia had 5.46 g of amylose/100 g dry 

matter (or 10.6 g amylose/100 g starch). These values were lower than those published 

by Attanasio et al. (2004) (32.9 g amylose/100 g starch) and Correia and Beirão-da-Costa 

(2012) (32.4 to 33.4 g amylose/100 g dry starch); however, these differences can be 

related with plant variety or cultivar, but mostly to growth conditions and distinct harvesting 

periods (Copeland et al., 2009; Kaur et al., 2006). On the present work, even though 

some variation was observed on the amylose percentage regarding starch along drying, 

no significant modifications were detected in starch functionality after 10 hours of thermal 

treatment, supported by the inexistence of significant variations of amylose/starch ration at 

the end when compared with the beginning. 

 

  Sucrose 

 

 Sucrose is the main free sugar in chestnut, being therefore highly implicated in its 

perceived sweetness. Fresh chestnuts (t=0 h) had slight differences on sucrose contents 

between both varieties, with 15.0g/100 g dry matter for Longal and 16.2g/100 g dry matter 

for Judia. These contents were within the range of other authors for different varieties and 

origins, but a high variability is found: Míguelez et al. (2004) and Bernárdez et al. (2004) 

(6.6 to 19.5 g/100 g dry matter) for Spanish varieties; Ertürk et al. (2006) (8.9 to 21.3 
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g/100 g) for Turkish varieties; Künsch et al. (2001) (10.6 to 18.5 g/100 g) for Swiss 

varieties, and Barreira et al. (2010) (3.7 to 24.2 g/100 g) and de Vasconcelos et al. (2010) 

(10.2 to 13.7 g/100 g dry matter) for Portuguese varieties. The differences on sucrose 

concentrations observed in those studies and our work are probably explained by the 

influence of edaphoclimatic conditions that might affect the biochemical properties of 

chestnuts (Dinis et al., 2011) or due to other factors such as different origins of chestnuts 

of the same variety, differences in ripening stage, etc. (Bernárdez et al., 2004). Moreover, 

as shown by de Vasconcelos et al. (2010), slight differences may also be found on sugar 

composition of chestnuts harvested in different years. As our samples were from similar 

locations and were harvest at the same time, the influence of edaphoclimatic conditions 

and maturity was similar, justifying the reduced variability observed between two different 

varieties. 

 Along drying time, a significant increase on sucrose content was verified until 4 

hours for Longal, remaining constant thereafter, and until 6 hours for Judia, followed by a 

small decrease on the remaining time for the last variety up to value similar to that from 

time 0 h. On the other hand, a significant increase (43%) on the sucrose content was 

observed in Longal variety from the 4th hour forward. This increase was probably due to 

the contribution of maltose that would elute at the same retention time of sucrose, as it 

was expected a decrease on the sucrose content along drying due to its hydrolysis to 

glucose and fructose. Beyond glucose, maltose is a product of the starch catabolism (de 

Vasconcelos et al., 2010). 

 

  Fructose 

 

 Regarding fructose, significant differences between the two varieties were only 

perceived for some drying times. At the beginning (t=0 h), fructose content was 

significantly lower for Longal (0.41±0.02 g/100 g dry matter) than for Judia (0.60±0.04 

g/100 g dry matter). Both amounts were in agreement with those published by Künsch et 

al. (2001) (0.37 to 0.69 g/100 g dry matter), and Barreira et al. (2010) (0.57 to 5.32 g/100 

g dry matter), although slightly higher than those published by Bernárdez et al. (2004) and 

Míguelez et al. (2004) (0.04 to 0.31 g/100 g dry matter), and de Vasconcelos et al. (2010) 

(0.05 to 0.27 g/100 g dry matter). Concerning drying, an increasing trend was perceived 

for Longal variety, while no significant differences were obtained for Judia, showing again 

that Judia variety seemed to be less affected by the thermal process than Longal variety. 

The fructose increase might result from sucrose hydrolysis. 
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  Glucose 

 

 Concerning glucose, slight differences were found between both varieties on fresh 

chestnuts (t=0 h), with a mean of 0.25±0.01 g/100 g dry matter for Longal and 0.30±0.02 

g/100 g dry matter for Judia. These results were in accordance with de Vasconcelos et al. 

(2010) (0.05 to 0.27 g/100 g dry matter), Míguelez et al. (2004) and Bernárdez et al. 

(2004) (0.04 to 0.30 g/100 g dry matter). Along drying, the two varieties presented similar 

amounts for most sampling times, but the accumulated increases were highly significant 

for both varieties (104% for Longal and 87% for Judia when compared with the 

beginning), being these also highly correlated with drying time. 

 The fructose/glucose proportions are also in accordance with Bernárdez et al. 

(2004) for Longal variety and with de Vasconcelos et al. (2010) for both varieties (Longal 

and Judia). In more detail, an increased activity of hydrolytic enzymes during the drying 

process might be expected (Correia et al., 2009), mainly, α-amylase, β-amylase and 

glucoamylase, with optimum temperatures between 55 °C and 60 °C (Matherwson, 1998), 

partially hydrolyzing starch. Even though significant differences were not detected on the 

starch content when comparing the beginning with after 10 hours of drying, a decrease on 

the mean values was observed for both varieties, corroborating the hypothesis of starch 

catabolism. The increase in the glucose content could be directly correlated with this, as 

would probably be maltose, not separated from sucrose under our chromatographic 

conditions.  

 

  Raffinose 

 

 Regarding raffinose (data not shown), fresh chestnut (t=0 h) had significant 

differences between varieties, with a mean of 0.87 vs 0.51 g/100 g dry matter for Longal 

and Judia, respectively. These differences were preserved along drying, despite the small 

variations observed with time, with no pattern nor significant differences for Judia variety, 

while for Longal a significant decrease was apparent after 10 h of drying (-23%). 
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 Relationship between sugars 

 

 In general terms, on what concerns sugar profiles similar behaviour was observed 

between both varieties along drying, as can be stated on Figure 6.2. The starch content 

slightly decreased due to starch catabolism, explaining the observed increase on glucose 

content. However, it was also expected an increase on maltose content. Nevertheless, as 

this compound elutes at the same retention time than sucrose, it might have contributed to 

the increase on sucrose content during drying. In fact, it was expected that sucrose might 

be hydrolyzed to glucose and fructose, explaining the observed increases on both 

compounds. These results were similar to the reported by de Vasconcelos et al. (2010) 

after industrial peeling by flame or fire (“brûlage”) at high temperatures (800 to 1000 °C) 

during a small period of time (1 to 2 seconds). However, during roasting at 210 °C during 

40 to 80 minutes, no significant variation was observed on fructose and glucose contents 

probably due to enzyme denaturation (Künsch et al., 2001). 

Moreover, in the present work, as glucose and fructose contents increased, a higher 

colour variation was stated due to the occurrence of Maillard reactions between reducing 

sugars and amino groups of aminoacids and proteins. Significant correlations were found 

between colour variation and the content of both monosaccharides (0.710 for glucose 

(p=0.01) and 0.589 for fructose (p=0.05)) (Table 6.3). 

 Regarding water loss, a fast decrease on moisture content was observed at the 

first hours of drying, requiring around 6 to 8 hours (Judia and Longal, respectively) to 

achieve a low and constant moisture content that will guarantee the stability of the 

product. Furthermore, very significant negative correlations were found between moisture 

content and colour variation (-0.894), as well as between moisture content and glucose (-

0.820) and fructose (-0.728), suggesting an increase on colour variation and on glucose 

and fructose contents along drying, when the moisture content decreased. 

 These facts were reinforced after performing a PCA to the free sugars, starch and 

amylose contents, for both varieties (Figure 6.3A and 6.3B), where two principal 

components were extracted (PC1 and PC2) that accounted globally for 87.5% and 83.7% 

of the total variation for Longal and Judia varieties, respectively. For both varieties, it was 

observed that at the beginning of drying (0 and 1 hours) the samples presented the 

highest content of starch. With increasing time it became more evident the strength of 

amylose and sucrose, while the monosaccharides were increased at the highest drying 

times. When both varieties (data not shown) were analysed together, their separation 

became less evident, indicating that the drying effect at 50 °C had a slight more important 

role than chestnut variety on these parameters. 
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Table 6.3 – Correlations (linear correlation coefficients) between the analyzed parameters 

 
 

 

 

**Correlation is significant at the 0.01 level 
*Correlation is significant at the 0.05 level 

 Moisture ∆E* Starch Amylose Sucrose Glucose Fructose Raffinose Total Sugars 

Moisture - -0.894** 0.659* -0.334 -0.667** -0.820** -0.728** 0.220 -0.734** 

∆E* -0.894** - 0.531 0.130 0.293 0.710** 0.589* -0.119 0.374 

Starch 0.659* -0.531 - -0.669** -0.660* -0.333 -0.407 0.623* -0.711** 

Amylose -0.334 0.130 -0.669** - 0.753** 0.011 0.424 -0.695** 0.744** 

Sucrose -0.667** 0.293 -0.660* 0.753** - 0.265 0.636* -0.488 0.985** 

Glucose -0.820** 0.710** -0.333 0.011 0.265 - 0.696** -0.126 0.344 

Fructose -0.728** 0.589* -0.407 0.424 0.636* 0.696** - -0.284 0.681** 

Raffinose 0.220 -0.119 0.623* -0.695** -0.488 -0.126 -0.284 - -0.508 

Total Sugars -0.734** 0.374 -0.711** 0.744** 0.985** 0.344 0.681** -0.508 - 
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Figure 6.3: Loadings and scores plot resulting from the Principal Component Analysis 

(PCA) of starch, amylose and sugar contents: A) Longal variety; and B) Judia variety. 

 

 

Conclusions  

 

 The present study described a greener analytical procedure of HPLC-ELSD for 

sugars determination on chestnuts, as no organic solvents were used in the mobile phase 

and only ethanol was used in the extraction procedure. The proposed methodology 

showed to be sensitive, reproducible and accurate, being a suitable method for routine 

determination of chestnut sugars. Additionally, this work presented for the first time the 

effect of convective drying on sugars profile of slices of two chestnut varieties, Longal and 

Judia. Even though significant differences were found at the beginning on sugar profile of 

both varieties, no significant effect on starch contents was observed. The drying process 

showed to have some effect on sugars profile on chestnuts because an increase on 

glucose and fructose contents was observed, probably due to starch hydrolysis that can 

also explain the colour variation detected due to the occurrence of Maillard reactions. 
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Abstract 

 

 The aim of the present work was to study the effect of hot-air drying on the quality 

of chestnut slices, regarding fatty acid and vitamin E composition. Chestnut slices of two 

varieties, Longal and Judia, were dried in a tray dryer at 50 ºC, for 1, 2, 4, 6, 8 and 10 

hours. Concerning fatty acids, at beginning both varieties presented significant different 

contents in C16:0, C18:0, C18:1, C18:2cc, C20:0 and C20:1, being C18:2cc the most 

abundant. Concerning vitamin E, both varieties had similar - and -tocopherol contents; 

however, after 10 hours of drying their concentrations decreased in Longal (19.2 and 

14.4%, respectively). It was also in slices of Longal variety that a significant decrease was 

observed in C18:0 (15.0%), C18:1 (19.4%), C20:0 (14.3%) and C20:1 (11.1%) after 10 

hours of drying, suggesting this variety to be a little more heat sensible than Judia. Even 

though some variation on lipid composition was observed along drying of chestnuts, the 

variety showed to have a higher effect than the drying process itself. Thus, hot air 

convective drying seems to be an interesting process to apply in the future to this nut in 

order to produce a healthy snack, not causing potential losses from a nutritional point of 

view. 

 

Keywords: Chestnut fruits; Castanea sativa Mill.; Drying; Fatty Acids, Vitamin E. 
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Introduction 

 

 Chestnut tree production is of great importance to several European countries 

such as Portugal and Italy; however, chestnut fruits are perishable, requiring efficient 

preservation methods, being cold storage the most commonly used technologies. 

However, during this process two major problems can be observed: weight loss due to 

water evaporation and mold development due to the high moisture content of the fruits [1]. 

Thus, to minimize losses it is important to find alternative solutions for chestnuts 

preservation. These processes should be economic and permit industrial scale-up, while 

providing shelf life extension without quality loss. Drying under controlled conditions could 

be a possible technological alternative, having Delgado et al. [2] already stated that after 

10 hours of drying the proximate composition of chestnuts was almost unaffected by the 

thermal process. 

 From the nutritional point of view, besides being a gluten-free nut, chestnut is quite 

interesting [3] because it is a good source of fibre, starch, protein, aminoacids, minerals, 

fatty acids and vitamin E. Although presenting a low crude fat content, chestnut fat is 

constituted by high unsaturated fatty acids (USFA) [4], namely monounsaturated (MUFA) 

and polyunsaturated (PUFA) fatty acids. This fatty acid profile plays an important role in 

diverse physiological processes affecting health and chronic diseases such as the 

regulation of plasma lipid levels, cardiovascular and immune functions, insulin action and 

neuronal development and visual function [5]. Moreover, its fat also contains some vitamin 

E, with several benefits on human health, namely by minimizing the adverse effects of 

inflammatory diseases (e.g. rheumatoid arthritis or hepatitis) [6], strengthen the immune 

system and reduce the risk of cancer [7], or aid in the treatment of Parkinson's syndrome 

[8]. However, most of the published studies on chestnut technological preservation have 

neglected the effects on the fat composition. 

 Until now, only two studies evaluated the effect of industrial processing on 

chestnut composition. The effect of chestnuts storage during 3 months at around 0 °C ( 

relative humidity of 90%), after industrial peeling by flame or fire (“brûlage”) and after 

freezing in a tunnel with a CO2 flow were studied by de Vasconcelos et al. [9] and de 

Vasconcelos et al. [10]. On those works the fat content and vitamin E profile were 

included together with several other components. Furthermore, Künsch et al. [11] and 

Krist et al. [12] evaluated the effect of roasting at 210 and 190 °C on weight loss, starch, 

sucrose and fructose contents, total fatty acids and sensory properties as well as volatiles 

of chestnuts.  

 Chestnuts drying at lower temperatures than those applied during roasting may be 

an interesting option. Several works on chestnut hot air drying have already been 



 

 
103 

Chestnut-Drytech: Influence of drying technologies on physicochemical properties of chestnut fruits (Castanea sativa Mill.) 

 

Chestnut-Drytech: Influence of drying technologies on physicochemical properties of chestnut fruits (Castanea sativa Mill.) 

 
 

 
performed, including drying kinetics [13-16]; energetic requirements [17]; proximate 

composition [2] temperature effect on morphological, chemical (reducing sugars, starch, 

amylose, sugar and damaged starch) and rheological properties of chestnut flours [18-20]; 

and effect of drying followed by rehydration on chestnuts properties [21-23]. Until now no 

studies have been performed on the effect of drying on chestnuts lipid composition. 

 Nowadays consumers are looking for healthy snacks, being the market share of 

dried fruits increasing. In this way the production of dried chestnut slices might have great 

potential, due to low caloric value, excellent lipid composition and gluten-free properties of 

chestnuts. Thus, the aim of our work was to evaluate for the first time the effect of hot air 

convective drying at 50 ºC on the quality of chestnut slices, regarding their fatty acid and 

vitamin E composition, in order to evaluate the possible induction of oxidation and the 

occurrence of potential losses from a nutritional point of view. 

 

 

Material and methods 

 

 Reagents and standards 

 

 HPLC grade n-hexane was purchased from Merck (Darmstadt, Germany) and 1,4-

dioxane from Sigma (Madrid, Spain). Methanol and KOH were acquired from Panreac 

(Barcelona, Spain). Boron trifluoride in methanol (14%), butylated hydroxytoluene (BHT), 

and ascorbic acid were obtained from Sigma. All other chemicals were of analytical grade 

from diversified suppliers.  

 Concerning standards, α-, γ-, δ-tocopherols were purchased from Sigma or 

Matreya (State College, USA). 5 mg mL-1 standard solutions were prepared in ethanol and 

kept at −20 °C. Their accurate concentrations were evaluated by UV spectrophotometry 

according to their molar absorptivity values in ethanol (3056, 3810 and 3673 M-1.cm-1; 

[24,25]). Dilutions in n-hexane were performed as required for calibration or other 

purposes. The internal standard for vitamin E quantification was tocol (2-methyl-2-(4,8,12-

trimethyltridecyl) chroman-6-ol), obtained from Matreya Inc.. A 100 μg mL-1 solution was 

prepared in n-hexane and kept at −20 °C. Triundecanoin was used as the internal 

standard for fat estimation, based on the total fatty acid amounts, and was purchased 

from Sigma. A 10 mg mL-1 solution was prepared in n-hexane. A commercial standard 

solution with 37 fatty acid methyl esters (FAME) was used for the calibration of the FID 

signals (Supelco 37 FAME mix, Sigma, Bellefonte, USA). 
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 Plant material 

 

 The chestnuts used in this study were acquired in Bragança (NE Portugal) in 

November 2012 and stored in cold chambers (4+1 ºC) until the drying experiments were 

carried out. Two varieties were used in this study, Longal and Judia, acquired directly to 

chestnut producers of Macedo de Cavaleiros and Vinhais (Bragança, Portugal), 

respectively. 

 

 Drying experiments 

 

 The exterior shells of chestnuts were carefully removed with a knife and the fruits 

sliced with approximately 4 mm of thickness. Around 150 g of chestnut slices were dried 

in a tray dryer (Armfield, Ringwood, England) at 50 °C, with an air velocity at 1.2±0.1 m s-

1, along different times. After drying for 1, 2, 4, 6, 8 and 10 hours, samples were frozen 

and freeze-dried, as well as the control (fresh chestnuts). For each drying time all drying 

experiments were performed in triplicate. 

 

 Lipid extraction 

 

 The total fat was determined on 5g of sample, using petroleum ether for 24h in a 

Soxhlet apparatus (P Selecta, Barcelona, Spain). The lipid extraction was performed 

according to the method described by Cruz et al. [26], with some modifications. An 

accurate 300 mg portion of lyophilized sample was weighted in a plastic tube, followed by 

the addition of two internal standards solutions: tocol (15 µL; 10 mg mL-1) for vitamin E 

quantification, and triundecanoin (45 µL; 20 mg mL-1), for total fatty acids estimation, 

followed by two antioxidants - BHT (50 µL, 5 mg mL-1 in methanol), and ascorbic acid (50 

mg), and three glass pearls. Propan-2-ol (1.58 mL) and ciclohexane (2.04 mL) were 

added for lipid extraction. The mixture was agitated briefly by vortexing and kept overnight 

under refrigeration. The non-lipid material was removed by washing with 2.28 mL of 0.9% 

NaCl solution, with agitation by vortexing and centrifugation (5000 rpm, 5 min; Heraeus 

Sepatech, Am Kalkberg, Germany). The top layer was transferred to a second another 

tube, and a second extraction was performed with cyclohexane (2.04 mL), and the upper 

layers combined. 

 An extract volume, corresponding to approximately two thirds of the total, was 

transferred to pyrex derivatization tubes. The solvent was evaporated under a nitrogen 

stream (60 °C) and resuspended in about 0.5 mL of dichloromethane. Hydrolysis was 

performed with 1.5 mL of KOH (0.5 M in methanol) at 100 °C (10 min). After reaching 
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room temperature, methylation was completed by the addition of 1.5 mL of BF3 (14% in 

methanol) and heated for further 30 min at 100 °C. After cooling, 0.9% NaCl (2.5 mL) and 

n-hexane (3 mL) were added and the mixture was mixed by vortexing, followed by 

centrifugation (3000 rpm, 5 min). The supernatant was transferred to a tube with 

anhydrous sodium sulphate to remove the residual water, followed by centrifugation at 

5000 rpm for 5 min. A supernatant portion (2 mL) was directly transferred to a clear glass 

vial (Supelco, Sigma, Bellfonte, USA), the solvent was evaporated under a nitrogen 

stream (60 °C), resuspended with heptane (1 mL) and the solution mixed in a vortex. This 

vial was positioned in the gas chromatograph autosampler for fatty acid analysis.  

 To the remaining lipid extract (1/3) anhydrous sodium sulphate was added 

followed by centrifugation (5 min, 13000 rpm, Heraeus Sepatech Biofuge Pico, Am 

Kalkberg, Germany). The supernatant was transferred to an amber glass vial. The solvent 

was evaporated under a gentle nitrogen stream (40 °C), resuspended in the same volume 

of n-hexane (HPLC grade) and placed in the HPLC autosampler for vitamin E 

quantification. 

 

 Fatty acids analysis 

 

 Fatty acids analysis was performed on a Chrompack CP 9001 chromatograph 

(Chrompack, Middelburg, Netherlands) equipped with a split-splitless injector, a 

Chrompack CP-9050 autosampler and a flame ionization detector (FID). The 

temperatures of the injector and detector were 250 and 270 °C, respectively. Separation 

was achieved on a 50-m×0.25-nm i.d. CP-Sil 88 column (0.19-µm film; Chrompack-

Varian). Helium was used as carrier gas at an internal pressure of 120 kPa. The column 

temperature was 140 °C, for a 5 min hold, and then programmed to increase to 220 °C at 

a rate of 5 °C min-1 and then held for 15 min. The total analysis time was 35 min, but a 

further 5-min elution was applied for complete elution of possible interference compounds. 

The slip ratio was 1:50 and the injected volume was 1.2 µL.  

 Fatty acids identification (from C11:0 to C22:6 n-6) was accomplished by 

comparing the relative retention times of FAME peaks with standards from diversified 

suppliers and from literature data. Peaks were corrected using empirical response factors 

obtained by the standard FAME solution. The fatty acids results were calculated initially 

on a relative percentage basis and then expressed in mg 100 g-1 dry matter. Total fat was 

estimated after performing a Soxhlet extraction using petroleum ether for 24 hours. 
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 HPLC Chromatographic Conditions for vitamin E 

 

 The liquid chromatograph consisted of a Jasco integrated system (Easton, USA) 

equipped with an autosampler (AS-2057 Plus), a PU-980 intelligent pump, connected to a 

fluorescence detector (FD) (FP-2020 Plus; λexcitation=290 nm and λemission=330 nm). The 

chromatographic separation was achieved on a SupelcosilTM LC-SI column (75×3.0 mm, 3 

µm; Supelco, Bellefonte, USA), operating at constant room temperature (23 °C). A mixture 

of n-hexane and 1,4-dioxane (97.5:2.5, v/v) was used as eluent at a flow rate of 0.7 mL 

min-1. The compounds were identified by chromatographic comparisons with authentic 

standards by co-elution and by their UV spectra. Tocopherols were evaluated by the 

internal standard method based on the fluorescence data. 

 

 Statistical methods 

 

 The statistical analysis was performed on SPSS software (Version No. 20.0). The 

effect of drying time and the influence of cultivar over fatty acid and vitamin E contents 

and profiles were evaluated by the two-way analysis of variance (ANOVA) (p<0.05), 

followed by the Tukey HSD Post-hoc test because normality was observed and the 

variances of the groups were identical. The normality and variance homogeneity were 

evaluated by Kolmogorov-Smirnov and Levene’s tests, respectively. Comparisons were 

carried out at 95% confidence. Principal Component Analysis (PCA) was also performed 

for the fatty acids and tocopherols results of the two chestnut cultivars along drying time. 

The PCA score plot was used to differentiate cultivars and verify the effect of drying time 

on chestnut lipid profile. 

 

 

Results and discussion 

 

 Fat content and Fatty acid composition 

 

 The fat contents in chestnuts were low (Table 7.1).  
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Table 7.1 – Fatty acids composition along air convection drying for two chestnut varieties, Longal and Judia 

Mean ± SD with different small letter (a-e) superscripts on the same row are significantly different (p<0.05). Mean ± SD with different capital letter (A-B) superscripts on the same column are significantly different (p<0.05). 

Parameter 
Air convection drying 

p 
t=0h t=1h t=2h t=4h t=6h t=8h t=10h 

Total fat (g fat 100 g
-1
 dry matter) Variety × Time 

Longal 3.26±0.11
c,A

 2.78±0.40
a,A

 2.81±0.12
a,A

 3.17±0.08
b,c,A

 2.66±0.15
a,A

 2.83±0.16
a,b,A

 2.98±0.15
a,b,c,A

 
0.012 

Judia 2.77±0.45
a,B

 2.69±0.41
a,A

 2.77±0.24
a,A

 2.48±0.32
a,B

 2.50±0.11
a,A

 2.71±0.33
a,A

 3.00±0.19
a,A

 
C16:0 (mg fatty acids 100 g

-1
 dry matter)  

Longal 518±24
d,A

 443±7
a,b,A

 463±14
b,c,A

 502±16
d,A

 430±4
a,A

 469±9
c,A

 500±16
d,A

 
<0.001 

Judia 429±7
a,b,B

 417±11ª
,b,B

 459±7
c,A

 410±12ª
,B

 433±12
b,A

 460±14
c,A

 495±8
d,A

 
C18:0 (mg fatty acids 100 g

-1
 dry matter)  

Longal 38.3±5.2
c,A

 29.6±1.2
a,b,A

 31.0±0.9
a,b,A

 34.5±1.6
b,c,A

 29.1±1.6
a,A

 30.9±1.4
a,b,A

 32.6±2.7
a,b,A

 
<0.001 

Judia 32.6±2.0
a,b,B

 30.3±1.1
a,A

 33.8±1.8
a,b,B

 30.5±0.8
a,B

 36.3±5.8
b,c,B

 32.4±0.8
a,b,A

 40.0±3.3
c,B

 
C20:0 (mg fatty acids 100 g

-1
 dry matter)  

Longal 10.1±0.53
d,A

 8.1±0.4
a,b,A

 8.8±0.4
b,c,A

 9.3±0.3
c,A

 7.6±0.2
a,A

 8.6±0.5
b,c,A

 8.7±0.6
b,c,A

 
<0.001 

Judia 8.3±0.6
c,d,B

 7.8±0.5
a,b,c,A

 8.0±0.3
b,c,B

 7.4±0.4
a,b,B

 7.0±0.5
a,A

 8.2±0.4
c,d,A

 8.9±0.4
d,A

 
SFA (mg fatty acids 100 g

-1
 dry matter)  

Longal 
601±42

d,A 

(18.8%) 
510±11

a,b,A 

(18.3%) 
522±5

a,b,A 

(19.4%) 
580±13

d,A 

(18.3%) 
500±6

a,A 

(18.8%) 
538±14

b,c,A 

(19.5%) 
572±18

c,d,A 

(19.7%) 
<0.001 

Judia 
488±11

a,B 

(18.6%) 
474±12

a,B 

(18.7%) 
521±8

b,A 

(18.8%) 
468±14

a,B 

(18.8%) 
489±26

a,A 

(20.3%) 
521±14

b,A 

(19.5%) 
566±10

c,A 

(18.9%) 
C16:1 (mg fatty acids 100 g

-1
 dry matter)  

Longal 17.6±1.0
b,c,A

 16.1±0.9
a,b,A

 18.0±1.1
b,c,A

 18.7±1.3
c,A

 15.5±1.1
a,A

 18.4±1.4
c,A

 20.9±0.7
d,A

 
<0.001 

Judia 18.0±1.4
a,b,A

 17.8±1.3
a,B

 19.3±1.4
a,b,c,A

 21.3±0.2
c,d,B

 23.1±1.1
d,B

 20.5±1.8
b,c,A

 21.3±1.0
c,d,A

 
C18:1 (mg fatty acids 100 g

-1
 dry matter)  

Longal 1136±38
b,A

 902±94
a,A

 921±47
a,A

 1059±18
b,A

 866±48
a,A

 839±38
a,A

 916±49
a,A

 
<0.001 

Judia 705±46
b,B

 710±48
b,c,B

 785±54
c,d,B

 636±35
a,b,B

 612±26
a,B

 650±60
a,b,B

 840±8
d,B

 
C20:1 (mg fatty acids 100 g

-1
 dry matter)  

Longal 17.1±1.5
b,c,A

 14.6±0.7
a,A

 15.4±0.6
a,b,A

 17.2±0.6
c,A

 13.6±0.9
a,A

 14.7±0.8
a,A

 15.2±0.2
a,A

 
<0.001 

Judia 13.4±1.1
c,B

 12.2±1.4
b,c,B

 13.2±0.7
b,c,B

 11.1±1.3
a,b,B

 10.2±0.6
a,B

 12.2±1.4
a,b,c,B

 13.9±0.6
c,B

 
MUFA (mg fatty acids 100 g

-1
 dry matter)  

Longal 
1174±36

b,A 

(36.2%) 
937±92

a,A 

(33.6%) 
951±51

a,A 

(34.3%) 
1100±18

b,A 

(34.6%) 
897±49

a,A 

(33.8%) 
866±38

a,A 

(31.2%) 
950±45

a,A 

(32.3%) 
<0.001 

Judia 
739±44

b,B 

(28.1%) 
742±46

b,B 

(29.2%) 
820±51

c,B 

(29.6%) 
662±23

a,B 

(26.9%) 
636±25

a,B 

(26.0%) 
685±62

a,b,B 

(26.4%) 
880±9

c,B 

(29.4%) 
C18:2n6 (mg fatty acids 100 g

-1
 dry matter)  

Longal 1285±37
d,c,A

 1169±65
a,b,c,A

 1133±53
a,b,A

 1318±14
e,A

 1109±34
a,A

 1212±36
b,c,d,A

 1240±63
c,d,e,A

 
<0.001 

Judia 1212±22
b,B

 1140±20
a,A

 1233±24
b,B

 1142±10
a,B

 1113±41
a,A

 1250±51
b,A

 1338±19
c,B

 
C18:3n3 (mg fatty acids 100 g

-1
 dry matter)  

Longal 159±6
a,b,A

 152±20
a,b,A

 150±8
a,b,A

 159±5
a,b,A

 139±10
a,A

 163±7
b,A

 170±16
b,A

 
0.001 

Judia 176±19
a,b,A

 171±17ª
,A

 183±19
a,b,c,B

 196±21
a,b,c,B

 207±10
c,B

 202±15
b,c,B

 194±3
a,b,c,B

 
PUFA (mg fatty acids 100 g

-1
 dry matter)  

Longal 
1451±42

d,A 

(44.6%) 
1326±84

a,b,c,A 

(47.6%) 
1289±58

a,b,A 

(45.9%) 
1483±17

d,A 

(46.7%) 
1254±43

a,A 

(47.0%) 
1382±42

b,c,d,A 

(48.9%) 
1417±78

c,d,A 

(47.5%) 
<0.001 

Judia 
1396±40

a,b,B 

(53.0%) 
1317±38

a,A 

(51.8%) 
1391±95

a,b,A 

(51.2%) 
1311±81

a,B 

(53.9%) 
1330±33

a,B 

(53.2%) 
1461±65

b,c,B 

(53.8%) 
1540±16

c,B 

(51.4%) 
Isomers trans (mg fatty acids 100 g

-1
 dry matter) 

Longal 7.6±0.7
a,b,A

 8.3±0.8
b,A

 7.3±0.5
a,b,A

 6.5±0.6
a,A

 7.3±0.6
a,b,A

 7.3±0.3
a,b,A

 10.1±1.1
c,A

 
<0.001 

Judia 5.8±0.7
a,b,c,B

 5.2±0.5
a,b,B

 4.8±0.5
a,B

 5.2±0.6
a,b,B

 8.5±0.9
d,B

 5.9±0.4
b,c,B

 6.4±0.5
c,B
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 Even though significantly higher values were determined at the beginning in 

Longal (3.26±0.11 g fat 100 g-1 dry weight) than Judia (2.77±0.45 g fat 100 g-1 dry weight), 

along drying the two varieties presented similar fat contents. Moreover, the fat contents 

determined at the beginning of the drying process and after 10 hours were not significantly 

different, indicating that this parameter was almost unaffected by the thermal process, as 

stated by Delgado et al. [2]. 

 Regarding the fatty acids contents of the two chestnut cultivars along drying (Table 

7.1), the results showed that chestnut variety×time interaction was a significant source of 

variation for all of fatty acids (p≤0.001). At the beginning, the fresh chestnuts (t=0 h) of 

Longal variety contained 18.8% saturated fatty acids (SFA) and 80.8% unsaturated fatty 

acids (USFA), consisting of 36.2% monounsaturated fatty acids (MUFA) and 44.6% 

polyunsaturated fatty acids (PUFA), while Judia variety presented 18.6% SFA and 81.1% 

USFA, consisting of 28.1% MUFA and 53.0% PUFA. These results were in agreement 

with Borges et al. [4] (SFA – 14.1-18.6%; MUFA 22.5-39.3%; PUFA 42.0-60.1%), España 

et al. [27] (SFA – 19%; MUFA 31%; PUFA 41.5-56.7%) and Barreira et al. [28] (SFA – 16-

19%; MUFA 36-38%; PUFA 43-48%). 

 Concerning fatty acids individually, linoleic acid followed by oleic acid were the 

predominant in both chestnut varieties. At the beginning (t=0 h), significant differences 

were observed between the two varieties in most of the fatty acids, with the exception for 

palmitoleic acid (C16:1n9) and α-linolenic acid (C18:3n3). These results were similar to 

Barreira et al. [29] who also found significant differences between chestnut varieties for 

several fatty acids.  

 Regarding fatty acid composition along drying, Longal variety showed a significant 

decrease in some fatty acids contents, particularly after 10 hours of drying. For C18:0, 

C18:1n9, C20:0 and C20:1n9 the following losses (%) were observed: 14.9, 19.4, 13.9 

and 11.1%, respectively. In opposition, Judia variety maintained or even increased the 

contents of some fatty acids after 10 hours of drying. This small effect of drying at 50 °C 

on chestnut fatty acid composition of Judia might be associated to variations in the sample 

itself, as a result of intra genotype diversity and influence of environmental and growing 

conditions. These results are in line to those of Künsch et al. [11] after studying the effect 

of roasting. These authors had also observed differences between varieties and along the 

roasting time with regard to the analysed fatty acids, being these differences more 

pronounced in some varieties such as Lüna and Marigoule. 

 At the beginning (t=0 h), significant differences were found between both varieties 

on the total SFA content (Table 7.1), with 601 mg fatty acids 100 g-1 dry matter and 488 

mg fatty acids 100 g-1 dry matter for Longal and Judia varieties, respectively. During the 

drying process small variations were found in SFA contents, being Longal values almost 
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always higher than Judia, but these differences were not found at the end of the drying 

process (10 hours) (572 and 566 mg 100 g-1 dry matter for Longal and Judia, 

respectively). Palmitic acid (C16:0) was the major SFA. At the beginning (0 hours), Longal 

and Judia presented 518 mg 100 g-1 dry matter and 429 mg 100 g-1 dry matter of palmitic 

acid, corresponding to 15.9% and 16.3% of the total fatty acids, respectively. These 

values were in agreement with those reported by Borges et al. [4] (12.5 to 16.8%), 

Fernandes et al. [30] (14.6%), Fernandes et al. [31] (18%) and Barreira et al. [28] (16 to 

17%). Significant differences between varieties were only found at the beginning (0 

hours), 1 and 4 hours. Stearic and arachidic acids (C18:0 and C20:0, respectively) were 

two fatty acids that also contributed to the SFA, with small variations on their contents 

along drying.  

 In relation to MUFA, significant differences were always found between the two 

varieties, presenting Judia lower values than Longal. Concerning drying, some variation 

was observed along time but without any decreasing trend. The MUFA majority was 

constituted by oleic acid (C18:1), with 1136 and 705 mg 100 g-1 dry matter for Longal and 

Judia varieties at zero hours, corresponding to 34.9% and 26.8%, respectively. These 

values were also in agreement with Borges et al. [4] (20.7 to 37.6%), Fernandes et al. [30] 

(20.3%), Fernandes et al. [31] (28%) and Barreira et al. [28] (35 to 37%). Along drying, 

both varieties presented significant differences on the oleic acid contents. In addition, 

palmitoleic acid (C16:1n9) and eicosenoic acid (C20:1n9) were also important to MUFA, 

with small variations along drying. A significant decrease was only observed on 

eicosenoic acid content for Longal variety after 10 hours of drying. 

 In relation to PUFA, significant differences were found between the two varieties at 

the beginning (1451 and 1396 mg 100 g-1 dry matter for Longal and Judia, respectively); 

however, after 10 hours no effect and a slight increase (around 10%) was detected on 

both varieties when comparing with the beginning, respectively, showing the negligible 

effect of drying at 50 °C on chestnut fatty acid composition. Linoleic acid (C18:2n6) and α-

linolenic acid (C18:3n3) were the most representative PUFAs. At zero hours, linoleic acid 

contents of 1285 and 1212 mg 100 g-1 dry matter were quantified in Longal and Judia 

varieties, respectively, being these values significantly different. In opposition, similar α-

linolenic acid contents were obtained for both varieties at 0 hours (159 and 176 mg fatty 

acids 100 g-1 dry matter). The linoleic and α-linolenic acids corresponded to 39.5% and 

46.1%, and to 4.9% and 6.7% for Longal and Judia varieties, respectively. These values 

were in agreement with Borges et al. [4] (37.6 to 50.9% for C18:2n6 and 4.5 to 10.0% for 

C18:3n3), Fernandes et al. [30] (53.2% for C18:2n6 and 7.7% for C18:3n3), Fernandes et 

al. [31] (44% for C18:2n6 and 7% for C18:3n3) and Barreira et al. [28] (38 to 40% for 

C18:2n6 and 4 to 5% for C18:3n3). Along drying, small variations were observed. 
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 With respect to trans fatty acids isomers (indicatives of the thermal effect on the 

fatty acid composition) negligible values were obtained at the beginning (7.6 and 5.8 mg 

100 g-1 dry matter for Longal and Judia, respectively), as expected. It was interesting to 

notice that despite remaining very low even after 10 hours of processing, a significant 

increase (to 10.1 mg fatty acid 100 g-1 dry matter) was observed only for Longal. Although 

being recognized as detrimental for the human health if ingested in significant amounts, 

particularly for the cardiovascular system [32,33], our results were negligible from the 

bioactive point of view due to the small contents. However, our data reinforced that Longal 

variety is slightly more sensible to drying than Judia. 

 

 Vitamin E 

 

 The results obtained for the vitamin E composition for the two chestnut cultivars 

along the drying time are shown in Table 7.2. The major component was γ-tocopherol with 

15.5 and 14.6 mg 100 g-1 dry matter in Longal and Judia varieties, respectively, at the time 

of zero hours, without significant differences between them. However, lower γ-tocopherol 

contents were observed in Longal variety after 10 hours of drying whereas in Judia variety 

no significant differences were detected, showing again Longal to be more heat sensitive 

than Judia. For α-tocopherol, the second most abundant tocopherol, at the beginning (t=0 

h) significant differences were found between the two varieties (0.87 and 1.50 mg 100 g-1 

dry matter for Longal and Judia, respectively), showing Judia always higher amounts than 

Longal along drying. Nevertheless a significant decrease in α-tocopherol content was 

observed for the former variety after 10 hours of drying (20.0%). In terms of δ-tocopherol, 

no significant differences were found between the two varieties at the beginning (t=0 h), 

with 0.40 and 0.43 mg 100 g-1 dry matter for Longal and Judia, respectively. Again a 

significant decrease was observed after 10 hours of drying but only for Longal variety 

(15.0%).  

 Until now, there were no studies that had evaluated the effect of thermal 

processing on vitamin E composition. On general, the results of our study showed that the 

drying temperature of 50 °C only caused minor losses in some vitamin E vitamers. 
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Table 7.2 – Vitamin E composition along air convection drying for two chestnut varieties, Longal and Judia 

Mean ± SD with different small letter (a-c) superscripts on the same row are significantly different (p<0.05). Mean ± SD with different capital letter (A-B) 
superscripts on the same column are significantly different (p<0.05). 

 
 

Parameter 
Air convection drying 

p 
t=0h t=1h t=2h t=4h t=6h t=8h t=10h 

α-tocopherol (mg α-tocopherol 100 g-1 dry matter) Variety × Time 

Longal 0.87±0.03c,A 0.88±0.08c,A 0.93±0.07c,A 0.68±0.03a,A 0.75±0.07a,b,A 0.72±0.05a,A 0.85±0.07b,c,A 
<0.001 

Judia 1.5±0.04b,B 1.5±0.05b,B 1.5±0.04b,B 1.4±0.08b,B 1.2±0.09a,B 1.2±0.07a,B 1.2±0.05a,B 

γ-tocopherol (mg γ-tocopherol 100 g-1 dry matter)  

Longal 15.5±1.4c,A 14.0±1.2a,b,c,A 14.9±1.1b,c,A 13.5±0.31a,b,A 13.1±0.59a,A 13.6±0.67a,b,A 12.5±0.67a,A 
<0.001 

Judia 14.6±1.2b,A 13.0±1.1a,b,A 10.8±0.94a,B 10.9±1.2a,B 12.6±1.4a,b,A 13.9±1.4b,A 13.4±1.4b,A 

δ-tocopherol (mg δ-tocopherol 100 g-1 dry matter)  

Longal 0.40±0.03c,A 0.32±0.03a,b,A 0.36±0.03b,c,A 0.32±0.03a,b,A 0.31±0.02a,A 0.34±0.03a,b,A 0.34±0.02a,b,A 
0.156 

Judia 0.43±0.03a,b,A 0.40±0.03a,b,B 0.44±0.04b,B 0.37±0.04a,B 0.41±0.03a,b,B 0.42±0.03a,b,B 0.41±0.04a,b,B 
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 Principal Component Analysis (PCA) 

 

 After performing a PCA to the fatty acid and vitamin E composition, two principal 

components were extracted (PC1 and PC2) that accounted for 71.2% of the total variation 

(Figure 7.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1: Loadings and scores plot resulting from the Principal Component Analysis of 

fatty acids and vitamin E (L – Longal; J – Judia; the number after the letter indicates the 

drying time in hours). 

 

The main variables associated with each principal component were: PC1 - C18:1, C20:0, 

C20:1, MUFA and γ-tocopherol with positive component loadings, as well as α-tocopherol 

with a negative component loading; PC2 - C16:1, C18:0, C18:2 and PUFA, all with 

positive component loadings. PC1 and PC2 explained 46.1% and 25.1% of the variation, 

respectively. According to the PCA the two varieties were clearly differentiated whereas 

their lipid profiles along drying time were not so well differentiated. These results indicated 

that chestnut variety had a more important role than drying at 50 °C on fatty acid and 

vitamin E composition, even though some effect was detected in some specific 

compounds mainly in Longal variety.  
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Conclusions  

 

 For the first time the effect of hot air convective drying on quality and particularly 

on fatty acid and vitamin E composition of slices of two chestnut varieties, Longal and 

Judia, was studied. At the beginning significant differences were detected between 

varieties on some major fatty acids. After 10 hours of drying only Longal variety had 

significant reductions on some fatty acid contents (C18:0, C18:1n9, C20:0 and C20:1n9), 

suggesting this variety to be more heat sensitive than Judia. Nevertheless, global MUFA 

and PUFA contents on both varieties did not decrease after 10 h of drying. From the 

results obtained it is possible to conclude that, despite being exposed to hot air drying 

after being sliced, no significant differences were observed on the fatty acid composition 

of Longal and Judia varieties. Concerning vitamin E, a decrease on - and -tocopherol 

contents was observed in Longal but not in Judia, this last variety with a decrease 

observed at -tocopherol level. After performing a Principal Component Analysis (PCA), it 

was concluded that variety had a greater role than drying time on fatty acid and vitamin E 

composition. Therefore, although hot air convective drying could in some situations modify 

the lipid composition of this nut, the composition of dried sliced chestnuts at 50 ºC was not 

much different from fresh chestnut. Thus, low temperature hot-air drying can be efficiently 

applied to this healthy and gluten free nut, from which other products can be produced 

such as snacks. 
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Abstract 

 

 The main objective of the present work was to evaluate the effect of hot air 

convective drying (up to 10 hours, at 50 °C) on chestnut slices organic acids of two 

varieties, Longal and Judia. Simultaneously, a new analytical methodology was validated, 

allowing the quantification of malic, ascorbic, citric and fumaric acids with good precision 

(intra-day and inter-day coefficients of variation of less than 5%) and accuracy (97-101% 

recovery). Different contents of malic, ascorbic and citric acids were quantified in fresh 

chestnuts, with Judia variety presenting higher contents than Longal. The thermal process 

caused equivalent losses of ascorbic acid on both varieties (24% dry matter), but higher 

losses of malic acid in Longal. Simultaneously, an increase of 31% (dry matter) was 

observed on the citric acid content of Longal variety, while no significant variation was 

observed in Judia. Fumaric acid contents increased significantly on both varieties, 

probably due to malic acid dehydration. Therefore, hot air convective drying affects the 

organic acids composition of chestnut slices and this effect is varietal dependent. Judia 

presented the highest contents before and after drying, enabling dried products with still 

high content of organic acids, important for the technological, sensorial and nutritional 

quality.  

 

Keywords: Chestnut fruits; Castanea sativa Mill.; Drying; Organic acids composition. 
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Introduction 

 

 Chestnut fruit is widely consumed worldwide since ancient times, being Castanea 

sativa Miller the most common species. “Trás-os-Montes” region is the main Portuguese 

producing area, with socio-cultural and economic values contributing greatly for the trade 

balance of the region. Even though chestnuts are also sold fresh in autumn, a significant 

part is stored under refrigeration and processed afterwards, mostly by freezing and drying. 

Different works had previously focused on the nutritional properties of raw chestnut fruits 

(Barreira et al., 2009; Barreira et al., 2012; Borges et al., 2008; Ertürk et al., 2006; 

Miguélez et al., 2004; Pereira-Lorenzo et al., 2006), but the effect of the most common 

preservation methods is not well established. Most studies performed on hot air drying of 

chestnuts have evaluated different technological aspects, including drying kinetics (Cletus 

and Carson, 2008; Delgado et al., 2014; Guiné and Fernandes, 2006; Moreira et al., 

2005), energetic requirements (Koyuncu et al., 2004), temperature effect on 

morphological and rheological properties of chestnut flours, rehydration effect (Attanasio 

et al., 2004; Moreira et al., 2008; Moreira et al., 2011), as well as some chemical 

parameters (reducing sugars, starch, amylose and damaged starch) (Correia et al., 2009; 

Correia and Beirão-da-Costa, 2012; Moreira et al., 2013; Zhang et al., 2011).  

 Among chestnut bioactive components, organic acids nature and concentration 

affects chestnut stability, nutritive value, acceptability and quality (Shui and Leong, 2002). 

Nevertheless, until now no studies have detailed the effect of hot air drying on chestnuts 

organic acids, with only some references to the cooking effect (roasting, boiling and frying) 

(Ribeiro et al., 2007; Gonçalves et al., 2010; Barros et al., 2011), where higher 

temperatures are generally applied. 

 So, the aim of our work was to evaluate the effect of hot air convective drying at 50 

ºC on the organic acid profile and amounts. 

 

 

Material and Methods 

 

 Chemicals 

 

 Standards of L(+)-ascorbic acid, malic acid, citric acid, fumaric acid and gallic acid, 

were purchased from Sigma (St. Louis, MO, USA). All other chemicals were of analytical 

grade from diverse suppliers. 
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 Plant material 

 

 Chestnut fruits (Castanea sativa Mill.) used in this study were acquired in 

November 2012 and stored in cold chambers (4+1 ºC) until the drying experiments were 

carried out. Two varieties were used, Longal and Judia, acquired directly to chestnut 

producers of Macedo de Cavaleiros and Vinhais (Bragança, Northeast of Portugal), 

respectively. 

 

 Drying experiments 

 

 Chestnuts exterior shell was carefully removed, sliced approximately with 4-6 mm 

thickness, and dried in a tray dryer (Armfield, Ringwood, England) at 50 °C, at an air 

velocity of 1.2±0.1 m/s for 1, 2, 4, 6, 8 and 10 hours. After drying samples were frozen, 

freeze-dried (ScanVac, CoolSafe, Lynge, Denamark), ground (IKA-WERKE, M20, 

Staufen, Germany) and stored until analysis. Fresh chestnuts were used as control, being 

directly frozen and freeze-dried. All drying experiments were performed in triplicate. 

 

 Organic acids extraction 

 

 The organic acids extraction was performed with meta-phosphoric acid (3%, w/v), 

according to the method described by Carocho et al. (2013), with some modifications in 

what regards the addition of an internal standard and the application of a sequential 

extraction. In more detail, samples (500 mg, in duplicate) were mixed with 150 µL of gallic 

acid solution (1 mg/mL; internal standard) and 5 mL of meta-phosphoric acid (3%, w/v), 

being mixed for 30 minutes in a vortex. The supernatants were separated after 

centrifugation (Heraeus Sepatech, Am Kalkberg, Germany; 2500 rpm for 5 min at 20 ºC), 

and the solid residues were further extracted with 5 mL of meta-phosphoric acid (3%, 

w/v). Both supernatants were combined and a portion was filtered through 0.22 μm Nylon 

filters before analysis. 

 

 Organic acids identification and quantification 

 

 Organic acids were determined in a Jasco integrated system (Easton, USA) 

equipped with an autosampler (AS-2057 Plus), a PU-980 intelligent pump, coupled to an 

UV detector set at 215 nm (UV-975). Separation was performed on a C18 column (150 × 

4.6 mm, 5 µm, Gemini NX, Phenomenex, Torrance, USA) operating at room temperature. 

The mobile phase was sulfuric acid (3.6 mM) at a flow rate of 0.7 mL/min. The organic 
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acids identification was made by comparing the retention times of the sample peaks with 

those of standards, supported by literature data. The results were expressed on mg/100 g 

of dry matter, calculated by individual calibration curves for each organic acid with internal 

standard.  

 

 Statistical methods 

 

 The statistical analysis was performed on SPSS software (Version No. 20.0). 

Normality and variance homogeneity were evaluated by the Kolmogorov-Smirnov and 

Levene’s tests, respectively. As the data set was well-modelled by a normal distribution 

and the variances of the groups were identical, the effect of drying time and the influence 

of cultivar over organic acid contents were evaluated by the two-way analysis of variance 

(ANOVA) (p<0.05), followed by the Tukey HSD Post-hoc test. A Principal Component 

Analysis (PCA) was performed to the organic acid results of the two chestnut cultivars 

along drying time. The PCA score plot was used to differentiate cultivars and verify the 

effect of drying time on chestnut organic acids. Moreover, Pearson correlation coefficients 

(r) were determined to evaluate the relationships between compounds. The level of the 

significance used for all of the statistical tests was 95%. 

 

 

Results and Discussion 

 

 Figures of merit of the proposed analytical methodology for organic acids 

identification and quantification  

 

  Peaks resolution  

 

 Good separation between the peaks of the organic acid standards was observed 

(Figure 8.1A). Malic acid was the first standard to elute, followed by ascorbic acid, citric 

acid and fumaric acid. The HPLC-UV analysis of organic acids of both varieties (Longal 

and Judia) showed a similar qualitative profile (Figure 8.1B), with the four organic acids 

referred above.  
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Figure 8.1: Chromatograms of organic acids standard solution (A) and of a chestnut 

sample extract (B). Peaks: (1) – Malic acid; (2) – Ascorbic acid; (3) – Citric acid; (4) – 

Fumaric acid and (IS) – Internal Standard (Gallic acid). 

 

  Linearity 

 

 Under the experimental conditions described, good linear relationships between 

organic acid concentrations and peak areas (determined taking into account the internal 

standard peak area) were obtained, with correlation coefficients (r) greater than 0.9997 for 

all organic acids (Table 8.1) under the tested concentration range, adapted to sample 
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concentration, of 0.1 to 2.0 mg/mL for malic and citric acids, 0.01 to 0.15 mg/mL for 

ascorbic acid, and 0.001 to 0.015 mg/mL for fumaric acid.  

 

Table 8.1 – Figures of merit of the proposed methodology. 

 

  Intra-day and inter-day precisions 

 

 The coefficient of variation (CV) for six repeated analyses of the same sample on 

the same day (intra-day precision) is shown for each organic acid in Table 8.1. The inter-

day experiments (intermediate precision) were performed for the same sample in two 

different days and repeated six times. The method showed intra-day CVs in the range of 

0.7–2.1%, and the inter-day CVs were between 1.1 and 2.7%.  

 

  Recovery studies 

 

 The accuracy of the method was confirmed by recovery experiments. The 

recoveries were calculated based on the difference between the amounts quantified in the 

samples spiked before extraction at a 10% level and that observed in the non-spiked 

samples. All analyses were carried out in quadruplicate with recoveries ranging from 

97.0±1.5 to 101.0±2.3%, demonstrating the accuracy of the proposed methodology. 

 

 Effect of drying on organic acids composition of chestnut slices 

 

 The results obtained for malic, ascorbic (vitamin C), citric and fumaric acid 

contents for the two chestnut varieties along drying are shown in Table 8.2. In all 

conditions, significant interactions between variety and drying time were observed 

(p<0.001). 

 

Organic acid 
Retention 
time (min) 

r 
Precision (CV (%), n=6 10% Standard added 

Intra-day Inter-day Recovery (mean + SD) 

Malic acid 3.6 0.9999 0.7 2.6 98.2±1.5 

Ascorbic acid 3.9 0.9997 0.7 1.1 97.0±1.5 

Citric acid 7.3 1.000 1.4 1.7 99.7±1.7 

Fumaric acid 8.6 0.9999 2.1 2.7 101.0±2.3 
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Table 8.2 – Organic acids composition along hot air convection drying for two chestnut varieties, Longal and Judia. 

Mean ± SD with different small letter (a-e) superscripts on the same row are significantly different (p<0.05). Mean ± SD with different capital letter (A-B) 
superscripts on the same column are significantly different (p<0.05). 

 

 

  

Parameter 
Air convection drying p 

0h 1h 2h 4h 6h 8h 10h Variety×time 

Citric acid (mg citric acid/100 g dry matter)  

Longal 522±17a,A 522±18a,A 814±6c,A 711±42b,A 709±3b,A 721±14b,A 712±14b,A 
<0.001 

Judia 955±12a,B 1081±36a,b,B 1138±20b,c,B 1087±110a,b,B 1243±93c,B 1081±59a,b,B 1106±34b,c,B 

Malic acid (mg malic acid/100 g dry matter)  

Longal 661±24e,A 547±42d,A 506±31c,d,A 479±44b,c,A 441±19a,b,A 402±11a,A 410±19a,A 
<0.001 

Judia 898±43c,B 867±38c,B 726±31b,B 665±10a,b,B 640±26a,B 662±35a,B 680±14a,b,B 

Ascorbic acid (mg ascorbic acid/100 g dry matter)  

Longal 80±3c,d,A 85±2d,A 77±1b,c,A 73±4b,A 66±3a,A 64±2a,A 62±3a,A 
<0.001 

Judia 108±4c,B 104±7c,B 90±5b,B 85±3a,b,B 86±5a,b,B 80±6a,B 81±1a,b,B 

Fumaric acid (mg fumaric acid/100 g dry matter)  

Longal 3.7±0.3a,A 6.9±0.9b,A 6.5±0.8b,A 8.3±0.5c,A 9.0±10c,A 12.4±1.0d,A 12.0±0.6d,A 
<0.001 

Judia 3.7±0.2a,A 11.3±0.3d,e,B 8.9±0.4b,B 10.3±0.4c,d,B 9.7±0.8b,c,A 11.3±0.6d,e,A 12.2±1.2e,A 
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  Citric acid 

 

 Significant differences on the main organic acid were found between both varieties 

at time=0 h, with a mean of 522±17 mg/100 g dry matter for Longal and 955±12 mg/100 g 

dry matter for Judia variety (Table 8.2), persisting through the entire sampling times. 

These results were in accordance with Gonçalves et al. (2010) (146 to 879 mg/100 g dry 

matter), also reporting differences between varieties. Small variations were observed 

along the drying time, stabilizing after 4 hours and with a cumulative increase of 36% and 

16% (dry matter) for Longal and Judia varieties, respectively, after 10 hours of drying. 

Gonçalves et al. (2010) also reported an increase in the citric acid content (4.8 to 318%), 

especially after roasting at high temperatures, being this increase explained by probable 

occurrence of heat-induced reactions between nitrogen-free carboxylic acids and sugars 

that might cause an increase in organic acids content. 

 

  Malic acid 

 

 Again, significant differences on malic acid contents were found between both 

varieties before drying, with lower average amounts in Longal (661±24 mg/100 g dry 

matter) than in Judia variety (898±43 mg/100 g dry matter).These results were slightly 

higher than those reported by Gonçalves et al. (2010) (147 to 532 mg/100 g dry matter) 

and Neri et al. (2010) (152 to 330 mg/100 g dry matter) for chestnut fruits from Portugal 

and Italy, respectively. These differences might be explained by edaphoclimatic conditions 

(Dinis et al., 2011), ripening stage, etc. (Bernárdez et al., 2004). Ribeiro et al. (2007) also 

reported slight differences on organic acids profile for different chestnut cultivars 

harvested in the same region and year. Differences induced by the analytical methodology 

used are also not to be excluded.  

 Concerning the thermal process, Judia presented always higher amounts than 

Longal, but a similar decreasing trend was observed along drying (Figure 8.2A), stabilizing 

after 4 hours for Judia, and after 6 hours for Longal. The decrease pattern presented a 

similar trend that could be approximated to a parabolic equation, yielding good 

determination coefficients (0.920 and 0.948 for Longal and Judia varieties, respectively). 

Total losses after 10 hours of drying achieved 38 and 24% (by dry matter) for Longal and 

Judia, respectively. Ribeiro et al. (2007) and Gonçalves et al. (2010), when comparing raw 

and cooked chestnuts (after roasting, boiling and frying), also observed a decrease on this 

organic acid content.  
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Figure 8.2: Drying behavior in terms of malic (A), ascorbic (B) and fumaric (C) acids along 

drying time for Longal and Judia varieties. 

 

  Ascorbic acid (vitamin C) 

 

 Significant differences were found between the two varieties through all sampling 

times, with Judia showing always higher amounts than Longal variety (Table 8.2). Our 

initial contents (80±3 mg/100 g for Longal and 108±4 mg/100 g for Judia variety, dry 

matter) were in accordance with Neri et al. (2010) (28 to 128 mg/100 g dry matter), and 

higher than those reported by Barros et al. (2011) (40.0 to 69.3 mg/100 g dry matter) and 

Ribeiro et al. (2007) (4.52 to 16.4 mg/100 g dry matter). These differences can probably 

be explained by the effect of several factors such as sunlight, maturity stage, post-harvest 

processing, cultivar and storage (Ball, 2006; Lee and Kader, 2000), as well as the time 

delay between harvest and analysis. 

 Concerning drying, some fluctuation was observed on the mean values along time, 

again with a decrease and stabilization trend after 4 hours and 6 hours for Judia and 

Longal, respectively. As observed in Figure 8.2B, the two varieties presented again a 

similar behaviour along drying time that could be approximated to a parabolic equation 

with good determination coefficients (0.929 for Longal and 0.898 for Judia), showing good 
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fits. Significant differences were observed between the beginning (t=0 h) and after 10 h of 

drying, with losses equal to 22% and 25% (by dry matter) for Longal and Judia varieties, 

respectively. Ribeiro et al. (2007) and Barros et al. (2011) also reported a decrease on the 

ascorbic acid contents when chestnuts were roasted, boiled or fried. Barros et al. (2011) 

reported losses on vitamin C contents around 25% to 54% for boiling and from 2 to 77% 

for roasting. Both correspond to more intense heating treatments than the one applied on 

the present work, also with increased losses on ascorbic acid contents.  

 

  Fumaric acid 

 

 Fumaric acid was the minor organic acid identified on both varieties, with no 

significant differences observed between them (3.7 mg/100 g dry matter) (Table 8.2). 

Along drying, an increase was observed on both varieties (Figure 8.2C), following a 

similar parabolic behavior with good R-squares for Longal (R2=0.956) and Judia 

(R2=0.679). In more detail, Judia presented higher fumaric acid contents than Longal until 

4 hours of drying, but afterwards no significant differences were observed between 

varieties. In general terms, a similar increase was stated, corresponding to 224 and 230% 

(by dry matter) for Longal and Judia varieties, respectively. Some authors have referred 

that during heat processing (evaporation, pasteurisation and sterilisation) of apple juices, 

the content of fumaric acid may increase slightly due to malic acid dehydration (Shui and 

Leong, 2002). This process might have also occurred during chestnuts drying with 

significant negative correlations observed between both organic acids for Longal (-0.916, 

p<0.001) and Judia (-0.655, p<0.001) varieties, corroborating this hypothesis. 

 

 

 Principal Component Analysis (PCA) 

 

 After performing a PCA to the organic acids data for the two varieties (Figure 8.3), 

two principal components were extracted (PC1 and PC2) that accounted for 92.6% of the 

total variation. According to the PCA score, the two varieties were clearly differentiated 

from each other whereas their organic acid profiles along drying time were not so well 

differentiated; however, at the beginning of the drying process (0 and 1 hours) higher 

contents of malic and ascorbic acids were determined on both varieties, while after 10h of 

drying, the fumaric acid increase had a predominant role. These results indicated that 

chestnut variety had a more important role than the drying process on organic acids 

profile, even though clear differences along drying were observed.  
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Figure 8.3: Loadings and scores plot resulting from the Principal Component Analysis of 

organic acids for both varieties. 

 

 

Conclusions  

 

 The present study describes for the first time the effect of convective drying on 

organic acids of sliced chestnut, using two common varieties in Portugal: Longal and 

Judia. The analytical method developed to support this study presented very good 

analytical features and could be presented as a reference basis for future works on 

chestnuts, enabling increased data comparison. Globally, hot air convective drying at 50 

°C affected the organic acids contents, with a clear dependence on the extent of the 

heating process and chestnut variety. The higher changes on organic acids contents were 

observed on the first four and six hours of drying for Judia and Longal, respectively. In 

particular, Judia presented higher content on organic acids than Longal, difference that 

was kept after drying, and being an important feature from the sensorial, technological 

(preservation) and nutritional points of view. 
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Abstract 

 

 Generally chestnuts are stored under refrigeration; however, several losses can be 

observed. Thus, it is important to find out alternative post-harvest technologies. Osmotic 

dehydration is a possibility. Therefore, the main objectives of the present work were: (i) to 

study the effect of processing variables such as sucrose concentration, temperature and 

time, on the following parameters: volume ratio, water activity, colour variation, weight 

reduction, solids gain, water loss and normalized moisture content, as well as total 

moisture, ash and fat contents; and (ii) to optimize for the first time the processing 

conditions for the production of a chestnut snack, using Response Surface Methodology 

(RSM). The experimental data was adequately fitted into second-order polynomial models 

with coefficients of determination (R2) from 0.716 to 0.976, adjusted-R2 values from 0.460 

to 0.954, and non-significant lacks of fit. The optimal osmotic dehydration process 

conditions for maximum water loss and minimum solids gain and colour variation were 

determined by the “Response Optimizer” option and were equal to 83% sucrose 

concentration, 20 °C and 9.2 hours. This study demonstrated that the best operational 

conditions were obtained with high sugar concentration and low temperature, improving 

energy saving and decreasing the process costs. 
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Keywords: Chestnut fruits; Castanea sativa Miller; Osmotic Dehydration; Response 

Surface Methodology; Physicochemical properties. 

 

 

Introduction 

 

 Chestnut production is of great economic importance for some countries. In 2012, 

the main world producer was China, representing about 82.5% of the total production, 

followed by Europe, with 6.4% (FAO, 2015). Portugal accounts for about 15% of the 

European production (FAO, 2014), with the North area, mainly Trás-os-Montes region, 

contributing to 80.5% of the national production and representing 87.4% of chestnut 

national production area (30586 ha) (INE, 2015). Chestnut fruits may be consumed in 

fresh but normally they are eaten after roasting or boiling. 

 Being a seasonal product, some problems may be found during chestnuts storage, 

compromising its availability and quality through the year. One way to mitigate this 

problem is to use different post-harvest technologies such as low temperature storage, or 

convection drying; however, osmotic dehydration (OD) is a simple and a low cost method, 

being a promising technology to preserve perishable items such as apples (Bunger et al., 

2004), orange (Chafer et al., 2003), papaya (Moyano et al., 2002), pineapple (Ramallo et 

al., 2004), and make them available to distant regions of the production area through the 

year (Rastogi et al., 2002; Shi and Le Maguer, 2002). Moreover, this technology can be 

used to produce an interesting and naturally gluten-free chestnut snack because this nut 

does not contain gluten. 

 Osmotic dehydration occurs by immersion of the food in osmotic solutions. During 

this process, the cellular structure of the food allows water loss, while a gain of solute 

occurs simultaneously (Rastogi et al., 1997). Both mass flows are affected by diverse 

factors, including the nature of food and its geometry, the composition and concentration 

of the osmotic solution, and several methodological parameters as temperature, contact 

time, agitation, among others (Kaymak-Ertekin and Sultanoğlu, 2000; Singh et al., 2007; 

Tonon et al., 2007). 

 Diverse statistical and mathematical techniques have been developed to optimize 

and improve these processes development, combining and analysing the role of different 

factors such as temperature, solute concentration and time, while minimizing error 

analysis and the amount of necessary experiments. Response Surface Methodology 

(RSM) is one of these techniques, aiming to optimize responses of interest by studying 

the influence of a defined number of variables. Besides having the advantage of analysing 

the effects of independent variables, this methodology generates a mathematical model 
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that describes the chemical or biochemical processes under study (Anjum et al., 1997). In 

particular, RSM has been applied to osmotic dehydration studies of some fruits and 

vegetables, including bananas (Atares et al., 2011), apples (Azarpazhooh and 

Ramaswamy, 2012), kiwi (Cao et al., 2006), strawberries and carrots (Changrue et al., 

2008), plums (Koocheki and Azarpazhooh, 2010), figs (Vasconcelos et al., 2012) and 

peaches (Yadav et al., 2012). Generally, three factors are studied, namely, temperature, 

time and concentration of the osmotic solution (Azarpazhooh and Ramaswamy, 2012; 

Cao et al., 2006; Changrue et al., 2008; Koocheki and Azarpazhooh, 2010; Vasconcelos 

et al., 2012; Yadav et al., 2012).  

 Most studies of OD have been focused on whole fruits of Spanish chestnut 

varieties, and primarily on diverse osmotic agents and temperatures (Chenlo et al., 2006a; 

Chenlo et al., 2006b; Chenlo et al., 2007a; Chenlo et al., 2007b; Moreira et al., 2007; 

Moreira et al., 2008; Moreira et al., 2011a; Moreira et al., 2011b). The osmotic agents 

studied included sodium chloride (17 to 26.5%), glucose and sucrose (40 to 60%) at 

different concentrations and submitted to several temperatures in the range of 25 and 65 

°C. 

 Nevertheless, none of these studies performed the optimization of the OD process 

taking into account several factors and responses simultaneously. Thus, the aims of our 

work were to evaluate the role of the three main parameters: temperature, time and 

concentration of the osmotic solution (sucrose) in some physicochemical properties of 

chestnut slices by RSM, and to optimize these parameters for the industrial production of 

an interesting chestnut based snack in the near future. Sucrose was the first osmotic 

agent to be tested by RSM because it is more common to use this compound in OD 

processes of fruits than sodium chloride that can induce high blood pressure. 

Furthermore, among sugars sucrose is also cheaper than glucose.  

 

 

Material and Methods 

 

 Plant material 

 

 Castanea sativa Miller (European chestnut) fruits, variety Longal, were acquired in 

Bragança (NE Portugal) in November 2013, and stored in cold chambers (4+1 ºC) until 

performing the osmotic dehydration experiments. Before doing these experiments, 

chestnuts were carefully unshelled and sliced (approximately 4-6 mm of thickness). 
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 Osmotic Dehydration (OD) 

 

 The osmotic solutions were prepared with food-grade sucrose and potable water. 

The OD experiments were carried out in 1L beakers. For each condition, 70 g of fresh 

sliced chestnuts were added to 700 mL of sugar solution and mixed with a magnetic stirrer 

at 310 rpm in a temperature controlled water bath. At specific times, the dehydrated 

chestnut slices were removed from the solution, drained, and gently cleaned with 

absorbent paper to remove any sugar solution in excess. For each condition, the assays 

were performed in duplicate.  

 In order to follow adequately the OD kinetics, several parameters were analysed, 

namely: weight reduction (WR), solids gain (SG), water loss (WL) and normalized 

moisture content (NMC) that were determined according to the following expressions (1 to 

4) (Lerici et al., 1985): 
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        (4) 

where M0 and M represents the total mass of sample before and after OD, respectively; 

m0 and m are the mass of the solids before and after OD, respectively; and X0 and X 

correspond to the moisture contents of the samples before and after the OD treatment, 

respectively. 

 

 Physicochemical characterization 

 

  Volume 

 

 The three axial dimensions (Width, W; Length, L; and thickness, t) of all chestnut 

slices were measured using a digital calliper, before and after the OD experiments. 

Volume was calculated by the following equation: 
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t
WL

V 
22

         (5) 

The volume was calculated before (V0) and after (V) OD, enabling the calculation of the 

volume ratio (
0V

V
). 

 

  Colour 

 

 Colour analyses were carried out on chestnut slices before and after being 

subjected to OD. A Minolta CR-400 colorimeter was used, in CIELab colour space, 

through the coordinates L*, a* and b*, using the Spectra Magic Nx software (version CM-

S100W 2.03.0006, Konica Minolta Company, Osaka, Japan), as already described in a 

previous work (Delgado et al., 2014).  

 In order to analyse the colour changes due to the OD process, the total colour 

difference (ΔE*) was calculated according to: 

     222
**** baLE        (6) 

 All colour determinations were made on 20 slices, before (the colour of fresh 

chestnuts was considered as reference) and after the OD process, each time in duplicate.  

 

 Water activity (aw), moisture, ash and crude fat contents 

 

 Water activity was determined by means of a LabSwift-aw instrument (Novasina 

AG, Lachen, Switzerland). The instrument was calibrated with three water activity 

standards, namely 11% (aw=0.112), 58% (aw=0.587) and 84% (aw=0.845). 

 Moisture, ash and crude fat contents were determined using AOAC procedures 

(AOAC, 1995). All reagents were of analytical grade and purchased from Sigma-Aldrich 

Chemical Co. (St Louis, MO, USA). Crude fat was determined on 5 g of sample, using 

petroleum ether for 24 h in a Soxhlet apparatus (P Selecta, Abrera, Barcelona). Moisture 

was determined at 105 °C in an oven (Memmert UNB 500, Schwabach, Germany), until 

constant weight, while total ash was obtained by incineration at 550 ºC (Lenton Thermal 

Designs Ltd, Hope Valley, United Kingdom). The ash and crude fat contents were 

expressed on g/100 g dry matter. 
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Experimental design and statistical analysis 

 

 In order to determine the effect of some operational parameters in the above 

mentioned chestnut properties, as well as to establish the best conditions to perform OD 

of chestnut slices, the Response Surface Methodology (RSM) of Minitab® software (Paris, 

France) was used. A one block with an α-value equal to 1.68 and a central composite 

design (CCD) was constructed to investigate the influence of the following three 

independent factors: sucrose concentration, temperature and time. The response 

variables were aw, 
0V

V
, ΔE*, WR, SG, WL and NMC, as well as moisture, ash and crude 

fat contents. Each variable was coded at five levels: -1.68, -1, 0, +1 and +1.68. The 

correspondence between coded and uncoded variables is indicated in Table 9.1. Each 

point of the CCD was carried out in duplicate.  

 

Table 9.1 - Independent variables and their coded and uncoded values for optimization. 

Coded value 
Sucrose concentration 

(%, w/v) 
X1 

Temperature 
(°C) 
X2 

Time 
(h) 
X3 

-1.68 53 20 0.8 

-1 60 30 2.5 

0 70 45 5.0 

1 80 60 7.5 

1.68 87 70 9.2 

 

 The relationship found between the dependent variables (aw, 
0V

V
, ΔE*, WR, SG, 

WL, NMC, moisture, total ash and crude fat contents) and the operational variables was 

established by the following second order polynomial model:  

    


k

i

k

i

k

ji jiijiiiii XXXXY
1 1

2

0       (7) 

where Y is the predicted dependent variable; β0 is a constant that fixes the response at 

the central point of the experiment (intercept); βi are the regression coefficients for the 

linear effect terms; βii are the quadratic effect terms; βij are the interaction effect terms of 

variables i and j; Xi and Xj are independent variables (X1 – sucrose concentration; X2 – 

temperature; X3 – time); and k the total number of independent factors (k=3).  
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 Twenty experiments with six replications in the central point (Experiments 1, 5, 14, 

15, 19 and 20) were performed (Table 9.2). In order to limit the influence of systematic 

errors, the sequence of the experiments was randomly established. The experiments 

performed in the central point allowed to estimate the influence of the experimental error, 

whereas the other experiments allowed the calculation of the regression coefficients of the 

model. The adequacy of the models was predicted through the determination coefficient 

(R2), the adjusted-R2 (adj-R2) and the analysis of variance (ANOVA). Furthermore, the 

lack of fit of the models was used to check the quality of second-order polynomial models.  

 In order to obtain useful information about the behaviour of the system within the 

experimental design, response surface plots were generated for different interactions of 

any two independent variables, while holding the value of a third variable constant. 

Furthermore, at the end an optimisation of the osmotic dehydration process was 

performed by using the “Response Optimizer” option of Minitab® software, in order to 

define the levels of the independent variables that would give maximum water loss and 

the lowest solids gain and ∆E*.  

 

 

Results and discussion  

 

 The results of the second-order response surface models are described in Table 

9.3. For the volume ratio and aw, the model results are not shown because the p-value of 

the lack of fit was lower than 0.05 (0.001 and 0.003, respectively), suggesting that the 

models developed did not represent accurately the observed results. A good fit between 

the experimental data and the predicted values by the model is obtained when a high R2 

and adj-R2 (near 1) are achieved together with a p-value for the lack of fit higher than 

0.05, indicating that the variation between samples was only due to the factors selected 

for the model and the pure error (Puértolas et al., 2011). Nevertheless, 
0V

V
 varied 

between 0.841 and 1.39 (Table 2) showing that in some situations chestnuts (slices) 

submitted to OD may shrink or increase volume due to solution absorption. Concerning aw 

(Table 9.2), this parameter varied between 0.849 and 0.935, range that is normally 

encountered for dried foods or with high concentrations of solutes (Pereda et al., 2005). 
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Table 9.2 – CCD with experimental and predicted values for the studied properties. 

Exp 

Levels of Coded 
variables

a
 

Experimental values
b,c 

Predicted values 

X1 X2 X3 V/V0 aw ΔE* Moisture Ash Fat WR SG WL NMC ΔE* Moisture Ash Fat WR SG WL NMC 

1 0 0 0 0.905 0.897 11.0 18.7 1.42 1.70 0.062 0.131 0.193 0.508 10.3 20.4 1.18 1.66 0.030 0.141 0.170 0.553 

2 -1 1 -1 0.997 0.909 13.5 27.4 0.95 1.82 -0.009 0.101 0.092 0.744 13.2 27.2 1.07 1.62 -0.010 0.125 0.113 0.737 

3 1 -1 -1 0.875 0.918 5.97 16.8 1.56 2.07 0.052 0.157 0.209 0.457 5.92 19.1 1.69 1.96 0.069 0.092 0.227 0.518 

4 -1 -1 -1 0.900 0.933 6.27 36.3 1.47 2.15 0.005 0.002 0.007 0.987 5.92 33.7 1.52 1.96 0.026 0.034 0.058 0.914 

5 0 0 0 0.845 0.896 11.0 21.2 1.04 1.80 0.061 0.109 0.170 0.575 10.3 20.4 1.18 1.66 0.030 0.141 0.170 0.553 

6 0 0 -1.68 1.06 0.921 6.10 33.1 1.59 1.84 0.032 0.017 0.049 0.898 6.91 25.0 1.51 1.88 0.030 0.086 0.170 0.677 

7 1 1 1 0.976 0.856 17.1 11.4 0.78 1.17 0.090 0.175 0.265 0.308 18.9 7.13 0.842 1.36 0.102 0.248 0.283 0.192 

8 1 -1 1 0.841 0.886 8.83 14.8 1.17 1.83 0.090 0.142 0.232 0.403 8.22 13.7 1.30 1.70 0.138 0.157 0.227 0.369 

9 -1.68 0 0 1.39 0.935 10.1 34.9 1.15 1.54 -0.082 0.073 -0.010 0.948 10.3 32.6 1.04 1.66 -0.064 0.093 0.028 0.886 

10 -1 -1 1 0.946 0.928 7.90 30.0 1.12 1.97 -0.015 0.079 0.064 0.814 8.22 28.2 1.13 1.70 -0.043 0.099 0.058 0.765 

11 0 -1.68 0 0.922 0.908 5.63 33.4 1.63 1.89 0.005 0.031 0.036 0.908 6.31 25.9 1.57 1.95 0.060 0.065 0.123 0.702 

12 0 0 1.68 0.959 0.878 13.1 17.0 0.89 1.55 0.006 0.193 0.199 0.462 13.7 15.8 0.855 1.44 0.030 0.196 0.170 0.429 

13 0 1.68 0 0.992 0.872 21.7 16.3 0.84 1.64 -0.029 0.230 0.201 0.442 21.4 14.9 0.798 1.37 -0.0003 0.217 0.217 0.404 

14 0 0 0 0.848 0.889 11.6 23.8 1.13 1.76 -0.020 0.145 0.125 0.647 10.3 20.4 1.18 1.66 0.030 0.141 0.170 0.553 

15 0 0 0 0.895 0.892 8.89 16.4 1.21 1.59 0.017 0.189 0.207 0.447 10.3 20.4 1.18 1.66 0.030 0.141 0.170 0.553 

16 1 1 -1 0.935 0.849 12.4 14.7 1.20 1.64 0.038 0.189 0.226 0.400 13.2 12.6 1.23 1.62 0.034 0.183 0.283 0.341 

17 1.68 0 0 0.971 0.921 10.3 14.3 1.50 1.81 0.099 0.141 0.239 0.388 10.3 8.17 1.32 1.66 0.124 0.189 0.312 0.220 

18 -1 1 1 1.17 0.857 20.2 28.8 0.61 1.46 -0.171 0.202 0.031 0.783 18.9 21.7 0.676 1.36 -0.078 0.190 0.113 0.588 

19 0 0 0 0.900 0.889 9.99 19.9 1.09 1.65 0.021 0.153 0.174 0.539 10.3 20.4 1.18 1.66 0.030 0.141 0.170 0.553 

20 0 0 0 0.867 0.888 9.28 21.7 1.17 1.47 0.038 0.121 0.159 0.590 10.3 20.4 1.18 1.66 0.030 0.141 0.170 0.553 
a
X1 – Sugar concentration (%); X2 – Temperature (ºC); X3 – Time (hours). 

b
Average of two values after performing osmotic dehydrations regarding WR, SG, WL, NMC and Moisture content.  

c
Average of four values after performing two osmotic dehydrations regarding aw, ash and fat contents. 
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Table 9.3 – Coefficients of the second-order polynomial models and model statistical parameters. 

X1 – Sugar concentration (%); X2 – Temperature (ºC); X3 – Time (hours). When p<0.05 the coefficient is significant. 

 

 

Term 
ΔE* Moisture Ash Fat WR SG WL NMC 

Coefficient p Coefficient p Coefficient p Coefficient p Coefficient p Coefficient p Coefficient p Coefficient p 

Constant 10.3 0.000 20.4 0.000 1.183 0.000 1.66 0.000 0.0296 0.032 0.141 0.000 0.170 0.000 0.553 0.000 

X1 -0.234 0.386 -7.28 0.000 0.0834 0.045 -0.0172 0.711 0.0560 0.000 0.0288 0.010 0.0848 0.000 -0.198 0.000 

X2 4.49 0.000 -3.26 0.011 -0.229 0.000 -0.172 0.003 -0.0178 0.049 0.0455 0.001 0.0277 0.037 -0.0885 0.011 

X3 2.02 0.000 -2.73 0.026 -0.195 0.000 -0.128 0.018 -0.00985 0.242 0.0326 0.005 0.0227 0.077 -0.0741 0.026 

X1
2 

0.0381 0.883 0.984 0.357 0.0188 0.608 0.0147 0.745 -0.00622 0.439 -0.00844 0.365 -0.0146 0.221 0.0267 0.357 

X2
2
 1.26 0.001 1.07 0.318 -0.0149 0.683 0.0478 0.303 -0.0134 0.112 -0.000023 0.998 -0.0134 0.259 0.0291 0.318 

X3
2
 -0.185 0.479 1.14 0.291 -0.0129 0.724 0.0221 0.627 -0.00255 0.748 -0.00896 0.338 -0.0115 0.330 0.0308 0.291 

X1X2 -0.595 0.109 0.562 0.690 0.0357 0.471 -0.0320 0.600 0.0195 0.089 -0.0196 0.131 -0.000169 0.991 0.0153 0.690 

X1X3 -0.108 0.757 -0.0582 0.967 -0.0143 0.771 -0.0200 0.742 0.0341 0.008 -0.0258 0.056 0.00827 0.596 -0.00158 0.967 

X2X3 0.866 0.028 0.798 0.573 -0.00249 0.959 -0.0534 0.386 -0.0160 0.152 0.00310 0.801 -0.0129 0.411 0.0217 0.573 

Lack of 
fit 

 0.717  0.094  0.477  0.146  0.589  0.260  0.094  0.094 

R
2
 0.976 0.872 0.882 0.716 0.885 0.882 0.872 0.872 

Adj-R
2
 0.954 0.756 0.775 0.460 0.781 0.775 0.757 0.756 
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 Colour variation (ΔE*) 

 

 By analysis of Table 9.2 we could conclude that the values predicted by the 

mathematical model were similar to the experimental data, yielding a good fit with a R2 of 

0.976 and an adj-R2 of 0.954 (Table 9.3), meaning that the experimental data may be 

predicted with great accuracy. Moreover, the model was good because the lack of fit was 

non-significant (p=0.717). Concerning the linear model coefficients, temperature and time 

were found to be significant model terms on colour variation of chestnut slices, whereas 

the sucrose concentration was not a significant model term. This can be a direct 

consequence of Maillard reactions taking place when temperature and time increase. 

Regarding the quadratic terms, the temperature was the only parameter that had a 

significant effect (p<0.05). The results also showed that the interaction between 

temperature and time was significant for ΔE*, yielding the following model: 

 
32

2

232 866.026.102.249.43.10* XXXXXE   

 Furthermore, temperature had a higher effect on ΔE* than time due to its higher 

linear coefficient (4.49 versus 2.02). In fact, as shown in Table 9.2, the maximum of the 

colour variation was 21.7 at experiment 13 performed at the highest temperature (70 °C). 

Figure 9.1 shows the effect of temperature and time on chestnut slices colour variation. 

 

 

 

 

 

 

 

 

 

Figure 9.1: Response Surface plot for ∆E* in function of T (°C) and time (h) for the 

sucrose concentration of 70%. 

 

 At low temperatures, time had little effect on colour variation, which remained quite 

low. On contrary, the highest variation in ΔE* occurred when the highest temperature and 

time were applied. These results showed that, in some situations, OD process may 

change chestnut slices colour, with ΔE* values higher than 12 (Cecchini et al., 2011). 
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Colour variation might be a negative point because colour is one of the most important 

parameters for consumer’s acceptance. These colour changes should be mostly due to 

non-enzymatic browning reactions, namely Maillard and caramelization reactions that are 

favoured by high temperatures. On the other hand, non-enzymatic browning, due to 

poliphenoloxidase activity, might be difficult to develop due to the high ionic strength of the 

medium. 

 

 Moisture content 

 

 By analyzing Table 9.2, the values predicted by the model were also in good 

agreement with the experimental data, yielding a good R2 (0.872), an adj-R2 of 0.756 and 

an insignificant lack of fit (p=0.094) (Table 9.3). The minimum and maximum moisture 

contents on osmotic dehydrated product were 11.4 and 36.3 g of water/100 g, obtained 

with a sugar concentration of 80% (w/v), 60 °C and 7.5 h, and 60% of sucrose, 30 °C and 

2.5 h, respectively. The only significant terms of the model were the linear ones of all 

factors, namely sucrose concentration, temperature and time. Thus, the model obtained 

was the following: 

 321 73.226.328.74.20 XXXcontentMoisture   

 Our results showed that temperature and time had a significant negative effect on 

moisture content (Figure 9.2A). Indeed, these are the main determinants on any drying 

procedure, being in agreement with Noshad et al. (2012), who reported that an increase of 

temperature and time promoted a decrease on moisture content. When observing Figure 

9.2A, time had a higher effect on moisture content at low temperatures (30 ºC) than at 

high temperatures. Furthermore, sucrose concentration also had an important role on 

moisture content (Figure 9.2B), with the high sucrose concentrations yielding the lowest 

moisture contents. Indeed, sucrose concentration had a higher role than temperature and 

time, as observed by the highest coefficient of the former (-7.28 versus -3.26 and -2.73; 

Table 9.3); however, as the temperature increased (Figure 9.2B), moisture content also 

decreased slightly. 
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2A 2B 

2C 2D 

 

Figure 9.2: Response Surface plots: (A) Moisture content in function of T (°C) and time 

(h) for a sucrose concentration of 70%; (B) Moisture content in function of sucrose conc. 

(%) and T (°C) for a contact time of 5.0 hours; (C) Ash content in function of T (°C) and 

time (h) for a sucrose concentration of 70%; (D) Fat content in function of T (°C) and time 

(h) for a sucrose concentration of 70%. 
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 Ash content 

 

 The total ash values varied between 0.61 and 1.63 g /100 g of dry matter (Table 

9.2). The experimental data were in agreement with the values predicted by the model, 

yielding a good R2 (0.882) and an adj-R2 of 0.775, being the lack of fit not significant 

(p=0.477). Again, just the linear terms were significant, yielding the following model:  

 321 195.0229.00834.0183.1 XXXcontentAsh   

 Due to the highest absolute values of the coefficients, temperature and time had a 

higher effect on ash content than sucrose concentration. By analyzing Figure 9.2C, we 

could observe an inverse behavior between ash content and temperature, being the same 

verified with time. So, the highest ash content was found at the lowest temperature and 

time. When comparing the osmotically treated samples (0.61 to 1.63 g ash/100 g of dry 

matter) with fresh chestnuts (1.76 g ash/100 g of dry matter), the ash content decreased 

after the osmotic treatment. This fact may be mainly due to the increase on the dry matter 

content, related with the diffusion of sucrose to the interior of chestnut and to the water 

transfer of the samples to the osmotic medium. Moreover, Moreira et al. (2007) also 

indicated that the removal of the shell and pellicle when slicing chestnuts may increase 

the mass transfer rate of minerals due to the disappearance of adhesive substances and 

other components in the endocarp that protect the fruit, or as reported by Sacchetti et al. 

(2001) that high osmotic pressure at high sucrose concentrations may break the cellular 

walls, promoting the transfer of some minerals to the osmotic medium. 

 

 Crude Fat 

 

 The crude fat contents varied between 1.17 and 2.15 g / 100 g of dry matter (Table 

9.2). A reasonable R2 of 0.716 and an adj-R2 of 0.460 were obtained, showing that this 

model can reasonably predict the experimental data. As desired, the lack of fit was not 

significant (p=0.146) (Table 9.3). Only temperature and time were significant factors, 

yielding the following model:  

 

 32 128.0172.066.1 XXcontentFat 
 

 

 By the analysis of the response surface plot (Figure 9.2D), we could conclude that 

crude fat decreased as temperature increased. At low temperatures, time had an almost 

negligible effect, while at higher temperatures time had a more pronounced effect. This 

decrease could be related with the diffusion of sucrose to the interior of chestnut or to the 
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output of water from the fruit to the osmotic medium, increasing the dry matter and 

decreasing the relative proportion of fat. All OD products presented lower crude fat 

contents than fresh chestnut (3.3%, dry basis), supporting the hypothesis described 

above. 

 

 Weight Reduction (WR) 

 

 For WR, the linear terms of sucrose concentration and temperature were 

significant variables (Table 9.3), as well as the interaction between sucrose concentration 

and time, being obtained the following model: 

 3121 0341.00178.00560.00296.0 XXXXWR   

 The R2, adj- R2 and p-value for the lack of fit of the predicted model were 0.885, 

0.781 and 0.589, respectively, suggesting that the fitted model predicted well the 

experimental data.  

The response surface plot of sugar concentration and temperature on WR is shown in 

Figure 9.3A. The use of high temperature and high sucrose concentration would give the 

highest values of WR. The increase in sucrose concentration by itself had little effect at 

low temperatures, being more visible when applying high temperatures. When comparing 

the effect of the interaction of sugar concentration with time (Figure 9.3B), we could 

conclude again that the highest WR were obtained at high sucrose concentrations and 

contact times. Nevertheless, at the highest sugar concentration, increasing the time 

contact for 2.5 to 7.5 h caused an increase of only 20% on WR. On the other hand, at the 

lowest sucrose concentration (60%), an increase of time did not cause an increase on 

WR. Our results are in agreement with previous studies performed on plums (Koocheki 

and Azarpazhooh, 2010) where an increase in WR of the fruits is promoted by an increase 

of sucrose concentration and temperature. 
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3A 3B 

3C 3D 

 

 

Figure 9.3: Response Surface plots: (A) WR in function of sucrose concentration (%) and T 

(°C) for a time of 5.0 hours; (B) WR in function of sucrose concentration (%) and time (h) for 

a temperature of 45 °C; (C) SG  in function of sucrose concentration (%) and T (°C) for a 

time of 5.0 hours; (D) SG  in function of sucrose concentration (%) and time (h) for a 

temperature of 45 °C. 



 

146 

Chestnut-Drytech: Influence of drying technologies on physicochemical properties of chestnut fruits (Castanea sativa Mill.) 

 

Chestnut-Drytech: Influence of drying technologies on physicochemical properties of chestnut fruits (Castanea sativa Mill.) 

 
 

 
 Solids Gain (SG) 

 

 Solids gain is an important factor to consider in OD, which is intended to be the 

minimum as possible. Nevertheless solids gain should be enough for preservation but not 

so high to inducing changes on sensorial and nutritional properties. By analysing Table 

9.3, only the linear terms were significant, yielding the following model: 

 321 0326.00455.00288.0141.0 XXXSG   

 The lack of fit of the model was not significant (p=0.260), and the R2 and adj-R2 

were of 0.882 and 0.775, respectively. Thus, a good adjustment was observed between 

the experimental data and the values predicted by the model. 

 Figure 9.3C represents the response surface plot, showing the role of sucrose 

concentration and temperature on SG. Generally, increasing temperature always favored 

the SG increase, being this effect more pronounced at low sugar concentrations. At high 

temperatures, the effect of sugar concentration was almost negligible. Thus, the lowest 

SG would be obtained at low sucrose concentrations and temperature. 

 Comparing the sucrose concentration with time (Figure 9.3D), we could conclude 

that time had a more pronounced effect at low sugar concentrations, being the lowest SG 

obtained when applying low concentrations of sucrose and contact times. Nevertheless, 

even when high sucrose concentrations and times were used, SG was always lower than 

0.25. These results were in agreement with Koocheki and Azarpazhooh (2010), and Uddin 

et al. (2004), who also observed an increase in SG of plums and carrots when 

temperature, time and sucrose concentration increased during osmotic dehydration. This 

could be attributed to the increased mass transfer of sugar molecules due to possible 

membrane swelling/plasticizing effect enhanced by the effect of temperature and contact 

time, which might increase cell membrane permeability to sucrose molecules (Lazarides 

et al., 1997). 

 

 Water Loss (WL) 

 

 Beyond the SG, another main mass flux that is taking place is the WL. During OD 

process the water removal must be greater than solute acquisition. A good fit between 

experimental and predicted values was obtained (Table 9.3), with a R2 of 0.872 and an 

adj-R2 of 0.757. The lack of fit of the model was not significant (p=0.094). In terms of the 

WL, only sugar concentration and temperature (linear terms) were significant (Table 9.3), 

yielding the following model: 

 21 0277.00848.0170.0 XXWL   
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 By analysing the response surface plot (Figure 9.4A), high temperatures and sugar 

concentrations promoted WL that was equal to 0.30. Moreover, the role of sucrose 

concentration was more significant than temperature, with a higher coefficient for the 

former. These results were in agreement with Park et al. (2002) and Uddin et al. (2004) 

who also observed an increase in WL with the increase in sucrose concentration. In 

general, WL in osmotic dehydrated chestnuts was favoured by increasing sucrose 

concentration and temperature. These results were in agreement with Cao et al. (2006), 

Eren and Kaymak-Ertekin (2007), Koocheki and Azarpazhooh (2010), Rodrigues and 

Fernandes (2007) and Uddin et al. (2004) for kiwifruit, potato, plums, melons and carrots, 

respectively. Indeed, when temperature increases the water diffusion rate might also 

increase (Kim, 1990) and it will promote faster WL through swelling and plasticising of cell 

membrane, as well as by the better transfer characteristics of the water on product 

surface that might be due to the lower viscosity of the osmotic medium (Contreras and 

Smyral, 1981). 

 

 Normalized Moisture Content (NMC) 

 

 In terms of NMC the experimental and predicted values were similar (Table 9.2), 

being obtained a R2 of 0.872, an adj-R2 of 0.756 and a non-significant lack of fit (p=0.094) 

(Table 9.3). The experimental values varied between 0.308 and 0.987 (Table 9.2), 

observed when applying simultaneously high and low sugar concentrations, temperature 

and time, respectively. After submitting the samples to 50% sugar concentration, 30 °C 

and 2.5 h, the moisture content of the samples almost did not vary when compared to the 

beginning (0.987, approx. 1.0), suggesting a low water transfer of the samples to the 

osmotic medium and therefore ineffective drying. Again, only the linear terms were 

significant, being the sucrose concentration the term with the highest negative effect. The 

model obtained was the following: 

 321 0741.00885.0198.0553.0 XXXNMC   

 By observing Figure 9.4B, the lowest NMC values were obtained when applying 

the highest sucrose concentration and temperature. When comparing the sucrose 

concentration with time (Figure 9.4C), we could observe that increasing sugar 

concentration caused a more pronounced decrease on NMC than increasing contact time. 

By applying high sucrose concentrations, chestnut samples with only 30% of the moisture 

content of the beginning could be obtained. 
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Figure 9.4: Response Surface plots: (A) WL in function of sucrose concentration (%) and 

T (°C) for a time of 5.0 hours; (B) NMC in function of sucrose concentration (%) and T (°C) 

for a time of 5.0 hours; (C) NMC in function of sucrose concentration (%) and time (h) for 

a temperature of 45 °C. 
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 Our results were in agreement with Chenlo et al. (2007a) for osmotic dehydrated 

chestnut (whole fruits) with sucrose. These authors also reported that an increase in 

temperature caused lower values of NMC but the intensity of the effect was higher with 

the most concentrated sugar solutions. Furthermore, generally our results obtained for 

chestnut slices by RSM were in accordance with those observed for whole fruits 

(chestnuts) that were osmotically dehydrated with sucrose but where this optimization 

methodology was not followed, namely Chenlo et al. (2007a) and Moreira et al. (2007). 

Furthermore, our study also showed that to obtain an osmotic dehydrated product we can 

apply a low energy cost process due to the low temperatures that might be involved. 

 

 Optimization of solid gain, water loss and colour variation 

 

 To evaluate the best osmotic dehydration conditions that optimized the responses 

of WL, SG and ΔE* simultaneously, an optimization study was performed using the 

“Response Optimizer” option of Minitab® software. Our target was to obtain 

simultaneously high WL (0.12-0.23 g/g fresh matter), and low SG (0.05-0.11 g/g fresh 

matter) and ΔE*(5-12) effects. The optimal osmotic dehydration conditions determined by 

the software were equal to a sucrose concentration of 83% (w/v), at 20 °C and for 9.2 

hours. Figure 9.5 represents the zone (white area) where the values of ΔE*, SG and WL 

mentioned above were obtained simultaneously. When the optimal conditions were 

applied, a ΔE* equal to 7.53, SG of 0.095 g/g of fresh matter and WL of 0.23 g/g of fresh 

matter were obtained, showing that these results were within the ranges defined in the 

optimization for all parameters. Our results for chestnut slices were in accordance with 

Chenlo et al. (2007a) that obtained the best results with low temperatures and high 

sucrose concentrations for whole fruits, when studying osmotic dehydration kinetics 

without using any optimization software. 
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Figure 9.5: Combination of temperature and time to obtain ΔE* between 5 and 12, SG 

between 0.05 and 0.11, and WL between 0.12 and 0.23. 

 

 

Conclusion 

 

 The optimal process parameters for the osmotic dehydration of chestnuts slices in 

sucrose solutions were determined by applying the RSM. The developed models showed 

good correlation with the experimental data at 95% confidence level. The optimal osmotic 

dehydration conditions were 83% sucrose (w/v), 20 °C and 9.2 hours to achieve maximum 

WL and lower SG and ∆E*. These results indicated that this process may be applied by 

the industry without high energy requirements and costs, not changing significantly the 

colour of this nut, which is a characteristic very valorised by the consumers. 
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Submited 

 

 

Abstract 

 

 The effect of osmotic dehydration (temperature, time and sucrose concentration) 

on some nutritional parameters, soluble sugars, organic acids, fatty acids and vitamin E 

composition of chestnut slices was studied. High temperatures (>45 ºC) and contact times 

(>5 h) decreased significantly both protein and fat contents, simultaneously with the 

incorporation of sugars from the osmotic medium. Temperature and contact time also 

changed amylose percentage, suggesting modifications on starch conformation. 

Concerning organic acids, temperature might induce thermal degradation of citric, malic 

and ascorbic acids. Temperature and sugar concentration did not affect significantly fat 

composition, particularly PUFA, the main fatty acid class, while high contact times led to 

the partial oxidation of linolenic acid. A general decrease was also observed on vitamin E 

content with temperature. Thus, osmotic dehydration might cause changes on the 

chemical composition of chestnut slices, requiring low temperature and contact times to 

avoid loss of important bioactive components.  

 

Keywords: Castanea sativa Miller; Osmotic Dehydration; Proximate composition; Sugar 

profile; Organic acids composition; Lipid profile. 
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Introdution 

 

 Chestnut fruits are produced and consumed worldwide; however, the production of 

these fruits is seasonal, being extremely important to create new products based on this 

nut, as a way to add economic value, increase its shelf-life and to valorise rejected fruits 

by the industry such as those with small size. In this way, several chestnut-products have 

emerged in the market such as marrón glacé, flours, creams, purees and jams, among 

others (Pinnavaia et al., 1995), in addition to the traditional consumption of the fruit 

roasted, boiled, fried or dried. 

 There are several post-harvest methods for long-term chestnuts preservation, 

being freezing and hot air convective drying the most common ones. Nevertheless, both 

methods promote loss of quality of the final product. For example, drying may increase 

hardness, while freezing needs very strict conditions to avoid partial or total spoilage of 

frozen products. Both processes cause flavour loss, colour changes and modify 

dramatically the rehydration capacity (Lin et al., 1998; Drouzas et al., 1999). In order to 

keep the quality of the product, osmotic dehydration (OD) is a post-harvest method for 

which interesting results have been reported (Rastogi et al., 2002; Shi and Le Maguer, 

2002). The popularity of OD is increasing, as an independent process or as a 

complementary technology in the integrated food processing chain. This method has been 

applied to whole chestnuts (Chenlo et al., 2006a; Chenlo et al., 2006b; Chenlo et al., 

2007; Moreira et al., 2007; Moreira et al., 2008; Moreira et al., 2011a; Moreira et al., 

2011b), with particular attention to weight reduction (WR), solids gain (SG), water loss 

(WL), normalized moisture content (NMC), effective coefficients of diffusion for water (Dw) 

and solids (Ds). The possibility of using it on a sliced presentation could offer an 

interesting gluten-free low caloric snack, increasingly pursued by consumers. 

 Osmodehydrated fruits show to have good taste, colour, texture and odour. 

However, loss of nutritional value has been described during OD of some fruits, as 

papaya and gooseberry fruits, because some hydrosoluble compounds such as organic 

acids, may flow from the fruit to the osmotic solution or may suffer chemical deterioration 

(Germer et al., 2014; Kucner et al., 2014; Martín-Esparza et al., 2011). As OD is a method 

that can be affected by many factors such as concentration and composition of osmotic 

solution, temperature and contact time, among other factors (Kaymak-Ertekin and 

Sultanoğlu, 2000; Singh et al., 2007; Tonon et al., 2007), it is necessary to evaluate their 

role on the food properties. A preliminary work on OD of chestnut slices performed by our 

research group pointed out that sucrose concentration, temperature and time have effect 

on some chestnut properties such as colour, ash, crude fat and moisture contents. 
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Nevertheless, the role of OD on chestnut sugars composition, lipid fraction and organic 

acids was not evaluated. 

 As so far, no studies have been performed on the impact of the OD process 

conditions on the nutritional properties of sliced chestnuts, the aim of this work was to 

study the influence of temperature, time and sugar concentration on the proximate 

composition, organic acids, sugar and lipid profiles of chestnut slices.  

 

Material and methods 

 

 Chemical 

 

 Amylose/Amylopectin Kit was obtained from Megazyme (Wicklow, Ireland). All 

standards used on the quantification of sugars and organic acids, as well as for the 

determination of the lipid profile were purchased from Sigma (St. Louis, MO, USA). All 

other chemicals were of analytical grade from diversified suppliers. 

 

 Plant material 

 

 Castanea sativa Miller (European chestnut) fruits, variety Longal, were acquired in 

Bragança (NE Portugal) in November 2013, and stored in cold chambers (4+1 ºC) until 

the osmotic dehydration experiments were carried out. Before performing these 

experiments, the chestnuts were carefully unshelled and sliced (approximately 4-6 mm of 

thickness). 

 

 Osmotic Dehydration (OD) 

 

 The osmotic solutions were made with food-grade sucrose and potable water. The 

following parameters were tested: temperature (30, 45 and 60 °C), time (2.5, 5.0 and 7.5 

hours) and sugar concentration (60, 70 and 80%, w/v). The OD experiments were carried 

out in 1L beakers. For each condition, 70 g of fresh sliced chestnuts and 700 mL of sugar 

solution were mixed with a magnetic stirrer at 310 rpm, being the temperature controlled 

in a water bath. After each experiment, chestnut slices were drained and cleaned gently 

with absorbent paper to remove the sugar solution in excess. For each condition, the 

assays were performed in duplicate. After osmotic dehydration, the samples were frozen, 

freeze-dried (ScanVac, CoolSafe, Lynge, Denmark) and ground (IKA-WERKE, M20, 

Staufen, Germany).  

 



 

158 

Chestnut-Drytech: Influence of drying technologies on physicochemical properties of chestnut fruits (Castanea sativa Mill.) 

 

Chestnut-Drytech: Influence of drying technologies on physicochemical properties of chestnut fruits (Castanea sativa Mill.) 

 
 

 
 Proximate Composition 

 

 The samples were analysed for proximate composition (proteins and fat), following 

AOAC procedures (AOAC, 1995). Crude protein content of the samples was estimated by 

the macroKjeldahl method (VELP SCIENTIFICA, Usmate, Italy), using a conversion factor 

of 5.3 (Borges et al., 2008; de Vasconcelos et al., 2009); and crude fat was determined by 

extracting 5 g of sample with petroleum ether for 24 h, using a Soxhlet apparatus (P 

Selecta, Abrera, Barcelona). Neutral detergent fibre (NDF) and acid detergent fibre (ADF) 

were determined by the method described by Goering and Van Soest (1970). All results 

were expressed on percentage (g/100 g dry matter). 

 

 Free Sugar Analysis 

 

 Freeze-dried samples (300 mg, in duplicate) were mixed with the internal standard 

(rhamnose; 50 mg/mL; 200 µl), and let to hydrate and swell with 5 mL of water:ethanol 

solution (20:80, v/v) for 30 minutes in a vortex. To increase cell disruption and 

extractability, the tubes were placed in an ultrasound bath for 5 minutes (Elmasonic S60h, 

Singen, Germany), followed by 30 minutes in a water bath at 60 °C. The solutions were 

centrifuged at 2500 rpm for 5 min at room temperature. The supernatants were 

transferred to a second vial and the residue was further extracted with 5 mL of the same 

solution. Both supernatants were mixed together. Two mL of the supernatant were 

concentrated at 60 ºC under nitrogen flushing for total ethanol removal. The solution was 

taken up to 1 mL with ultra-pure water, mixed in a vortex, transferred to an Eppendorf, 

centrifuged at 13000 rpm for 15 min at 0 ºC, and filtered through 0.22 μm Nylon filters 

before injection. Each sample was extracted in duplicate. 

 The extracted free sugars were analyzed in a Jasco integrated high performance 

liquid chromatographic system (Tokyo, Japan), equipped with an autosampler (AS-2057 

Plus), a PU-980 intelligent pump, coupled to an evaporative light scattering detector 

(ELSD) (Sedere Model 75, Olivet, France). The HPLC system was equipped with a 

SUPELCOGEL Ca column (300×7.8 mm, Supelco, Bellefonte, PA, USA), operating at 80 

ºC. The mobile phase was ultra-pure water at a flow rate of 0.7 mL/min. The optimized 

detector temperature and gas pressure were 40 ºC and 2.4 mbar, respectively. The 

results were expressed on g/100 g (dry matter), calculated by internal normalization of the 

chromatographic peak area with that of the internal standard and application of individual 

calibration curves. Each sample extract was injected twice. Sugar identification was made 

by comparing the relative retention times of sample peaks with those of standards, 

standard addition, and literature data. 
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 Starch and amylose contents 

 

 The starch and amylose contents were determined by application of the 

Megazyme kit (Megazyme procedure, K-AMYL 07/11, Wicklow, Ireland). The principle of 

this kit is that amylopectin complexes with lectin concanavalin (Con A), while the primarily 

linear amylose component is not able to complexes with it. Moreover, total starch is 

extracted and hydrolysed to D-glucose and measured colourimetrically as described on 

the Megazyme kit, using the starch standard included in it. The results were expressed on 

starch percentage in the sample (by dry matter) and amylose percentage in the starch 

(g/100 g starch). 

 

 Organic Acids Analysis 

 

 The organic acids extraction was performed according to the method described by 

Carocho et al. (2013), with some modifications, namely the addition of internal standard 

and the application of a sequential extraction. In more detail, samples (500 mg, in 

duplicate) were mixed with 5 mL of meta-phosphoric acid (3%, w/v) and 150 µL of gallic 

acid, as internal standard (1 mg/mL), for 30 minutes in a vortex. Then, the solutions were 

centrifuged (Heraeus Sepatech, Am Kalkberg, Germany) at 2500 rpm for 5 min at 20 ºC. 

The supernatants were removed and 5 mL of meta-phosphoric acid (3%, w/v) were added 

to the residue, being the extraction process repeated. The supernatants were combined 

and approximately one mL of the supernatant was filtered through 0.22 μm Nylon filters 

before high performance liquid chromatography – ultraviolet detection (HPLC-UV) 

analysis.  

 Organic acids were determined in a Jasco integrated system (Easton, USA) 

equipped with an autosampler (AS-2057 Plus), a PU-980 intelligent pump, coupled to an 

UV detector set at 215 nm (UV-975). The HPLC system was equipped with a C18 column 

(150 × 4.6 mm, 5 µm, Phenomenex, Torrance, USA) operating at room temperature. The 

mobile phase was sulfuric acid (3.6 mM) at a flow rate of 0.7 mL/min. The results were 

expressed in mg/100 g of dry weight, calculated by internal normalization of the 

chromatographic peak area with the internal standard and application of individual 

calibration curves. Organic acids identification was made by comparing the relative 

retention times of sample peaks with standards. The results were expressed on mg/100 g 

dry matter.  
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 Lipid Analysis 

 

 Fatty acids and vitamin E extraction and quantification were performed according 

to the method described by Delgado et al. (2016), based on cold lipid extraction, followed 

by direct analysis of vitamin E by normal-phase HPLC and conversion of all glycerides to 

fatty acid methyl esters and their analysis by gas chromatography.  

 

 Statistical methods 

 

 The statistical analysis was performed on SPSS software (Version No. 20.0). The 

effect of the osmotic dehydration conditions on physicochemical composition of chestnut 

slices were evaluated by a factorial analysis of variance (Factorial ANOVA) (p<0.05), 

followed by the Tukey HSD Post-hoc test, because normality was observed and the 

variances of the groups were identical. The normality and variance homogeneity were 

previously evaluated by the Kolmogorov-Smirnov and Levene’s tests, respectively. The 

level of the significance used for all statistical tests was 95%. A linear discriminant 

analysis (LDA) was used to identify which variables were able to discriminate the samples 

taking into account the temperature, contact time and sugar concentration applied during 

the osmotic dehydration of chestnut slices. A stepwise technique was performed, 

considering the Wilks’ λ test with the usual probabilities of F (3.84 to enter and 2.71 to 

remove) for variable selection. This procedure uses a combination of forward selection 

and backward elimination steps, where the inclusion of a new variable is preceded by 

verifying the significance of all variables selected previously (Maroco, 2010). To verify the 

significance of the canonical discriminating functions, Wilk’ λ test was used. A leaving-

one-out cross validation procedure was carried out to assess the model performance. All 

statistical tests were performed at a 5% significance level (López et al., 2008). 

 

Results and Discussion 

 

 As osmotic dehydration can be affected by many factors, the aim of this study was 

to evaluate the effect of some operational parameters on the nutritional properties of 

chestnuts subjected to this process. Based on literature (Chenlo et al., 2007; Moreira et 

al., 2007; Moreira et al., 2011b), the factors chosen in this study were temperature, time 

and sugar concentration. The chestnut properties evaluated included protein, fat, NDF, 

ADF, starch, amylose, free sugars (sucrose, glucose, fructose, raffinose) and organic 

acids (malic, ascorbic, citric and fumaric acids) contents, as well as the lipid profile, 
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including its individual fatty acids and vitamin E (γ-tocopherol, δ-tocopherol and α-

tocopherol). 

 The changes on the nutritional composition of chestnut slices subjected to osmotic 

dehydration due to temperature (30, 45 and 60 °C), time (2.5, 5.0 and 7.5 hours) and 

sugar concentration (60, 70 and 80%, w/v), as well as the interaction of these main 

factors, are represented in Table 10.1.  

 

Table 10.1 – Nutritional composition of the osmotic dehydration chestnut slices (g/100 g 

dry matter). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Almost in all situations, the factor interactions were insignificant (p˃0.05). On 

contrary, the effect of temperature was significant on protein, fat and NDF contents, but 

not for ADF. Contact time had also a significant effect on protein and fat concentrations. 

The lowest mean protein and fat contents were observed in the samples osmodehydrated 

at the highest temperature (60 °C) and in those subjected to the highest contact time (7.5 

hours). This decrease could be related with the diffusion of sucrose to the interior of 

chestnut or to the output of water from the fruit to the osmotic medium, increasing the dry 

matter and decreasing the relative proportion of fat and protein. On the other hand, the 

effect of sugar concentration was insignificant and did not change the proximate 

composition of chestnut slices in terms of protein, fat and fibres.  

 The results obtained for soluble sugars and starch fractions are presented in Table 

10.2.  

  Protein Fat NDF ADF 

Temperature 
(°C) 

30 3.5±0.3
b
 2.0±0.2

b
 10.1±2.1

a
 2.8±0.3

a
 

45 3.2±0.4
b
 1.7±0.2

b
 13.0±3.3

b
 3.0±0.3

a
 

60 2.8±0.3
a
 1.5±0.3

a
 15.3±3.4

b
 3.0±0.4

a
 

p <0.001 <0.001 <0.001 0.157 

Time (h) 

2.5 3.4±0.4
b
 2.0±0.2

b
 13.4±5.5

a
 2.9±0.4

a
 

5.0 3.2±0.4
b
 1.7±0.2

a
 13.7±3.8

a
 3.0±0.3

a
 

7.5 2.9±0.5
a
 1.6±0.4

a
 12.0±1.7

a
 2.8±0.2

a
 

p 0.007 0.001 0.360 0.063 

Sugar 
Concentration 

(%) 

60 3.1±0.5
a
 1.9±0.3

a
 12.1±2.9

a
 2.9±0.2

a
 

70 3.2±0.4
a
 1.7±0.2

a
 13.1±3.4

a
 3.0±0.3

a
 

80 3.2±0.5
a
 1.7±0.4

a
 13.1±4.6

a 
2.9±0.4

a
 

p 0.566 0.054 0.660 0.363 

Interactions 
T×t  0.539 0.055 <0.001 <0.001 

T×sugar  0.350 0.243 0.239 0.033 
t×sugar  0.246 0.463 0.529 0.005 

T×t×sugar  0.604 0.830 0.479 0.071 
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Table 10.2 - Sugar composition of the osmotic dehydration chestnut slices (g/100 g dry matter). 

 

 

 

 

 

 

 

 

 

 

 

a
The results are expressed in g/100 g of starch. 

 
 
 

 

 

 

 

  Starch Amylosea Total sugars Sucrose Glucose Fructose Raffinose 

Temperature 
(°C) 

30 36.7±4.1
b
 12.4±2.3

a
 29.3±2.3

a
 27.8±2.5

a
 0.7±0.3

a
 0.7±0.3a 0.17±0.02a 

45 31.6±4.0
a
 15.6±3.2

a,b
 31.6±2.0

b
 28.9±2.1

a,b
 1.3±0.6

b
 1.1±0.7a,b 0.24±0.07b 

60 31.3±2.4
a
 16.9±3.1

b
 33.4±2.0

c
 30.0±2.5

b
 1.6±0.7

b
 1.6±0.8b 0.27±0.08b 

p 0.006 0.015 <0.001 0.031 0.001 0.003 <0.001 

Time (h) 

2.5 33.5±2.0
a
 12.5±2.5

a
 30.7±2.1

a
 28.7±2.2

a
 1.0±0.7

a
 1.0±0.7a 0.22±0.08a 

5.0 30.3 ±4.6
a
 16.4±4.0

b
 31.9±1.6

a
 29.9±1.6

a
 1.0±0.3

a
 0.9±0.3a 0.22±0.08a 

7.5 34.5±5.9
a
 16.8±3.0

b
 32.0±3.6

a
 29.1±3.2

a
 1.4±0.7

a
 1.3±0.8a 0.23±0.07a 

p 0.063 0.023 0.162 0.147 0.097 0.127 0.925 

Sugar 
Concentration 

(%) 

60 32.8±4.0
a
 14.6±3.0

a
 32.4±1.9

b
 30.8±1.6

c
 0.8±0.2

a
 0.7±0.2a 0.18±0.02a 

70 30.4±5.0
a
 15.5±4.1

a
 31.5±1.8

a,b
 29.0±2.0

b
 1.2±0.7

a,b
 1.1±0.8a,b 0.23±0.10a,b 

80 35.2±4.5
a
 14.7±4.1

a
 30.3±3.5

a
 27.0±2.3

a
 1.5±0.8

b
 1.6±0.8b 0.26±0.09b 

p 0.054 0.819 0.048 <0.001 0.012 0.002 0.044 
Interactions 

T×t  0.037 0.571 0.013 0.004 0.221 0.004 0.135 
T×sugar  0.489 0.259 0.006 0.810 <0.001 <0.001 <0.001 
t×sugar  0.359 0.983 0.961 0.630 <0.001 <0.001 0.544 

T×t×sugar  0.576 0.407 0.012 0.009 0.444 0.360 0.509 
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Temperature caused significant changes on all sugar contents. Free sugars, 

sucrose, glucose, fructose and raffinose contents increased with temperature, while starch 

decreased. Sucrose was the major compound in total sugars due to its incorporation from 

the OD solution, achieving as much as 30 g/100 g dry matter in chestnuts, corresponding 

to an increase of approximately 50% when compared with fresh chestnut (15 g/100 dry 

matter). The observed decrease on starch content with temperature increase could be 

also a direct consequence of the increased relative proportion of sucrose, complemented 

by some potential enzymatic hydrolysis (Matherwson, 1998, cited by Correia et al., 2009). 

Also, for increased temperatures, both glucose and fructose increased, indicative of 

sucrose hydrolysis. Raffinose, a trisaccharide formed by galactose, fructose and glucose, 

was slightly affected by temperature. The high amylose percentage observed at the 

highest temperatures tested is in line with Attanasio et al. (2004) and Correia and Beirão-

da-Costa (2012). Contact time (2.5, 5.0 and 7.5 hours) showed to cause less significant 

modifications than temperature, only affecting amylose percentage, suggesting changes 

on starch conformation. As expected, sugar concentration affected all the individual 

sugars analysed. The variations on glucose content could probably be due to the partial 

starch enzymatic hydrolysis or to sucrose hydrolysis into glucose and fructose, explaining 

the last phenomenon the increase of both sugars. The slight but significant decrease on 

sucrose concentration on chestnuts observed when using the highest sugar 

concentration, complemented by glucose and fructose increase, is a direct consequence 

of its hydrolysis, but the occurrence of a case-hardening effect that may induce some 

rigidity of the external cell layers and form a barrier to sucrose transfer is not to be 

excluded (Lee et al., 2014). 

 Table 10.3 details the organic acid composition of the osmotically dehydrated 

samples. Citric and malic acids were the major organic acids present on chestnuts. 

Regarding temperature, the highest values of citric, malic and ascorbic acids were 

obtained when applying the lowest temperature (30 °C), suggesting a high instability of 

these compounds for higher temperatures ( 45 and 60 °C). Contact time also originated 

significant losses on malic and ascorbic acids, whose contents decreased at higher 

contact times (5.0 and 7.5 hours). Besides their thermal degradation, partial mass 

diffusion to the osmotic medium cannot be excluded. Concerning sugar concentration, 

only malic and fumaric acids were significantly affected; however, the highest values of 

malic acid were observed at 60 and 80% of sugar concentrations, without any particular 

trend. On the other hand, for fumaric acid, the highest contents were obtained at the 

highest sugar concentrations (70 and 80%), suggesting that sucrose concentration affects 

differently the organic acids in chestnut slices. 
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Table 10.3 – Organic acid composition of the osmotic dehydration chestnut slices 

 

 

 The main fatty acids composition of chestnut slices is present in Table 10.4. As 

previously discussed, high temperatures and times caused a relative lower content of fat 

on a chestnut dry mass basis, due to sucrose incorporation, explaining the observed lower 

contents of SFA, MUFA and PUFA. On the other hand, sucrose concentration did only 

affect MUFA contents, being also the highest values obtained with the lowest sucrose 

concentration (60 %). Regarding the relative percentages of fatty acids in the fat, PUFA 

represented the highest fraction, with the main contribution of linoleic and α-linolenic acids 

(C18:2 and C18:3, respectively), two essential fatty acids. Temperature and sugar 

concentration did not affect significantly these compounds, while high contact times led to 

lower percentages, suggesting some oxidation. Nevertheless, C18:3 was the only PUFA 

that decreased significantly. MUFA represented the second main class, being the oleic 

acid (C18:1) the major contributor, while for SFA palmitic acid (C16:0) was the main 

component. Both MUFA and SFA increased on a relative proportion in the fatty acids, 

suggesting their stability in the tested conditions. 

 

  Citric acid Malic acid Fumaric acid Ascorbic acid 

Temperature 
(°C) 

30 611±87
c
 218±65

b
 17.6±3.4

a
 14.8±3.3

b
 

45 394±151
b
 133±56

a
 22.2±50

a
 12.6±2.6

a
 

60 283±136
a
 140±55

a
 20.4±10

a
 11.4±0.1

a
 

p <0.001 <0.001 0.069 0.001 

Time (h) 

2.5 483±221
a
 202±77

b
 23.7±7.3

b
 14.2±3.6

b
 

5.0 405±174
a
 132±52

a
 21.1±6.1

b
 12.1±1.4

a
 

7.5 424±181
a
 156±58

a
 14.1±5.3

a
 11.9±1.0

a
 

p 0.386 0.001 <0.001 0.001 

Sugar 
Concentration 

(%) 

60 413±216
a
 157±67

a,b
 16.4±8.5

a
 13.5±3.8

a
 

70 394±174
a
 147±68

a
 20.6±4.3

a,b
 12.7±2.8

a
 

80 490±184
a
 201±70

b
 21.9±6.5

b
 12.7±1.4

a
 

p 0.225 0.035 0.024 0.675 

Interactions 
T×t  <0.001 <0.001 <0.001 <0.001 

T×sugar  0.011 0.010 0.427 <0.001 
t×sugar  <0.001 <0.001 0.029 <0.001 

T×t×sugar  <0.001 <0.001 0.009 <0.001 
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Table 10.4 – Fatty acids profile of the osmotic dehydration chestnut slices 

 

 

 

 

 
SFA MUFA PUFA SFA C16:0 C18:0 MUFA C18:1 PUFA C18:2 C18:3 

(mg/100 g dry weight) (%) 

Temperature 
(°C) 

30 360±29
c
 560±42

b
 994±121

c
 18.3±1.6

a
 15.3±1.2

a
 1.76±0.30

a
 28.0±2.1

a,b
 26.7±2.0

b
 49.5±4.3a 43.1±3.4a 5.96±0.94a 

45 323±34
b
 444±46

a
 820±98

b
 19.5±1.4

b
 16.2±1.1

b
 1.88±0.35

a
 26.6±1.8

a
 25.1±1.7

a
 49.1±4.4a 42.5±3.6a 6.08±0.86a 

60 291±33
a
 441±67

a
 718±172

a
 19.5±1.8

a,b
 16.2±1.4

a,b
 1.92±0.31

a
 29.1±2.0

b
 27.4±1.8

b
 46.6±4.7a 40.5±3.8a 5.64±0.90a 

p <0.001 <0.001 <0.001 0.032 0.027 0.325 <0.001 <0.001 0.123 0.105 0.253 

Time (h) 

2.5 347±30
b
 536±50

b
 967±140

b
 18.6±1.0

a
 15.5±0.8

a
 1.82±0.32

a
 28.0±1.9

a,b
 26.7±1.8

a,b
 50.2±2.6a 43.4±2.2a 6.34±0.56b 

5.0 330±36
a,b

 455±46
a
 805±108

a
 19.8±1.9

a
 16.4±1.3

a
 1.96±0.42

a
 27.0±2.0

a
 25.4±1.8

a
 47.7±5.4a 41.3±4.6a 5.92±0.91b 

7.5 305±52
a
 464±92

a
 746±197

a
 19.2±2.4

a
 16.0±1.8

a
 1.86±0.32

a
 29.0±2.2

b
 27.4±2.1

b
 45.9±5.3a 40.2±4.4a 5.27±0.91a 

p 0.011 <0.001 <0.001 0.073 0.103 0.403 0.005 0.001 0.052 0.082 0.003 

Sugar 
Concentration 

(%) 

60 325±40
a
 516±81

b
 916±132

a
 18.0±0.9

a
 15.0±0.6

a
 1.78±0.31

a
 27.9±1.3

a,b
 26.5±1.3

a,b
 49.6±1.6a 43.1±1.3a 6.09±0.43a 

70 331±34
a
 454±46

a
 808±121

a
 19.9±1.9

b
 16.4±1.3

b
 1.97±0.42

a
 26.9±2.3

a
 25.3±2.0

a
 47.7±5.6a 41.3±4.7a 5.90±0.97a 

80 327±54
a
 484±82

a,b
 796±245

a
 19.7±2.1

b
 16.5±1.5

b
 1.90±0.32

a
 29.2±2.5

b
 27.6±2.3

b
 46.5±6.1a 40.5±5.0a 5.52±1.2a 

p 0.864 0.006 0.050 0.003 0.001 0.242 0.002 0.001 0.246 0.233 0.221 

Interactions 

T×t  0.171 0.001 0.212 0.199 0.166 0.587 0.265 0.175 0.892 0.916 0.670 

T×sugar  0.624 0.744 <0.001 0.107 0.107 0.392 0.022 0.038 0.005 0.007 0.002 

t×sugar  0.680 0.572 0.039 0.120 0.235 0.126 0.060 0.077 0.081 0.115 0.023 

T×t×sugar  0.389 0.208 0.967 0.580 0.438 0.903 0.448 0.346 0.710 0.585 0.607 
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 Concerning the tocopherol profile (Table 10.5), a significant decrease on the total 

vitamin E content, particularly on γ-tocopherol and δ-tocopherol contents, was observed 

when the highest temperature (60 °C) was applied. This loss is again proportional to the 

apparent fat loss, but some oxidation cannot be excluded. Contact time caused significant 

changes on γ-tocopherol and α-tocopherol, decreasing the former with contact time, in line 

with the reduction of total fat content. On the other hand, α-tocopherol showed a variable 

behaviour. Furthermore, sugar concentration used on the osmotic treatments did not 

affect the vitamin E main vitamers (γ- and δ-tocopherols). 

 

Table 10.5 – Tocopherols composition of the osmotic dehydration chestnut slices (mg/100 

g dry matter). 

 

 In general terms, when performing osmotic dehydration, temperature, contact time 

and sugar concentration might affect the proximate composition, as well as sugar, organic 

acids, fatty acids and tocopherol profiles of chestnut slices. 

 

 Linear discriminant analysis (LDA) 

 

 With the aim to better understand the effect of the osmotic dehydration factors on 

chestnut chemical composition a linear discriminant analysis was performed. The 

significant independent variables were selected following the stepwise method of the LDA, 

according to the Wilks’ λ test. Only variables with a statistically significant classification 

 
 Total 

vitamin E 
γ-tocopherol δ-tocopherol α-tocopherol 

Temperature 
(°C) 

30 14.3±4.9
b
 13.4±4.8

b
 0.72±0.20

c
 0.19±0.02

a,b
 

45 10.6±3.9
a
 9.8±3.8

a
 0.57±0.10

b
 0.22±0.03

b
 

60 7.17±6.6
a
 6.7±6.4

a
 0.33±0.16

a
 0.18±0.04

a
 

p <0.001 0.001 <0.001 <0.001 

Time (h) 

2.5 13.0±7.3
a
 12.4±7.0

b
 0.51±0.22

a
 0.18±0.02

a
 

5.0 10.7±4.4
a
 10.0±4.2

a,b
 0.56±0.17

a
 0.21±0.03

b
 

7.5 8.5±5.5
a
 7.7±5.3

a
 0.55±0.31

a
 0.19±0.04

a,b
 

p 0.062 0.048 0.742 <0.001 

Sugar 
Concentration 

(%) 

60 12.3±5.1
a
 11.6±5.0

a
 0.52±0.12

a
 0.18±0.03

a
 

70 10.2±5.3
a
 9.4±5.1

a
 0.54±0.17

a
 0.22±0.02

b
 

80 9.2±8.0
a
 8.5±7.7

a
 0.53±0.36

a
 0.19±0.04

a
 

p 0.306 0.274 0.957 <0.001 

Interactions 

T×t  <0.001 <0.001 <0.001 0.655 

T×sugar  <0.001 <0.001 <0.001 0.336 

t×sugar  <0.001 <0.001 0.648 <0.001 

T×t×sugar  <0.001 <0.001 0.009 <0.001 
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performance (p<0.05) were kept in the analysis. Concerning contact time (Figure 10.1A), 

two significant functions were extracted, which allowed to classify correctly 100% of the 

original grouped cases. From the chemical variables, the model selected fat, protein, 

malic acid, fumaric acid, C18:3, MUFA (%) and α-tocopherol as the significant variables. 

The most outstanding contribution to discrimination in the first function was obtained from 

fat, fumaric acid and C18:3, while for the second function it was obtained from protein, 

malic acid, MUFA (%), and α-tocopherol. 

 Regarding the temperature effect (Figure 10.1B), two significant functions were 

extracted, which allowed to classify correctly 91.7% of the original grouped cases. From 

the chemical variables, the model selected amylose, MUFA (%), fumaric acid, and δ-

tocopherol as the significant variables. The most outstanding contribution to discrimination 

in the first function was obtained from amylose percentage, while for the second function it 

was obtained from MUFA (%), fumaric acid and δ-tocopherol. 

 In relation to sugar concentration effect, again two significant functions were 

extracted; however, they only allowed classifying correctly 75.0% of the original grouped 

cases.  These results showed a lower discriminant ability of sugar concentration when 

compared to temperature or contact time. 

 Overall, considering the effect of temperature, contact time and sucrose 

concentration, a high number of correctly classified cases by LDA for proximate, sugar, 

organic acids, fatty acids and tocopherol composition on chestnut slices was obtained, 

mainly when considering the first two factors. Thus, the present study showed that the 

application of different conditions during the osmotic dehydration of chestnuts introduce 

differences on their chemical composition. 
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Figure 10.1: Linear discriminant analysis obtained for the osmotic dehydration conditions: (A) Contact time and (B) Temperature. 

 

 
A B 
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Conclusions 

 

 Temperature, contact time and sugar concentration applied on the osmotic 

dehydration of chestnut slices have influence on their nutritional composition, starch, free 

sugars, organic acids, fatty acids and tocopherol profiles. The use of high temperatures 

might promote loss of vitamin E, citric and ascorbic acids, important bioactive components 

in terms of human health and samples preservation. High temperatures may also induce 

starch and sucrose hydrolysis, increasing the content of glucose and fructose. The 

application of low temperatures and contact times are the best conditions to avoid losses 

on citric, malic and ascorbic acids contents. Regarding fatty acids, contact time was the 

most important factor, suggesting the occurrence of some oxidation on C18:3 when high 

times were applied. In order to preserve vitamin E it is better to use low temperatures and 

contact times. Globally, OD should be carried out for the shortest periods possible and at 

low temperatures in order to maintain chestnut components, while sucrose concentration 

is less important to preserve chestnut bioactive components. 
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Abstract 

 

 The aim of this work was to determine the effect of hot air convective drying (D), 

osmotic dehydration (OD), osmotic dehydration+drying (OD+D) and freeze-drying (FrD) 

on the chemical and sensory characteristics of chestnut slices. Proximate composition, 

sugars, organic acids and lipid profiles were determined along a storage period of 60 

days. Immediately after production, D and FrD samples had similar proximate 

compositions, both with higher fat and protein contents than the osmodehydrated ones. 

FrD was the method that better preserved starch, amylose, ascorbic and citric acid 

molecules at day 0. Along storage, the major variations were observed on organic acids: 

ascorbic acid decreased on all methods, while fumaric acid increased. All samples 

presented good overall sensory acceptance with the exception of D. FrD was the method 

that better preserved the sensory characteristics until 60 days of storage, followed by 

OD+D until 30 days, showing to be the most promising methods. 

 

Keywords: Chestnut fruits; Castanea sativa Mill; Dehydration methods; Chemical 

composition, Sensory analysis, Shelf-life 
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Introduction 

 

 Most snacks are fried and have a high content of salt, as well as other added 

preservatives with the aim to increase shelf-life. Currently, there is growing interest in 

healthier snacks, as alternative to fried food, by application of different preservation 

methods to improve shelf-life of several perishable products, particularly those with higher 

water content, such as fruits and vegetables.  

 There are several industrial dehydration methods, including hot air convective 

drying, osmotic dehydration and freeze-drying, among others. These technologies can be 

a good alternative choice to produce healthy snacks. Hot air convective drying (D) is the 

most common dehydration method and has an important role in the food processing 

industry. Other dehydration method with interesting results is osmotic dehydration (OD), a 

quite simple cost-effective technology, used since ancient times to preserve perishable 

items and make them available to distant regions and through the year (Rastogui et al., 

2002; Shi and Le Maguer, 2002). Even though freeze-drying (FrD) has high productive 

costs, it works at low temperatures, enabling a more efficient preservation of natural 

constituents (Antelo et al., 2012), being also an interesting method to produce natural 

snacks. 

 Some new snacks based on dehydrated fruits such as apple, pear, strawberry, 

peach and pineapple, are beginning to emerge on the market; however, none uses 

chestnuts. From the nutritional point of view, chestnut fruit can be quite interesting. 

Besides being gluten-free (Gaulão et al., 2001), chestnut is a good source of fibre, starch, 

protein, aminoacids, minerals, organic acids, and vitamins, among others. Even though 

some individual studies on hot air convective drying and osmotic dehydration of chestnut 

fruits have been performed (Attanasio et al., 2004; Cletus an Carson, 2008; Chenlo et al., 

2006a, Chenlo et al., 2006b; Chenlo et al., 2007; Guiné and Fernandes, 2006; Moreira et 

al., 2005; Moreira et al., 2007; Moreira et al., 2008; Moreira et al., 2011a; Moreira et al., 

2011b), none has compared the effects of these drying technologies to chestnut slices 

and, in addition, their sensory acceptance along storage time. So, the present work had 

two main objectives: (1) to evaluate the effect of applying four different dehydration 

methods to produce dehydrated chestnut slices to be consumed as an healthy snack: hot-

air convective drying (D), osmotic dehydration (OD), osmotic dehydration followed by hot-

air convective drying (OD+D) and freeze-drying (FrD); and (2) to verify the acceptability 

and durability of the developed products by sensory analysis. 
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Material and Methods 

 

 Chemicals and standards 

 

 All standards for the lipid profile, sugars and organic acids were purchased from 

Sigma (St. Louis, MO, USA). All other chemicals were of analytical grade from diversified 

suppliers. 

 

 Dehydration procedures 

 

 The chestnut fruits (Castanea sativa M., Longal variety) used in this study were 

acquired in Bragança (Northeast Portugal) in November 2014 and stored in cold 

chambers (4+1 ºC) until the experimental procedure was carried out. Chestnuts were 

used after removing carefully the exterior shell with a knife and after being sliced with 

approximately 2-3 mm of thickness.  

 Regarding the dehydration methods, four processes were applied. In more detail, 

around 500 g of chestnut slices was dried in an oven with forced convection (Binder, FD 

240, Tuttlingen, Germany) at 50 °C, during 3 h, to achieve the desired crispy texture 

(drying method (D)). The same amount of chestnuts was freeze-dried (ScanVac, 

CoolSafe, Lynge, Denamark) during 24 hours (freeze drying method (FrD)). 

Simultaneously, around 600 g of chestnuts were osmotic dehydrated in a sucrose solution 

(83%, w/v) during 9.2 hours at 20 °C (osmotic dehydration method (OD)). Afterwards, the 

dehydrated chestnut slices were removed from the solution, drained, and gently cleaned 

with absorbent paper to remove any sugar solution in excess. Furthermore, one portion of 

the osmotic dehydrated samples was further dried in a stove at 50 °C during 3 hours 

(OD+D method). It must be referred that the OD conditions were optimized in a previous 

work performed by our research group, to obtain the highest water loss and the lowest 

solids gain and colour variation (data not shown) (Delgado et al., 2016a). 

 All samples were divided in sealed polyethylene bags, and stored during 7, 15, 30, 

45 and 60 days at room temperature and in the dark (protected with aluminium foil) to 

simulate usual storage conditions. After each predefined storage time, samples were 

tested by the sensory panel and a portion was immediately frozen, freeze-dried, ground 

(IKA-WERKE, M20, Staufen, Germany), and stored at -20 °C until all the following 

determinations were carried out. For the osmotic dehydration method, only the first 

sample was analysed (0 days of storage time) because the OD chestnut slices spoiled 

easily due to their high water activity (0.879). Indeed, after 7 days, the samples presented 

off-flavours and were unsuitable to eat, being discarded. 



 

176 

Chestnut-Drytech: Influence of drying technologies on physicochemical properties of chestnut fruits (Castanea sativa Mill.) 

 

Chestnut-Drytech: Influence of drying technologies on physicochemical properties of chestnut fruits (Castanea sativa Mill.) 

 
 

 
 Nutritional Composition 

 

 All samples were analysed to determine their proximate composition, following 

AOAC procedures (AOAC, 1995), at 0, 30 and 60 days of the storage time, with the aim to 

evaluate the occurrence of some modifications on the nutritional composition of the 

chestnut slices along storage. The crude protein content of the samples was estimated by 

the macroKjeldahl method, using a conversion factor of 5.3 (Borges et al., 2008); crude fat 

was determined by extracting 5 g of sample with petroleum ether for 24 h, using a Soxhlet 

apparatus. The neutral detergent fibre (NDF) and acid detergent fibre (ADF) were 

determined by the method described by Goering and Van Soest (Goering and Van Soest, 

1970). All results were expressed on percentage (g/100 g dry matter).  

 

 Free Sugar Analysis 

 

 Dry samples (300 mg, in duplicate) were mixed with an internal standard 

(rhamnose; 50 mg/mL; 200 µl), and let to hydrate and swell with 5 mL of water:ethanol 

solution (20:80, v/v) for 30 minutes in a vortex. To increase cell disruption and 

extractability, the tubes were placed in an ultrasound bath for 5 minutes (Elmasonic S60h, 

Singen, Germany), followed by 30 minutes in a water bath at 60 °C. The solutions were 

centrifuged at 2500 rpm for 5 min at room temperature. The supernatants were 

transferred to a second vial and the residue was further extracted with 5 mL of the same 

solution. Both supernatants were mixed together. Two mL of the supernatant were 

concentrated at 60 ºC under nitrogen flushing for total ethanol removal. The solution was 

taken up to 1 mL with ultra-pure water, mixed in a vortex, transferred to an Eppendorf, 

centrifuged at 13000 rpm for 15 min at 0 ºC, and filtered through 0.22 μm Nylon filters 

before injection.  

 The extracted free sugars were analyzed in a Jasco integrated high performance 

liquid chromatographic system (Tokyo, Japan), equipped with an autosampler (AS-2057 

Plus), a PU-980 intelligent pump, coupled to an evaporative light scattering detector 

(ELSD) (Sedere Model 75, Olivet, France). The HPLC system was equipped with a 

SUPELCOGEL Ca column (300×7.8 mm, Supelco, Bellefonte, PA, USA), operating at 80 

ºC. The mobile phase was ultra-pure water at a flow rate of 0.7 mL/min. The optimized 

detector temperature and gas pressure were 40 ºC and 2.4 mbar, respectively. The 

results were expressed on g/100 g (dry weight), calculated by internal normalization of the 

chromatographic peak area and application of individual calibration curves. Each sample 

extract was injected twice. Sugar identification was made by comparing the relative 
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retention times of sample peaks with those of standards, standard addition, and literature 

data. 

 

 Starch and amylose contents 

 

 The starch and amylose contents were determined by application of the 

Megazyme kit (Megazyme procedure, K-AMYL 07/11, Wicklow, Ireland). The principle of 

this kit is that amylopectin complexes with lectin concanavalin (Con A), while the primarily 

linear amylose component is not able to complex with it. Moreover, total starch is 

hydrolysed to D-glucose and measured colourimetrically. Thus, in the present work, total 

starch was extracted and determined by the procedure described on the Megazyme kit, 

using the starch standard included in it. The results were expressed on starch percentage 

in the sample (by dry weight) and amylose percentage in the starch (g of amylose/100 g of 

starch). 

 

 Organic acids Analysis 

 

 The organic acids extraction was performed according to the method described by 

Carocho et al. (2013) with some modifications, namely the addition of internal standard 

and the application of a sequential extraction. In more detail, samples (500 mg, in 

duplicate) were mixed with 5 mL of meta-phosphoric acid (3%, w/v) and 150 µL of gallic 

acid, as internal standard (1 mg/mL), for 30 minutes in a vortex. Then, the solutions were 

centrifuged (Heraeus Sepatech, Am Kalkberg, Germany) at 2500 rpm for 5 min at 20 ºC. 

The supernatants were removed and 5 mL of meta-phosphoric acid (3%, w/v) were added 

to the residue, being the extraction process repeated. The supernatants were combined 

and approximately one mL of the supernatant was filtered through 0.22 μm Nylon filters 

before high performance liquid chromatography – ultraviolet detection (HPLC-UV) 

analysis. 

 Organic acids were determined in a Jasco integrated system (Easton, USA) 

equipped with an autosampler (AS-2057 Plus), a PU-980 intelligent pump, coupled to an 

UV detector set at 215 nm (UV-975). The HPLC system was equipped with a C18 column 

(150 × 4.6 mm, 5 µm, Gemini NX, Phenomenex, Torrance, USA) operating at room 

temperature. The mobile phase was sulfuric acid (3.6 mM) at a flow rate of 0.7 mL/min. 

The results were expressed in mg/100 g of dry weight, calculated by internal normalization 

of the chromatographic peak area and individual calibration curves. Organic acids 

identification was made by comparing the relative retention times of sample peaks with 

standards. 
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 Lipid analysis 

 

 Fatty acids and vitamin E extraction and quantification were performed according 

to the method described by Delgado et al. (2016b), based on cold lipid extraction, followed 

by direct analysis of vitamin E by normal-phase HPLC and conversion of all glycerides to 

fatty acid methyl esters and their analysis by gas chromatography. 

 

 Sensory analysis 

 

 The quality of the dried products was also evaluated by sensory analysis, at 0, 7, 

15, 30, 45 and 60 days. The sensory analysis of these samples was carried out by a panel 

of 11 semi-trained judges, who took part in previous training sessions, where particular 

attribute definitions were discussed and clarified. The sensory descriptors used were 

sweetness, hardness, crunchiness, freshness, and overall acceptance. The results were 

transposed into a 1–10 point scale, where “1” denoted the absence of a given trait or an 

unacceptable level, while “10” indicated an intensive sensation or high quality. 

 

 Statistical methods 

 

 The statistical analysis was performed on SPSS software (Version No. 20.0). The 

effect of the four dehydration processes and storage time over chestnut slices chemical 

composition was evaluated by a two-way analysis of variance (ANOVA) (p<0.05), followed 

by the Tukey HSD Post-hoc test, since data normality was observed and the variances of 

the groups were identical. The normality and variance homogeneity were evaluated by the 

Kolmogorov-Smirnov and Levene’s tests, respectively. Comparisons were carried out at 

95% confidence level. A Principal Component Analysis (PCA) was also performed to the 

results of the four dehydration processes. The PCA score plot was used to differentiate 

dehydration processes and verify their effect on the chemical composition of chestnut 

slices. 
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Results and Discussion 

 

The results obtained for the physicochemical composition and sensory analysis of the 

chestnut slices dried by the four dehydration methods, along the storage time, are shown 

in Tables 11.1 to 11.5. In almost all situations, significant interactions between treatment 

and storage time were observed (p<0.05), except in γ-tocopherol, hardness and overall 

acceptance. However, for these properties the individual effects of dehydration method 

and / or storage time were significant. 

  

 Nutritional composition 

 

 The parameters analysed for the four dehydration methods are described in Table 

11.1, for 0, 30 and 60 days. Regarding fat content, all values were low, as expected, 

ranging from 2.22 g/100 g in OD samples to 3.13 g/100 g for D, all on a dry weight basis. 

These values are within the expected range, based on published results for chestnuts 

analysed by Ertürk et al. (2006) (0.49 to 2.01 g fat/100 g dry weight), Pereira-Lorenzo et 

al. (2006) (1.7 to 4.0 g fat/100 g dry weight), Borges et al. (2008) (1.73 to 3.10 g fat/100 g 

dry weight) and Correia et al. (2009) (2.6 to 3.0 g fat/100 g dry weight), for Turkish, 

Spanish and Portuguese varieties. Significant differences were observed between 

methods, particularly between the FrD and D samples on one side, and the OD and 

OD+D on the other, because the mass increase induced by sucrose on the OD treatments 

reduced the relative proportion of the remaining components, therefore with lower fat 

content on a dry basis. Partial fat output to the medium during osmotic dehydration 

process can also be considered, due to cell walls breakage caused by the high osmotic 

pressure (Saccheti et al., 2004). Along storage, minor variations were observed in the 

OD+D and FrD samples, corresponding to an increase of 12 and 8%, respectively, on a 

dry basis.  

 Concerning protein, all initial amounts were in agreement with those published by 

several authors, including Míguelez et al. (2004) (6.02 to 8.58 g protein/100 g), Ertürk et 

al. (2006) (4.88 to 10.87 g protein/100 g), Pereira-Lorenzo et al. (2006) (4.5 to 9.6 g 

protein/100 g), Borges et al. (2008) (4.87 to 7.37 g protein/100 g) and Correia et al. (2009) 

(4.3 to 5.0 g protein/100 g) for raw chestnuts, all on a dry weight basis. Nevertheless, 

significant differences between treatments were found, being again the lowest values 

obtained by the OD and OD+D methods, as expected. Moreover, no significant 

differences on the crude protein content were observed along storage time, indicating that 

this parameter is highly stable.  
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 Concerning fibres, the acid detergent fibre (ADF) values ranged from 2.85 g/100 g 

(OD) to 3.67 g/100 g (D), while the neutral detergent fibre (NDF) contents varied from 

12.06 g/100 g (FrD) to 19.21 g/100 g (OD+D), all on a dry weight basis. These values are 

similar to those obtained by Pereira-Lorenzo et al. (2006) (2.3 to 4.5 g ADF/100 g dry 

weight and 9.4 to 28.5 g NDF/100 g dry weight) and Borges et al. (2008) (1.89 to 3.15 g 

ADF/100 g dry weight and 13.8 to 24.4 g NDF/100 g dry weight) for raw chestnuts. Both 

ADF and NDF contents showed some variations along the storage time, without any 

particular pattern. When comparing all dehydration methods, FrD originated samples 

consistently with lower NDF content, while OD was the method that produced the samples 

with the lowest value of ADF. The reduced amount of NDF could be attributed to an 

increase in the indigestible fibre contents, not evaluated in this work, induced by structural 

changes in the matrix due to the freeze-drying process itself, needing this fact to be 

further explored in the future.  

 In general, both D and FrD methods, where chestnuts are preserved by water loss, 

presented a similar composition, exception made for the NDF, as mentioned. In 

opposition, both dehydration methods (OD and OD+D) were characterized by a reduction 

of both crude fat and protein contents, on a dry basis, induced by the increased soluble 

solids content (data not shown) from sucrose osmotic drying.  

 
Table 11.1 – Proximate composition of chestnut slices dried by different methods along 
the storage timea. 

a
Mean ± SD. Different small letter (a-c) superscripts on the same row are significantly different 

(p<0.05). Different capital letter (A-C) superscripts on the same column are significantly different 

(p<0.05). 

Parameter 
Storage time 

p 
0 days 30 days 60 days 

Crude Fat (g fat/100 g dry weight) Treatment × Time 
OD 2.22±0.19

A
 - - 

0.015 
D 3.13±0.18

a,B
 2.91±0.01

a,B
 3.11±0.02

a,B
 

OD+D 2.14±0.06
a,A

 2.34±0.03
b,A

 2.39±0.05
b,A

 
FrD 3.07±0.03

a,B
 3.17±0.13

a,b,C
 3.31±0.06

b,C
 

Protein (g protein/100 g dry weight)  
OD 7.32±0.12

A
 - - 

0.014 
D 8.43±0.04

a,B
 8.35±0.05

a,B
 8.43±0.03

a,B
 

OD+D 7.00±0.46
a,A

 7.42±0.10
a,A

 7.52±0.04
a,A

 
FrD 8.52±0.04

a,B
 8.39±0.05

a,B
 8.42±0.08

a,B
 

NDF (g NDF/100 g dry weight)  
OD 18.10±0.42

B,C
 - - 

<0.001 
D 17.25±0.24

a,B
 21.81±0.15

b,B
 25.21±0.24

c,C
 

OD+D 19.21±0.17
b,C

 21.75±1.37
c,B

 16.27±0.18
a,B

 
FrD 12.06±1.31

a,b,A
 13.81±0.63

b,A
 11.37±0.59

a,A
 

ADF (g ADF/100 g dry weight)  
OD 2.85±0.11

A
 - - 

0.014 
D 3.67±0.15

a,B
 3.51±0.15

a,A
 3.71±0.03

a,C
 

OD+D 3.24±0.26
a,A,B

 3.22±0.32
a,A

 2.79±0.07
a,A

 
FrD 3.52±0.11

c,B
 3.28±0.06

b,A
 3.04±0.05

a,B
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 Starch, amylose and sugar composition 

 

 The results obtained for starch, amylose and free sugar contents along the storage 

time are detailed in Figure 11.1. Concerning starch (Figure 11.1A), 80.6 g/100 g dry 

weight were quantified in the FrD samples at time zero, while significantly lower amounts 

were determined in the OD samples (51.3 g/100 g dry weight), and D ones (50.1 g/100 g 

dry weight), and only 33.9 g/100 g dry weight for OD+D. These differences were 

maintained until the 45th day of storage, but at the 60th day no significant differences were 

observed between D and FrD, with 68.6 g/100 g and 74.0 g/100 g, respectively. Being 

starch contents inversely associated with the use of temperature in the several methods 

tested, it could be associated with the inactivation of the enzymes responsible for starch 

hydrolysis by high temperatures or to an increase in the resistant starch fraction, not 

quantified in the present study (Sajilata et al., 2006; Fuentes-Zaragoza et al., 2010). Also, 

the slight increase on the starch content along storage could be an indicator of a partial 

recovery of starch properties.  

 Regarding amylose (Figure 11.1B), expressed on a starch basis, no significant 

differences were found between methods, with the exception of D that presented slightly 

higher values (17.2 g/100 g), followed by OD+D (13.9 g/100 g), against 11.1 g/100 g and 

10.50 g/100 g, for OD and FrD, respectively. Again, these differences could be related to 

the temperatures used, increasing the relative proportion of amylose in the starch due to 

the starch reduction observed, rather than by a true increase in the amylose amounts. 

This is consistent with Attanasio et al. (2004) and Correia and Beirão-da-Costa (2012) 

when comparing raw with dried chestnuts. During the storage period, the differences 

between methods remained reduced. At the end of storage (60 days), a decrease of 31 

and 22% on amylose content in the starch was observed on the D and OD+D, 

respectively, consistent with the starch increase observed, while for FrD no significant 

difference was found between 0 and 60 days of storage, associated with unaltered starch 

and amylose properties. These results showed that FrD was the technology that 

preserved better the starch and amylose structures. 
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Figure 11.1: Sugar composition along storage time. (A) Starch content; (B) Amylose 

content; (C) Sucrose content; (D) Glucose content; (E) Fructose content, and (F) 

Raffinose content.  

 

  Concerning sucrose (Figure 11.1C), OD and OD+D methods presented 

significantly higher contents than D and FrD, respectively, with 35.4 g/100 g and 32.3 

g/100 g dry weight, against 15.7 g/100 g, and 18.1 g/100 g, all on a dry basis, remaining 

almost constant during all storage period. The highest values determined on OD and 

OD+D samples were expected, due to the use of a sucrose solution as osmotic medium.  

 In relation to glucose (Figure 11.1D), no significant differences were observed 

between dehydration methods, with the exception of D that presented the highest 

amounts (0.62 g/100 g dry weight, against 0.35 g/100 g, 0.36 g/100 g, and 0.34 g/100 g 

dry weight, for OD, OD+D and FrD, respectively). These differences might be due to the 
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temperature used on the D method, near to the optimum for some enzymes (between 55 

°C and 60 °C) mainly, α-amylase, β-amylase and glucoamylase (Matherwson, 1998, cited 

by Correia et al., 2009). These enzymes might partially hydrolyse starch, releasing 

glucose, explaining the highest glucose content in the hot-air dried samples. Temperature-

induced hydrolysis is not to be expected as it requires higher temperatures than 50ºC. 

Along the storage period, a small increase on glucose content was observed in the D and 

FrD samples, consistent with probable enzyme activity, while it seemed to be refrained by 

the osmotic pressure increase in the OD+D samples, with constant glucose amounts 

through storage, and therefore absence of sucrose hydrolysis as well.  

 Concerning fructose (Figure 11.1E), it was interesting to observe a similar behavior 

to glucose, being the highest value of fructose obtained for the D method (0.70 g/100 g 

dry weight) against the other methods (0.32 g/100 g, 0.36 g/100 g, and 0.20 g/100 g, for 

OD, OD+D and FrD, respectively). The value determined for FrD was in agreement with 

those published by Künsch et al. (2001) (0.37 to 0.69 g/100 g dry matter) and Barreira et 

al. (2010) (0.57 to 5.32 g/100 g dry matter) for raw chestnuts. Regarding storage, an 

increasing trend was perceived for the D method that might result from natural sucrose 

hydrolysis, but it is not consistent with the OD+D samples, with higher sucrose content but 

absence of hydrolysis (glucose and fructose contents remained constant with time). Also, 

no increase was observed in the FrD samples. Thus, this phenomenon could probably be 

explained by more adequate conditions for enzymatic activity in the D samples, than in the 

FrD or OD+D ones.  

 Regarding the raffinose content (figure 11.1F), no significant differences were 

observed between dehydration methods and only slight variations were stated along the 

storage period. 

 

 Organic acids composition 

 

 The results obtained for the organic acid contents (malic, ascorbic, citric and 

fumaric acids) are detailed in Figure 11.2. Regarding malic acid, the main component, 

significant differences were found between dehydration methods at time zero, with a 

mean of 954±72 mg/100 g for D, followed by 802±40 mg/100 g for FrD, 430±38 mg/100 g 

for OD+D, and finally 320±30 mg/100 g for OD, all on a dry basis. These results showed 

that osmotic dehydration induced higher losses of malic acid than the other methods, 

probably from lixiviation to the aqueous sucrose solution. Some of these values were 

slightly higher than those reported by Gonçalves et al. (2010) (147 to 532 mg/100 g dry 

weight) and Neri et al. (2010) (152 to 330 mg/100 g dry weight) for raw chestnut fruits. 

Concerning the effect of storage, even though some fluctuation was observed for all 
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methods, a decrease trend was stated when comparing the amounts at 0 and 60 days of 

storage (Figure 11.2A), smaller in the D method (-28%), and higher in the OD+D (-42%), 

suggesting that, despite the initial differences, none of the three processes was able to 

avoid malic acid degradation. 

 In relation to ascorbic acid, significant differences were found between the four 

dehydration methods, with higher values in the FrD method (Figure 11.2B), being the 

method that better preserved ascorbic acid in the chestnut slices, and therefore has 

potentially the highest nutritional score. The ascorbic acid initial content varied from 99±2 

mg/100 g dry weight for FrD, to 80±6 mg/100 g dry weight for D, and 36±3 mg/100 g dry 

weight for both OD and OD+D,  showing again that osmotic dehydration was the process 

that most affected this compound. Germer et al. (2014) also verified losses on ascorbic 

acid during OD of papaya, justifying by chemical deterioration and diffusion of this 

compound from the fruit to the solution. Our values of FrD were in accordance with Neri et 

al. (2010) (28 to 128 mg/100 g dry weight) but higher than those reported by Barros et al. 

(2011) (40.0 to 69.3 mg/100 g dry weight) and Ribeiro et al. (2007) (4.52 to 16.4 mg/100 g 

dry weight) for raw chestnuts, probably associated with the high freshness of our samples 

and adequate preservation by FrD. Concerning the storage period, a decreasing trend 

was observed for all dehydration methods, all reaching a similar and almost residual value 

at the end of storage (10 mg/100 g dry weight). These losses could probably be due to the 

oxidation of this compound, induced by the oxygen present in the storage bags, or by 

enzymatic degradation (ascorbate oxidase), as well as by reaction with other sample 

components. In fact, no modified atmosphere packaging was applied, being an interesting 

topic to be studied in the future. 

 Concerning citric acid (Figure 11.2C), smaller variations on the content of this 

compound were observed along storage, suggesting that citric acid seemed to be more 

resistant than the other organic acids. Nevertheless, the effect of the dehydration methods 

was more important than storage time, being again FrD the method with the highest 

values (475 to 413 mg/100 g dry weight for 0 and 60 days of storage, respectively), 

followed by D (343 to 357 mg/100 g dry weight for 0 and 60 days of storage, respectively), 

and OD+D (216 to 222 mg/100 g dry weight for 0 and 60 days of storage, respectively). 

The low values of citric acid determined for the OD and OD+D, indicated that osmotic 

dehydration had probably cause the migration of this compound to the osmotic solution or 

its degradation, as previously discussed for the other organic acids.  
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Figure 11.2: Organic acids composition along storage time. (A) Malic acid content; (B) Ascorbic acid content; (C) Citric acid content; (D) 

Fumaric acid content. 
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 The results for fumaric acid, presented in Figure 11.2D, showed an opposite 

pattern to that observed in the previous compounds. At the beginning (0 days of storage), 

no significant differences were observed between D and OD+D method (14.5±1.3 mg/100 

g dry weight and 13.5±1.3 mg/100 g dry weight, respectively), with higher amounts than 

those observed for FrD (4.41±0.23 mg/100 g dry weight), or OD (8.90±0.69 mg/100 g dry 

weight). Some authors have referred that during heat processing (evaporation, 

pasteurisation and sterilisation) of apple juices, the content of fumaric acid may slightly 

increase due to malic acid dehydration (Shui and Leong, 2002). This is consistent with the 

higher initial values for the heated processing samples (D and OD+D). It is also believed 

that this acid is an important parameter to reveal microbial spoilage or the processing of 

decayed fruits (Trifirò et al., 1997). Regarding storage period, an increase of this organic 

acid was verified, indicating probably the occurrence of malic acid dehydration as a 

decreasing trend of this last compound was observed in the present work (Figure 11.2A). 

In general terms, at the end of storage an increase on fumaric acid content of 13, 68 and 

462% were observed for OD+D, D and FrD, respectively. In general terms, even though 

FrD was the method that preserved better the organic acids on samples at 0 days of 

storage, the OD+D method was the one that induced less changes on the organic acid 

contents of chestnut slices along storage. 

 

 Fatty acids composition 

 

 The main fatty acids composition of chestnut slices is present in Table 11.2. 

Globally, PUFA represented the highest fraction, ranging from 47.8% in D to 50.9% in 

FrD, with the main contribution of linoleic and α-linolenic acids, essential fatty acids. The 

MUFA represented the second main class, with similar relative amounts in the OD and 

OD+D fat (28%), slightly lower than 30% presented by the FrD or D samples. The SFA 

were present in lower amounts, with 17.8% in the FrD samples, followed by the D ones 

(18.8%), and then with OD and OD+D, both with 20%. These amounts are consistent with 

literature data for chestnut (Borges et al. (2007) (SFA – 14.1-18.6%; MUFA 22.5-39.3%; 

PUFA 42.0-60.1%), España et al. (2011) (SFA 14.1-24.6%; MUFA 21.7-40.8%; PUFA 

41.5-57.7%) and Barreira et al. (2012) (SFA 16-19%; MUFA 36-38%; PUFA 43-48%)). 

 In general terms, the values determined for the four dehydration methods were 

similar between them; however, in some situations significant differences were observed. 

Along storage and after 60 days, a slight alteration on the fatty acids proportions was 

observed, particularly in the FrD ones, where a significant PUFA reduction was observed. 

This decrease was mainly due to losses on the main PUFA, namely linoleic acid. 
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Therefore, although at time zero FrD preserved better the PUFA content, along drying it 

was the method that induced higher oxidation. This increased oxidation, already observed 

in the ascorbic acid contents, can be associated with the chestnut physical structure of the 

FrD samples, with a higher exposition surface to air.  

 

 Vitamin E composition 

 

 The results obtained for vitamin E, directly involved in the PUFA protection, are 

shown in Table 11.3. Total vitamin E amounts ranges from 12.4 to 20.6 mg/100 g dry 

weight. Interestingly, the vitamin E amounts are directly correlated with the fat content, 

with lower amounts in the OD and OD+D samples, indicating that, independently of the fat 

content, the potential protection granted by Vitamin E was similar between all samples. 

Being vitamin E a lipophilic compound and as a decrease of crude fat was observed as 

the result of output of fat to the osmotic medium due to the breakage of cell walls caused 

by the high osmotic pressure25 and/or high contact time, probably the vitamin E also went 

out with the crude fat.  

 The major component was γ-tocopherol with 11.7, 19.8, 13.4 and 18.3 mg/100 g 

dry weight for OD, D, OD+D and FrD, respectively, at 0 days of storage, with significant 

differences between them. Higher values of γ-tocopherol were obtained for FrD and D 

methods, showing again that the osmotic dehydration could probably affect more the γ-

tocopherol content than the other methods. Along storage, for γ-tocopherol no significant 

differences were observed between D and FrD, indicating that both processes induced 

similar modifications on this vitamer. Concerning storage period, a decreasing trend on γ-

tocopherol content was observed for all methods, being found losses equal to 18, 10 and 

12% (by dry weight) for D, OD+D and FrD, respectively. As no fat decrease was observed 

along storage, it can only indicate that a true vitamin E loss occurred during storage. 

 For δ-tocopherol, the second most abundant vitamer, significant differences at time 

zero were just found between the OD and D (0.43 and 0.54 mg/100 g dry weight, 

respectively), with the other samples presenting intermediate amounts.. Along storage, 

small variations were stated; however, no significant differences on δ-tocopherol content 

were observed for D and FrD after 60 days of storage when compared with the beginning, 

while for OD+D a small decrease (21%) was verified.  

 In terms of α-tocopherol, no significant differences were found between the 

dehydration methods at the beginning (0 days of storage) with the exception of FrD, with 

lower amounts. Along storage, even though some fluctuation on α-tocopherol content was 

observed, its range was small, varying between 0.11 and 0.31 mg/100 g dry weight. 
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Table 11.2 – Fatty acids composition along storage time for Longal varietya. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a
Mean ± SD with different small letter (a-c) superscripts on the same row are significantly different (p<0.05). Mean ± SD with different capital letter (A-C) 

superscripts on the same column are significantly different (p<0.05). 

Parameters 
Storage time 

p 
0 days 7 days 15 days 30 days 45 days 60 days 

SFA (% ) Treatment × Time 
OD 20.0±0.4

B
 - - - - - 

0.012 
D 18.8±0.7

a,A,B
 18.5±0.1

a,A
 19.4±1.0

a,A
 19.4±0.7

a,A
 19.4±0.8

a,A
 18.9±0.1

a,A
 

OD+D 19.9±0.6
,B

 19.6±0.4
a,B

 18.8±1.2
a,A

 19.4±0.5
a,A

 19.6±0.5
a,A

 19.7±0.2
a,B

 
FrD 17.8±0.4

a,A
 19.6±0.1

b,c,B
 19.0±0.6

b,c,A
 18.8±0.1

b,A
 19.8±0.3

c,A
 19.0±0.2

b,c,A
 

C16:0 (%)  
OD 16.9±0.4

A
 - - - - - 

0.271 
D 15.1±1.2

a,A
 15.3±0.4

a,A
 16.2±1.2

a,A
 16.1±0.5

a,A
 15.9±0.3

a,A
 15.9±0.4

a,A
 

OD+D 16.9±0.6
a,A

 16.4±0.2
a,B

 16.1±1.0
a,A

 16.5±0.4
a,A

 16.8±0.5
a,A

 16.6±0.4
a,A

 
FrD 15.1±0.6

a,A
 15.8±0.2

a,b,A,B
 15.8±0.5

a,b,A
 16.2±0.2

b,A
 16.0±0.4

a,b,A
 16.1±0.1

a,b,A
 

C18:0 (%)  
OD 1.81±0.07

B
 - - - - - 

<0.001 
D 1.78±0.09

a,B
 1.64±0.08

a,A
 1.83±0.18

a,B
 1.93±0.15

a,B
 1.69±0.11

a,A
 1.66±0.14

a,A
 

OD+D 1.73±0.05
a,b,B

 1.60±0.08
a,b,A

 1.49±0.07
a,A

 1.67±0.17
a,b,A,B

 1.55±0.09
a,b,A

 1.82±0.13
b,A

 
FrD 1.39±0.02

a,A
 2.28±0.11

c,B
 1.74±0.04

b,A,B
 1.43±0.11

a,A
 2.36±0.06

c,B
 1.69±0.11

b,A
 

MUFA (%)  
OD 28.0±0.4

A,B
 - - - - - 

<0.001 
D 29.9±1.1

a,B
 29.7±0.1

a,C
 28.5±0.2

a,A,B
 28.4±0.2

a,A
 29.9±0.2

a,A
 28.8±0.9

a,A
 

OD+D 27.5±1.0
a,A

 27.2±0.4
a,A

 26.5±2.1
a,A

 27.9±0.2
a,A

 28.9±0.4
a,A

 28.1±0.4
a,A

 
FrD 29.5±0.8

a,b,c,A,B
 28.3±0.2

a,B
 30.9±1.5

c,B
 29.2±0.3

a,b,c,B
 28.6±0.8

a,b,A
 30.4±0.3

b,c,B
 

C18:1 (%)  
OD 26.5±0.2

A,B
 - - - - - 

<0.001 
D 28.4±1.1

a,B
 28.2±0.2

a,C
 27.0±0.2

a,A,B
 26.8±0.2

a,A
 28.5±0.2

a,A
 27.4±1.0

a,A,B
 

OD+D 26.1±0.8
a,A

 25.7±0.3
a,A

 25.0±1.9
a,A

 26.4±0.2
a,A

 27.4±0.4
a,A

 26.4±0.5
a,A

 
FrD 27.9±0.9

a,b,A,B
 26.9±0.3

a,B
 29.5±1.6

b,B
 27.7±0.4

a,b,B
 27.2±1.0

a,b,A
 29.0±0.3

a,b,B
 

PUFA (%)  
OD 49.1±0.4

A
 - - - - - 

0.012 
D 47.8±2.2

a,A
 48.9±1.5

a,A
 48.2±0.9

a,A
 48.7±0.6

a,A
 48.0±1.4

a,A
 50.0±1.2

a,A
 

OD+D 48.4±1.3
a,A

 49.6±2.1
a,A

 50.8±0.4
a,B

 50.6±0.4
a,B

 49.0±0.6
a,A

 49.2±0.3
a,A

 
FrD 50.9±0.5

c,A
 50.6±0.2

b,c,A
 49.0±0.5

a,b,c,A
 50.0±0.3

a,b,c,B
 48.7±1.5

a,b,A
 48.2±0.5

a,A
 

C18:2 (%)  
OD 43.0±0.3

A
 - - - - - 

0.013 
D 42.2±2.0

a,A
 43.2±1.2

a,A
 42.6±0.7

a,A
 42.8±0.6

a,A
 42.5±1.2

a,A
 44.4±1.0

a,A
 

OD+D 42.7±1.0
a,A

 43.5±2.0
a,A

 44.7±0.4
a,B

 44.4±0.3
a,B

 43.1±0.5
a,A

 43.3±0.3
a,A

 
FrD 45.0±0.6

b,A
 44.7±0.2

a,b,A
 43.6±0.4

a,b,A,B
 44.2±0.3

a,b,B
 43.4±1.4

a,b,A
 42.9±0.5

a,A
 

C18:3 (%)  
OD 5.97±0.11

A
 - - - - - 

0.267 
D 5.48±0.39

a,A
 5.66±0.38

a,A
 5.52±0.24

a,A,B
 5.77±0.02

a,A
 5.24±0.31

a,A
 5.48±0.28

a,A,B
 

OD+D 5.68±0.33
a,A

 5.84±0.34
a,A

 5.95±0.08
a,B

 6.11±0.17
a,B

 5.79±0.07
a,A

 5.79±0.07
a,B

 
FrD 5.72±0.22

a,A
 5.72±0.06

a,A
 5.27±0.39

a,A
 5.73±0.07

a,A
 5.19±0.32

a,A
 5.13±0.08

a,A
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Table 11.3 – Vitamin E composition along storage time for Longal varietya. 

a
Mean ± SD with different small letter (a-e) superscripts on the same row are significantly different (p<0.05). Mean ± SD with different capital letter (A-C) 

superscripts on the same column are significantly different (p<0.05). 

 

 

Parameter 
Storage time 

p 
0 days 7 days 15 days 30 days 45 days 60 days 

Total Vitamin E (mg tocopherols/100 g dry weight) Treatment × Time 

OD 12.4±0.48A - - - - - 

0.176 
D 20.6±1.05c,B 19.1±0.37b,c,B 18.2±0.50a,b,B 18.4±0.49a,b,B 18.3±0.80a,b,B 16.8±0.53a,B 

OD+D 14.2±0.42b,A 13.8±0.69a,b,A 12.9±0.51a,A 12.9±0.29a,A 12.6±0.31a,A 12.6±0.46a,A 

FrD 18.9±0.80b,B 18.0±0.75a,b,B 17.6±0.23a,b,B 17.9±0.54a,b,B 17.8±0.56a,b,B 16.9±0.74a,B 

γ-tocopherol (mg tocopherol/100 g dry weight)  

OD 11.7±0.49A - - - - - 

0.177 
D 19.8±1.06c,B 18.3±0.40b,c,B 17.6±0.53a,b,B 17.7±0.47a,b,B 17.7±0.77a,b,B 16.2±0.53a,B 

OD+D 13.4±0.38b,A 13.2±0.72a,b,A 12.2±0.50a,b,A 12.3±0.32a,b,A 11.9±0.31a,A 12.0±0.43a,A 

FrD 18.3±0.82b,B 17.2±0.81a,b,B 16.9±0.03a,b,B 17.2±0.55a,b,B 17.2±0.60a,b,B 16.1±0.71a,B 

δ-tocopherol (mg tocopherol/100 g dry weight)  

OD 0.43±0.02A - - - - - 

0.001 
D 0.54±0.04a,B 0.54±0.02a,B 0.47±0.04a,A,B 0.54±0.04a,B 0.46±0.03a,A 0.48±0.04a,B 

OD+D 0.48±0.02c,A,B 0.42±0.04b,c,A 0.40±0.04a,b,A 0.34±0.03a,A 0.43±0.01b,c,A 0.38±0.03a,b,A 

FrD 0.50±0.02a,A,B 0.56±0.04a,B 0.52±0.03a,B 0.51±0.03a,B 0.49±0.04a,A 0.53±0.03a,B 

α-tocopherol (mg tocopherol/100 g dry weight)  

OD 0.22±0.01B - - - - - 

<0.001 
D 0.23±0.02e,B 0.22±0.02d,e,A 0.19±0.01c,d,A,B 0.15±0.01a,b,A 0.13±0.05a,A 0.17±0.01b,c,A 

OD+D 0.25±0.02a,B 0.25±0.01a,A,B 0.23±0.02a,B 0.22±0.01a,B 0.24±0.01a,B 0.22±0.02a,B 

FrD 0.17±0.01b,A 0.28±0.02c,B 0.18±0.01b,A 0.20±0.01b,B 0.11±0.002a,A 0.31±0.002c,C 
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 Principal Component Analysis (PCA) to the chemical composition data 

 

 After performing a PCA (Figure 11.3) to the chemical composition results (A = 

nutritional composition, B = sugars, C = organic acids and D = lipid components), two 

principal components were extracted (PC1 and PC2) that accounted for 87.0 to 95.7% of 

the total variation. According to the PCA scores plots, two different groups were always 

clearly differentiated from each other, namely, OD + (OD+D) (Group I) and D + FrD 

(Group II) that differed on all the components analysed. In opposition, storage time was 

not so well differentiated (data not shown). These results indicated that the dehydration 

method applied had a more important role than the storage period on the chemical 

composition of chestnut slices. 

 

Figure 11.3: Loadings and scores plot resulting from the Principal Component Analysis: 

(A) Nutritional composition; (B) Starch, amylose and sugars composition; (C) Organic 

acids composition; (D) Lipid profile of the chestnuts snack slices. 
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 Sensory analysis 

 

 The sensory scores are presented in Table 11.4. Sweetness, hardness, crispness, 

freshness and overall acceptance of the different samples were determined by a panel of 

11 semi-trained judges. Regarding sweetness, at day = 0, OD, D and OD+D methods 

were classified similarly (4.1, 4.0 and 4.7), while a significantly lower score was attributed 

to the FrD samples (2.9). In relation to storage time, no significant differences were 

observed between 0 and 60 days of storage for all dehydration methods, indicating that 

sweetness feeling remained constant along storage. 

 Concerning hardness, some significant differences were observed between 

methods at the beginning, being the lowest value of hardness always found for the freeze-

dried sample. Moreover, no significant differences were observed along the storage time, 

suggesting that this parameter did not change along storage. 

 In relation to crispness, at the beginning of the storage (0 days), the OD method 

was the one that presented the lowest value (4.9), due to the increased water content, 

while all other methods seemed to have similar high values for this parameter (7.2 for D, 

6.9 for OD+D, and 6.3 for FrD). Small variations were observed along storage time; 

however, no significant differences were found between 0 and 60 days of storage for all 

methods. 

 Freshness was one important parameter measured by the judges. At the 

beginning, a reasonable level of freshness was observed after the application of the four 

dehydration methods, having the lowest value been recorded for the D method (5.1). On 

the other hand, the judges did not find significant differences between OD, OD+D and 

FrD, all with 6.7. Along storage, this difference was maintained, being the lowest value 

always observed for D. Nevertheless, at the end, a decrease on freshness was observed 

on all samples, with relative losses of 18, 27 and 20% for D, OD+D and FrD, respectively. 

Nevertheless, for FrD no significant differences were found between 0 and 60 days of 

storage, being the method that kept the freshness of chestnut slices longer. On contrary, 

D was only able to maintain the initial freshness until 15 days and OD+D until 30 days. 
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Table 11.4 – Sensorial analysis along storage time for Longal varietya. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a
Mean ± SD with different small letter (a-c) superscripts on the same row are significantly different (p<0.05). Mean ± SD with different 

capital letter (A-C) superscripts on the same column are significantly different (p<0.05). 

 

 

Parameter 
Storage time 

p 
0 days 7 days 15 days 30 days 45 days 60 days 

Sweetness Treatment × Time 
OD 4.1±0.6B - - - - - 

0.003 
D 4.0±0.6a,B 4.1±0.6a,b,B 3.4±0.4a,A 4.9±0.6b,B 3.8±0.4a,A 3.7±0.6a,A 

OD+D 4.7±0.7a,B 5.4±0.8a,C 5.7±0.8a,B 5.7±0.8a,B 5.4±0.8a,B 5.6±0.8a,B 
FrD 2.2±0.4a,A 3.0±0.5a,b,A 3.8±0.5c,A 3.8±0.6c,A 3.7±0.5b,c,A 3.4±0.4a,b,c,A 

Hardness  
OD 6.2±0.7A,B - - - - - 

0.812 
D 7.4±1.1a,B,C 7.7±1.1a,B 7.9±1.2a,B 7.8±1.1a,B 8.1±1.2a,B 8.2±1.2a,B 

OD+D 8.1±1.2a,C 8.3±1.1a,B 8.3±1.2a,B 8.5±1.0a,B 8.4±0.8a,B 8.5±1.0a,B 
FrD 6.0±0.9a,b,A 5.9±0.9a,b,A 5.7±0.8a,b,A 5.4±0.7a,A 5.9±0.5a,b,A 6.7±0.9b,A 

Crispness  
OD 4.9±0.6A - - - - - 

0.009 
D 7.2±0.9b,B 6.9±1.1b,A 5.4±0.6a,A 6.2±0.8a,b,A 6.8±1.0a,b,A 6.0±0.8a,b,A 

OD+D 6.9±1.0a,B 7.0±1.0a,A 7.4±1.1a,B 7.5±1.0a,B 7.4±1.2a,A 8.0±1.1a,B 
FrD 6.3±0.8a,B 7.3±1.0a,A 7.1±1.1a,B 7.1±1.1a,A,B 7.0±1.1a,A 7.3±1.1a,A,B 

Freshness  
OD 6.7±0.9B - - - - - 

0.021 
D 5.1±0.8b,A 5.2±0.6b,A 4.3±0.6a,b,A 4.1±0.6a,A 4.2±0.5a,A 4.2±0.5a,A 

OD+D 6.7±1.0b,B 6.7±0.7b,B 6.4±1.1b,B 6.8±0.9b,B 4.6±0.5a,A,B 4.9±0.5a,B 
FrD 6.7±1.0a,b,B 6.8±1.0b,B 6.2±1.0a,b,B 5.8±0.8a,b,B 5.4±0.8a,B 5.4±0.6a,B 

Overall acceptance  
OD 7.4±0.9B - - - - - 

0.226 
D 5.6±0.8c,A 6.1±0.8c,A 5.4±0.7b,c,A 3.9±0.5a,A 4.2±0.6a,A 4.3±0.6a,b,A 

OD+D 7.4±1.1b,B 7.4±0.9b,B 7.1±1.0b,B 6.9±1.1a,b,B 6.1±0.8a,b,B 5.6±0.8a,B 
FrD 7.2±1.0a,b,B 7.6±1.0b,B 7.4±0.9b,B 7.0±1.1a,b,B 6.8±1.0a,b,B 5.8±0.9a,B 
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 After application of the four dehydration technologies (0 days), a good overall 

acceptance was verified for all methods (7.4, 5.6, 7.4 and 7.2 for OD, D, OD+D and FrD, 

respectively). No significant differences were observed between methods at the beginning 

and also along the storage period, with the exception of D, which always presented the 

lowest values, showing the lowest overall acceptance. After seven days of storage, a 

decreasing trend was observed in the mean values for all dehydration methods. However, 

no significant differences were observed between 0 and 60 days of storage for FrD, 

showing again to be the method able to maintain the quality of chestnut slices longer, 

closely followed by OD+D. Nevertheless, as stated before, freshness of the OD+D sample 

might be compromised after 30 days of storage. 

 These results were also stated after performing a PCA to the sensory results 

(Figure 11.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.4: Loadings and scores plot resulting from the Principal Component Analysis to 

the sensory data. 

 

 Two principal components were extracted (PC1 and PC2) that accounted for 

88.5% of the total variation. According to the PCA scores plot, three different groups were 

clearly differentiated from each other, namely: Group I – formed by the OD+D samples 

after 7 days of storage or longer, corresponding to the sweetest, crunchiest and hardest 

samples. In particular, the samples of OD+D at 45 and 60 days lost freshness and the 
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overall acceptance decreased; Group II – formed by the FrD samples, as well as, the OD 

and OD+D at the beginning (0 hours), corresponding to the freshest and the best score 

samples in terms of overall acceptance; and Group III – formed by the D samples, as well 

as, the FrD samples at 60 days of storage that were the worst rated in terms of overall 

acceptance. 

 

 

Conclusion 

 

 In conclusion, the present work showed that OD, D, OD+D and FrD had different 

effects on both chemical and sensory properties of chestnut slices, as well as along 

storage. Even though FrD was the method that represented more closely fresh chestnuts, 

the sensory panel attributed lower scores on some physical attributes and significant 

organic acids losses were detected along storage. The chestnut slices obtained by D 

presented very similar characteristics to the FrD except in sensory scores, being the worst 

rated process due to the loss of freshness and overall acceptance. Even though, OD+D 

induced relative losses on fat, protein, and organic acids, due to the relative incorporation 

of sucrose and/or diffusion of these components, it was the method that showed the most 

uniform behaviour along storage. Furthermore, the samples of OD+D were well rated in 

terms of sensory properties, losing freshness after 30 days. So, the most promising 

methods to be applied in the future to chestnut slices would be FrD and OD+D. 
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CHAPTER 12. 

 

 

General Discussion and Conclusions 

 

The present work intended to study in detail different chestnut dehydration 

technologies, and their effect on some physic and chemical properties of the fruit, in order 

to produce an interesting healthy chestnut-based snack based on dehydrated chestnut 

slices.  

The first dehydration method tested was hot air convective drying, applied initially 

to whole fruits, both with and without shell. Although it can be regarded as a classical 

method, few studies have detailed its drying kinetics, as well as the shell influence in the 

drying features. Globally, the two varieties tested, Longal and Judia, presented similar 

drying behaviours, despite the physical differences on their shells. Based on microscopic 

evaluation, it was observed that the outer shell of Judia had higher thickness than Longal, 

suggesting a slower water loss, and explaining the slight lower values of apparent 

diffusivity (Dapp) obtained when the fruits of Judia variety were dried with the outer shell. 

Simultaneously, Judia variety presents higher fruit mass, and therefore higher surface 

area, together with smaller cells width in the shell, both explaining the identical drying 

behaviour obtained for both varieties. Based on the drying behaviour of these two 

chestnut varieties, several mathematical drying models were tested. The best approaches 

were the Page Model in Judia, and the Two-term exponential and Modified Page models 

in Longal. These models are useful to the industry in order to plan and decide precisely 

which conditions must apply in order to obtain the product with the desired characteristics 

under the best drying conditions and with the lowest energetic costs.  

On the other hand, it was observed that hot air convective drying, even if 

performed at low temperatures (50ºC in these tests), may promote some modifications on 

chestnut properties. Regarding chestnut colour, a slight decrease on chestnuts brightness 

and an increase on yellowness were detected along drying for both varieties, probably 

indicative of some enzymatic and non-enzymatic browning reactions taking place. The 

presence of the outer shell has a protective effect regarding these alterations. Regarding 

chestnut volume, small volumetric shrinkage was observed, from less than 10 to 24% 

when fruits were dried with and without outer shell, respectively. So, chestnut fruits of 

Longal and Judia varieties shrink less compared to other fruits and vegetables, and the 

shell presence was highly favourable, leading to an additional important conclusion with 
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high economic impact for the industry by showing the evidence of not being needed to 

remove the outer shell for effective drying. 

Still, our objective was to move forward into another chestnut presentations and 

drying methods. Therefore, after cutting the fruits into slices, hot air drying was tested 

again. In this particular case, slight differences were observed on the drying kinetics of 

both varieties. Indeed, despite the slightly higher initial moisture content presented by 

Judia, 52.7% against 48.5% in Longal, and the similar drying behaviour presented by both 

varieties, Judia lost moisture more easily than Longal. The mathematical models Page, 

Two-term and Modified Henderson and Pabis, described well the experimental data, with 

good R-squares and Adjusted R-squares. All these models may be used in the future to 

predict very satisfactorily the drying curves of chestnut slices. Regarding chestnut colour, 

an increase on ΔL* and Δa*, as well as on total colour variation (ΔE*), were observed 

along drying, particularly after 10 hour of drying at 50ºC. However, this variation did not 

result in a visually perceptible colour change because ΔE* values were reduced. Judia 

was apparently more heat sensitive than Longal: its slight higher free sugars and proteins 

may favour the occurrence of Maillard and caramelization reactions, supported by the 

increase on redness (a*), typical colour of these browning products. No significant 

changes on chestnut macronutrients were observed, being the natural compositional 

differences between varieties higher than those observed with the dehydration process.  

Chestnut slices were further analysed for chemical alteration on several 

microcomponents. In particular, attention was given to free sugars, as these are important 

for the sensorial characteristics, namely sweetness and browning through Maillard 

reactions. In order to support these analyses, a greener analytical procedure for sugars 

determination by HPLC-ELSD was developed and validated, with important features as 

the inclusion of an internal standard, which increased method’s reproducibility, and the 

use of water as HPLC eluent. The proposed methodology showed to be sensitive, 

reproducible and accurate, being suitable for routine determination of chestnut sugars, in 

particular sucrose, glucose, fructose and raffinose, the main free sugars identified on 

chestnut fruits. Additionally a detailed study on the starch fraction and its amylose content 

was included, as they represent important chestnut constituents. 

Regarding the effect of the hot-drying treatment on starch, no significant 

modifications were detected in starch functionality and contents after 10 hours of thermal 

treatment, but Longal variety was consistently characterized by a higher starch contents 

than Judia. For free sugars, a slight increase in glucose was verified along drying time, 

which can be attributed to starch thermal hydrolysis. The apparent slight increase on 

sucrose amounts (major free sugar) stated along drying could also be attributed to 

maltose increase, a product of starch catabolism that elutes at the same retention time of 
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sucrose under the present analytical conditions, enabling a definitive conclusion. For 

fructose, an increasing trend was perceived only in Longal variety, probably as a 

consequence of sucrose hydrolysis. Globally, hot air drying at 50ºC proved to have some 

effect on the carbohydrate profile, particularly when long drying periods are applied. Judia 

presented higher free sugar contents than Longal, supporting the hypothesis of its 

involvement in the increased browning observed during drying. 

The effect of hot air convective drying on the lipid profile of chestnut slices was 

also evaluated in the present study for the first time. Despite the low fat content presented 

by chestnut fruits, its fat is essentially made up of unsaturated fatty acids (MUFA and 

PUFA). In opposition to the higher heat sensitivity regarding browning observed previously 

for Judia, Longal variety lipids seemed to be more heat sensitive, with significant 

decreases observed in some fatty acids, such as C18:0 (15.0%), C18:1 (19.4%), C20:0 

(14.3%) and C20:1 (11.1%). However, the global MUFA and PUFA contents, on a dry fruit 

mass basis, did not decrease even after 10 h of drying on both varieties. Regarding 

vitamin E, γ- and δ- tocopherol were the major vitamers presented in chestnut fat, having 

both varieties similar contents. During drying, a decrease was observed on Longal variety, 

suggesting again that Longal lipids are more heat sensitive than Judia. Again, even 

though some variations on lipid composition were detected along drying, the chestnut 

variety showed to have a higher effect on the chemical composition than the effects 

induced by the drying process itself. 

Concerning organic acids, a new analytical methodology was also previously 

optimized and validated. Its major features included again the addition of an internal 

standard, followed by duplicated extraction and adequate cleaning of the extracts before 

analysis by reversed-phase HPLC-UV. The developed methodology allowed the 

quantification of malic, ascorbic, citric and fumaric acids with good precision (intra-day and 

inter-day coefficients of variation of less than 5%) and accuracy (97-101% recovery). Citric 

and malic acids were the major organic acids present in chestnuts, with Judia having 

always higher organic acids contents than Longal. In general terms, hot air convective 

drying at 50 °C affected the organic acids contents, with a clear dependence on the extent 

of the heating process and chestnut variety. Malic and ascorbic acid decreased along 

drying, while fumaric acid increased, this latter one probably due to malic acid 

dehydration. Ascorbic acid losses achieved 24% for both varieties. These losses could 

also contribute to non-enzymatic browning, again supporting the apparent increased 

thermal sensitivity observed in Judia. Globally, hot air convective drying affects the 

organic acids composition of chestnut slices and this effect is varietal and time dependent. 

As an alternative chestnut drying method, osmotic dehydration on sucrose 

solutions was tested. The role of temperature, contact time and osmotic solution 
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concentration (sucrose) in some physic and chemical properties of chestnut slices was 

detailed. Using the Response Surface Methodology, second-order polynomial models with 

coefficients of determination (R2) from 0.716 to 0.976, adjusted-R2 values from 0.460 to 

0.954, and non-significant lacks of fit were determined, being possible to estimate the 

effect of the osmotic process on chestnut properties. Colour, a chestnut property with high 

importance to consumers, changed during osmotic dehydration process. To achieve 

maximum water loss, with minimum solids gain and colour variation, the optimum 

conditions to be applied during the osmotic dehydration process were: 83% sucrose 

concentration, for 9.2 hours at 20 °C.  

Some microcomponents were detailed, including soluble sugars, organic acids, 

fatty acids and vitamin E profiles of chestnut slices, being all slightly affected by the 

osmotic dehydration conditions - temperature, time and sucrose concentration. The use of 

high temperatures might promote losses of vitamin E, citric and ascorbic acids, important 

bioactive components in terms of human health and sample preservation. Starch and 

sucrose hydrolysis may also be induced, increasing the content of free glucose and 

fructose. Regarding contact time, only slight changes on proximate composition was 

verified, namely a decrease on protein and fat contents. This decrease could be related 

with the diffusion processes occurring during osmotic dehydration, with the increasing 

proportion of sucrose in the chestnut dry mass, therefore reducing the relative proportion 

of the formers. High contact times may significantly affect the fatty acid composition, 

particularly PUFAs, leading to the partial oxidation of linolenic acid. A general decrease 

was also observed on ascorbic acid and γ-tocopherol content with high contact times. 

Regarding sucrose concentration in the osmotic medium, this parameter may affect some 

chestnut chemical properties, but no well-defined trend was observed.  

Globally, osmotic dehydration might cause changes on the chemical composition 

of chestnut slices, being preferable to apply low temperatures and contact times to avoid 

loss of important bioactive components, consistent with the conditions optimized 

previously for minimum colour change and solids gain. These results indicated that this 

process, if correctly optimized, may be applied by the industry without high energy 

requirements and costs, not changing significantly the colour and composition of this nut. 

Finally, two additional drying methods were tested, osmotic dehydration followed 

by hot-air convective drying at 50ºC, and freeze-drying, in a direct comparison with the 

two former tested methods, and further detailing possible alterations during subsequent 

storage of the dehydrated products. Generally, samples obtained after drying and freeze-

drying presented similar chemical compositions, more similar to the raw fruit. Moreover, 

the freeze-drying method was the one that better preserved starch, amylose, ascorbic and 

citric acid molecules. Along storage, the organic acids were the components with major 
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variations. Regarding sensory analysis, all samples presented good overall sensory 

acceptance with the exception of the hot-air dried samples, the worst rated due to the loss 

of freshness and overall acceptance. The samples submitted to osmotic dehydration 

followed by drying were those that showed the highest overall acceptance by the judges. 

Regarding storage time, samples submitted to osmotic dehydration+drying and freeze-

drying were those that better preserved the sensory characteristics until 30 and 60 days of 

storage, respectively, showing to be the most promising methods.  

In conclusion, the dehydration methods studied can be considered as promise 

post-harvest technologies, enabling to produce healthy snacks based on chestnuts.  

 

As future work, and regarding the acceptability and durability of the chestnut 

snacks by the final consumer, further studies should be performed in order to minimize 

compositional and sensorial changes during storage, particularly regarding adequate 

packaging. The application of modified atmosphere packaging will be an interesting 

approach to study in the near future. Furthermore, the development of sliced chestnuts by 

freeze-drying (“natural snack”) or osmotic drying + hot air convective drying (“sweet 

snack”) will be an important contribution to the gluten-free target audience, namely those 

persons who have wheat allergy, gluten intolerance or gluten sensitivity. In fact, an 

increase in niche gluten-free markets has been observed; however, it is necessary to 

improve communication to the final consumer, generally unaware of the benefits of 

chestnut consumption. Moreover, the development of “natural”, “low fat” and “free-from 

preservatives” products are important trends in the Food, Health and Nutrition area, 

fulfilling chestnut slices these requirements.  


